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ABSTRACT: We found that nonprotected methyl glycosides with cis-vicinal OH groups could be converted to the correspond-
ing methyl dideoxy glycosides by deoxydehydration and consecutive hydrogenation (DODH+HG) over ReOx-Pd/CeO2 catalyst
with gaseous Hz. In the study, the reactivity of the methyl glycosides in DODH was clearly lower than that of simple cyclic
vicinal diols such as cis-1,2-cyclohexanediol and cis-1,2-cyclopentanediol, and the reactivity of the methyl glycosides was also
different. Herein, we investigated the reactivity difference based on the kinetic studies and DFT calculations. The kinetic stud-
ies suggest that the reactivity difference between the methyl glycosides and the simple diols is derived from the OH group of
methyl glycosides except the cis-vicinal diols, and that the reactivity difference among the methyl glycosides will be associated
with the configuration of the substituents adjacent to the cis-vicinal diols, while the reaction mechanism of DODH is suggested
to be basically similar judging from almost the same reaction orders with respect to substrate concentration and Hz pressure
in all substrates. The adsorption and transition states of methyl a-L-rhamnopyranoside and methyl a-L-fucopyranoside,
which have large reactivity difference (methyl a-L-rhamnopyranoside >> methyl a-L-fucopyranoside), were estimated by
DFT calculations with ReOx/Ce0: as the active site of ReOx-Pd/CeO: catalyst, showing that the main difference is the activation
energy in DODH of these substrates (65 k] mol! for methyl a-L-rhamnopyranoside and 77 k] mol! for methyl a-L-fucopyra-
noside), which was also supported by the results of the Arrhenius plots (63 k] mol-* and 73 k] mol! for methyl a-L-rhamno-
pyranoside and methyl a-L-fucopyranoside, respectively). The activation energy was influenced by the torsional angle of the
substituents adjacent to the cis-vicinal OH groups, which is derived from the interaction of the OH group adjacent to the cis-
vicinal OH groups and the surface hydroxy groups on CeO-.

B(CeFs)s + catecholborane for selective transformation of si-

INTRODUCTION

Biomass and their derivatives are oxygen-rich compared
with fossil resources, and carbohydrates are one of the main
components of biomass?. Selective reduction of the oxygen
content is necessary to obtain valuable chemicals2. Some of
the catalytic transformation of carbohydrates commonly
lose their original stereostructure? despite that the stereo-
structure, particularly the chiral structures, was useful for
the synthesis of valuable chemicals*. Some effective cata-
lytic transformation methods of carbohydrate derivatives
have been developed while maintaining their original stere-
ostructure (Scheme 1). Muramatsu and co-workers found
that an organotin catalyst provided high activity and regi-
oselectivity for thiocarbonylation of nonprotected carbohy-
drates, and the obtained monothiocarbonates can be con-
verted to the corresponding deoxy carbohydrates in good
yields by Barton-McCombie reaction’ (Scheme 1, A). Gagné
and co-workers reported the pioneering work on the effec-
tive reaction system of B(CeFs)s + tertiary silane and

lyl-protected sugar alcohols to chiral polyol synthons® and
reductive carbocyclization of silyl-protected unsaturated
sugar alcohols to chiral cyclopentanes and cyclopropanes?
(Scheme 1, B). Huber and co-workers demonstrated a novel
transformation of cellulose to levoglucosenone?, and fur-
thermore substantiated transformation of levoglucosenone
to chiral tetrahydrofurandimethanol and tetrahydropyran-
2-methanol-5-ketone by hydrogenolysis® (Scheme 1, C).
Toste and co-workers reported on the deoxydehydration
(DODH) of various polyhydroxylated lactones using
CH3ReO3 or KReO3 with Pd/C catalyst to afford the corre-
sponding chiral lactones in moderate yields (~88%)0
(Scheme 1, D).

DODH reaction is a promising method to lower the oxy-
gen content in carbohydrates and it can selectively trans-
form vicinal OH groups to the corresponding C=C bond in a
single step!!, and various homogeneous (such as Re!?-, Ru13-

)]
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Scheme 1. Examples of effective catalytic transfor-
mation methods of sugar derivatives to chiral products.
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Mo'4- and V13- based complexes) and heterogeneous (sup-
ported ReOx!6 or MoOx'7, bimetallic Pt-Re!8, ReOx nanoparti-
cles!?) catalysts have been actively investigated. Recently,
we firstly reported that Pd-modified CeOz-supported Re
(ReOx-Pd/Ce02)?° and Au-modified CeO2-supported Re
(ReOx-Au/Ce02)?! were effective and stable heterogeneous
catalysts for the direct and selective transformation of the
cis-vicinal OH groups in methyl glycosides without protec-
tion of OH groups by using gaseous Hz, providing the corre-
sponding methyl dideoxy glycosides and methyl unsatu-
rated dideoxy glycosides, respectively with retention of the
original stereostructure (Scheme 1, E). The catalysts could
be reused more than 4 times without loss of activity and se-
lectivity with 125 turnover number (TON) based on the to-
tal Re atom of the catalyst?0. These results are based on our
previous finding of heterogeneous ReOx-Pd/Ce02 and ReOx-
Au/CeO: catalysts, which are effective for DODH + hydro-
genation (HG) or DODH of polyols to alkanes?? or alkenes?3,
respectively, using gaseous Hz as reductant. The turnover
frequency (TOF) and TON per Re atom of ReOx-Pd/CeO:

(TOF: 300 h't at 443 K; TON: 10000 at 453 K for 96 h) were
more than one order larger than those of previously re-
ported catalysts?2. The methyl saturated or unsaturated
dideoxy glycosides are the core structure of natural prod-
ucts and important intermediates?* for the synthesis of rare
sugars, chiral ligands, medicines (e.g., antibiotics, antitumor
agents). In addition, the methyl dideoxy glycosides can be
further converted to corresponding partially deoxy chiral
acyclic polyols with high yield and high stereoselectiv-
ity2925, which can be used for the production of fine chemi-
cals (e.g., cosmetics, food additives, surfactants) and poly-
mers (e.g., alkyd resins, polyurethanes, polyesters).

