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ABSTRACT: Evaluation of the feasibility of various mechanisms possibly involved in cellulose fast pyrolysis is challenging.
Therefore, selectively 13C-labeled cellotriose, 180-labeled cellobiose, and 13C- and 80-doubly-labeled cellobiose were synthe-
sized and subjected to fast pyrolysis in an atmospheric pressure chemical ionization source of a linear quadrupole ion trap/or-
bitrap mass spectrometer. The initial products were immediately quenched, ionized using ammonium cations and subse-
quently analyzed by the mass spectrometer. The loss or retention of isotope labels upon pyrolysis unambiguously revealed
three major competing mechanisms - sequential losses of glycolaldehyde/ethenediol molecules from the reducing end (the
reducing-end unraveling mechanism), hydroxymethylene-assisted glycosidic bond cleavage (HAGBC mechanism), and Mac-
coll elimination. Important discoveries include: 1) reducing-end unraveling is the predominant mechanism occurring at the
reducing end; 2) Maccoll elimination cleaves aglyconic bonds and it is the mechanism leading to formation of reducing car-
bohydrates; 3) HAGBC occurs for glycosides but not at the reducing end of cellodextrins; 4) HAGBC and water loss are the
predominant reactions for fast pyrolysis of 1,6-anhydrocellodextrins; and 5) HAGBC can proceed after reducing-end unrav-
eling but unraveling does not occur once the HAGBC reaction pathway is initiated. Moreover, hydrolysis was conclusively

ruled out for fast pyrolysis of cellobiose, cellotriose, and 1,6-anhydrocellodextrins up to cellotetraosan.

INTRODUCTION

The energy crisis caused by the fast consumption of light
fossil fuels has triggered intense research efforts to gener-
ate alternative fuels from renewable biomass. Among those
efforts, fast pyrolysis of biomass followed by catalytic up-
grading to biofuel continues to be one of the most promising
approaches.’-¢ Cellulose contributes up to 40~50% of the
weight of biomass depending on the plant species and has
therefore attracted great interest.” However, despite many
investigations carried out to delineate the chemical pro-
cesses occurring during cellulose fast pyrolysis, molecular-
level understanding of the mechanisms of these reactions is
far from satisfactory. This is partially due to the fact that
most studies have utilized gas-chromatography/mass spec-
trometry (GC/MS) for product analysis.?-1* This approach
does not allow the detection of the initial products but in-
stead downstream secondary and later products due to the
long analysis time. Furthermore, this analysis method can
only detect volatile compounds.'s

Depolymerization of cellulose during fast pyrolysis in-
volves cleavages of the 3-1,4-glycosidic linkages between
adjacent glucose units. Breaking the glycosidic linkages in-
volves the cleavage of either the glycosidic or aglyconic
bond, which can occur via different mechanisms, including
simple bond cleavages via homolysis'®-1° or heteroly-
sis, 162021 or assisted bond cleavages, as for example via hy-
drolysis.161822 Previous studies suggest that formation of an
anhydroglucose diradical by homolytic cleavages of two

consecutive glycosidic bonds of cellulose may be followed
by rearrangement into levoglucosan (LGN) - one of the ma-
jor fast pyrolysis products of cellulose.1¢23 However, for the
cellobiose model system, the enthalpy for the homolytic dis-
sociation of the glycosidic bond has been calculated to be
prohibitively high for this to be an important mechanism
(101 kcal/mol at the B3LYP/6-31+G(d) level of theory).23
The enthalpy for the heterolytic cleavage of the glycosidic
bond in cellobiose has been reported to be even higher (cal-
culated to be 158 kcal/mol at the B3LYP/6-31+G(d) level of
theory).23 Another possible mechanism for dissociation of
the glycosidic bonds is hydrolysis that would ultimately
produce glucose, after which glucose may fragment via nu-
merous mechanisms.?42> However, no direct experimental
evidence has yet been provided to conclusively confirm or
reject the occurrence of hydrolysis during fast pyrolysis of
cellulose.

Besides aforementioned homolytic and heterolytic bond
cleavages and hydrolysis, the glycosidic linkage can also be
broken through other mechanisms. Two such mechanisms
are the Maccoll elimination that forms a glucose and an an-
hydrocellodextrin that is not 1,6-anhydrous (Scheme 1a,
discussed in more detail later),'®2¢ and hydroxymethylene-
assisted glycosidic bond cleavage (HAGBC) to form a 1,6-an-
hydrocellodextrin and a cellodextrin with reduced degree of
polymerization (Scheme 1b).616.182127-29 The energetics of
HAGBC reactions have been examined previously.?? It is

Scheme 1. Examples of a) Maccoll elimination cleaving
the aglyconic bond in cellobiose that produces glucose
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and anhydroglucose, b) hydroxymethylene-assisted
glycosidic bond cleavage (HAGBC) for cellobiose that
produces levoglucosan and glucose, and c¢) HAGBC for
glucopyranosylglycolaldehyde (a glucoside) that pro-
duces levoglucosan and glycolaldehyde.
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Numbers in brackets are free energies (in kcal/mol) for the
transition states: a) the value was calculated at the M06-2X/6-
31G+(d,p) level of theory;3 b) and c) both values were calcu-
lated at the M06-2X/6-311++G(d,p) level of theory.13?

worth noting that, theoretically, Maccoll elimination can oc-
cur at both glycosidic and aglyconic bonds while HAGBC
only cleaves a glycosidic bond. Also, based on literature,
HAGBC can occur at any point along the cellulose chain. The
resulting 1,6-anhydrocellodextrin can undergo another
HAGBC reaction to form other smaller 1,6-anhydrocellodex-
trins (cellobiosan, cellotriosan, cellotetraosan, etc, or
levoglucosan). These 1,6-anhydrocellodextrins are consid-
ered to be the major components of “active cellulose” that

acts as an intermediate to the production of smaller prod-
uctS_17,28,24,15,32

Another reaction mechanism that likely contributes to
the fragmentation of cellulose during fast pyrolysis is the
“reducing-end unraveling mechanism” that dominates for
cellobiose.! This mechanism is initiated by ring-opening of
the hemiacetal in the reducing end of cellobiose, followed
by a concerted reaction leading to the loss of a C2 fragment
(glycolaldehyde or ethenediol) to generate glucopyra-
nosylerythrose and glucopyranosylethenediol (the latter
can tautomerize to glucopyranosylglycolaldehyde; Scheme
2).1%  The resulting intermediate (e.g, glucopyra-
nosylethenediol or glucopyranosylglycolaldehyde) can then
undergo HAGBC to generate levoglucosan and glycolalde-
hyde (Scheme 1c).** These products have been observed
upon fast pyrolysis of cellobiose.>334 [t should be noted
here that although cellobiose only contains two glucose
units, it yields almost identical fast pyrolysis product dis-
tributions as cellohexaose, and these distributions are
similar to those measured for cellulose.34

Although many reaction mechanisms have been pro-
posed in the literature for cellulose fast pyrolysis, no gen-
eral consensus has been reached about the most important
mechanisms. In order to do this, experimental approaches
are needed that can provide conclusive evidence in support
or against proposed mechanisms. Herein, a previously re-

ported*® pyrolysis/high-resolution tandem mass spec-
trometry (Py-MS/MS) experiment, which enables the detec-
tion of the initial fast pyrolysis products, was combined
with three selectively isotope-labeled cellobioses and cel-
lotrioses to delineate the mechanisms of the major reac-
tions occurring during cellulose fast pyrolysis.

Scheme 2. Reducing-end unraveling mechanism for cel-
lobiose with free energy changes (in parenthesis in
kcal/mol) and activation free energies (in brackets)
calculated at the M06-2X/6-311++G(d,p) level of the-

ory.!
o)‘&\ ?/\
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Abbreviations: glucopyranosylerythrose (GER), glucopyra-
nosylethenediol (GED), glucopyranosylglycolaldehyde (GGA),

RESULTS AND DISCUSSION
Model compounds

The nine model compounds that were purchased or syn-
thesized for this study are shown in Figure 1. They are cel-
lotriose (Glc-Glc-Glc-OH; CTS), selectively 3C-labeled cel-
lotriose (Glc[1-13C]-Glc-Glc-OH; 13C-CTS), cellobiose (Glc-
Glc-OH; CBS), cellobiosan (CBN), cellotriosan, cellotetrao-
san, cellobiosylglycolaldehyde (Glc-Glc-glycolaldehyde;
CBGA), selectively 180-labeled cellobiose (Glc-Glc-180H; 180-
CBS), and 13C- and !80-doubly-labeled cellobiose (Glc[1-
13C]-180-Glc-OH; 13C-,180-CBS). A detailed procedure for the
synthesis of the above isotope-labeled model compounds as
well as cellobiosylglycoaldehyde can be found in the exper-
imental section.
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Figure 1. Model compounds used in this study.
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Figure 2. Mass spectra of the NH4* adducts of the initial products formed upon fast pyrolysis of a) unlabeled cellotriose (CTS) and
b) 13C-labeled cellotriose. Abbreviations: cellobiosylglycolaldehyde (CBGA), cellobiosan (CBN; anhydrocellobiose), glucopyra-
nosylerythrose (GER), glucopyranosylglycolaldehyde (GGA), glucose (GLC), and levoglucosan (LGN; anhydroglucose). Glycosidic
linkages are labeled using A and B. *Indicates dehydration products.

