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Abstract Depolymerization of cellulose starting
from an oxidized anhydroglucose unit through [-
alkoxy-elimination, triggered by alkaline media, is
one of the key reactions responsible for cellulose
aging. This study investigates the detailed mecha-
nisms for the chain cleavage by a combination of
experimental and quantum chemical methods. Three
model compounds for oxidized anhydroglucose units
in cellulose were employed: C2-keto, C3-keto-, and
C6-aldehyde 4-O-methyl methyl B-p-glucosides, rep-
resenting anhydroglucose units of cellulose that have
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been oxidized at C2, C3, and C6, respectively. The
alkali-induced B-alkoxy elimination from the model
compounds started from the corresponding enolates
and followed first order kinetics. While methanol is
being released in the case of the model compounds, the
analogous process effects chain cleavage in the case of
the polymer cellulose. The kinetic rate constants for
the C6-aldehyde compound 2, the 2-keto compound 3
and the 3-keto counterpart 4 had a ratio of 1:5:22,
indicating the 3-keto compound to be the least
stable one. Elimination from an oxidized 6-position
(6-aldehyde) was thus more than 20 times slower than
that from an oxidized C-3 (3-keto). A 6-carboxyl
group is completely innocent with regard to p-
elimination. MP4(SDQ)//DFT(M06-2X) calculations
indicated that the degradation pathway starting from
the 3-keto enolate had the smallest activation barrier
because of stabilization of the transition state by
charge transfer from O-5 to C-1. The 3-keto enolate
path was consequently more favorable than the
alternative ones involving the 2-keto and the 6-keto
enolates, which do not exhibit this transition state
stabilization. Experimental and computational data
thus agreed very well. In polymeric cellulose, also
leaving group effects of the 0-4 and O-1 glucopyra-
nosyl anions come into play. Calculations indicated
the O-4 anion to be more stable, and hence the better
leaving group. In actual cellulose, the degradation
starting from 3-keto units will become even more
dominant than in the model compound, suggesting that

@ Springer


http://orcid.org/0000-0002-6636-9260
https://doi.org/10.1007/s10570-018-1835-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-1835-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-018-1835-y&amp;domain=pdf
https://doi.org/10.1007/s10570-018-1835-y

3798

Cellulose (2018) 25:3797-3814

carbonyls at C-2 and C-3, both of which afford the C-2
enolate due to the rapid interconversion between the
C-2 and C-3 enolates, are chiefly responsible for
alkali-induced chain cleavage in oxidatively damaged
cellulose, while an aldehyde at C-6 is more innocent.
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Introduction

The pulp and paper industries are an important
mainstay of many national economies worldwide.
This is somewhat contrasting with the general per-
ception of cellulosics as being conventional, relatively
low-cost bulk products. Cellulosic products are widely
seen as “being there anyway”, as commodities that are
produced in huge amounts, having been around
already for decades, if not centuries. Cellulosics are
usually not perceived as high-tech materials and are
rarely linked to cutting-edge research in the mind of
the users and customers. Novel products usually do not
intrigue customers as fancy cell phones, the newest
cars or advanced computer technologies do. Only
recent developments, being connected to increased
environmental awareness worldwide, recognition of
global problems, and the advent of bioeconomies and
biorefineries, have brought back cellulosics into public
perception as valuable biomaterials. In this context,
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the pulp and paper industries are increasingly regarded
as a business in which high-tech and innovation are
very well present. The emergence of biorefinery
concepts has also newly stressed the recycling,
biomineralization and aging aspects of (ligno)cellu-
loses. Sustainability in a material science sense—

R»] = R2 = CH3

or cellulose
OH

OH

aging, degradation, durability, properties changing
over time—became hot topics. Many studies dealing
with cellulose degradation, damage, yellowing and
aging, coming from “classical” pulping and bleaching
chemistry or from conservational science in the
second half of the twentieth century, have thus been
“re-discovered” or repeated, and several new ones
have been added.

It is a long and well established fact that cellulose
oxidation chiefly influences its properties (Lewin
1997; Potthast et al. 2006). While “cellulose oxida-
tion” is, in principle, well-defined and can be related to
precise chemical structures and structural changes (see
below), it is only one single aspect of cellulose aging
and not synonymous with it. “Cellulose aging” is a
rather nebulous term, and the particular aspect of
importance lies in the eye of the beholder: natural
aging (Whitmore 2011), yellowing of freshly pro-
duced pulp upon transportation (Forsskahl 1994;
Sevastyanova et al. 2005), brittleness of historic
papers (Luner 1988), changed surface properties of
cellulosic materials (Kato and Cameron 1999; Suty
et al. 2012), strength losses of cellulosic textiles
(Uddin et al. 2015; Block 1982), structural changes
upon alkaline treatment of cellulosic fibers (Oztiirk
et al. 2009; Eronen et al. 2009), cellulose degradation
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during ripening of alkali cellulose in rayon production
or upon alkali treatment in cellulose ether production
(Freytag and Donze 1983; Lewin 1965), molecular
weight losses upon cellulose dissolution (Rosenau
et al. 2005a, b; Potthast et al. 2002)—all these facets
are consequences of cellulose oxidation and can
eventually be traced back to the same chemistry.