According to our previous researches on DODH of simple
diols over ReOx-Pd/CeOz or ReOx-Au/CeO: catalysts20 22b,
the isolated Re** species on CeOz2 of these catalysts is cata-
lytically active. The valence of the Re species was deter-
mined by XPS and XAS analyses, and the structure of the ac-
tive site was proposed based on kinetic studies and/or DFT
calculations in DODH + HG of 1,4-anhydroerythritol as a
model diol??b. Pd or Au metals work as promoters for for-
mation of the active Re** species via reduction of Re®* spe-
cies by Hz activated by these metals. The CeOz support can
suppress the over-reduction of Re species and stabilize the
active isolated Re** species on the CeO; surface of the cata-
lysts. The DODH reaction mechanism over the active Re#*
species formed on CeOz support was proposed to have three
elementary reaction steps??® (Scheme 2): (i) Reduction of
isolated Re®* species to Re#* species by activated Hz, (ii) co-
ordination of the substrate with vicinal OH groups to the
Re** species as diolate, and (iii) DODH of the diolate to form
the corresponding alkenes and desorption of the produced
alkene and regeneration of Re®* center. In the case of DODH
+ HG of 1,4-anhydroerythritol?2b, the reaction orders with
respect to the substrate concentrate and Hz pressure were
about zero, and the rate determining step is step (iii).

From the previous activity tests of methyl glycosides20.22b,
the reactivity is much lower than that of simple vicinal di-
ols?2b, and the reactivity of methyl glycosides was changed
by the type of methyl glycosides??. These results suggest
that there will be some causes for the reactivity difference

Scheme 2. Proposed reaction mechanism of deoxydehy-
dration (DODH) + hydrogenation (HG) over
Re0x—Pd/CeO: catalyst?2b,
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between the simple diols and methyl glycosides and that be-
tween the methyl glycosides. However, the causes are un-
clear, and compared with the simple diols, the methyl gly-
cosides have other secondary OH groups, preliminary OH
groups, and so on. In fact, to the best of our knowledge, there
are no systematic research on the effect of the type and con-
figuration of the substituents in pyranose- and furanose
rings (such as OH, CH:0H, OCHs, CHs group and so on) ex-
cept for cis-vicinal OH groups to the reactivity in DODH re-
action. Therefore, clarification of the decisive factors to
dominate the reactivity of the methyl glycosides is of great
importance to elucidate the reaction mechanism of the
DODH of methyl glycosides and the catalysis of ReOx-based
heterogeneous catalysts. We attempted to clarify the most im-
portant factor in the DODH reaction of methyl glycosides based
on the systematic investigations, and it will provide useful in-
formation on the catalyst design for the transformation of
sugar derivatives.

Herein, the kinetic parameters are determined in DODH
+ HG of methyl glycosides having cis-vicinal OH groups me-
thyl a-D-mannopyranoside, methyl 3-L-arabinopyranoside,
methyl B-D-galactopyranoside and methyl a-L-(methyl 3-D-
ribofuranoside, methyl rhamnopyranoside, fucopyra-
noside) and related substrates (cis-1,2-cyclopentanediol,
cis-1,2-cyclohexanediol and 1,4-anhydroerythritol) with
ReOx-Pd/CeO: catalyst. Moreover, the structures of the dio-
late intermediate and its transition state of methyl glycoside
stereoisomers were calculated by DFT calculation with the
catalytically active isolated Re species on Ce0222b. The cause
of the reactivity difference and the reaction mechanism of
methyl glycosides were proposed based on the kinetics and
DFT calculations.

RESULTS AND DISCUSSION

Screening of catalysts and reaction solvents in deox-
ydehydration (DODH) + hydrogenation (HG) of methyl
o-D-mannopyranoside. At first, catalyst compositions,
main DODH-active metal oxides, hydrogenation-active met-
als and supports, were investigated in DODH +HG of methyl
a-D-mannopyranoside as a model reaction (Scheme 3, Fig-
ures S1-S5). The effect of the catalyst compositions was sim-
ilar to thatin the case of DODH+HG of 1,4-anhydroerythritol
to tetrahydrofuran?2: Re oxide is the most effective DODH-
active metal oxide among various metal oxides (M’'Ox; M’=V,
Cr, Mn, Nb, Mo, W and Re) in terms of conversion and selec-
tivity (Figure S1). Pd metal is an effective metal among var-
ious hydrogenation-active metals (M”=Co, Ni, Ru, Rh, Pd, Ag,
Ir, Pt and Au) in terms of conversion and selectivity (Figure
S2). CeO2 was the most effective support among various
metal oxides (MgO, y-Al203, SiO2, Ca0, TiOz, ZrOz and Ce03)
(Figure S3). Moreover, the optimized Re loading amount (2
wt%) (Figure S4) and Pd loading amount (Pd/Re ratio =
0.25) (Figure S5) of ReOx-Pd/CeOz2 catalyst were also the

Scheme 3. DODH + HG of methyl a-D-mannopyranoside
over ReOx-Pd/CeO: catalyst.

HO OO Hy, -2H,0 Ho/\EOJ_\\O\ H, HO/\Cj_\\O\
HO™ on Deoxydehydration o\~ Hydrogenation

OH (DODH) (HG)
Methyl 2,3-dideoxy- Methyl 2,3-dideoxy
Methyl a-D- a-D-erythro-hex-2-enopyranoside -a-D-mannopyranoside
mannopyranoside (DODH product) (Dideoxy product)
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same as those in DODH+HG of 1,4-anhydroerythritol. ReOx-
Pd/CeO:z (Re=2 wt%, Pd/Re=0.25) catalyst was used in the
following studies.

Next, the solvent effect was investigated in the same re-
action with ReOx-Pd/CeO: (Figure S6). 1,4-Dioxane was the
best solvent based on the activity and selectivity among var-
ious solvents, while some organic solvents with low polarity
such as ethers (1,2-dimethoxyethane and tetrahydrofuran),
alcohols (1-pentanol and 3-pentanol) and dodecane were
good ones, showing similar conversion with high selectivity
to the target dideoxy product in DODH + HG of methyl a-D-
mannopyranoside. On the other hand, the conversion is a
little low in the case of methanol, and water solvent pro-
vided almost no conversion. The low reactivity of methyl a-
D-mannopyranoside in water solvent is also supported by
the results of hydrolysis and hydrogenation of methyl dide-
oxy glycosides over supported Pt catalyst?®, where hydroly-
sis of methyl 3,4-dideoxy-glycosides is more difficult than
that of methyl 2,3-dideoxy-glycoisdes in water solvent,
which is probably because of the presence of OH group at
C2 position?’. One possible explanation of the result is the
competitive adsorption of the solvents with the substrate.
H20 and methanol can be adsorbed on the catalyst surface
by the OH group, and the adsorption of H20 and methanol
can suppress the adsorption of the substrates. Moreover,
other reported DODH reaction systems!2dg also showed
that the alcohol solvents would suppress the DODH reac-
tion, which results are similar to that of this solvent effect.