Reducing-end unraveling mechanism

The ionized (via ammonium attachment) initial products
formed upon fast pyrolysis of cellotriose and !3C-labeled
cellotriose (Glc[1-13C]-Glc-Glc-OH) (Figure 1) are shown in
Figure 2. The ions with the greatest relative abundances de-
rived from unlabeled cellotriose correspond to levogluco-
san and its isomers (anhydroglucoses; NH4* adducts with
m/z 180), glucose (NH4* adduct with m/z 198), glucopyra-
nosylglycolaldehyde (NH4* adduct with m/z 240), glucopy-
ranosylerythrose (NH4* adduct with m/z 300), cellobiosan
(anhydrocellobiose; NH4* adduct with m/z 342), and cello-
biosylglycolaldehyde (NH4* adduct with m/z 402). The
structures of these ionized products shown in Figure 2 have
been'33-35 or were confirmed by comparing their CAD mass
spectra (Figures 3 and S1) with those of ionized authentic
compounds that were synthesized or obtained from com-
mercial sources. For example, the CAD mass spectrum of the
ionized pyrolysis product of m/z 343 (M+NH4*) formed
from the 13C-labeled cellotriose (Figure 3b) matches the
CAD mass spectrum of the authentic ionized unlabeled cel-
lobiosan (m/z 342) (Figure 3a), indicating that the pyrolysis
product is mostly 13C-labeled cellobiosan. Among the uni-
dentified ions are those with m/z values of 144, 162, 282,

and 324, which likely correspond to ionized dehydration
products of the identified products.

Fast pyrolysis of the 13C-labeled cellotriose produced the
same products as unlabeled cellotriose except that all ion-
ized products with m/z value larger than 180 had retained
the 13C-label (i.e., their m/z values are one unit greater than
those observed for the corresponding unlabeled compound;
Figure 2). This label retention mimics the behavior of 13C-
labeled cellobiose studied previously,! corroborating the
reducing-end unraveling mechanism proposed for cellobi-
ose as a primary mechanism also for cellotriose. Therefore,
the presence of the middle glucose unit in cellotriose does
not change this fragmentation behavior.

HAGBC mechanism

The complete retention of the 13C-label in most reaction
products (Figure 2) of 13C-labeled cellotriose demonstrates
that the HAGBC mechanism cannot initiate the depolymeri-
zation sequence (Scheme 3), and therefore disproves the
mechanism shown in Scheme 1b. This resultis in agreement
with the calculated free energy barriers as that for HAGBC
(56.2 kcal/mol; Scheme 1b) is higher than that for reducing-
end unraveling (49.2 kcal/mol for the rate limiting step;
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Figure 3. MS/MS CAD mass spectra (measured at a collision energy of 10 (arbitrary units)) of the NH4* adducts of a) authentic

cellobiosan (CBN) (m/z 342), b) anhydrocellobiose (13C-CBN) produced upon fast
(fragment ions color-coded in red are shifted by one mass unit due to the 13C label),
pyrolysis of cellobiose (CBS).
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Figure 4. a) Mass spectrum showing NHs* adducts of the initial fast pyrolysis products of cellobiose 180-labeled at the reducing end
(180-CBS). b) Expanded area showing the 180-labeled cellobiosan isomers (180-CBN; NHa4* adduct with m/z 344) and unlabeled
cellobiosan isomers (CBN; m/z 342; due to incomplete labeling of 180-cellobiose). c) Expanded area showing the 180-labeled
cellobiose (180-CBS; NHa4* adduct with m/z 362) and unlabeled cellobiose (CBS; m/z 360; due to incomplete labeling of 180-
cellobiose). d) Scheme showing the HAGBC dehydration reaction of 180-cellobiose (180-CBS) that gives rise to unlabeled cellobiosan

(CBN).
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Scheme 3. Three reaction mechanisms proposed for the
generation of the major products formed upon fast py-
rolysis of 13C-labeled cellotriose. Glycosidic linkages are
labeled using A and B. Dashed boxes indicate products
that were not observed.
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Abbreviations: cellobiosylglycolaldehyde (CBGA), cellobiosan
(CBN; anhydrocellobiose), glucopyranosylglycolaldehyde
(GGA), glucose (GLC), and levoglucosan (LGN; anhydroglucose.
The formation of unlabeled levoglucosan - one of the major
products - is not shown in the above mechanism. This addi-
tional mechanism is discussed in detail later.

Scheme 2). Furthermore, the label retention results demon-
strate that the glycosidic linkage B dissociates prior to A
(Scheme 3), in contrast to literature;?° otherwise an unla-
beled cellobiosylglycolaldehyde (NHs4* adduct with m/z
240) would have been formed. On the other hand, HAGBC
can occur for the products of reducing-end unraveling
mechanism (glycosides), which leads to the formation of
1,6-anhydrocellodextrins (Scheme 3 and Figure S2; also dis-
cussed in detail later in connection with Figure 7). It is
worth noting that both labeled and unlabeled levoglucosan
and isomers are produced upon fast pyrolysis of the 13C-la-
beled cellotriose (NH4* adducts with m/z 181 and 180, re-
spectively); however, the mechanisms shown in Scheme 3
do not account for the formation of unlabeled levoglucosan
and isomers. Another mechanism is discussed later to ra-
tionalize this observation.

HAGBC has been suggested in the literature to occur at
the reducing end of carbohydrates via nucleophilic attack of
the primary hydroxyl group at the anomeric carbon, which
results in the elimination of the anomeric hydroxyl group in
the form of water.23¢ However, this hypothesis has not
been confirmed or rejected based on experimental results.
In order to explore this, MS/MS CAD experiments were car-
ried out on the ionized product (M+NH4*; m/z 342) formed
via water elimination upon fast pyrolysis of cellobiose. This
ion corresponds to cellobiosan if HAGBC is the only opera-
tional mechanism. The CAD mass spectrum measured for

The Journal of Organic Chemistry

this ionized pyrolysis product(s) (Figure 3c) does not match
the CAD mass spectrum of the authentic ionized cellobiosan
(Figure 3a), indicating that elimination of water from cello-
biose mostly produces isomer(s) of cellobiosan that are
formed via some other mechanism than HAGBC. This find-
ing indicates that HAGBC does not occur at the reducing end
of cellodextrins, in contrast to literature.29.36

To further examine this unexpected water-loss product of
cellobiose, fast pyrolysis of 180-labeled cellobiose with the
label at the hemiacetal hydroxyl group (Glc-Glc-180H) was
examined. The mass spectrum measured for the ionized fast
pyrolysis products is shown in Figure 4a. The 180-labeling
efficiency was 80% as shown in Figure 4c; the synthesis
method is detailed in the experimental section. The ionized
anhydrocellobiose products (NHs* adducts) have an isotope
ratio 0of 30:100 for ions of m/z 342 and 344 (Figure 4b), sim-
ilar to that observed for 180-cellobiose (25:100 for ions of
m/z 360 and 362, Figure 4c), supporting the above conclu-
sion that the first water elimination from cellobiose does
not proceed through the HAGBC mechanism as this would
result in the loss of the anomeric 180-label (Figure 4d).
Therefore, all these results corroborate that HAGBC does
not occur at the reducing end of cellodextrins (i.e., cellobi-
ose pyrolysis produces levoglucosan but not cellobiosan;
cellotriose pyrolysis produces levoglucosan and cellobiosan
but not cellotriosan, etc.). More importantly, reducing-end
unraveling has been identified as the predominant mecha-
nism, if not the only mechanism, that occurs at the reducing
end.

Maccoll elimination

One of the most abundant products formed upon fast py-
rolysis of cellobiose, cellotriose, and other small oligomers
is glucose (ion of m/z 198, Figure 2a).3% This compound can-
not be generated via the reducing-end unraveling mecha-
nism as this mechanism does not generate reducing carbo-
hydrates (Scheme 2). Further, the results shown in Figure
2b indicate that glucose cannot be formed via the HAGBC
mechanism since HAGBC cannot initiate the depolymeriza-
tion sequence, in contrast to literature;182936 otherwise, un-
labeled glucose would have been formed for the 13C-labeled
cellotriose (Scheme 3). However, instead of unlabeled glu-
cose (NHs* adducts with m/z 198), exclusively 3C-labeled
glucose (NH4* adducts with m/z 199) was formed (Figure
2b). Therefore, some other mechanism must be operational.
The importance of this mechanism is not limited to glucose
formation as reducing-end generation marks the end of one
and the beginning of another depolymerization cycle
(Scheme 3) and therefore is of significance for extending the
fast pyrolysis mechanism delineated for cellobiose to cel-
lotriose, oligomeric cellodextrins and polymeric cellulose.

Since water is produced as a byproduct during fast pyrol-
ysis of cellulose, hydrolysis of the glycosidic bond by exter-
nal water has been proposed to be the underlying mecha-
nism for the formation of reducing carbohydrates.161822 An-
other mechanism proposed in the literature is Maccoll elim-
ination that does not require external water and can cleave
both glycosidic and aglyconic bonds.'826 However, no ex-
perimental evidence has confirmed or rejected these pro-
posed mechanisms. In order to investigate the reducing-end
generation mechanism, fast pyrolysis of 13C- and 80-dou-
bly-labeled cellobiose (Glc[1-13C]-180-Glc-OH) was studied.
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Figure 5. a) (+)ESI mass spectrum of synthetic, 13C- and 80-doubly-labeled cellobiose ionized by sodium cation attachment (ions
with m/z 366 and 368). APCI mass spectra of NHs* adducts of the initial fast pyrolysis products of b) cellobiose and c) 13C- and 180-
doubly-labeled cellobiose. Abbreviations: cellobiose (CBS), glucopyranosylerythrose (GER), glucopyranosylglycolaldehyde (GGA),

and glucose (GLC).

