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Thermal conversion of methyl 8-p-glucoside to levoglu-
cosan was studied with the MP4//DFT(B3LYP) method.
The first step is conformational change of the reactant to
'C, from *C,. The second step is intramolecular nucleo-
philic substitution at the anomeric C1, which occurs via
one step without oxacarbenium ion intermediate. The
AG” value (52.5 kcal/mol) is smaller than the C1—0O1
bond energy, indicating the direct homolysis mechanism
is clearly ruled out. Bimolecular reaction also occurs with
smaller activation energy via the similar transition state.

Thermal degradation of 5-p-glucoside without any sol-
vent and catalyst induces a transglycosylation reaction to
produce a considerable amount of levoglucosan (1,6-anhy-
dro-ﬁ-D-glucopyranose).1_6 This reaction is a fundamental
process in various thermal conversions of woody biomass
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resources> and thermal saccharification of cellulose, also.’
The product, levoglucosan, is important also in environ-
mental science as a molecular marker for aerosols and
charcoals.” However, the mechanism of this reaction has
not been elucidated yet. Several groups proposed an ionic
mechanism, in which the reaction occurs via oxacarbenium
ion intermediate (Scheme 1).* This intermediate is further
converted to levoglucosan through nucleophilic attack of O6
to C1. Protonation of Ol and the important role of oxacar-
benium ion were also experimentally and theoretically
proposed.® Other groups proposed a direct homolysis me-
chanism, in which homolytic cleavage of the glycosidic
bond is the initial step (Scheme 1).” The argument of these
two mechanisms has continued due to the lack of clear
evidence. In this study we theoretically investigated the
reaction mechanism of levoglucosan production from
methyl -p-glucoside with the MP4//DFT(B3LYP) method;
see Scheme 2 for the reaction examined. Our purpose is to
present a clear conclusion about the reaction mechanism and
a deep understanding of the reaction.

The GAUSSIAN 03 program package’ was employed
here. The DFT with the B3LYP functional'® was used for
the geometry optimization. The 6-31 + G(d) basis sets were
used for C and O, and the 6-31G(p) basis set was used for H.
This basis set system is named BS-I, hereafter. We ascer-
tained that each equilibrium geometry exhibited no imagin-
ary frequency and each transition state exhibited one
imaginary frequency. We carried out IRC calculation, to
check that the transition state connected reactant and pro-
duct. Potential energy changes were evaluated by the MP4-
(SDTQ) method with the DFT-optimized geometries,
where a better basis set system (BS-II) was used. In BS-II,
the 6-311G(d) basis sets were used for all atoms, where a
diffuse function was added to O and a p-polarization func-
tion was added to H of OH groups. The Gibbs energy
change (AG’) was evaluated at 600 K and 1 atm with the
MP4(SDTQ)/BS-II-evaluated potential energy and the
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SCHEME 1. Direct Homolysis and Ionic Mechanisms
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SCHEME 2. Reaction Investigated in This Study
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DFT/BS-I-evaluated zero-point energy, thermal energy, and
entropy change. Pictures of molecular orbitals were drawn
with the MOLEKEL program.''

In the direct homolysis mechanism, the first step is the
homolytic cleavage of the glycosidic C1—O1 bond. We
evaluated bond dissociation energies (BDEs) of the glycosi-
dic bonds in the reactant (methyl S-p-glucoside) and the
product (levoglucosan). The MP4(SDTQ)-calculated C1—
O1BDEis91.8(65.4) and 91.3 (84.6) kcal/mol in the reactant
and the product, respectively, where the Gibbs energy
changes for the C1—O1 bond cleavage are given in parenth-
eses (Scheme S1, SI).

In the ionic mechanism, the glycosidic C1—O1 bond
cleavage occurs in a heterolytic manner. The heterolytic
C1—0l1 bond energy is very large (189.5 kcal/mol; see
Scheme S2 in the SI), indicating that the heterolytic bond
cleavage is difficult. Thus, the ionic mechanism via concerted
C1—01 bond cleavage was investigated here, in which four
kinds of pathway A—D were found (Figures 1 and 2). Path-
way A (the red lines) is the most favorable, while pathways
B—D need a larger activation barrier than does pathway A.
We also investigated the other reaction courses in which the
O2H and O3H groups play the role of proton donor.
However, these reaction courses are ruled out because of
their large activation barriers (Figure S1, SI). The Gibbs
activation energy (AG") of pathway A was calculated to be
52.5 keal/mol at 600 K and 1 atm (Figure 1), which is much
smaller than the AG® value for the CI—O1 bond cleavage
(see above). Thus, it should be clearly concluded that the
concerted ionic mechanism is more favorable than the direct
homolysis of the glycosidic bond.