The tendency is similar to the case of DODH+HG of 1,4-an-
hydroerythritol over ReO,-Pd/CeO, catalyst in our previous
work?® Considering that the solubility of sugar derivatives
is typically low in organic solvents and high in water sol-
vent, applicability of water-contained solvents is important.
The mixed solvents of 1,4-dioxane and water were tested.
In the case of 10 wt% water-contained 1,4-dioxane (1,4-di-
oxane : water = 9 : 1), the reaction hardly proceeded. When
the water content decreased to 3 wt% (1,4-dioxane : water
=29:1), the conversion (18%) was about half as low as that
of only 1,4-dioxane (35%), and the selectivity to the product
was a little low, which will be due to hydrolysis of the me-
thyl a-D-mannopyranoside or its DODH product. Therefore,
the catalyst tolerated a small amount of water, however,
water is not a suitable solvent for the catalyst.

As above, the composition of ReOx-Pd/Ce02 (Re=2 wt%,
Pd/Re=0.25) catalyst is the same as the case in DODH + HG
of 1,4-anhydroerythritol??, which implies that the active
species and reaction mechanism of the DODH + HG are fun-
damentally similar. However, there are large reactivity dif-
ference between methyl glycosides and simple diols?? as
well as among various methyl glycosides?’. Therefore, the
further researches with methyl glycosides and related sub-
strates based on the kinetic studies and DFT calculations are
necessary to tease out the reasons.

Time-courses of methyl glycosides with cis-vicinal OH
groups and the related substrates. Time-courses of
DODH + HG of methyl glycosides with cis-vicinal OH groups
(methyl pB-D-ribofuranoside, methyl o-L-rhamnopyra-
noside, methyl a-D-mannopyranoside, methyl B-L-arabi-
nopyranoside, methyl 3-D-galactopyranoside and methyl a-
cyclopentanediol and cis-1,2-cyclohexanediol) over ReOx-
Pd/CeO:2 (Re=2 wt%, Pd/Re=0.25) catalyst are shown in
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Catalyst amount: 0.05 g

(a) cis-1,2-Cyclopentanediol (b) cis-1,2-Cyclohexanediol*
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Figure 1. Time courses of DODH + HG of related sub-
strates over ReOx—Pd/Ce02 (O and black lines: conversion;
A\ and green lines: selectivity to dideoxy product; [J and
red lines: selectivity to DODH product; < and blue lines: se-
lectivity to other products, *#: selectivity to trans-1,2-cy-
clohexanediol). Others contain methanol and degradation
products. The detailed data are listed in Tables S1-S8.
Reaction conditions: substrate 1.3 mmol, ReOx-Pd/CeO:
catalyst (0.05 g for cis-1,2-cyclopentanediol and cis-1,2-cy-
clohexanediol; 0.15 g for methyl 3-D-ribofuranoside, methyl
a-L-rhamnopyranoside, methyl a-D-mannopyranoside and
methyl B-L-arabinopyranoside; 0.30 g for methyl 3-D-galac-
topyranoside; 0.45 g for methyl a-L-fucopyranoside), 1,4-
dioxane 10 g, 7.7 MPa Hz at 413 K (initial 5.5 MPa Hz at R.T.).

L-fucopyranoside) and simple cyclic vicinal diols (cis-1,2-
Figure 1. The reaction time and catalyst amount were
changed based on the reactivity of the substrates. All the
substrates smoothly reacted to give high conversion
(>99%). Taking the catalyst amount and reaction time for
>99% conversion into consideration, the reactivity order of
the substrates is as follows: cis-1,2-cyclopentanediol (a) >
cis-1,2-cyclohexanediol (b) > methyl 3-D-ribofuranoside (c)
> methyl a-L-rhamnopyranoside (d) >methyl a-D-manno-
pyranoside (e) * methyl 3-L-arabinopyranoside (f) > methyl
3-D-galactopyranoside (g) > methyl o-L-fucopyranoside
(h).

The selectivity to the corresponding dideoxy product is
totally high (>85%), however, the tendency of the selectiv-
ity is a little different among these substrates. The selectiv-
ity to the target product from cis-1,2-cyclopentanediol is
very high (>99%, Figure 1(a), detailed data are in Table S1),
however, the selectivity to cyclohexane from cis-1,2-cyclo-
hexanediol is a little low even at low conversion level (10%,
Figure 1(b), detailed data are in Table S2), and the main by-
product is trans-1,2-cyclohexanediol. Generally speaking,
the isomerization reaction of vicinal diols will proceed by
dehydrogenation and subsequent hydrogenation. The sta-
bility of the five-membered ring ketones, e.g., cyclopenta-
none, is lower than that of six-membered ring ketones, e.g.,
cyclohexanone?8, which is due to the higher ring strain in
the five-membered ring than that in the six-membered ring
The selectivity difference between the reactions of cis-1,2-
cyclopentanediol and cis-1,2-cyclohexanediol could be ex-
plained by the stability of their ketone intermediates. The
dehydrogenation of cis-1,2-cylcopentanediol may be more
difficult to occur than that of 1,2-cyclohexanediol on ReOx-
Pd/CeO: catalyst due to the lower stability of the intermedi-
ate of 2-hydroxycyclopentanone than 2-hydrxycyclohexa-
none?8,