This compound contains the 180-label at the glycosidic oxy-
gen between the two glucose units and the 13C-label on the
anomeric carbon of the nonreducing unit (Figure 5), which
allows the identification of the cleavage site (glycosidic vs.
aglyconic) and the determination of whether external water
participates in this reaction.

As shown in Figure 53, the 180-labeling efficiency of Glc[1-
13(C]-180-Glc-OH was about 70% whereas the 13C-labeling ef-
ficiency was 99% (due to the use of commercially available
99% [1-13C]-glucose as the synthesis starting material; de-
tailed synthesis procedure described in the experimental
section). The mass spectrum of the NH4* adducts of the fast
pyrolysis products of this doubly labeled cellobiose (Figure
5c) shows 13C- and 180-doubly-labeled and '3C-singly-la-
beled glucose (NH4* adducts with m/z 201 and 199, respec-
tively) with a similar isotope abundance ratio (m/z 199 :
m/z 201 =40 :100) as observed for the doubly-labeled cel-
lobiose (Na* adducts with m/z 366 and 368 with an abun-
dance ratio of 35 : 100; Figure 5a). Therefore, the formation
of the glucose with only the 13C-label (NH4* adduct with m/z
199) was mostly due to the incomplete 180-labeling in Glc[1-

13C]-180-Glc-OH. The fact that the 180-labeled glycosidic ox-
ygen was retained in the glucose molecule also containing
the 13C-label (NH4* adduct with m/z 201) reveals that the
glycosidic bond was not cleaved during the formation of
glucose; instead, dissociation of the aglyconic bond must
have occurred. This is the first unambiguous identification
of the dissociation site between the glucose units during fast
pyrolysis of cellobiose. Furthermore, the complete reten-
tion of 180-label rules out the participation of external water
in the fast pyrolysis reactions of cellobiose (Figure 6a). This
is further confirmed upon examination of the pyrolysis
products of oligomeric 1,6-anhydrocellodextrins (e.g., cello-
biosan, cellotriosan, and cellotetraosan) that is discussed
later. Therefore, Maccoll elimination at the aglyconic bond
is identified as the underlying mechanism for reducing-end
generation (mechanism shown in Scheme 1a). It is worth
noting that the free energy barrier calculated for the agly-
conic Maccoll elimination (65.9 kcal/mol; Scheme 1a) is
higher than that of HAGBC (56.2 kcal/mol; Scheme 1b). This
discrepancy between the experimental results and calcula-
tions may be partially explained by gas-phase calculations
not accurately representing the actual reaction phase of fast
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Figure 6. a) Hydrolysis (that does not occur) and b-d) reactions that may give rise to anhydroglucoses (NH4+* adducts with m/z 180,
181, and 183). Abbreviations: cellobiose (CBS), glucopyranosylglycolaldehyde (GGA), cellobiosan (CBN), and glucose (GLC), and
levoglucosan (LGN). Structures in brackets represent one possible levoglucosan isomer.

pyrolysis. For example, it is possible that the hydroxymeth-
ylene group needed for the HAGBC mechanism is involved
in hydrogen-bonding with surrounding molecules. The
Maccoll mechanism does not involve hydroxyl groups.

The bundle of anhydroglucose (levoglucosan isomers)
peaks (NH4* adducts with m/z 180, 181, and 183 in Figure
5c) observed for the labeled cellobioses can be explained as
follows: 1) NH4* adduct with m/z 180 must have been gen-
erated from the reducing-end glucose unit since it does not
contain either 13C- or 180 label. This can be explained by
aglyconic Maccoll elimination in the intact, singly and dou-
bly labeled cellobioses (Figures 6b and 6d). 2) The NH4* ad-
duct with m/z 183, containing both the 13C- and 80-labels,
was formed by an aglyconic Maccoll elimination in the dou-
bly-labeled cellobiose to generate doubly-labeled glucose
(NH4* adduct with m/z 201), followed by dehydration with
retention of the anomeric hydroxyl group (Figure 6b). 3)
The NHs* adduct with m/z 181, containing only the 13C-la-
bel, can be produced upon HAGBC reactions of '3C-labeled
intermediates (for example as shown in Figure 6c) formed
upon reducing-end unraveling (e.g, glucopyranosyl-
erythrose and glucopyranosylglycolaldehyde; NH4* adducts
withm/z 303 and 243, respectively, in Figure 5c). This NH4*
adduct with m/z 181 can also be formed as shown in Figure
6d.

It was mentioned above that both labeled and unlabeled
levoglucosan (and isomers; NH4* adducts with m/z 181 and
180, respectively) were formed upon pyrolysis of 3C-la-
beled cellotriose (Figure 2b). However, the mechanisms
presented in Scheme 3 only show the formation of labeled

levoglucosan (or isomers) and therefore is not complete.
The formation of the unlabeled levoglucosan (or isomers)
can be explained by Maccoll elimination occurring on the in-
tact cellobiose. Initiation of the reaction by Maccoll elimina-
tion at the aglyconic bond B generates an unlabeled levoglu-
cosan isomer from the reducing-end glucose unit; the re-
sulting cellobiose can then undergo another Maccoll elimi-
nation to form the 3C-labeled glucose and another unla-
beled levoglucosan isomer (Scheme 4). It is worth noting
that Maccoll occurs at the aglyconic bond B prior to bond A;
otherwise, an unlabeled cellobiosan isomer (NHs* adduct

Scheme 4. Proposed mechanisms for the generation of
unlabeled levoglucosan isomers upon fast pyrolysis of
13C-labeled cellotriose. Glycosidic linkages are labeled
using A and B. Dashed box indicates a product that was
not observed. Structures in brackets represent one pos-
sible levoglucosan isomer.

A B LGNi
Maccol @B OH——

— — OH
oH OH Maccoll @A °
O O, O HO
Ho/éﬁ O%OH Ho XSJW oH— Tho
HO o HO HO. o

OH OH 13
3c.cBS c-6LC

LGNi

3¢c.cTs

OH
é:o
Maccoll @A Hgo OH
OH

Abbreviations: cellotriose (CTS), cellobiose (CBS), glucose
(GLC), cellobiosan isomers (CBNi) and levoglucosan isomers
(LGNi).
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Figure 7. Mass spectra of NH4* adducts of the fast pyrolysis products of a) cellobiose, b) cellobiosan, and c) cellobiosylglycolaldehyde.
Abbreviations: cellobiose (CBS), cellobiosan (CBN), cellobiosylglycolaldehyde (CBGA) glucopyranosylerythrose (GER), glucopyra-
nosylglycolaldehyde (GGA), and glucose (GLC). The pyrolysis mass spectra of cellobiose and cellobiosan were remeasured here and

agree with previously published data.134

with m/z 342) would have been formed. Instead, only
cellobiosan, not an isomer, was formed with complete
retention of the 13C-label (NH4* adduct with m/z 343),
confirmed by MS/MS CAD experiments (Figures 3a and 3b).
Therefore, similar to HAGBC discussed above, the bond
(glycosidic for HAGBC and aglyconic for Maccoll) closest to
the reducing-end glucose unit dissociates prior to the other
one. Together, these results indicate that fast pyrolysis of
oligomeric  cellodextrins  follows highly ordered
mechanisms.

Fast pyrolysis of various reaction intermediates

Having established HAGBC, reducing-end unraveling, and
Maccoll elimination as important mechanisms in the depol-
ymerization reactions, it was of interest to examine the py-
rolysis reactions of specific fast pyrolysis intermediates in
order to obtain more information on the entire reaction net-
work. First, fast pyrolysis of 1,6-anhydrocellodextrins was
inspected and compared with pyrolysis of their reducing
counterparts - cellodextrins. For example, fast pyrolysis of
cellobiosan (a 1,6-anhydrocellodextrin; Figure 7b), as op-
posed to cellobiose (the reducing counterpart; Figure 7a),

did not produce reducing carbohydrates (glucose in this
case) via Maccoll elimination nor the intermediates com-
monly observed for reducing-end unraveling mechanism,
such as glucopyranosylerythrose (NH4* adduct with m/z
300) and glucopyranosylglycolaldehyde (NH4+* adduct with
m/z 240). Instead, water loss (NH4* adduct with m/z 324)
and formation of levoglucosan (NHs*adduct with m/z 180)
via HAGBC mechanism were observed (the levoglucosan
structure was confirmed by MS/MS CAD experiments, Fig-
ure S3). Similarly, it has been demonstrated earlier that py-
rolysis of cellotriosan produces cellobiosan.3* Further, it
was found here that pyrolysis of cellotetraosan produces
cellotriosan (MS/MS CAD data for authentic cellotriosan
and cellotriosan produced from fast pyrolysis of cellotetrao-
san are shown in Figure S4). Hence, none of these larger 1,6-
anhydrocellodextrins (up to cellotetraosan) produced re-
ducing carbohydrates upon fast pyrolysis (mass spectrum
of the ionized fast pyrolysis products of cellotetraosan is
shown in Figure S5). This finding demonstrates that HAGBC
is
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Figure 8. The network of proposed major reactions for cellulose fast pyrolysis

favored over Maccoll during the pyrolysis of 1,6-anhydro-
cellodextrins, and that no unraveling occurs in the absence
of a reducing end. Furthermore, the lack of formation of re-
ducing carbohydrates (e.g., glucose and cellobiose; NH4* ad-
ducts with m/z198 and 360, respectively) upon fast pyroly-
sis of cellobiosan (Figure 7b) confirms that no hydrolysis in-
volving external water took place. More conclusively, even
when an aqueous solution of cellobiosan was loaded into a
hollow quartz tube for fast pyrolysis, no hydrolysis prod-
ucts (i.e., glucose and cellobiose) were observed (Figure S6).
These results clearly exclude the participation of external
water in the fast pyrolysis reactions of cellobiosan, and the
same is expected to be true for larger 1,6-anhydrocellodex-
trins.