In many cases, especially when dealing with
modern pulps and cellulosic products, cellulose oxi-
dation is caused by pulp processing, mainly during the
various bleaching steps. Oxidative bleaching agents
that are supposed to attack chromophores and residual
lignin might act less selectively than in the ideal case,
and might also harm carbohydrate structures, in
particular cellulose. In other instances, oxidation can
also be a consequence of “conventional” cellulose
aging (Zervos 2010), for which the causes and
influencing factors are manifold: exposure to environ-
mental stressors, light and irradiation, thermal stress,
oxidants (also mere air), pollutants, humidity changes,
or simply long-term exposure to ambient atmosphere
(Potthast et al. 2004; Henniges et al. 2012; Kolar 1997;
Wilsoin and Parks 1979). As diverse as the causes
might be, their primary effect is astonishingly simple:
cellulosic hydroxyl groups are converted either to
carbonyl structures (keto groups at C-2 or C-3,
aldehyde groups at C-6) or carboxyl moieties (only
possible at C-6 and at the reducing end) (Rosenau et al.
2005a, b). There are no other options in a cellulose
molecule with regard to the basic oxidation steps
(when the minute contribution of the terminal reduc-
ing end and the proximal 4-OH group is neglected).
Per se, such an oxidation of hydroxyl groups does not
affect the molecular weight distribution as it does not
change the celluloses” chain length. (Of course, there
are other cellulose oxidations, such as by periodate or
TEMPO, which by subsequent processes change
molecular weight and solution properties—but these
processes are deliberate modifications and do not fall
within the scope of conventional aging).

Molecular weight losses—or in other word cellu-
lose chain cleavage—are a later consequence of the
initial oxidation, i.e. a subsequent process, but not a
direct outcome of the initial oxidation itself. The
process of B-alkoxy-elimination has early been rec-
ognized as the actual cleavage mechanism in oxidized
celluloses. It starts from any carbonyl (C=0) moiety,
no matter whether it is located at C-2, C-3, or C-6, and
causes cleavage of the adjacent glycosidic bond in -

position. This means that an alkoxy substituent is lost
from the next-but-one carbon, seen from the viewpoint
of the sp*-carbon that carries the carbonyl oxygen.
However, only in recent years the generality of the
reaction has been recognized as a fundamental, nearly
ubiquitous process in cellulose oxidation and aging
chemistry (Blazej and Kosik 1985; Potthast et al.
2007; Golova and Nosova 1973). Generally induced
by alkali, the reaction starts already at slightly-above-
neutral pH values of 8-9. Thus, by any carbonyl along
the cellulose chain, a “predetermined breaking point™
has been introduced, where chain cleavage will
preferably occur. Imagine a cellulose molecule of
1000 anhydroglucose units (AGUs) which experi-
ences very minor oxidation—only four hydroxyl
groups out of the 3000 in the 1000 AGUs. Assuming
equal spacing of the introduced four carbonyl groups,
slightly alkaline conditions will cause immediate
fragmentation into five cellulose molecules of merely
200 AGUs—a dramatic effect, but nicely illustrating
the drastic outcome that very minor oxidation can have
on the molecular weight. The B-elimination reaction
was even employed as a diagnostic tool, using the
lengths of chain fragments to calculate back, where
oxidation must have occurred in the original, long
cellulose chains (Potthast et al. 2009). The reaction is
also known to be the reason for drastic molecular
weight losses upon TEMPO oxidation (Hiraoki et al.
2015; Shibata and Isogai 2003; Isogai and Kato 1998;
Zimmermann et al. 2016) or periodate oxidation
(Potthast et al. 2007; Sulaeva et al. 2015; Calvini
and Gorassini 2012; Kristiansen et al. 2010), and it has
been recognized as one key process in processes that
cause degradation in old books, manuscripts and
valuable historic documents in general.

Apart from its obvious generality and predomi-
nance in cellulose (aging) chemistry and the prepon-
derance of its consequence, namely cellulose chain
cleavage, the B-alkoxy-elimination itself is still an
unknown entity, its detailed stepwise mechanism and
possible rate differences according to the oxidation
positions being unknown. This was the starting point
for the present study—to have a closer look into the
molecular mechanism of the B-alkoxy-elimination in
celluloses, and to establish whether the oxidation site
might have any effect on regioselectivity or rate. The
experiments for model compounds and cellulose are
correlated with computational results, and the out-
come is critically discussed.

@ Springer
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Materials and methods
General

Thin layer chromatography (TLC) was performed on
Silica gel 60 F254 pre-coated glass plates (Merck).
Flash column chromatography was performed on
Silica gel 60 from Merck (Darmstadt, Germany).
Solvents were purchased in synthesis grade from Roth,
Sigma-Aldrich and VWR and were used as received.
Reagents were obtained from Sigma-Aldrich, TCI and
Fluka. Melting points were determined on a Kofler hot
stage microscope and are uncorrected. Elemental
analyses were performed on a EURO EA 3000
CHNS-O instrument from HEKAtech (Wegberg,
Germany) at the Microanalytical Laboratory of
Vienna University.

NMR spectra were recorded on a Bruker Avance 11
400 instrument (Rheinstetten, Germany) with a reso-
nance frequency of 400.13 MHz for 'H and
100.62 MHz for '*C. The samples were dissolved in
CDCl; or DMSO-dg for characterization or D,O/
NaOD for kinetic studies (99.8%D, Euriso-top, Saint-
Aubin, France). Raw data processing was carried out
with ACD/NMR Processor Academic Edition. The
chemical shift values are given in & ppm values
relative to TMS, respective coupling constants are
given in Hz.