Isomerized product was not detected in the cases of me-
thyl glycosides including ones with a six-membered ring,
which result is different behavior from that of 1,2-cyclohex-
anediol. In order to compare the difference of selectivity to
isomerization product between simple cyclic diols and me-
thyl glycosides, four six-membered ring substrates (trans-
1,2-cyclohexanediol, cis-1,2-cyclohexanediol, methyl o-D-
mannopyranoside, methyl a-D-glucopyranoside) are picked
up, and their energy changes (AE) in dehydrogenation or
isomerization are estimated by DFT calculation (Table S9).
The results showed that AE from dehydrogenated interme-
diate to the corresponding isomers with respect to the sub-
strate is different: the AE of cyclic diols from 2-hydroxycy-
clohexanone + Hz (74.1 k] mol? for trans-1,2-cyclohex-
anediol, and 71.9 k] mol! for cis-1,2-cyclohexanediol) is
clearly smaller than the AE of methyl glycosides from 2-de-
hydrogenated methyl a-D-glucopyranoside + Hz (99.2 K]
mol! for methyl a-D-glucopyranoside, and 86.5 k] mol! for
methyl a-D-mannopyranoside), suggesting the lower bar-
rier for dehydrogenation of 1,2-cyclohexanediols. In addi-
tion, in the case of methyl glycosides as substrates, the AE of
methyl a-D-mannopyranoside (86.5 k] mol1) is quite lower
than that of methyl a-D-glucopyranoside (99.2 k] mol?),
Therefore, it can be concluded that the epimerization is
more difficult to occur in methyl glycosides than the simple
1,2-cyclohexanediols.
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As for the selectivity, methyl B-D-ribofuranoside (Figure
1(c), detailed data are in Table S3) having a five-membered
ring showed high selectivity to the dideoxy product with a
little byproduct, such as 1-pentanol and tetrahydrofurfuryl
alcohol (THFA). On the other hand, in the case of methyl gly-
cosides having a six-membered ring, the selectivity depends
on the type of methyl glycosides. Methyl 3-L-arabinopyra-
noside showed high selectivity at any reaction time, and
high yield of the target dideoxy product (99% at 62 h) was
obtained (Figure 1(f), detailed data are in Table S6). Methyl
a-D-mannopyranoside and methyl (-D-galactopyranoside,
which are stereoisomers (Figures 1(e) and (g), detailed data
are in Table S5 and S7), provided the DODH product as an
intermediate (selectivity is 5~11%) below 30% conversion
level. However, since the DODH product is an intermediate
of the dideoxy product, the selectivity to the dideoxy prod-
uct can increase with increasing the conversion level. Me-
thyl oa-L-rhamnopyranoside and methyl o-L-fucopyra-
noside, which are also stereoisomers, showed high selectiv-
ity to the dideoxy product at low conversion level and the
selectivity gradually decreased by the side reactions such as
hydrolysis and/or hydrogenolysis of C-O bonds (Figures
1(d) and (h), detailed data are in Tables S4 and S8). Among
all the methyl glycosides having a six-membered ring, me-
thyl a-D-mannopyranoside and methyl (-D-galactopyra-
noside showed higher selectivity to DODH product at low
conversion level than the other methyl glycosides, which
can be interpreted by the lower hydrogenation ability of
these two kinds of DODH products. Furthermore, the selec-
tivity to DODH products decreased with reaction time, sug-
gesting that the hydrogenation ability also depended on the
concentration of the DODH products.

As above, the selectivity to the target product is totally
high, except at the very high conversion level for some me-
thyl glycosides having a six-membered ring, which means
that the side reactions will be much slower than the DODH
reaction, and the difference of the substituents except cis-
vicinal OH groups and the configuration will not influence
the selectivity so strongly. On the other hand, the reactivity
of methyl glycosides is pretty different, and the substituents
except cis-vicinal OH groups and the configuration may in-
fluence the adsorption state and transition state.

Kinetic studies on DODH + HG of various methyl gly-
cosides and the related diols over ReOx-Pd/CeO: cata-
lyst. To clarify the difference of the reactivity among the
methyl glycosides and the related diols, precise investiga-
tion of the effect of kinetic parameters is essential. During
the Kkinetic reaction, ReOx-Pd/CeO; catalyst (more than 50 Q)
was prepared in one batch and used in order to eliminate the
preparation errors of the catalysts. To measure the reaction
rate more precisely, the initial H2 pressure in autoclave was
decreased from 5.5 MPa to 1.0 MPa at R.T. in the kinetic
studies to decrease the conversion at 0 h (< 15%), and the
reaction rate was estimated from the slope of the three
points at different reaction times at low conversion level be-
low 35% based on the formation amount of DODH product
+ dideoxy product. The reaction rate (mmol gecar! h'1) was
estimated by the following equation: Reaction rate (mmol
gear! h'1) = (slope [mmol/h]/ (catalyst amount [gca]). The
experimental error of the reaction rates was estimated by
three times reactions with methyl a-D-mannopyranoside as
a model substrate under the standard reaction conditions,
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and the error range of the reaction rate was estimated to be
about 3% (1.7+0.04 (Figure S7)).

Simple cyclic vicinal diols (cis-1,2-cyclopentanediol, 1,4-
anhydroerythritol and cis-1,2-cyclohexanediol) and methyl
glycosides (methyl B-D-ribofuranoside, methyl o-L-rham-
nopyranoside, methyl a-D-mannopyranoside, methyl (3-L-
arabinopyranoside, methyl 3-D-galactopyranoside and me-
thyl a-L-fucopyranoside) were used as substrates for

Table 1. Reaction rates and reaction orders of the me-
thyl glycosides and the related substrates over ReOx-
Pd/CeO: catalyst

Reaction rate?® Reaction order

Entry Substrate

/mmol gear'h"l  Concentration®  H; Pressurer

cis-1,2-Cyclopen-
tanediol
O.

2" HO  ©OH 9.0 -0.3 0.1
1,4-Anhydroeryth-
ritol

O,

H N

3" HO  OH 4.5 0.1 0.1
Methyl B-D-ribo-
furanoside
OH

Z_Ego

&

4 OH 7.2 0.0 0.1
cis-1,2-Cyclohex-
anediol

O

HO! OH
5 OH 1.9 0.1 0.2
Methyl a-L-rham-
nopyranoside

Methyl a-D-man-
nopyranoside

0.0

HO' "‘OH
1.7 0.0 0.2

~
o
I

Methyl B-L-arabi-
nopyranoside

HO OO

H OH
8 OH 0.73 -0.1 0.2
Methyl B-D-galac-
topyranoside
M'EOIO\
HO" > “OH
9 OH 0.38 0.0 0.3
Methyl a-L-fuco-
pyranoside

e

Reaction conditions: ReOx-Pd/Ce0: catalyst 0. 15 g (Re=2 wt%,
Pd/Re=0.25), substrate amount 1.3 mmol (“substrate amount
3.9 mmol), 1,4-dioxane 10 g, 7.7 MPa H: at 413 K (initial 1.0
MPa Hz at R.T.), 413 K. aThe detailed reaction rate data are
shown in Figure S8, the detailed data are shown in Figures S9
and S10, cthe detailed data are shown in Figures S11 and S12.
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measurement of the reaction rate, and the results shown are
separated into substrates with a five-membered ring (en-
tries 1-3) and substrates with a six-membered ring (entries
4-9) in Table 1 (detailed data are listed in Figure S8). The
order of the reaction rates is as follows: cis-1,2-cyclopen-
tanediol > 1,4-anhydroerythritol > cis-1,2-cyclohexanediol
> methyl B-D-ribofuranoside > methyl «-L-rhamnopyra-
noside > methyl a-D-mannopyranoside = methyl 3-L-arabi-
nopyranoside > methyl $-D-galactopyranoside > methyl a-
L-fucopyranoside. This order agrees well with that of the
time-courses results in Figure 1. The simple cyclic vicinal di-
ols gave higher reaction rate (7.2~20 mmol gear1 h', entries
1, 2 and 4) than the methyl glycosides (0.38~4.5 mmol gcar
1h-1, entries 3 and 5-9). As for the substrates with a five-
membered ring, the reaction rate of 1,4-anhydroerythritol
having a tetrahydrofuran ring (9.0 mmol gear 1 h1, entry 2) is
about 1/2-fold lower than that of cis-1,2-cyclopentanediol
(entry 1), which will be related to the presence of the O
atom in the ring. On the other hand, methyl B-D-ribo-
furanoside having a tetrahydrofuran ring showed the reac-
tion rate of 4.5 mmol gcar* h! (entry 3), which is about 1/2-
fold than that of 1,4-anhydroerythritol (9.0 mmol gear hl,
entry 2). Considering the structure difference between me-
thyl $-D-ribofuranoside and 1,4-anhydroerythritol (entries
2 and 3), the decrease of the reactivity will be derived from
the methoxy group at C1 position and/or hydroxymethyl
group at C4 position of the tetrahydrofuran ring in methyl
-D-ribofuranoside.