Second, fast pyrolysis products of cellobiosylglycolalde-
hyde - an intermediate formed upon reducing-end unravel-
ing - was compared with the fast pyrolysis products of cel-
lobiose and cellobiosan. In contrast to pyrolysis of cellobio-
san (Figure 7b), pyrolysis of cellobiosylglycolaldehyde re-
sulted in a similar product distribution (Figure 7c) as ob-
served for cellobiose (Figure 7a). A detailed inspection of
the differences and similarities in these fast pyrolysis prod-
uct distributions lead to three important discoveries: 1) fast
pyrolysis of cellobiosylglycolaldehyde produces cellobiosan
(Figure S2), while fast pyrolysis of cellobiose does not (Fig-
ure 3a and 3c), further supporting the conclusion made
above that HAGBC only occurs for glycosides and does not
occur at the reducing end of cellodextrins; 2) fast pyrolysis
of cellobiosylglycolaldehyde produces both unraveling in-
termediates, such as glucopyranosylerythrose (NH4*adduct
with m/z 300) and glucopyranosylglycolaldehyde (NH4* ad-
duct with m/z 240), as well as cellobiosan (NH4* adduct
with m/z 342) and levoglucosan (NH4* adduct with m/z
180), while fast pyrolysis of cellobiosan only produces cel-
lobiosan and levoglucosan, suggesting that HAGBC can pro-

ceed subsequent to reducing-end unraveling, but unravel-
ing does not occur once the HAGBC reaction sequence is in-
itiated; and 3) fast pyrolysis of cellobiosylglycolaldehyde
produces reducing carbohydrates (i.e., cellobiose and glu-
cose; NH4* adducts with m/z 360 and 198, respectively),
while fast pyrolysis of cellobiosan and other, larger 1,6-an-
hydrocellodextrins does not, indicating that intermediates
generated upon reducing-end unraveling can undergo re-
ducing-end generation via aglyconic Maccoll elimination,
while 1,6-anhydrocellodextrins cannot (instead, they pre-
dominantly undergo HAGBC and water loss).

A general reaction network for fast pyrolysis of cellulose

Based on above experimental results, a general reaction
network for fast pyrolysis of cellulose is proposed in Figure
8. Cellulose pyrolysis is likely initiated by either Maccoll
elimination to cleave off an anhydroglucose (red arrows in
Figure 8), or by reducing-end unraveling to produce unrav-
eled intermediates (blue arrows in Figure 8). These inter-
mediates can either undergo HAGBC to generate 1,6-anhy-
drocellodextrin (green arrows in Figure 8) or Maccoll elim-
ination to regenerate a reducing end. However, once the
HAGBC mechanism is “selected”, the 1,6-anhydrocellodex-
trins will continue to undergo reactions via the HAGBC
mechanism and eventually produce levoglucosan. On the
other hand, reducing end is generated when Maccoll occurs
for an intermediate formed upon the reducing-end unravel-
ing, which will start a new depolymerization cycle via re-
ducing-end unraveling and reducing-end generation or is
diverted to the HAGBC pathway. This network is in a good
agreement with the fact that the abundance of glucose
formed upon fast pyrolysis deceases as the number of mon-
omer units increases3* in the pyrolyzed compound since the
more monomer units the pyrolyzed carbohydrate contains,
the greater is the probability that the HAGBC mechanism
gets “selected” and therefore outcompetes the reducing-end
unraveling mechanism. The same rationale explains the
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high yield of levoglucosan observed for cellulose fast pyrol-
ysis: since a greater number of monomers leads to a greater
probability for the HAGBC pathway being “selected”, more
1,6-anhydrocellodextrins are generated that eventually
produce levoglucosan as the end product. Therefore, these
results allow the prediction of product distributions based
on the degree of polymerization of the pyrolyzed com-
pounds. It should be noted that additional reaction mecha-
nisms might be operational for long-chain polymers, and
that an increased crystallinity may also play a role in the de-
polymerization reactions during fast pyrolysis. However, ol-
igomeric cellodextrins should be governed by the above
highly ordered mechanisms.

CONCLUSIONS

Many reaction mechanisms have been proposed in litera-
ture in an effort to better understand the depolymerization
reactions of cellulose upon fast pyrolysis. The experimental
approach described here enabled the identification of the
three most important reaction mechanisms: reducing-end
unraveling, hydroxymethylene-assisted bond cleavage
(HAGBC), and aglyconic bond cleavage via Maccoll elimina-
tion. The process is likely initiated either by reducing-end
unraveling or Maccoll elimination that occurs next to the re-
ducing end glucose unit. Maccoll elimination generates a
new reducing end, which starts a new depolymerization cy-
cle via reducing-end unraveling. On the other hand, HAGBC
only occurs after reducing-end unraveling. HAGBC and de-
hydration are the dominant reactions for degradation of
1,6-anhydrocellodextrins. The observation of highly orga-
nized reaction pathways suggests that radical reactions are
minor or nonexistent. Several of the discoveries reported
here are in contrary to or are subjects of debate in current
literature. These discoveries include the following: 1) hy-
drolysis does not take place; 2) HAGBC reaction does not oc-
cur at the reducing end of cellodextrins; and 3) glucose and
smaller cellodextrins are formed by aglyconic bond cleav-
ages via the Maccoll mechanism. Altogether, these results
provide important insights into fast pyrolysis mechanisms
of cellulose, which can guide computational studies aimed
atimproved understanding of the thermodynamics of cellu-
lose fast pyrolysis at the molecular level.

EXPERIMENTAL SECTION
Reagents

Aqueous ammonium hydroxide as well as unlabeled cel-
lotriose, cellobiose, cellobiosan, and levoglucosan were pur-
chased from Sigma Aldrich (St. Louise, MO, USA). Cel-
lotetraosan and cellotriosan were purchased from Synthose
(Concord, Ontario, Canada). All chemicals were used as re-
ceived.

Pyrolysis tandem mass spectrometry (Py-MS/MS) setup

The Py-MS/MS instrument has been detailed previ-
ously.?? Briefly, a pyroprobe (CDS analytical) made from a
flat platinum ribbon (a platinum coil along with a quartz
tube were used when loading liquid samples) was posi-
tioned inside the lonMax box of a Thermo LQIT-Orbitrap
high-resolution mass spectrometer. The IonMax box was
filled with dry nitrogen. Commercial and synthesized sam-
ples were loaded onto the pyrobrobe that was then heated

up to 600 °C in 1 ms and held at 600 °C for one second. The
evaporating pyrolysis products (M) were instantly
quenched in the 100 °C nitrogen atmosphere and ionized via
atmospheric pressure chemical ionization (APCI) by using
ammonium hydroxide as a dopant. The resulting ammo-
nium adducts (M+NH4*) were immediately transferred into
the LQIT/orbitrap mass spectrometer for analysis. The
overall pyrolysis and analysis time was less than 125 ms.133
Mass spectra were collected just before, during, and imme-
diately after pyrolysis. Background ions were removed
from the pyrolysis mass spectra by subtracting the mass
spectra measured before and after pyrolysis from the mass
spectra measured during pyrolysis. All reported mass spec-
tra are the average of at least 10 mass spectra. The MS/MS
CAD experiments were conducted in the linear quadrupole
ion trap by isolating an ion of interest with an isolation
width of 2 m/z values and kinetically excited for 30 ms.
Nominal collision energy of 15 (arbitrary units) was used
for CAD of ionized cellobiosan and isomers ([M + NH4]* with
m/z 342) and for ionized cellotriosan and isomers ([M +
NHa]* with m/z 504) while 20 was used for ionized cellobi-
osylglycolaldehyde. The reported MS/MS CAD mass spectra
are an average of at least 10 mass spectra.

As no ion signal was obtained after CAD of NHa* adducts
of levoglucosan and isomers, these compounds were also
ionized by deprotonation in negative ion mode with ammo-
nium hydroxide dopant, which resulted in [M - H] anions
with m/z 161. These ions were subjected to CAD at a nomi-
nal collision energy of 18 (arbitrary units) to obtain MS/MS
CAD mass spectra.