FTIR experiments were performed on a Perkin-
Elmer Frontier IR Single-Range spectrometer (Wal-
tham, Massachusetts, USA) in ATR mode (diamond/
ZnSe crystal, LiTaOj3 detector, KBr windows).

Kinetic experiments

Conditions of the kinetic experiments and variations
of the reaction parameters (temperature, concentra-
tion, pH) are discussed in the main text.

Model compounds 1-5

Methyl 4-O-methyl-B-p-glucopyranoside (1) and the
products representing a “6-keto-AGU” (2), “3-keto-
AGU” (3), “2-keto-AGU” (4), and 6-carboxyl-AGU
(5) (Scheme 1) were available from previous studies
(Rohrling et al. 2001; Krainz et al. 2010). Integrity and
purity of the compounds were confirmed by NMR and
elemental analysis, and all analytical data agreed with
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those in the literature (Rohrling et al. 2001; Krainz
et al. 2010).

Computations

The GAUSSIAN 09 program packages were
employed (Frisch et al. 2009). Geometry optimization
was carried out according to the M06-2X density
functional theory (DFT) method (Zhao and Truhlar
2008). The 6-3114+G(d,p) basis sets were employed
for H, C, O, where the diffuse function on H was
omitted. Frequency calculations verified the identifi-
cation of an energetic minimum (no imaginary
frequencies). Reactant and product of transition states
were confirmed by geometry optimization with the
steepest descent method instead of intrinsic reaction
coordinate (IRC) calculation. We started the geometry
optimization of transition states from a pre-optimized
geometry with the bond to be broken extended. In the
case of C1-OMe to be cleaved, for instance, this bond
was elongated to around 2.5 A, and the optimization
was started. The analytical Hessian matrix was
calculated in the first step of the optimization. The
zero-point energy of optimized species was evaluated
by frequency calculation at the DFT(M06-2X) level of
theory. We also evaluated the entropy of the optimized
species at 298.15 K in the frequency calculation to
estimate the Gibbs energy. In this case, the transla-
tional entropy of the solute in water was computa-
tionally treated according to the literature (Mammen
et al. 1998). The potential energy of the optimized
geometry was calculated at the MP4(SDQ) level with
better basis sets: 6-3114+G(2d,2p), where again the
diffuse function was not introduced to H. The
MP4(SDQ) potential energy was corrected with the
above zero-point energy calculated at the
DFT(M062X) level. In all calculations, solvation
energy in water was evaluated with the polarizable
continuum model (PCM) method, where the UFF
parameters (the default setting in Gaussian09) were
used to determine the cavity size.

Results and discussion

Experimental studies

This study makes use of appropriate cellulose model
compounds. This is necessary because the exact
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oxidation positions and subsequent structural changes
cannot be analytically monitored directly for poly-
meric cellulose. As precursor model compound—
similar to previous studies which established its high
suitability to mimic cellulose—methyl 4-O-methyl--
D-glucopyranoside (1) has been used (Yoneda et al.
2015; Mackie et al. 2002). The compound represents
one AGU along a cellulose chain, with the two methyl
groups representing the truncated cellulose chains that
would extend to both sides of this AGU in the polymer.
The 4-O-methyl group is crucial to render the hydro-
gen bond network in the solid model compound more
similar to that of celluloses (cellulose II). Simple
methyl B-p-glucopyranoside (without the 4-O-methyl
group) would thus be inferior as model compound.
Synthesis of model compound 1 has been described in
our previous work, as has the synthesis of the
selectively oxidized derivatives 2-4. Model com-
pound 1 was subsequently oxidized at either C-6, C-3
or C-2, according to literature protocols (Rohrling
etal. 2001; Adorjan et al. 2004; Krainz et al. 2010), the
products representing a “6-keto-AGU” (2), “3-keto-
AGU” (3) and “2-keto-AGU” (4) in an oxidatively
damaged cellulose chain, see Scheme 1. While oxi-
dation at C-2 and C-3 evidently generates a ketone
(C=0), oxidation at C-6 affords an aldehyde (CHO).
In aqueous solution, 3 and 4 are present exclusively as
the “proper” ketones with sp>-carbonyl carbons, while
the C6-aldehyde compound 2 is in equilibrium with its
sp>-hybridized aldehyde hydrate (C(OH),) (R6hrling
et al. 2001). Compound 5, a glucuronic acid deriva-
tive, i.e. having a 5-carboxyl group (COOH), was used
for reasons of comparison (Bohrn et al. 2005), in order
to establish whether a carboxyl moiety might intro-
duce instabilities similar to carbonyl functionalities.
In order to draw conclusions if and how the
oxidation position influences the rate of the B-elimi-
nation, the two substituents at C-1 and C-4 must be the
same (although in cellulose they are evidently not) to
exclude that structural effects of the substituents
superimpose or overrun possible effects of the oxida-
tion position. For example, phenyl 4-O-methyl-fB-p-
glucopyranoside would have two dissimilar sub-
stituents with the phenoxyl anion being a good
nucleofuge (stable anion) and the methoxyl group
being a less stabilized one: rate differences in the B-
elimination in that case would thus not solely be
related to oxidation positions, but also to the stabilities
of the leaving anions. The necessity of the same 1- and

4-substituent (to exclude leaving group effects) means
a drawback at the same time: the eliminated group is
always methanol so that information about its origin is
lost, at least if only the eliminated methanol and not
the residual pyranose product is monitored. We
expected this issue to get important in the case of the
2-keto (4) and the 3-keto derivative (3), which are
readily interconverted via the 2,3-enediol. Only from
analyzing the eliminated methanol it would not be
possible to say whether the 2-keto compound 4 was the
actual precursor (eliminating the 4-O-methyl sub-
stituent) or the 3-keto compound 3 (eliminating the
1-O-methyl group). In the case of the 6-aldehyde
compound (2), this is evidently no issue because the
eliminated methanol can only originate from the 4-O-
methyl moiety.