Regarding the substrates with a six-membered ring, cis-
1,2-cyclohexanediol (entry 4) showed higher reaction rate
than methyl glycosides (entries 5-9), which tendency is sim-
ilar to that of substrates with a five-membered ring. The de-
crease of the reactivity may be explained by the presence of
the O atom in the ring and the other substituents except cis-
vicinal OH groups. Among the methyl glycosides having a
six-membered ring (entries 4-9), there are reactive methyl
glycosides (methyl o-L-rhamnopyranoside, methyl o-D-
mannopyranoside and methyl -L-arabinopyranoside, en-
tries 5-7) and less-reactive methyl glycosides (methyl 3-D-
galactopyranoside and methyl a-L-fucopyranoside, entries
8 and 9). The reactive methyl glycosides showed the reac-
tion rate of 1.7-1.9 mmol gcar 1 h (entries 5-7), and the less-
reactive methyl glycosides showed lower reaction rate
(0.73 and 0.38 mmol gcar'* h'l, entries 8 and 9). We focus on
the functional groups and the configuration of the substitu-
ents adjacent to the cis-vicinal OH groups in the substrates.
The adjacent functional groups in the reactive methyl glyco-
sides (entries 5-7) tend to be at the opposite side to the cis-
vicinal OH groups, not at the same side. In contrast, one of
the adjacent functional groups in the less-reactive methyl
glycosides (entries 8 and 9) tends to be at the same side to
the cis-vicinal OH groups: CH20H group (methyl 3-D-galac-
topyranoside, entry 8) and CHs group (methyl a-L-fucopy-
ranoside, entry 9) at C6 position. These results suggest that
the adjacent functional group at the same side to the cis-vic-
inal OH groups will decrease the reactivity of the DODH re-
action. In addition, methyl -L-arabinopyranoside and me-
thyl a-D-mannopyranoside showed similar reaction rates
(1.7 mmol gert h'l, entries 6 and 7), although methyl a-D-
mannopyranoside has a CH20H group at the C6 position, the
[B-position of the cis-vicinal OH groups. The CH20H group in
the methyl a-D-mannopyranoside is located on the opposite

side of the cis-vicinal OH groups. Therefore, the similar re-
activity of methyl a-D-mannopyranoside and methyl (3-L-
arabinopyranoside can be interpreted by almost no interac-
tion of the CH20H group in methyl a-D-mannopyranoside
with the Re diolate.

Finally, the reactivity difference between the substates
with a five-membered ring and those with a six-membered
ring was compared. In the case of simple cyclic diols, the re-
action rate of cis-1,2-cyclopentanediol (20 mmol gear! hl,
entry 1) is 3-fold higher than that of cis-1,2-cyclohexanediol
(7.2 mmol gear' h'L, entry 4). This reaction rate difference is
similar to that between the reactive methyl glycosides (1.7-
1.9 mmol gear! hl, entries 5-7) and methyl (-D-ribo-
furanoside having a five-membered ring (4.5 mmol gear 1 hl,
entry 3) (about 3-fold). Therefore, the reactivity of the sub-
strates with a five-membered ring will be higher than that
of the substrates with a six-membered ring, and the reactiv-
ity difference can be reflected by the difference of the ring
structure, a six-membered ring or five-membered one.

According to our previous works on hydrogenolysis of
glycerol and erythritol over metal oxide-modified noble
metal catalysts??, primary OH groups can be more easily ad-
sorbed on the metal oxide species than secondary OH
groups. The adsorption property of OH groups may influ-
ence the reactivity of methyl glycosides. The results of me-
thyl a-L-rhamnopyranoside (entry 5) and methyl a-D-man-
nopyranoside (entry 6), which have the same functional
groups except for the functional group at the C6 position
(CHs group in methyl a-L-rhamnopyranoside (entry 5),
CH20H group in methyl a-D-mannopyranoside (entry 6))
showed that the reactivities are similar, suggesting that the
effect of the primary OH group in the CH20H group is not so
large. Moreover, the reaction of 1,4-anhydroerytheritol in
the presence of tetrahydrofurfuryl alcohol as a model alco-
hol having a primary OH group was performed with

Scheme 4. Effect of addition of primary alcohol in the
DODH + HG of 1,4-anhydroerythritol over ReOx-
Pd/CeO: catalyst

Reaction rate

o /mmol gt ht

/\Q THFA
o HO 3.9 mmol

o
o' ‘oH
ReO,-Pd/Ce0, 0.15 .
1,4-Anhydroerythritol a3 KZ 9 Conversion 8.5%
3.9 mmol Selectivity >99%

0.
0.
oo o raweam )

ReO,-Pd/Ce0, 0.15 g

9.0
HO OH

1,4-Anhydroerythritol 413 K Conve'fslion 10.1%
3.9 mmol Selectivity >99%
/\@ 7.7 MPa H
)  Ho : 2, .
ReO, PdICe0,015g o reaction
THFA 413K

3.9 mmol

(I): The DODH + HG of 1,4-anhydroerythritol over ReOx-
Pd/CeO2 catalyst in the presence of THFA; (II): the DODH + HG
of 1,4-anhydroerythritol over ReOx-Pd/CeO: catalyst; (III): the
DODH + HG of THFA over ReOx-Pd/CeOz2 catalyst. The detailed
reaction rate data are shown in Table S11. Reaction conditions:
ReOx-Pd/Ce0: catalyst 0. 15 g (Re=2 wt%, Pd/Re=0.25), 3.9
mmol for each substrate, 1,4-dioxane 10 g, 7.7 MPa Hz at 413 K
(initial 1.0 MPa Hz at R.T.), 413 K.
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Scheme 5. Effect of addition of dideoxy product in the
DODH + HG of methyl a-D-mannopyranoside over ReOx-
Pd/CeO: catalyst