Hereafter, we wish to focus on the concerted ionic mechan-
ism. The first step is the conformational changes of the
pyranosyl ring of methyl -p-glucoside to afford 'C, from
*C, via Bs o (Figures 1 and 2), where *C| is the predominant
ring conformation. Though B; o is not an equilibrium struc-
ture in simple tetrahydropyran, it becomes an equilibrium
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structure in methyl S-p-glucoside because of the hydrogen
bond network among the OH groups like 5-p-glucose'** and
a-L-idose.'*® This conformational change occurs through the
two transition states, TS¢y and TSc,, AG" values of which
are 7.8 and 17.3 kcal/mol, respectively (Figure 1). Hydroxy-
methyl rotamers at the sixth position are maintained as the
gg-type during this conformational transition. Though the
experimental AG” value has not been reported, the present
value is similar to the previous values calculated for the
conformational changes of several sugar molecules.'?

After the conformational changes, the resulting gg-'Cy
conformer undergoes nucleophilic substitution at the
anomeric C1 to form the product complex P1, which consists
of the levoglucosan and methanol molecules. P1 then re-
leases methanol and levoglucosan molecules. This step in-
creases entropy, with which overall reaction becomes
exothermic. The exothermicity was calculated to be —1.1
kcal/mol based on Gibbs energy change at 600 K and 1 atm
(Figure 1). In the other pathways B—D starting from gz-'Cy,
g9-Bs 0, and gt-B; o conformers (Figures 1 and 2), the
AG* values (59.3—67.1 kcal/mol) are considerably larger
than that of pathway A. These higher activation energies
are interpreted in terms of the H6---O1 hydrogen bond;
these gt-'C4, gg-Bs.0, and gt-Bs o have a longer O6H - - -O1
hydrogen bond than does the gg-'C,, which requires
larger activation energy for the proton transfer (Figure S2,
SI). No pathway starting from rg-rotamers (the other type
of hydroxymethyl rotamer) was found, because the 7g-B; ¢
and 1g-'C4 do not have the O6H---Ol hydrogen bond
(Figure S2, SI).

The nucleophilic substitution at the anomeric C1 is the
most important process in the whole reaction pathway. To
obtain detailed knowledge about this process, IRC calcula-
tion was carried out in pathway A; see Scheme S3 in the SI for
detailed geometry changes. As shown in Figure 3A, C1—-01
is considerably elongated upon going to transition state TSg;
from the reactant (gg-'C,) and then moderately elongated
upon going to P1 from TSg;. On the other hand, the C1—-06
distance moderately shortens upon going to TSg; from the
reactant (gg-' C4) and then considerably shortens upon going
to P1 from TSg;. Interestingly, the O6—Hgpg bond is con-
siderably elongated concomitantly with the Ol —Hgpg bond
shortening before TSg;. These results indicate that this
reaction occurs in one step but three important events
are involved. The first event is the C1—0O1 bond cleavage
that is almost completed around TSg; to form methanol.
The second event is the proton transfer from O6 to Ol,
which occurs before TSg; when the C1—-O1 bond is elon-
gated to about 2.0 A. The importance of the similar protona-
tion at O1 was also proposed in other bimolecular glycosyla-
tion,® though unimolecular protonation occurs here.
The final event is the C1—06 bond formation that occurs
after TSg;.

Asshown in Figure 3B, the negative charge of Ol starts to
increase along with the C1—O1 elongation at the initial
stage of the nucleophilic substitution, which induces the
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FIGURE 1. Gibbs energy changes in the ionic reaction from methyl 5-p-glucoside to levoglucosan calculated with the MP4(SDTQ)/BS-11//
DFT(B3LYP)/BS-I method.