To solve this problem—to have the same sub-
stituents in 1-position and 4-position while still being
able to distinguish them analytically, preferably by
NMR spectroscopy—we used a '>C-labeled 4-O-
methyl moiety, see compounds 1*-5% in Scheme 1.
By 'H NMR spectroscopy, CH;OH in natural isotopic
abundance (1.1% '>C) and labeled '*CH;0H (> 99%
13C) can be easily distinguished, and their ratio in
isotopomeric mixtures quantified. While the methyl’s
resonance in CH3;OH is a singlet (3.34 ppm), it
becomes a doublet in "> CH;0H due to the heteronu-
clear coupling with '*C (nuclear spin of 4). In
addition, the center of this doublet is slightly shifted
relative to the CH3;OH-singlet due to a minor isotopic
effect of the 'C. The potential isotopic labeling
alternative, to use deuteration (CDs-OH) instead of
13C labeling, is not constructive: it would imply '*C
NMR detection which is too slow to follow reaction
kinetics in the present case. Moreover, reliable inte-
gration of the 13C resonances (C bound to H or D)
would require pulse sequences that additionally
increase measurement time relative to a standard '*C
experiment.

We followed the alkaline-induced degradation of
the model compounds (see Scheme 2) by means of 'H
NMR, recording the increasing signal of liberated
methanol. Kinetics was recorded with the same setup,
using solvents of preset temperature into which the
model compounds were added, subsequently record-
ing the spectra at the same temperature. The temper-
ature range of that kinetics was set between 10 and
70 °C in 10 °C-intervals. Just from simple visual
observation, degradation of all three model
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Scheme 1 Model OH

compounds 1-5 and o)
RO OCH
HO 3

isotopically labeled ('*C)
model compounds 1*-5% OH
used in this study 1 R=CH,

1* R = CHj (> 99% '3C)

R-O
HO

o}
4 R=CH,
4* R = CHj (> 99% '3C)

compounds was easily discernible as it was accompa-
nied by a slightly yellow discoloration.

In a first set of experiments, we followed the
degradation of the model compounds at different pH
values and ambient temperature. Going from pH = 6
to pH =13 in 0.5 intervals, the reaction rate was
initially very low, showed a sharp increase between
pH 8 and 8.5, and remained constant at pH values
above 9.5, for all three compounds. The HO™
concentration thus did not seem to affect the rate law
uniformly, and HO™ was evidently not a part of the
rate-determining elemental step in the reaction
sequence. It seemed logical to assume that HO™,
acting as a base, exerted a deprotonating action, which
around the pK, of the acidic position became dom-
inant. Note that at the half-neutralization point pH
value and pK, value get equal. At higher pH values,
deprotonation would be complete so that no further
rate effects were seen. A linear dependence between
the concentration of the model compound and the
reaction rate was observed. The kinetics of the -
elimination reaction was thus following a first-order
rate law, expressed by:

r= d[A]/dt = k[A] (1)

with [A] being the concentration of the model
compound, k the kinetic rate constant, and r the
reaction rate. Both r and k are temperature-dependent.
At pH values above 9, i.e. [HO™] above 1075 M, the
hydroxyl concentration is large relative to that of the
model compound, i.e. [HO |>>[A] and can be
considered constant, the deprotonation equilibrium
being fully on the side of the anion, and equilibration
being immediate.
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When the kinetics of model compound consump-
tion was followed at 20 °C and pH = 11, the In[A]
versus t curve was a straight line for all three model
compounds, confirming the first reaction order
(Fig. 1). The kinetic rate constants for the C6-
aldehyde-compound 2, the 2-keto-compound 4 and
the 3-keto-counterpart 3 had a ratio of 1:5:22,
indicating the 3-keto compound to be the least
stable one (see Scheme 2). In a mixture of the three
compounds, 3 had been already completely degraded
when only about 5% of 2 was consumed. Glucuronic
acid model compound § was completely stable under
the conditions used and showed no chemical changes
whatsoever. The numerical values for the kinetic rate
constants retrieved from the slope of the regression
lines in Fig. 1 are summarized in Table 1. The half-
times of the degradation t,,, i.e. the times at which
concentration of the educt decreased to half of the
starting concentration, allow an easy comparison of
the compounds” reaction rates (cf. Table 1). Note that
Ty, of first-order reactions is independent of the
starting concentration:

Tl/2 = ln2/k (2)

with k being defined according to Eq. 1 above.