Methyl a-D-2,3-dideoxy-

HO/\G»O\ mannopyranoside Conv.#
. 0.66 mmol 1%
Ho o_.o_ Ho 0.0
7.7 MPaH Ho
ON OH 2 . + Others 39
ReO,-Pd/Ce0, 0.15 g HO
OH 413K, 4h
Methyl a-D- Produced
mannopyranoside Dideoxy product

1.3 mmol 0.57 mmol
(Detected: 1.23 mmol)

0.0
n HO e 7.7 MPa H, HO«[OJ\\O\
S + Oth
HO OH ~ ReO-PdICe0,0159 = o Others 37
OH 413K, 4h
Methyl a-D- Produced
mannopyranoside Dideoxy product
1.3 mmol 0.55 mmol

(Detected: 0.55 mmol)

(I): The DODH + HG of methyl a-D-mannopyranoside
over ReOx-Pd/CeO2 catalyst in the presence of dideoxy
product; (II): the DODH + HG of methyl a-D-mannopyra-
noside over ReOx-Pd/CeO: catalyst. The detailed data are
shown in Table S12. Reaction conditions: ReOx-Pd/CeOz2 cat-
alyst 0. 15 g (Re=2 wt%, Pd/Re=0.25), methyl a-D-manno-
pyranoside 1.3 mmol, additive dideoxy product amount 0.6
mmol, 1,4-dioxane 10 g, 7.7 MPa Hz at 413 K (initial 1.0 MPa
Hz at R.T.), 4 h, 413 K. 2Calculated on inputted methyl a-D-
mannopyranoside basis.

ReOx-Pd/CeO:2 catalyst (Scheme 4(I), the detailed data are
shown in Table S11). The reaction rate of 1,4-anhydroery-
theritol was not so changed in the absence/presence of
THFA (Scheme 4(I) and (II)). Certainly, it was confirmed
that THFA did not react at all over ReOx-Pd/CeO: catalyst
(Scheme 4(II1)). Therefore, primary OH group did not sup-
press the adsorption of the cis-vicinal OH groups, probably
suggesting that the adsorption strength of the cis-vicinal OH
groups is stronger than that of primary OH groups. This re-
sult also supported the similar reaction rates of methyl f3-L-
arabinopyranoside and methyl a-D-mannopyranoside (1.7
mmol gearTh'1, entries 6 and 7, Table 1) despite the presence
of CH20H group at the C6 position in methyl a-D-mannopy-
ranoside.

There is a possibility that the produced dideoxy product
influences the reactivity of methyl glycosides. In order to
check the effect of the dideoxy product on the DODH reac-
tion rate, the activity test of methyl a-D-mannopyranoside
was carried out in the presence of the corresponding dide-
oxy product, methyl o-D-2,3-dideoxy mannopyranoside
(Scheme 5(1), the detailed data are shown in Table S12). The
conversion was similar to that of only methyl a-D-manno-
pyranoside (Scheme 5(II)). Therefore, the dideoxy product
did not affect the reaction. Considering that the dideoxy
product has 1,3-diol structure at C4 and C6 which can be ad-
sorbed on the active site of Re** species, the adsorption
strength of the cis-vicinal OH groups in the methyl glyco-
sides on the active site will be larger than that of 1,3-diol.

Next, the reaction orders with respect to the substrate
concentration and Hz pressure were investigated with all
the model substrates. The results are also listed in Table 1,
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and the details are shown in Figure S8-S11. The experi-
mental error of the reaction order was estimated based on
the error range of the reaction rate (~3%), and the reaction
order of methyl a-D-mannopyranoside as a model substrate
was estimated to be -0.1+0.03 (Figure S7 (b)). The reaction
orders with respect to the substrate concentration were es-
timated to be almost zero in all the substrates, which sug-
gests that the coverage of the substrates on the active site is
almost saturated under the reaction conditions because of
the strong adsorption of methyl glycosides at cis-vicinal OH
groups, and the rate-determining step is not the coordina-
tion of the substrate with the cis-vicinal OH groups to the
Re** species as diolate (step (ii), Scheme 2). The reaction or-
ders with respect to the Hz pressure were estimated to be
also almost zero in all the substrates, suggesting that the re-
action related with hydrogen is not included in the rate-de-
termining step. The result excludes the possibility that the
rate-determining step is the step (i) in Scheme 2. These re-
sults agree with those of the previous works on the DODH +
HG mechanism of 1,4-anhydroerythritol over ReOx-Pd/CeO2
catalyst??b, demonstrating that the reaction mechanism of
methyl glycosides is similar to the proposed one, and the
rate-determining step is the DODH reaction and the elimi-
nation of alkene from the diolate adspecies on ReOx-
Pd/CeO: catalyst.

In order to clarify the reactivity difference among the me-
thyl glycosides having a six-membered ring, we selected
methyl o-L-rhamnopyranoside and methyl a-L-fucopyra-
noside as model substrates because these substrates are
stereoisomers and the reactivity difference is very large
(about 5-fold; methyl a-L-rhamnopyranoside: 1.9 mmol gcar
1h-1, methyl a-L-fucopyranoside: 0.38 mmol get! h-1, Table
1, entry 5 and 9). The effect of the reaction temperature was

1.25
hethyl a-L-rhamnopyranaside ,i:-];ﬂx

100 ¢ . = TRy + 19 o™
™. &H

oH

“m E, =63 kJ mol

0.00

0,25

o |

075 |

00 k g "y, r__':'.' ':1\‘
' - o v

425 |y=-BT45x+20 \ o

Methyl a-L-fucopyranoside g, E,=73 kJ mal

Ln (Reaction rate/mmol g, b')

=-1.50
0.00235 0.00240 000245 Q00250
TT 1K)

Figure 2. Arrhenius plots of DODH + HG of methyl a-L-rham-
nopyranoside () and methyl a-L-fucopyranoside (@) over
ReOx-Pd/CeOz2 catalyst. Reaction conditions: ReOx-Pd/CeOz2 cat-
alyst 0.15 g (Re=2 wt%, Pd/Re=0.25), substrate 1.3 mmol, 1,4-
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dioxane 10 g, 7.7 MPa Hz (initial 1.0 MPa Hz at R.T.), 403-423 K.
The detailed data are shown in Table S13.

investigated with these methyl glycosides. Arrhenius plots of
these substrates provided linear lines (Figure 2, the detailed data
are shown in Table S13). The Arrhenius plots provided similar
Y intercepts of these substrates (19+1 for methyl a-L-rham-
nopyranoside and 201 for methyl o-L-fucopyranoside).
The apparent activation energies of methyl a-L-rhamnopy-
ranoside and methyl a-L-fucopyranoside are estimated to
be 63+4 and 73+4 K] mol!, respectively. Considering that
the reaction mechanism of these methyl glycosides is simi-
lar based on the kinetic studies as discussed above (Table
1), the reactivity difference between these methyl glyco-
sides can be attributed to the difference of the apparent ac-
tivation energies. These results suggest that the transition
states or adsorption states in the DODH of methyl a-L-
rhamnopyranoside and methyl a-L-fucopyranoside are dif-
ferent, which can be derived from the difference of substit-
uents and their configuration adjacent to the cis-vicinal OH
groups in these methyl glycosides.