- .é{t%« :

1: E MeOH

Product
complex P1

Reactant (gg-*C,) Reactant (99-B, Reactant (gg-'C,)
+ :
[} M ht

Reactant (gt-8; )

Levoglucosan

<18,

'S { y rrr
«'ﬁ("

© . v
< s
< “ @ '

Product : Conformational
complex P3 H change

’%f
3

Levoglucosan

© Product B50)

.~¥ complex P2

p4

TSq,

FIGURE 2. Geometry changes in the reaction from methyl 5-p-glucoside to levoglucosan calculated with the DFT(B3LYP)/BS-I method.

subsequent proton transfer from O6 to Ol. This proton
transfer considerably increases the negative charge of O6
and the positive charge of C1. As a result, the reaction system
involves the anionic O6 and the cationic Cl atoms. This
electronic structure is essentially the same as that of the
oxacarbenium ion intermediate (Scheme 1). It is noted that
the negative charge of OS5 considerably decreases upon going
to TSs; from the reactant (gg-'Cy). This is understood in
terms of intramolecular charge transfer (CT) from O5 to C1,
which stabilizes the cationic C1 center. Though the negative
charge of Ol considerably decreases upon going from the
reactant to TSg;, it stops to change around TSg;. This is
because the O1—Hgg bond formation occurs before TSg;
and the C1—O1 bond breaking occurs around TSg;. After
TSs1, the nucleophilic attack of O6 to C1 occurs, as de-
scribed above, which decreases the negative charge of O6 and
the positive charge of C1 upon going to P1 from TSg;.
Simultaneously, the negative charge of O5 considerably
increases, indicating the polarization among C1, OS5, and
06 becomes smaller by the C1—06 bond formation.

The HOMO and the HOMO-1 of TSg; mainly consist of
two lone pairs of O6 (Figure 4), one of which is formed by the
proton transfer from O6 to O1, as shown in Scheme 3. These

results are consistent with the considerably large negative
charge of O6 around TSg;. The HOMO-22 mainly consists
of the OS5 lone pair, which interacts with the empty p orbital of
C1 in a bonding way (Scheme 3), indicating the presence of 7-
type interaction, which corresponds to the intramolecular CT
from OS5 to CIl. The similar CT has been proposed in the
oxacarbenium ion intermediate (Scheme 1).** The LUMO
largely consists of the C1 p orbital into which the O5 p orbital
mixes in an antibonding way. As a result, the s7%-type interac-
tion is clearly observed in the LUMO. The nucleophilic attack
of 06 to C1 is understood to occur through the intramolecular
CT from the HOMO mainly consisting of the O6 lone pair to
the LUMO mainly consisting of the C1 p orbital.

We also investigated the bimolecular ionic mechanism in
which the second f-p-glucoside plays the role of proton
donor (Figure 5). The DFT(B3LYP)/BS-II-calculated AG**
value is 36.4 kcal/mol for this reaction and 47.7 kcal/mol for
pathway A (Table S2, SI). In the transition state, H' o4 has
already moved to the O1 atom to form methanol, and the
Hog has already moved to the O6" atom to form the OH
bond, while the C1—06 distance is still long. This feature is
essentially the same as TSg; of pathway A. In other
words, the oxacarbenium ion is not found in the bimolecular
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(B) from the methyl -p-glucoside (gg-'Cy) to the product complex
P1 via TS, calculated with the DFT(B3LYP)//BS-I method.
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SCHEME 3. Changes in Molecular Orbitals during the Substi-
tution

_H—OCHs
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reaction but the electronic structure of the transition state is
essentially the same as that of the oxacarbenium ion; see
Figure S4 in the SI for details. Other bimolecular pathways,
in which the O2'H, O3’'H and O4'H play a role of proton
donor (Figure S5, SI), need larger activation energy.
These bimolecular reactions are similar to the acid-catalyzed
cleavage of the glycosidic bond.®
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FIGURE 5. Changes in geometry and Gibbs energy in the bimole-
cular pathway, where energy was evaluated with the DFT(B3LYP)/
BS-II method. Footnote a: Relative to monomeric gg-*C;.

In summary, the concerted ionic mechanism is more
favorable than the direct homolysis of the glycosidic bond.
In this mechanism, the reaction occurs via two steps. The
first step is the conformational change of methyl S-p-gluco-
side from *C, conformer to 'C,. The second step is the
intramolecular substitution at the anomeric carbon to form
the product. Unlike the ionic mechanism previously pro-
posed (Scheme 1), the oxacarbenium ion intermediate is
not formed, though the electronic structure of the transition
state is essentially the same as that of the oxacarbenium
ion intermediate. In the substitution step, three events are
involved: the C1—O1 bond cleavage, the proton transfer
from O6 to O1, and the nucleophilic attack of O6 to C1. The
bimolecular ionic mechanism is more favorable because the
OH group of the second methyl S-p-glucoside participates in
smooth proton transfer. It is noted that these reaction
features of methyl S-p-glucoside would not be exactly the
same as those of real cellulose.
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