Synthesis of 13C-labeled cellotriose (T10) (Scheme S1)

Synthesis of phenyl 2,3,4,6-tetra-0-acetyl-1-thio-f3-
D-glucopyranoside (T2). This procedure was adapted
from literature.3” Boron trifluoride diethyl etherate (9 ml,
75 mmol) was added into a solution of T1 (10 g, 25 mmol)
and thiophenol (3.3 mL ml, 30.6 mmol) in dichloromethane
(DCM) (60 mL) at 0 °C. The reaction mixture was stirred at
room temperature for 20 h and diluted with DCM (60 mL).
The resulting solution was washed with a saturated solu-
tion of NaHCOs in water, dried (Na2S04), filtered, and the fil-
trate was concentrated in vacuo. The resulting residue was
purified by recrystallization in ethanol to afford T2 (6.8 g,
51 %) as white needle-shaped crystals. 'H NMR (800 MHz,
Chloroform-d) 6 7.51 - 7.45 (m, 2H), 7.34 - 7.28 (m, 3H),
5.21 (t,J = 9.4 Hz, 1H), 5.03 (dd, J = 10.1, 9.5 Hz, 1H), 4.97
(dd,J = 10.0,9.3 Hz, 1H), 4.70 (d, ] = 10.1 Hz, 1H), 4.21 (dd,J
=12.2,5.2 Hz, 1H), 4.17 (dd, ] = 12.2, 2.4 Hz, 1H), 3.72 (ddd,
J=10.1, 5.3, 2.5 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.01 (s,
3H), 1.98 (s, 3H). 13C{'H} NMR (201 MHz, Chloroform-d) &§
170.7,170.3, 169.5, 169.4, 133.2, 131.8, 129.1, 128.5, 85.8,
75.9,74.1,70.1, 68.3, 62.3, 20.9, 20.8, 20.7, 20.7. The NMR
spectral data are in accordance with literature.3® ESI HRMS:
m/z calcd for Cz0H24NaOoS [M + Na]* 463.1033, found
463.1031.

Synthesis of phenyl 4,6-benzylidene-1-thio-B-D-glu-
copyranoside (T3). This procedure was adapted from lit-
erature.?’” Thioglucoside T2 (6.8 g, 15.5 mmol) was dis-
solved in anhydrous methanol (100 mL). Catalytic amount
of sodium methoxide was added into the reaction and
stirred overnight at room temperature. The reaction was
then neutralized with Amberlyst 15 which was removed
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thereafter by filtration. The product residue was collected
in vacuo and dissolved again in dimethylformamide (DMF)
(20 mL), into which benzaldehyde dimethylacetal (mL, 23.1
mmol) and camphorsulfonic acid (430 mg, 1.85 mmol) were
added and the reaction was allowed to proceed at 50 °C
overnight. The reaction was quenched with EtsN, diluted
with DCM (100 mL) and washed with a saturated water so-
lution of NaHCOs followed by saturated brine, and then
dried over NazSO0s, filtered, and concentrated in vacuo. Due
to limited solubility, the resulting residue was used in the
next step without purification.

Synthesis of phenyl 2,3-di-O-acetyl-4,6-0-benzyli-
dene-1-thio-B-D-glucopyranoside (T4). The crude diol
T3 from the previous synthesis was dissolved in anhydrous
pyridine (10 mL) into which acetic anhydride (10 mL) was
added. The reaction was stirred overnight at room temper-
ature and quenched with methanol. Solvent was removed at
reduced pressure and the residue was washed with 4M
aqueous HCI, saturated aqueous NaHCOs3, and brine, and
dried over anhydrous NazSOa4. The residue was purified by
silica gel column chromatography (hexane:ethyl acetate =
4:1) to afford T4 (5.1 g, 74% three steps) as a white foam.
1H NMR (800 MHz, Chloroform-d) 6 7.51 - 7.46 (m, 2H), 7.44
- 7.40 (m, 2H), 7.35 (ddd, J = 8.1, 6.3, 3.7 Hz, 6H), 5.50 (s,
1H), 5.34 (t, / = 9.3 Hz, 1H), 5.01 (dd, J = 10.1, 8.9 Hz, 1H),
4.81 (d,/=10.0 Hz, 1H), 4.39 (dd, J = 10.6, 5.0 Hz, 1H), 3.79
(t,J = 10.3 Hz, 1H), 3.67 (t, ] = 9.6 Hz, 1H), 3.58 (td, J = 9.7,
5.0 Hz, 1H), 2.10 (s, 3H), 2.03 (s, 3H). 13C{'H} NMR (201
MHz, Chloroform-d) § 170.1, 169.5, 136.7, 133.0, 131.7,
129.2, 129.1, 128.4, 128.3, 126.2, 101.5, 86.6, 78.1, 77.2,
77.1,76.9,72.9,70.8,70.7, 68.5, 20.8, 20.8. The NMR spec-
tral data are in accordance with literature.?* ESTHRMS: m/z
calcd for C23H24NaO7S [M + Na]* 467.1135, found 467.1131.

Synthesis of benzyl 2,3-di-O-acetyl-4,6-0-benzyli-
dene-B-D-glucopyranosyl-(1—-4)-2,3-di-O-acetyl-6-0-
benzyl-B-D-glucopyranoside (T6). A solution of glycosyl
donor T4 (1.5 g, 3.4 mmol) and acceptor T5 (synthesized
according to literature*®) (1.8 g, 4.8 mmol) in anhydrous
DCM (10 mL) was stirred with activated molecular sieves (4
&) under argon for 30 min. N-iodosuccinimide (0.765 g, 3.4
mmol) was then added and stirring was continued for 30
min more. After addition of a catalytic amount of silver tri-
flate (AgOTf, 0.009 g, 0.034 mmol), the color of the reaction
mixture turned yellow brown. The reaction was quenched
by addition of triethyl amine (EtsN) and stirred for an addi-
tional 20 min. This reaction mixture was diluted with DCM
and washed with sodium thiosulfate to remove iodine. The re-
sulting residue was collected in vacuo and purified by silica gel
column chromatography (hexane:ethyl acetate = 3:1) to afford
T6 (1.8 g, 70%) as colorless syrup. *H NMR (800 MHz, Chlo-
roform-d) § 7.47 - 7.41 (m, 6H), 7.39 - 7.34 (m, 7H), 7.32 -
7.30 (m, 2H), 5.47 (s, 1H), 5.19 (t,] = 9.5 Hz, 1H), 5.14 (t, ] =
9.4 Hz, 1H), 5.03 (dd,J=9.7,8.0 Hz, 1H),4.91 (d,/ = 12.3 Hz,
1H), 4.88 (dd, J = 9.3, 8.0 Hz, 1H), 4.80 (d, / = 12.0 Hz, 1H),
4.64 (d,] = 12.3 Hz, 1H), 4.60 - 4.50 (m, 2H), 4.35 (dd, J =
10.4, 5.0 Hz, 1H), 4.13 (q, / = 7.2 Hz, 1H), 4.00 (t, / = 9.5 Hz,
1H), 3.78 (qd, J = 11.1, 2.8 Hz, 2H), 3.70 (t,J = 10.2 Hz, 1H),
3.61 (t, ] = 9.6 Hz, 1H), 3.45 (ddd, J = 9.9, 3.4, 1.9 Hz, 1H),
3.32 (td, J = 9.7, 5.0 Hz, 1H), 2.03 (s, 3H), 2.02 (s, 3H), 2.02
(s, 3H), 1.99 (s, 3H). 3C{'H} NMR (201 MHz, Chloroform-d)
§ 170.0, 169.6, 169.5, 169.0, 137.6, 136.9, 136.7, 129.1,
128.6,128.3,128.2,128.2,128.1,128.0,127.8,127.6,126.1,
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105.6,101.4,101.3, 100.7, 99.3, 78.0, 75.5, 74.6, 73.6, 73.1,
72.5,71.9,71.5,70.5,68.4, 67.1, 65.9, 60.3, 20.9, 20.7, 20.6,
20.6. ESI HRMS: m/z calcd for Cs1HaNaOis [M + Nal*
801.2729, found 801.2733.

Synthesis of benzyl 1-ol-2,3-di-0-acetyl-6-0-benzyl-
B-D-glucopyranosyl-(1-4)-2,3-di-0-acetyl-6-0-ben-
zyl-B-D-glucopyranoside (T7). Triethylsilane (0.835 g, 7.2
mmol) and trifluoromethanesulfonic acid (TfOH, 1.08 g, 7.2
mmol) were sequentially added into a cooled (-78 °C) solution
of T6 (1.8 g, 2.4 mmol) in anhydrous DCM. The reaction mix-
ture was stirred at -78 °C for 1 h and then quenched with meth-
anol and triethyl amine. The resulting mixture was washed with
saturated aqueous NaHCO3 and water, and dried over Na,SO,,
The filtrate was concentrated in vacuo and the resulting residue
was purified by silica gel column chromatography (hex-
ane:ethyl acetate:dichloromethane = 3:1:1) to afford com-
pound T7 (1.68 g, 90%) as colorless syrup. tH NMR (800 MHz,
Chloroform-d) 6 7.46 - 7.22 (m, 15H), 5.10 (t,/ = 9.4 Hz, 1H),
5.03 (dd,/ = 9.8, 7.9 Hz, 1H), 4.94 - 4.88 (m, 2H), 4.77 (dd, ]
=11.1, 6.0 Hz, 2H), 4.63 (d, J = 12.4 Hz, 1H), 4.53 (t,/ = 11.9
Hz, 3H), 4.50 (d, J = 8.0 Hz, 1H), 4.47 (d, ] = 8.0 Hz, 1H), 3.96
(t,J = 9.5 Hz, 1H), 3.80 - 3.74 (m, 2H), 3.72 (td, J = 10.3, 9.7,
3.8 Hz, 2H), 3.43 (dt, J = 10.0, 2.5 Hz, 1H), 3.32 (dt, / = 9.2,
4.4 Hz, 1H), 3.10 (d, ] = 3.7 Hz, 1H), 2.06 (s, 3H), 2.01 (s, 3H),
1.96 (s, 3H), 1.96 (s, 3H). 13C{'H} NMR (201 MHz, Chloro-
form-d) 6 171.2, 170.2, 169.7, 169.1, 137.7, 137.4, 137.0,
128.6,128.6,128.4,128.1,128.1,128.0,127.9,127.7,100.1,
75.8,75.0,74.8,73.7,73.6,72.8,71.8,71.6, 70.7, 70.2, 69.8,
67.3, 209, 20.7, 20.7, 20.7. ESI HRMS: m/z calcd for
C41H48NaO1s [M + Na]* 803.2885, found 803.2876.