DFT calculation of DODH reaction of methyl a-L-
rhamnopyranoside and methyl «-L-fucopyranoside
over ReOx-Pd/Ce0: catalyst. The adsorption state of the
selected methyl glycosides (methyl a-L-rhamnopyranoside
and methyl a-L-fucopyranoside, labeled as 1 and 2, respec-
tively) was estimated by DFT calculation with the isolated
Re** species on CeOz, which is the active site of ReOx-
Pd/Ce0: catalyst??b, and moreover, the transition state in
DODH reaction of these two methyl glycosides was also de-
termined. The periodic-boundary DFT with plane-wave ba-
sis set was employed in this investigation using the VASP
pack-age (computational details are given in Experimental
in SI).

Since the CeO: surface is exposed to high H: pressure,
fully hydrogenated surface is considered in this investiga-
tion. To accommodate the monomeric ReOx species on the
surface, three hydrogen atoms are removed from the sur-
face and ReOx species is placed on it to bind to three surface
0 atoms. When comparing the stability of various ReOx spe-
cies with the different number of oxygen atoms (x =0 ~ 2),
we found that the ReOx (x = 1) species on three O atom of
Ce0: is the most stable structure over the surface (see the
computational details in SI), which is in accordance with the
recent work3?. In this structure, which we refer to model-I
hereafter (Figure S13), the oxidation state of Re atom is es-
timated as +7 based on the number of reduced Ce3* atoms
in the system. This oxidation state is different from the ex-
perimental observations, where the active Re species in-
volves the oxidation state of +4. Because of this, we also con-
sider the model where one of the three bridging O atoms is
removed from model-I. In this model, which is referred as
model-II (Figure S13), the Re atom is bound to two surface
0 atoms, and the oxidation state of Re is calculated to be +4,
which is in accordance with the experimental findings (see
Figure S13 for both structures). Using these two active site
models, we compare the stability of intermediate diolate ad-
species of the substrate. In the case of substrate 1, we found
that the adsorption energy (Eaq) of the most stable diolate
adspecies over model-II is =32 k] mol-!, while it is 126 k]
mol! for model-I (structures are given in Figure S13).

Therefore, the model-II would be the most plausible struc-
ture of active species of the ReOx/CeOz2 catalyst.

According to our previous reports on DODH + HG of me-
thyl glycosides??, only the cis-vicinal OH groups in methyl
glycosides can be selectively removed, however, trans-vici-
nal OH groups in methyl glycosides can be adsorbed on the
active sites of ReOx-Pd/CeOz2 catalyst as a diolate, which may
suppress the reaction. Therefore, we calculated the adsorp-
tion energies of the selected stereoisomers (1 or 2) at cis-
vicinal OH groups and trans-vicinal OH groups. There are
two conformations for each diolate structure (cis-vicinal OH
groups and trans-vicinal OH groups) depending on the ori-
entation. Four kinds of diolate adspecies were determined
for the two methyl glycosides, and denoted as cis-A, cis-B,
trans-A, trans-B (cis-A1, cis-B1, trans-A1, trans-B1 in Figure
S14, and cis-A2, cis-B2, trans-A2, trans-B2 in Figure S15).
Among these diolate adspecies, cis-A adsorption confor-
mation showed the lowest Ead (-32 k] mol! for cis-A1 and -
30 k] mol! for cis-A2), indicating that the adsorption of cis-
vicinal OH group is stronger than that of trans-OH group on
ReOx species. Hereafter, we only focus on the most stable
conformation, cis-A.

Figure 3(a) shows the structure of diolate adspecies of 1,
and itis reclined to the surface involving the hydrogen bond
with the surface hydroxy groups. The transition state struc-
ture for the cleavage of two C-O bonds is given in Figure 3
(b), and it exhibits asymmetric structure with respect to the
dissociation of the two C-O bonds, and one bond length is
1.71 A and the other is 2.01 A. This could be mainly due to
the stabilization of 02 (shown in the figure) which fills the
vacancy site after releasing the DODH product, in addition
to the hydrogen bond with the surface. The activation en-
ergy Evarriar-1 is calculated to be 65 k] mol-1, which is in good
agreement with the experimental value of Ea.1 = 63 k] mol-.

Methyl a-L-rhamnopyranoside
(a) (b)

»5?

)

“i 4 "
AE (Egq)™ -32 kJ mo"

* 33 kJ mol! \E. -133 KJ mol '
(Ehmw 1 * 66 kJ mol”)

Methyl a-L-fucopyranoside
(e)

\E, (E,4 ,)- =30 kJ mol " AE, = 43 llJ mol ' . AE) -149 kJ mol*
(Epurrz ® 77 KJ mol)
Figure 3. Structures of (a) diolate, (b) transition state and
(c) the final product of 1, and (d) diolate, (e) transition state
and (f) the final product of 2. White, dark brown, red, gray
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and green balls represent hydrogen, carbon, oxygen, rhe-
nium and cerium atoms, respectively.

After releasing the DODH product, the ReO species is bound
to three surface O atoms (Figure 3(c)).

Figure 3 (d-f) shows the structures of diolate adspecies,
transition state, and the final product for methyl a-L-fuco-
pyranoside. The structures of Re0/CeOz2 catalyst are similar
to those of 1. The Eaq of diolate adspecies is very close, =32
k] mol-! for Eag-1 and —30 K] mol! for Ead-2. A closer look into
the transition structure of 2 shows that asymmetry with re-
spect to the cleavage of the two C-O bonds is less pro-
nounced, and the 02 atom is less stabilized in comparison
to 1. The calculated activation energy Ebarriar-2 of 77 k] mol!
is slightly higher than that of Ebarriar-1, which is also in good
agreement with the experimental value of Ea2 = 73 k] mol-.