These results offer two interesting general conclu-
sions: first, keto functionalities at C-2 or C-3 are
apparently much more relevant with regard to cellu-
lose instability and B-elimination than the C6-alde-
hyde. Second, the “harmfulness” of C6-oxidation to
the aldehyde stage can be completely eliminated by
further oxidation to the carboxylic acid (cf. compound
5), which—with regard to proneness toward B-elim-
ination—is equally innocent as the starting material
with its C6-hydroxymethyl group.
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By recording the degradation kinetics (NMR) in
10 °C steps from 10 °C up to 70 °C, the temperature
dependence of the B-elimination rates for compounds
24 was determined (compound 5 was left out as it was
stable, see above). Since the possibility existed that
reaction intermediates might react with the methanol
already formed, we used only initial reaction rates (up
to 20% conversion) to rule out that kinetics were
significantly influenced by side reactions. However,
the almost perfect linearity over the whole concentra-
tion range indicated that such side reactions were
absent anyway. From the temperature data, the
Arrhenius activation energy E, was retrieved based
on the logarithmic representation of the Arrhenius
equation (Eq. 3), E, being (— 1/R) times the slope of a
regression plot of In(k) versus (1/T ).

k = Ae Ba/RT (3)

The activation parameters of Arrhenius equation
(Eq. 3) and Eyring equation (Eq. 4) are linked through
Eq. 5. The linearized Eyring equation (Eq. 6) was
used to obtain the activation parameters AHE, ASY, and
AG* = AH* — TAS? from the kinetic data in a plot of
In (k/T) versus 1/T. The E, and AH* values evidently

Scheme 2 Alkali-triggered
B-elimination reaction

9
ocxl o oRr,
o

starting from oxidized HO@
anhydroglucose units, ox., o B —_—
and B (in red) indicating the OH ~ H20

R,0

oxidized position and the
neighboring o- and f3-
carbons, respectively.
Model compounds:

R = CHjs, cellulose:

R = cellulose chain. 6kE,
2KE1 and 3KE1 denote the
intermediate enolate forms.
The stereochemistry has not
been displayed for reasons
of clarity and easy
comparability

OH
2 R1 = R2=CH3

OH
O.__OR;
B l=ox
R,0” Yo ~O
OH

reflected the reactivity orders in the same way as the
kinetic rate constants did: the largest kinetic rate
constant corresponds to the lowest activation energy.

T _
r— kBT o AS?/R . ,~AH? RT

E, = AHY + RT (5)
k —AH? kg AS*

The activation parameters for the degradation of the
three model compounds 2-4 are summarized in
Table 2.

The activation entropies AS* were positive for all
three model compounds, indicating that the transition
state of the rate-determining step is of lower order than
the isolated reactants. This is logical for the reaction
since the transition state exhibits extended lengths of
the bonds which are broken later on the reaction
coordinate of the elemental step. Connected to this,
there is a considerable entropy loss with concomitant
gain of vibrational, translational, and rotational
degrees of freedom. Interestingly, the activation

HO OR;
-H,O ox.
(@)

OH
2kE1 R1 = R2 = CH3
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entropy was somewhat more positive—by about
6.5 cal/(mol K)—for the 6-keto compound 2 than for
the 2-keto and 3-keto compounds 4 and 3. Apparently,
the degree of order is more strongly lowered when the
exocyclic C-6 is involved in enolate formation than in
the cases of the ring-centered enolates.

An additional piece of experimental evidence was
provided by analysis of the cleaved-off methanol for
the isotopomeric compounds 2*-4%* carrying a
4-0-"*CH; group while the glycosidic methyl group
had normal isotopic abundance. Aldehyde 2* was the
“easy case”: the eliminated group was evidently only
3C-methanol, with no '*C-compound being present.
Thus, elimination of the 4-O-substituent (and only of
this one) occurred, which is fully in-line with the
mechanism in Scheme 2. The situation for the two
keto-compounds 4% (2-keto) and 3* (3-keto) is
somewhat more complicated: if solely considering
the B-elimination mechanism, one would expect
elimination of the 4-O-substituent as '*CH;OH from
the 2-keto-compound 4 and CH3OH from C1 in the
3-keto-compound 3. However, these pathways are
superimposed by the easy interconversion of the
3-keto enolate 3KE1 and the 2-keto enolate 2kE1
(Fig. 5), which could influence the selectivity of the
elimination. As presented in Fig. 2, at pH (pD) values
above 10, only the aglycon, the “glycosidic metha-
nol”, was eliminated, no matter whether starting from

t [s]

1000 2000 3000 4000

6-carboxyl (5)

N

B

\.\ \0\‘\.\‘ 6-keto (2)
-5
\\ 2-keto (4)
-7 \
9
\\3—keto (3)
-11

-13

m

Inc

Fig. 1 Degradation of the model compounds 2-5 by alkali
(NaOD in D,O, pD = 11) at 20 °C. The linearity of the In ¢
versus t graphs indicates first-order kinetics. Measurement of
compound 3 was stopped at 2400 s (complete consumption)
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2-keto-compound 4 or from 3-keto-compound 3. The
4-0-methyl-substituent was never cleaved off, either
from the 2-keto- or from the 3-keto-compound: '*C-
methanol was only present in natural abundance (seen
by the “normal” '*C-satellites). At lower pH (pD)
values between 8 and 10, there were small amounts
(< 11%) of '">CH3;0H found, its concentration
decreasing with pH and becoming zero at a pH of 10
and above. The differences between the two starting
compounds 3 and 4 were negligible, and were much
smaller than the (already tiny) differences caused by
different pH values (Fig. 2).

This allows the important conclusion that under
conditions of the alkali-triggered B-elimination com-
pounds 3 and 4 behave similarly. Elimination starts
from the common 3-keto enolate intermediate, which
is formed directly from 3-keto-compound 3, but also
by enolate interconversion from 2-keto-compound 4.
In other words, an oxidized anhydroglucose unit in
cellulose will eliminate, quite selectively, the “I1-
substituent chain part”, no matter whether C-2 or C-3
carried the keto group. In the case of a C6-aldehyde,
the “4-substituent chain part” will be cleaved off.