Synthesis of benzyl 2,3,4,6-tetra-O-acetyl-B-D-[1-
13C]glucopyranosyl-(1-4)-1-2,3-di-0-acetyl-6-0-ben-
zyl-B-D-glucopyranosyl-(1-4)-2,3-di-0-acetyl-6-0-
benzyl-B-D-glucopyranoside (T8). A mixture of glycosyl
acceptor T7 (1.68 g, 2.16 mmol) and donor peracetyl-gluco-
pyranosyl-trichloroacetimidate (1.169 g, 2.376 mmol) was
stirred in 20 mL anhydrous diethyl ether/dichloromethane
(1:1) with molecular sieves (44) at room temperature un-
der argon for 30 min. The mixture was then cooled to -20
°C and trimethylsilyl trifluoromethanesulfonate (TMSOTT,
12 pL, 0.068 mmol) was added into it. The reaction was
slowly warmed to room temperature over 1 h. TLC analysis
showed complete conversion of starting material to a major
product. The reaction was quenched by the addition of 0.1
mL triethylamine and filtered. The filtrate was concentrated
in vacuum and purified by silica gel chromatography (hex-
ane: ethyl acetate = 4:1) to yield protected trisaccharide T8
(1.56 g, 65%) as colorless syrup. 1H NMR (800 MHz, Chlo-
roform-d) 6 7.45-7.30 (m, 15H), 5.08 (t,] =9.5 Hz, 1H), 5.03
-4.98 (m, 1H), 493 (q,] =9.7,9.3 Hz, 2H), 4.88 (d, ] = 12.3
Hz, 1H), 4.80 (q,] = 8.3, 7.6 Hz, 1H), 4.75 - 4.72 (m, 1H), 4.65
(d, ] =11.7 Hz, 1H), 4.60 (d, ] = 12.4 Hz, 1H), 4.54 - 4.44 (m,
3H), 4.39 - 4.34 (m, 1H), 4.36 - 4.29 (m, 1H), 4.28 (dt, ] =
16.6,8.4 Hz, 1H),4.10 (q,] = 7.2 Hz, 1H), 3.99 - 3.89 (m, 2H),
3.90 - 3.81 (m, 1H), 3.74 (d, ] = 2.5 Hz, 1H), 3.72 - 3.66 (m,
1H), 3.65 (dt, ] = 10.8, 3.3 Hz, 1H), 3.41 (dt, ] = 9.9, 2.6 Hz,
1H), 3.30 (d, ] = 9.4 Hz, 1H), 3.26 - 3.21 (m, 1H), 3.10 - 3.05
(m, 1H), 2.06 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.98 (s, 4H),
1.97 (s, 3H), 1.96 (s, 3H), 1.96 (s, 3H), 1.93 (s, 3H). 3C{*H}
NMR (201 MHz, Chloroform-d) 6 170.5,170.3,170.2,170.1,
169.6,169.3,169.0,168.7,137.6,137.1,137.0,128.8,128.7,
128.6,128.4,128.4,128.3,128.2,128.2,128.1,127.9,127.6,
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127.6, 127.6, 127.4, 99.9, 99.8, 74.7, 74.6, 74.4, 74.0, 73.6,
73.3,73.0,72.9,72.8,72.6,71.8,71.6,71.5,71.4,71.3, 70.7,
67.8,67.2,61.5,60.4,20.7,20.65, 20.60, 20.57, 20.54, 20.52,
20.45. ESI HRMS: m/z calcd for Cs4'3CHesNaOz4 [M + Na]*
1134.3870, found 1134.3888.

Synthesis of benzyl f-D-[1-13C]glucopyranosyl-
(1-4)-6-0-benzyl-B-D-glucopyranosyl-(1-4)-6-0-
benzyl-B-D-glucopyranoside (T9). Global deacetylation
of trisaccharide T8 was achieved under Zempler condi-
tions.*! Briefly, NaOCH3 was added into a solution of T8 (0.4
g, 0.36 mmol) in 10 mL anhydrous methanol to adjust pH to
9. The reaction was allowed to continue overnight. The re-
action was then quenched by Amberlyst 15 acid resin, and
the filtrate was concentrated in vacuo. This deacetylated in-
termediate T9 was characterized by NMR before the re-
moval of benzyl acetal protection to avoid anomerization of
reducing end. 'H NMR (800 MHz, Methanol-d.) § 7.45 - 7.24
(m, 15H), 4.91 (d, /= 11.8 Hz, 1H), 4.69 (d,/ = 11.7 Hz, 1H),
4.65 - 4.58 (m, 3H), 4.58 (s, 1H), 4.45 - 4.36 (m, 2H), 4.28 -
4.18 (m, 1H), 3.95 - 3.85 (m, 5H), 3.70 - 3.53 (m, 5H), 3.51
(t,J =9.0 Hz, 1H), 3.38 (dd, J = 9.2, 7.8 Hz, 1H), 3.35 (d, ] =
2.2 Hz, 1H), 3.34 - 3.31 (m, 3H), 3.29 (ddd, J = 9.1, 5.4, 2.5
Hz, 1H), 3.25 (td,/ = 8.6, 6.1 Hz, 1H). 13C{'H} NMR (201 MHz,
Methanol-ds) 6 138.6, 137.9, 129.0, 128.5, 128.2, 128.1,
128.0, 104.4, 104.1,101.4, 79.0, 77.3, 76.6, 76.1, 75.9, 74.1,
74.0,73.2,72.5,72.1,71.6,71.2, 67.7, 62.5. ESI HRMS: m/z
calcd for Cszs!3CHsoNaOis [M + Na]* 798.3025, found
798.3011.

The above intermediate was dissolved in 10 mL metha-
nol:water (1:1) and a catalytic amount of palladium on acti-
vated charcoal (2 mg) was added into the solution. The re-
action was carried out at 50 psi Hz atmosphere for 24 hours.
The catalyst was removed by filtration and the filtrate was
collected in vacuo to afford 13C-labeled cellotriose T10 as
white powder (0.163 g, 90 % yield in two steps). ESI HRMS:
m/z calcd for C173CHs2NaO16 [M + Na]* 528.1616, found
528.1628. The 'H and 3C{'H} NMR (800 MHz, and 201 MHz,
respectively, Methanol-d4), complicated spectra due to mu-
tarotation, please see in SI.

Synthesis of cellobiosylglycolaldehyde (CBGA) (Scheme
s2)

Synthesis of 2,3,4,6-tetra-0-acetyl-glucopyranosyl-
(1-4)-2,3,6-tri-0O-acetyl-D-glucopyranose (CB2). Hy-
drazine acetate (271 mg, 2.9 mmol) was added into a solu-
tion of peracetylated cellobiose CB1 (2 g, 2.9 mmol) in dry
DMF. After stirring for 2 hours at 50 °C, the solvent was re-
moved under vacuum. The residue was diluted with ethyl
acetate and washed with saturated LiCl to remove residual
DMF. The product was chromatographed (hexane:ethyl ac-
etate = 2:1) to give hemiacetal CB2 (1.569 g 84%), as color-
less syrup. Due to hemicetal anomerization resulting in a
mixture of isomers, NMR was not measured at this point.

Synthesis of 2,3,4,6-tetra-0-acetyl-glucopyranosyl-
(1-4)-2,3,6-tri-0-acetyl-D-glucopyranosyl trichloroa-
cetimidate (CB3). Hemiacetal CB2 (200 mg, 0.256 mmol)
was dissolved in a mixture of 2 mL trichloroacetonitrile and
10 mL DCM, followed by addition of catalytic amount of 1,8-
diazabicyclo(5.4.0)undec-7-ene (1.52 mg, 0.01 mmol). The
reaction was allowed to proceed at room temperature for

an hour, after which the solvent was removed and the prod-
uct was chromatographed (hexane:ethyl acetate = 1:1) to
give CB3 (173 mg, 87%) as white foam. Due to compound
existing as a mixture of anomers, NMR was not measured.