As a model calculation, the gas-phase DODH reaction of
methyl glycosides with CHsReOs catalyst is investigated by
using the Gaussian 09 package (Figure S16, and computa-
tional details are given in Experimental in SI). The DFT cal-
culation for mechanism of the homogeneous CHsReOs-
catalyzed DODH of glycols was carried out by Nicolas and
Liu31, and the calculated structure around the Re center in
the transition state was similar to those by our calculation.
The activation energies of 1 and 2 are calculated as 4Ets-1 =
87 k] mol! and 4E7s-2 = 83 k] mol-, respectively, indicating
that the activation energies of these substrates on CH3ReOs
are very close to each other. The difference in the structures
at the transition state over the active sites of Re0/CeO2
comes from the intricate interactions between the adjacent
functional groups to cis-vicinal OH groups and the surface
hydroxy groups.

Focusing on the structures of these methyl glycosides in

(a) (b)
d,(02-C3-C4-04) Oy o
=T724° %o d,(01-C4-C5-C6)
eN c1 e cs o
eH’ “a
O? o oca G < Da o 5«-903
c4 d,j01-c2c1-03) ©6 ca’c3y TC2
Q@ ¢ =-1558 o o,
o2 (o) O1 e
O ) ¢.(02-C3-C2-03)
a— [+] =-73.7
[+ (4]

Figure 4. Extracted structures of the transition states of
(@) 1 and (b) 2 over ReOx/Ce0: in Figure 3. White, dark
brown, red, gray and green balls represent hydrogen, car-
bon, oxygen, rhenium and cerium atoms, respectively.

(@) (b)
d d; (01-C4-CS-CB
=924 =49
49 Q..,i
.~ 2
b (‘-;\ﬁ c?j
e Q "..,_
4
o1 @ o2
1.0 d,"(02-C3-C2-03
103 C - Lloasany
- 1678
<

Figure 5. Extracted structures of the transition states of
(a) 1 and (b) 2 on CH3ReOsin Figure S16. White, dark brown,
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red, gray and green balls represent hydrogen, carbon, oxy-
gen, rhenium and cerium atoms, respectively.

the transition state, the configuration and torsional angle
are clearly different. The extracted transition structure and
torsional angle on CH3ReO3 and ReOx/CeO2 are shown in
Figures 4 and 5. The configuration of 1 and 2 over
ReO0x/Ce02 (Figure 4) was chair one. The torsional angle (d)
with respect to the C-O bonds of the diolate is different: the
d1(02-C3-C4-04) of 1 (72.4°) is similar to the d2(02-C3-C2-
03) of 2 (-73.7°), however the d;(01-C2-C1-03) of 1 (-
155.89) is quite different from the d2(01-C4-C5-C6) of 2
(37.6°), and the difference is very large. In general, low tor-
sional angle decreases the stability of the structure, mean-
ing the de crease of stability of the transition state. There-
fore, it can be concluded that the difference of the activation
energy between 1 and 2 is derived from the stability differ-
ence of the transition states induced by the difference of the
torsional angles, one of the steric effects.

On the other hand, in the case of CHsReOs (Figure 5), the
configuration of 1 was chair one, however, that of 2 was
boat one, which is different from that in the case of
ReO0x/CeO0:. As for the torsional angle, 1 provided d:’(02-C3-
C4-04) of 92.4° and d;’(01-C2-C1-03) of -140.2°, which are
similar to those in the case of ReOx/CeO2 (d:(02-C3-C4-04)=
72.4°, d;(01-C2-C1-03)= -155.8°). In contrast, 2 gave
d>’(01-C4-C5-C6) of 49.1° and d>’(02-C3-C2-03) of -167.8°,
which are different from those in the case of
Re0x/Ce02(d2(01-C4-C5-C6)= 37.6°, d2(02-C3-C2-03)= -
73.7 ©). The large torsional angle of d»'(02-C3-C2-03) (-
167.8°) was formed by the conformation change from the
boat to chair one, which can release the steric effect. This
result was supported by the similar activation energies on
CH3ReOs catalyst (Figure S16). Therefore, the difference of
activation energy over ReOx/CeO2 between 1 and 2 can be
also explained by the result that the boat conformation was
not formed on ReOx/Ce0z, and the confinement is due to the
interaction of the OH group (03) with the OH groups on
CeO: surface (Figure 3).

Based on the above results, the conformation of the ad-
species of methyl glycosides on ReOx/Ce02 was confined by
the interaction between the functional groups in methyl gly-
cosides and the surface OH groups, and in the case of methyl
a-L-fucopyranoside, the conformation confinement re-
sulted in the low torsional angle, which will lead to high ac-
tivation energy.

CONCLUSIONS

The screening of the active metal oxides, noble metals,
supports and solvents in the DODH+HG of methyl glyco-
sides showed that the same catalyst of ReOx-Pd/CeO2 (Re=2
wt%, Pd/Re=0.25) was effective for the reaction as in the
case of DODH+HG of 1,4-anhydroerythritol.

Kinetic studies were performed with the ReOx-Pd/CeO-
catalyst by using various methyl glycosides with cis-vicinal
OH groups (methyl B-D-ribofuranoside, methyl a-L-rham-
nopyranoside, methyl a-D-mannopyranoside, methyl (3-L-
arabinopyranoside, methyl B-D-galactopyranoside and me-
thyl a-L-fucopyranoside) and the related cyclic vicinal diols
(cis-1,2-cyclopentanediol, 1,4-anhydroerythritol and cis-
1,2-cyclohexanediol). The substituents adjacent to the cis-
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vicinal diols and the configuration in methyl glycosides in-
fluenced the reactivity, but the selectivity of products was
not changed. Moreover, the adsorption state and the tradi-
tion state were estimated by DFT calculations with struc-
ture isomers of methyl a-L-rhamnopyranoside and methyl
a-L-fucopyranoside, which exhibit large reactivity differ-
ence (~5-fold). The difference of the reactivity is derived
from that of the activation energy (65 k] mol-* and 77 k] mol-
1 for methyl a-L-rhamnopyranoside and methyl a-L-fucopy-
ranoside), which was also supported by the kinetic results
from Arrhenius plots (63 k] mol! and 73 k] mol-! for methyl
a-L-rhamnopyranoside and methyl a-L-fucopyranoside).
We conclude that the reactivity difference of the methyl gly-
cosides is mainly derived from that of the torsional angles,
which is due to the intricate interaction between the OH
group adjacent to the cis-vicinal OH groups and surface OH
groups on CeOz.
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