As a side observation, the outcome of thermal, i.e.
not alkali-triggered, eliminations, e.g. at 80 °C and pH
7, is quite different, with a 13CH3OH/CH3,OH ratio of
71/29 starting from 3-keto-compound 3 and a ratio of
46/54 from 2-keto-compound 4. This points to a
different mechanism with the enolate forms being less
decisive. The thermal elimination reactions were not
further studied.

Computational studies
The computational part of this study addresses in

detail the degradation mechanisms of oxidized

Table 1 Degradation of the model compounds 2-5 by alkali
(NaOD in D50, pD = 11) at 20 °C

Compound k (sfl) T (8) rrel. to 2
2 (6-keto) 1.53 x 1074 4530.4 1.00

4 (2-keto) 7.82 x 1074 886.4 5.11

3 (3-keto) 3.38 x 1073 205.1 22.53

5 (6-carboxyl) 0.00 - -

Rate constants k (s~!), half-times T, 5 (s) and reaction rates
r relative to compound 2 (rounded to the first decimal)
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anhydroglucose units in model compounds and cellu-
lose (see Scheme 2) through B-fragmentation of the
corresponding enolates that were formed under alka-
line conditions. B-Alkoxy-elimination proceeds only
in—at least slightly—alkaline media and starts from
the corresponding enolate structure (Scheme 2). If
other acidic sites in the molecules are present that also
can be deprotonated, such as the carboxyl group in
model compound 5, this is irrelevant to the actual -
elimination process. Only abstraction of an a-proton (a
proton at the carbon directly adjacent to the carbonyl
position) initiates the B-alkoxy-elimination process.
The o-proton is rendered acidic through the electronic
effect of the neighboring carbonyl group (“methylene
activity”), this behavior being very well known from
aldol chemistry. The detailed degradation involves
three analogous pathways which differ according to
the starting position, the position of the proton
abstraction for enolate formation, and the eliminated
substituent (see Scheme 2). o-C-H proton-abstraction
by the base (HO™) is the first elemental step in all three
of them, followed by elimination of the B-substituent.

Although the general mechanisms themselves, as in
Scheme 2, are readily predicted from basic organic
chemistry principles, an in-depth evaluation is not
trivial because there are various factors determining
stability of the transition states, such as ring confor-
mation of the enolates, solvent effects, and electronic
structures of the ground and transition states. These
influential factors can well be different for the three
different oxidized sites in AGUs. This study thus
addresses the detailed mechanisms of B-elimination
from the three possible oxidation sites, focusing on the
activation barriers to figure out the most dominant
pathway.

C6-aldehyde

The initial proton transfer from C6-aldehyde model
compound 2 to HO™ as the base was investigated at the
MP4(SDQ)//DFT(M06-2X) level of theory. The pro-
ton is removed from C-5, forming an enolate (which is
denoted 6KE enolate in the following). The polarizable
continuum model (PCM) solvation method was first
employed for the calculation of the energy of this step,
which is the difference between the energies of neutral
2 and OH™ versus the corresponding enolate and H,O.
The energy of the enolate was calculated to be
8.1 kcal/mol lower than that of neutral 2, which is
opposing the experimental observation that enolates
are less stable than the corresponding neutral aldehy-
des with OH™ as the base catalysts. Next, a water
cluster model with three explicit water molecules and
OH™ was used (Fig. 3), in combination with the PCM
evaluation of the solvation energy, for detailed
geometries (Cartesian coordinates) see the Supporting
Information. The Gibbs free energy (AG°) of the
resulting 6-keto enolate 6kE was 7.1 kcal/mol higher
than that of the starting neutral model compound 2, as
shown in Fig. 3, which was in agreement with the
above-mentioned concept on the lower stability of
enolates relative to their parent aldehydes. It is likely
that, when the “naked” OH™ molecule is employed in
computations, the stabilization of OH™ in water is
underestimated, resulting in a seeming destabilization
of the reactants. Based on these considerations, we
concluded that application of the cluster model is
required for a satisfying calculation of the first proton
transfer.

In the next reaction step, P-fragmentation of the
enolate 6KE occurs. The computation of this step was
carried out without explicit water molecules to reduce
computational costs. As the fragmentation itself is a
monomolecular elemental step, the transition state

Table 2 Activation parameters for the pseudo-first order degradation of keto-AGU model compounds 2—4 by alkaline (NaOD in

D,0, pD = 11) at 20 °C (293.15 K)

Compound E, (kcal/mol) AH? (kcal/mol) AS? [cal/(mol K)] AG* (kcal/mol)
2 (6-keto) 32.0 344 17.8 29.2
4 (2-keto) 29.6 32.0 11.3 28.7
3 (3-keto) 26.9 29.3 11.0 26.1

E,, Arrhenius activation energy; AH*, activation enthalpy; AS*, activation entropy at 298.15 K; AG*, free activation energy (Gibbs

activation energy) at 293.15 K
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would be dependent on the enolate and its internal
geometry, but only little on the medium, so that the
error introduced by neglecting explicit water in the
computation would be quite minor. The first process
involves a conformational change of 6kE from *C; to
2So (Fig. 3), the latter usually being energetically
disfavored compared to the former in pyranoses
(Ionescu et al. 2005). This conformational change is
necessary for m-orbital to overlap with the c*-orbital
of the C4-OMe bond to better accommodate the
negative charge in 6KE in the *Sy conformation. As
shown in the Newman projections in Fig. 4, this
overlap cannot occur in the starting “C; conformation.
The free activation energy AG%* of this conforma-
tional change was calculated to be relatively small at
12.9 kcal/mol (Fig. 3), and the resulting 6KE(°So) had
the same Gibbs free energy as the 6KE(*C,). The
major reason for the unusually high stability of the >Sg
conformer relative to 4C1, the m—c* overlap, can be
understood as an analogue of the well-known
anomeric effect: the o-anomer of a pyranose being
stabilized relative to the B-counterpart by overlapping
of one of the O-5 lone pairs and the c*-orbital of the
glycosidic bond (Box 1991). In simple words, the
conformational change is preparing the molecule for
the fragmentation to occur, by accommodating the
sp>-carbon geometries around the double bond to form
and the methoxy group to be eliminated.