Synthesis of allyl 2,3,4,6-tetra-0-acetyl-glucopyra-
nosyl-(1-4)-2,3,6-tri-0-acetyl-pB-D-glucopyranoside
(CB4). The glycosyl donor CB3 (173 mg, 0.223 mmol) and
acceptor allyl alcohol were dissolved in 10 mL anhydrous
DCM and stirred with molecular sieves (44) for 30 min at
room temperature. Then a catalytic amount of trimethylsi-
lyl trifluoromethanesulfonate (TMSOTf, 12 pL, 0.068 mmol)
was added at -20 °C and the reaction was allowed to con-
tinue for 45 min. The reaction was quenched by addition of
triethyl amine. Molecular sieves were filtered and the fil-
trate concentrated in vacuo. The product was purified by sil-
ica gel chromatography (hexane:ethyl acetate = 3:2) to af-
ford CB4 (110 mg, 73%) as colorless syrup. 'H NMR (800
MHz, Chloroform-d) § 5.81 (ddt, J = 16.4, 10.8, 5.6 Hz, 1H),
5.23 (d,J = 17.3 Hz, 1H), 5.19 - 5.14 (m, 3H), 5.12 (t, ] = 9.4
Hz, 1H), 5.04 (t, ] = 9.7 Hz, 1H), 4.90 (q, ] = 8.3 Hz, 2H), 4.50
(s, 1H), 4.49 (s, 1H), 4.35 (dd, J = 12.5, 4.3 Hz, 1H), 4.28 (dd,
J =13.4, 4.8 Hz, 1H), 4.06 (ddd, J = 19.4, 12.5, 5.6 Hz, 2H),
4.02 (d, ] =12.4 Hz, 1H), 3.76 (t,] = 9.5 Hz, 1H), 3.67 - 3.62
(m, 1H), 3.57 (dd, ] = 10.2, 4.9 Hz, 1H), 2.11 (s, 3H), 2.06 (s,
3H), 2.02 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.96
(s, 3H). 3C{'H} NMR (201 MHz, Chloroform-d) 6 170.4,
170.3,170.2,169.8,169.5,169.3,169.0,133.3,117.6, 100.7,
99.3,76.5,72.9,72.6,72.5,71.9, 71.6, 71.5, 70.0, 67.8, 61.9,
61.5,20.8, 20.7, 20.6, 20.5. The NMR spectral data are in ac-
cordance with literature.#2 ESI HRMS: m/z calcd for
C29H40NaO1s [M + Na]* 699.2107, found 699.2119.

Synthesis of allyl glucopyranosyl-(1—-4)--D-gluco-
pyranoside (CB5). Peracetylated glucoside CB4 (110 mg,
0.163 mmol) was dissolved in 10 mL anhydrous methanol
and NaOMe was added to adjust pH to 9. The reaction was
carried out at room temperature overnight and quenched
with Amberlyst 15. After filtration, the product was col-
lected in vacuo to afford CB5 in quantitative yield and used
in the next step without further purification. '1H NMR (800
MHz, Methanol-ds) § 6.00 (ddgq, / = 16.7, 11.1, 6.0 Hz, 1H),
5.42 -5.33 (m, 1H), 5.20 (dt,/ = 10.5, 3.3 Hz, 1H), 4.45 (dd, J
= 8.0, 5.6 Hz, 1H), 4.39 (ddd, J = 18.2, 6.8, 4.5 Hz, 2H), 4.19
(dt, J = 12.6, 6.0 Hz, 1H), 3.98 - 3.84 (m, 3H), 3.70 (dt, J =
12.0, 5.9 Hz, 1H), 3.65 - 3.53 (m, 2H), 3.45 - 3.38 (m, 2H),
3.37-3.30 (m, 3H),3.27 (td, ] = 8.5, 4.6 Hz, 1H). 13C{'H} NMR
(201 MHz, Methanol-ds) § 134.2, 116.4, 103.2, 101.8, 79.4,
76.6,76.4,75.0,74.9,73.5,73.4,69.9, 69.8, 61.0, 60.5, 48.0,
47.9,47.8,47.7,47.6,47.5,47.4. The NMR spectral data are
in accordance with literature.#? ESI HRMS: m/z calcd for
CisH26NaO11 [M + Na]* 405.1367, found 405.1355.

Synthesis of glycolaldehyde glucopyranosyl-(1-4)-
B-D-glucopyranoside (CBGA). A solution of allyl cellobio-
side CB5 in 10 mL methanol was cooled to -78 °C and was
then saturated with O3. The reaction was stirred for 1 hour
and purged with 02, and the remaining ozonide was
quenched with excess methyl sulfide, forming DMSO as a
byproduct. The reaction was concentrated in vacuo and the
residue was re-dissolved in 5 mL methanol. The product
was precipitated by a treatment with ice-cold diethyl ether,
and collected by centrifuge. This procedure was repeated
three times to remove DMSO, which afforded CBGA as white
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powder (54 mg, 87% yield in two steps). ESI HRMS: m/z
caled for C14H24NaO12 [M + Na]+ 407.1160, found
407.1133. The 'H and 13C{*H} NMR (800 MHz, and 201 MHz,
respectively, Methanol-d4), complicated spectra due to mu-
tarotation, please see in SI.

Synthesis of 3C- and ®0-doubly labeled cellobiose (G9)
(Scheme S3)

Synthesis of benzyl 2,3-di-0-benzyl-4,6-0l-B-D-galac-
topyranoside (G2). The starting material G1 (1.1 g, 2
mmol) was dissolved in 20 mL of DCM:TFA:water (10:1:0.1,
v:v:v) and was stirred for 15 min. TLC indicated full conver-
sion of the starting material to product. The reaction was
quenched by saturated sodium bicarbonate, and extracted
twice with DCM. The residue was collected in vacuo and pu-
rified by silica gel column chromatography (ethyl ace-
tate:hexane = 4:1) to give G2 (770 mg, 86%) as syrup. 'H
NMR (800 MHz, Methanol-d4) 6 7.37 (d, ] = 7.6 Hz, 4H), 7.30
-7.23 (m, 11H),4.94 (d,/ = 11.8 Hz, 1H), 4.90 - 4.82 (m, 1H),
4.74(d,] = 11.8 Hz, 1H), 4.71 (d, ] = 11.0 Hz, 1H), 4.66 (d, ] =
11.9 Hz, 1H),4.61 (d,/= 11.8 Hz, 1H), 4.47 (d,/ = 7.8 Hz, 1H),
4.05 (s, 1H), 3.82 (dd,J = 11.3, 6.8 Hz, 1H), 3.77 (dd,J = 11.3,
5.3 Hz, 1H), 3.69 (dd, J = 9.6, 7.8 Hz, 1H), 3.51 - 3.43 (m, 2H).
13C{1H} NMR (201 MHz, Methanol-ds) § 138.7, 138.4, 137.7,
127.9,127.9,127.8,127.7,127.7,127.6,127.3,127.2,127.1,
102.6,80.9,78.9,75.0,74.6,71.3,70.6,65.9,61.1. ESTHRMS:
m/z calcd for CzyH3oNaO¢ [M + Nal]* 473.1935, found
473.1910.

Synthesis of benzyl 2,3-di-O-benzyl-4,6-0l-3-D-
galacto-4-ulopyranoside (G3). This procedure was
adapted from literature.*3 A solution of diol G2 (770 mg, 1.7
mmol), dibutyltin oxide (426 mg, 1.7 mmol), and 3 A molec-
ular sieves were refluxed for 3 h in anhydrous toluene. The
solvent was removed under vacuum and the crude
stannylene derivative was dissolved in dry chloroform. 1,3-
Dibromo-5,5-dimethylhydantoin (242 mg, 0.855 mmol)
was added into this mixture and the reaction was stirred for
30 min atroom temperature. The reaction mixture was then
diluted with chloroform and washed with sodium thiosul-
fate. The organic phase was dried and concentrated in
vacuo. The residue was chromatographed (toluene:acetone
=3:1) to give G3 (475 mg, 62%) as colorless syrup. 'H NMR
(800 MHz, Chloroform-d) & 7.47 - 7.23 (m, 15H), 5.05 - 4.92
(m, 3H), 4.82 - 4.74 (m, 2H), 4.73 (d, ] = 11.9 Hz, 1H), 4.67
(d,J = 11.6 Hz, 1H), 4.21 (d,] = 9.4 Hz, 1H), 4.08 (t,] = 5.0 Hz,
1H), 3.93 (qd, J = 12.2, 5.1 Hz, 2H), 3.86 (dd, ] = 9.4, 6.2 Hz,
1H). 3C{*H} NMR (201 MHz, Chloroform-d) 6 204.5, 137.8,
137.4,136.6,128.7,128.5,128.4,128.4,128.3,128.2, 128.1,
128.0, 127.9, 102.0, 82.9, 82.5, 78.4, 77.3, 77.1, 76.9, 74.7,
73.9,71.3, 61.7. ESI HRMS: m/z calcd for C27H28NaO¢ [M +
Na]+471.1778, found 471.1750.