The enolate 6kE(*S) subsequently undergoes C4-
OMe cleavage which is not possible (or at least much
disfavored) from the *C, conformer; it fragments into
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a product complex P1 via transition state TSfl
(Fig. 3). The AG® of this process is calculated to be
26.0 kcal/mol relative to the AG® of 2(*C,), being
clearly more positive than that of the conformational
change from *C, to Se. The reaction energy of overall
reaction, the energy of P1 relative to 2(*Cy), was
exothermic, AG® =— 34 kcal/mol, indicating that the
reverse reaction of the B-fragmentation is negligible. It
is also noted that the AG® (- 3.4 kcal/mol) became
negative due to the increase in entropy by the [-
fragmentation: compare the negative AG’ to the
positive potential energy change, AE = 0.4 kcal/mol.

C2-keto and C3-keto

By analogy to the 6-aldehyde model in Fig. 3, the
energy changes for the proton abstraction from the
2-keto model compound 4 and the 3-keto model
compound 3 by OH™ were determined with explicit
water and OH™ molecules. The MP4(SDQ)//DFT(MO06-
2X) calculations indicated that AG® of 2KE1 relative to
4 and that of 3KE1l relative to 3 were 8.1 and
8.3 kcal/mol, respectively (Fig. 5). These energies are
more positive than that in the formation of 6kE from
aldehyde 2 (AG0 = 7.1 kcal/mol, see Fig. 3). This is
consistent with general organic chemistry rules that
predict enolates from ketones to be less stable than
enolates from aldehydes because of the lower acidity
(methylene activity) of the a-hydrogen in ketones.

In the case of 3 and 4, four types of enolates can be
formed in principle, 2kE1, 2kE2, 3KE1, and 3kE2



Cellulose (2018) 25:3797-3814

3807

(Fig. 5). We thus investigated the stability of these
enolates with two possible ring conformations: con-
formations with an equatorial glycosidic bond (°H,/
E,, OH5) and those with an axial glycosidic bond
(CHp). The MP4(SDQ)//DFT(M06-2X) calculations
indicated that the enolate 2kE1 with the *Hg ring
conformation was the most stable based on Gibbs
energy: AG® of 2kE1(°Ho) was 6.3 kcal/mol relative
to the reactant 3(*C) and this energy is 0.5-8.8 kcal/-
mol smaller than that of the other enolates. The
enolates 3KE2 and 2KE2 cannot fragment themselves,
as the 2kE1 and 3KE1 enolates do. Based on the facts
that the enolates 3kE1 and 2KE1 readily interconvert
and that the formation of the enolates is a reversible
process under ambient condition, all these enolates
and the neutral parent carbonyl compounds 3 and 4 are
in equilibrium in mild aqueous alkali. Subsequent
cleavage according to B-fragmentations means release
of methanol (or more correctly methoxyl anions) from
C-1 or C-4. The activation energies of these processes
will be discussed in the following relative to the most
stable compound 3. The transition states of the
conformational changes of the enolates were not
calculated, as their activation barriers were expected
to be much smaller than those of the subsequent C-O
bond cleavage, which seems justified by the above
results about the C4-OMe bond cleavage in the
degradation of 2 (Fig. 3).

After formation of the enolates, the C1-OMe and
the C4-OMe bonds are cleaved through B-fragmen-
tation. In the case of the C1-OMe bond cleavage
starting from enolate 3KE1, the molecule first under-
goes a conformational change to “Ho, the reason of
which being analogous to the one discussed above in
Fig. 4: the m-orbital encompassing C-2, C-3, and O-3
can interact with the o*-orbital of the C1-OMe bond.
The AG® of this C1-OMe elimination process was
calculated to be 24.1 kcal/mol relative to 3 (4C1), see
TSf2 in Fig. 5. In the case of the C4-OMe bond
cleavage, which starts from enolate 2kE1, both the
©Hs and °Hg conformers can undergo fragmentation,
because both of them have the relevant orbital
interactions (Fig. 4). The MP4(SDQ)//DFT(M06-2X)
calculations indicated that the pathway starting from
the >Ho conformer via TSf3 (AG% =257 kcal/mol)
was energetically less demanding than the alternative
via TSf4 (AG®* = 26.8 kcal/mol). The reaction ener-
gies of the pathways from 3kE1 and 2kE1 were both
negative, AG’=—-33 and — 8.2 kcal/mol,

respectively, indicating that the reverse reactions are
negligible as they were in the case of the C-6-aldehyde
compound 2.