Synthesis of benzyl 2,3-di-O-benzyl-6-0l-3-D-
galacto-4[180]-ulopyranoside (G4). The unlabeled galac-
touloside G3 (475 mg, 1.06 mmol) was dissolved in 5 mL
1,4-dioxane and 1 mL H2'80 and Amberlyst 15 were added.
The reaction was stirred for 24 hours and the equilibrium
between labeled and unlabeled species was monitored by
LTQ-MS. Upon equilibration, the reaction mixture was fil-
tered and the filtrate was concentrated in vacuo and used in
the next step without further purification. ESI HRMS: m/z
caled for C27H28NaOs80 [M + Na]* 473.1821, found
473.1799.
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Synthesis of benzyl 2,3-di-0-benzyl-4[180],6-0l-B-D-
glucopyranoside (G5). This procedure was adapted from
literature.#3 A solution of labeled galactouloside G4 in 10 mL
dichloroethane was cooled to 0 °C and triacetoxylborohy-
dride (633 mg, 3.18 mmol) was added. The reaction was
carried out for an hour and allowed to warm to room tem-
perature. The reaction mixture was concentrated in vacuo
and chromatographed (hexane:ethyl acetate = 1:1) to give
G5 (355 mg, 74% yield in two steps) to yield a colorless
syrup. 'H NMR (800 MHz, Methanol-ds) 6 7.39 - 7.20 (m,
15H),4.95 (dd,J=12.0, 3.5 Hz, 1H), 4.91 - 4.83 (m, 2H), 4.81
(d,J=3.3 Hz, 1H), 4.66 (ddd, ] = 23.1, 11.4, 3.5 Hz, 2H), 4.54
(dd,J = 8.1, 3.4 Hz, 1H), 3.92 (dd, J = 11.9, 2.5 Hz, 1H), 3.71
(dt,J =9.7, 4.9 Hz, 1H), 3.49 (dd, J = 11.1, 7.5 Hz, 1H), 3.45
(td, J = 9.0, 3.4 Hz, 1H), 3.35 (t, / = 8.4 Hz, 1H), 3.32 - 3.28
(m, 1H). 3C{'H} NMR (201 MHz, Methanol-ds) & 140.2,
139.9,139.0,129.4,129.4,129.3,129.3,129.2,129.2,129.1,
129.0, 128.9, 128.9, 128.8, 128.5, 128.4, 103.6, 85.9, 83.1,
77.8,76.4,75.7,72.0,71.7,71.7,62.7. The NMR spectral data
are in accordance with literature.** ESI HRMS: m/z calcd for
C27H30Na0s!80 [M + Na]* 475.1977, found 475.1989.

Synthesis of benzyl 2,3-di-O-benzyl-4[180]-0l-6-ben-
zoyl-B-D-glucopyranoside (G6). A solution of labeled ga-
lactoside G5 (175 mg, 0.387 mmol) in 5 mL DCM was cooled
to -40 °C. Benzoyl chloride (59.6 mg, 0.426 mmol) was
added dropwise under vigorous stirring and the reaction
was continued for 30 min. The reaction was quenched by
addition of 1mL methanol, and the solvent was removed un-
der vacuum. The residue was chromatographed (hex-
ane:ethyl acetate = 3:1) to give G6 (100 mg, 47%) as color-
less syrup. 'H NMR (800 MHz, Methanol-ds) § 8.08 - 8.03
(m, 2H), 7.56 (q, ] = 6.0, 4.5 Hz, 1H), 7.44 (q, ] = 7.8 Hz, 2H),
7.35-7.14 (m, 14H), 4.89 - 4.78 (m, 5H), 4.69 (ddd, = 9.4,
6.5,2.9 Hz, 1H), 4.62 (ddd, ] = 26.2, 10.9, 4.9 Hz, 2H), 4.54 (t,
J=5.6 Hz, 1H), 4.51 (dt, / = 9.8, 4.9 Hz, 1H), 3.65 - 3.58 (m,
2H), 3.49 (t, J = 8.5 Hz, 1H), 3.39 (q, J = 8.0, 7.4 Hz, 1H).
13C{'H} NMR (201 MHz, Methanol-ds) § 166.5, 138.8, 138.5,
137.3,132.9,129.9,129.3,128.2,128.0,127.8,127.8,127.7,
127.5,127.4,127.2,127.1,102.1,84.4,81.7,75.1,74.4,73.9,
70.6, 70.5, 63.8. ESI HRMS: m/z calcd for C34H34Na0Os'80 [M
+ Na]+ 579.2239, found 579.2211.

Synthesis of benzyl 2,3,4,6-tetra-0-acetyl-B-D-[1-
B3C]glucopyranosyl-(1-4['80])-2,3-di-O-benzyl-6-ben-
zoyl-B-D-glucopyranoside (G7). A solution of glycosyl ac-
ceptor G6 (100 mg, 0.18 mmol) and donor peracetylated
glucopyranosyl trichloroacetimidate (107 mg, 0.216 mmol)
in 10 mL anhydrous DCM was stirred with activated molec-
ular sieves (44) for 30 min at room temperature. Catalytic
amount of trimethylsilyl trifluoromethanesulfonate
(TMSOTf, 12 pL, 0.068 mmol) was added into the mixture
and the reaction was continued for 30 min. TLC indicated
complete conversion of the starting material to the product.
The reaction was quenched by addition of triethyl amine.
The solvent was removed under vacuum and the residue
was chromatographed to give G7 (130 mg, 81%) as color-
less syrup. 'H NMR (800 MHz, Chloroform-d) 6 8.09 (d, ] =
7.8 Hz, 2H), 7.60 (t, ] = 7.5 Hz, 1H), 7.48 (t, ] = 7.7 Hz, 2H),
7.42 - 7.18 (m, 15H), 5.08 (p,J = 9.3 Hz, 2H), 5.00 (q,/=7.9
Hz, 1H), 4.96 (d, / = 11.4 Hz, 1H), 4.89 (dt, J = 11.7, 8.3 Hz,
3H), 4.75 (d, ] = 11.6 Hz, 1H), 4.69 - 4.61 (m, 3H), 4.53 (d,
=7.7 Hz, 1H), 4.40 (dt,J = 11.5, 6.2 Hz, 1H), 4.10 (dt,J = 12.3,
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5.6 Hz, 1H), 3.90 (td, J = 9.0, 4.4 Hz, 1H), 3.84 (d,/ = 12.6 Hz,
1H), 3.71 - 3.63 (m, 2H), 3.56 - 3.51 (m, 1H), 3.41 (s, 1H),
2.06 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.95 (s, 3H). 13C{'H}
NMR (201 MHz, Chloroform-d) 6 170.5,170.2, 169.4, 169.3,
166.1,138.9,138.2,137.0,133.4,129.7,128.6,128.5, 128.3,
128.3,128.1,128.1,127.0,101.9,101.4,100.9,100.7, 100.5,
98.1,92.4,91.7,89.1, 82.5,81.9, 80.2, 76.2, 74.9, 74.8, 73.1,
73.1,72.7,71.9,71.8,70.9, 67.9, 63.2, 61.5, 61.4, 20.8, 20.7,
20.66, 20.61, 20.58. ESI HRMS: m/z caled for
C4713CH52Na015180 [M + Na]* 910.3224, found 910.3212.

Synthesis of benzyl p-D-[1-13C]glucopyranosyl-
(1-4[%0])-2,3-di-0-benzyl-B-D-glucopyranoside (G8).
The procedure for global deacetylation was detailed in the
description of the synthesis of CB5. The reaction product
was purified by reverse column chromatography (water:ac-
etonitrile = 1:1) to give G8 (64 mg, 71% from G7)) as color-
less syrup. 'H NMR (800 MHz, Methanol-d4) § 4.95 (d, J =
11.7 Hz, 1H), 7.42 - 7.23 (m, 15H), 4.98 (d, / = 10.2 Hz, 1H),
4.89 (d,J = 11.0 Hz, 1H), 4.75 - 4.65 (m, 3H), 4.57 (d, ] = 7.7
Hz, 1H), 3.95 - 3.91 (m, 3H), 3.75 (d, ] = 12.0 Hz, 1H), 3.63
(t,J=9.4 Hz, 1H), 3.52 (dd, = 12.2, 6.5 Hz, 1H), 3.41 (d,] =
9.8 Hz, 1H), 3.36 (q, ] = 9.0 Hz, 2H), 3.22 (p, ] = 9.2, 8.2 Hz,
4H). 13C{*H} NMR (201 MHz, Methanol-d4) 6 138.4, 138.2,
137.5, 128.2, 127.9, 127.8, 127.8, 127.7, 127.42, 127.40,
127.2, 102.3, 96.8, 92.5, 83.1, 81.6, 77.2, 76.5, 75.7, 75.5,
75.3, 74.6, 74.4, 74.3, 70.66, 70.64, 61.7, 59.9. ESI HRMS:
m/z calcd for C32'3CH4oNa010'80 [M + Na]* 638.2539, found
638.2526.

Synthesis of $-D-[1-13C]glucopyranosyl-(1-4[80])-
D-glucopyranose (G9). The procedure for global deben-
zylation was detailed in the description of the synthesis of
T9. Quantitative yield of G9 was obtained from G8. ESI
HRMS: m/z calcd for C11'3CH22Na010'80 [M + Na]* 368.1130,
found 368.1156.

Synthesis of 80-labeled cellobiose (Scheme S4)

Cellobiose was dissolved in 80-enriched water (97%)
and Amberlyst acid resin was added as the catalyst. The re-
action was stirred overnight and terminated by removing
the immobilized acid. Solid product was collected in vacuo
after removal of the solvent water. The labeling efficiency
was determined to be 80%.

ASSOCIATED CONTENT
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