Comparison of the three elimination pathways

Among the above quantitatively determined activation
barriers of the three pathways, designated as 6-keto-,
2-keto-, and 3-keto-pathways starting from the 6KkE,
2KE1, and 3KkE1 enolates, respectively, the 3-keto-
pathway has the lowest Gibbs energy barrier of
24.1 kcal/mol (the others being 25.7 kcal/mol for
2-keto and 26.0 kcal/mol for 6-keto), see Figs. 3 and
5. According to conventional reactivity considera-
tions, however, enolate 6kE from the aldehyde 2
should be the one which is formed most easily,
because of the higher a-acidity of aldehydes. Thus, the
higher reactivity of the enolate 3KE1 cannot be
explained simply by the stability of the enolates—
there must be other factors that favor the 3-keto-
pathway, which overcompensate the actually disfa-
vored enolate formation from the ketones 3 and 4.

Figure 6 presents the geometries of the correspond-
ing transition states TSf2 and TSf3, along with TSf1
(Fig. 3) for comparison. The C-1-O-5 distance of
TSf2 (1.34 A) is significantly shorter than that of a
normal C-O bond. Also, as shown in Fig. 7, the lowest
unoccupied molecular orbital (LUMO) in the pyranose
part of TSf2 shows a p-orbital of C-1 interacting with a
p-orbital of O-5 in an anti-bonding way, with the
bonding counterpart appearing in the HOMO-13, i.e.,
thirteen orbitals below the HOMO (highest occupied
molecular orbital). These results strongly suggest that
one of the lone pairs of O-5 interacts with the C-1
center of the transition state. This double bond
character was also indicated by a NBO (natural bond
orbital) bond order calculation, affording a value of
1.31 for O-5-C-1. This type of orbital interaction will
thus significantly stabilize the transition state, analo-
gous to the O-5-C-1 interaction in oxacarbenium ions
(Hosoya et al. 2010). In contrast to TSf2, the transition
states TSf1 and TSf3 do not possess this type of orbital
interaction: the C-4-OMe bond in TSf1 and TSf3 is a
“normal” ether bond without double bond character,
resulting in higher activation barriers for the 6-keto-
and 2-keto-pathways.

Similar stabilizing effects of the O-5 lone pair have
previously been investigated in anhydrosugar forma-
tion from phenyl B-p-glucopyranoside under basic
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Fig. 3 Upper line:
schematic of the proton
transfer from 2 to OH™ to

0=0
N
0]

form enolate 6kE, o)
: H ~ ~
employing a cluster model H e H H H e H
with three explicit water H_O" 7 ! (')
molecules and HO™. Middle \ e} H H-O. H H
and lower lines: detailed H--o. O i ~O.. i
mechanism of the / H-O /T H\(j
degradation of the C6- H \H H \H
aldehyde model 2 via
enolate 6KE, calculated at 2+ HO@ +3 H,0 6kE + 4 H,0O
the MP4(SDQ)//DET(MO6-
2X) level. The energies of
the intermediate and the
transition states are given in
kcal/mol, relative to the
reactant.Z ¢cy. See. the O= o O ®)
Supporting Information for o HO R o
how to evaluate the energies H3;CO —_— H3CO OCH
- HO OCHj, HO 3
of the differently calculated -H,O
. OH OH
species 4 4
2 (*Cy) 6kE (Cy)
AE=0.0 AE=T7.3
AG%=0.0 AGY=7.1
O\
—_—
TSct 0 Q_OCH;
]
E,=12.9 HsCO OH E,;=287 H OH
AG%=13.9 AGOE=
6KE (230) G 26.0 OCH; p1
AE=6.6 AE=04
AG=7 1 AG’= -3.4
H i o* that value of 4.0 kcal/mol. Likely, this is because C-1—
= c* - Cc-3 O-1bond (2.10 A) in TSf2 is shorter than the C-4-O-4
0=C-6 05 0=c6 0-5 (2.16 A) in TSf3 because of the stabilization effect by
O-5. This shorter C-1-O-1 distance will give TSf2
H,C-0 -3 additional stabilization, which reduces the difference
H;C-O . .. . . .
in the activation barrier. In fact, the difference in
ac, 2s, Gibbs energy between TSf2 and TSf3 increased to

Fig. 4 Newman projections of the *“C; and 2S¢ conformers of
the enolate 6KE along the C-4—C-5 bond

conditions (Hosoya et al. 2010). That MP4(SDQ)//
DFT(B3LYP) level computation suggested that the
ring oxygen of the glucoside stabilizes an oxacarbe-
nium ion-like transition state by around 4.0 kcal/mol.
On the other hand, the difference in Gibbs energy
between TSf2 and TSf3 (1.6 kcal/mol) is lower than

@ Springer

3.2 kcal/mol when the C1-O1 bond is elongated to the
length of the C-4-0-4 in TSf3 (2.16 A), and this value
after the elongation is in accordance with the above
reported value of 4.0 kcal/mol, giving a further
support for the effects of the ring oxygen discussed
above.
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Fig. 5 Detailed mechanism of the degradation of the 2-keto (4)
and 3-keto (3) model compounds via the enolates 2kE1 and
3KkE1, calculated at the MP4(SDQ)//DFT(M06-2X) level of
theory. The energies of the intermediate and the transition states

2KE2 (CHs)
AE =15.8
AGY =151
are given in kcal/mol, relative to compound 3(*C)). The energy
changes in the first proton transfers, giving the enolates, were

calculated with the cluster models similar to that in Fig. 3 (see
also Cartesian coordinates in the Supporting Information)
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The polymer case—cellulose

The main difference between the three model com-
pounds and actual cellulose—with regard to the B-
elimination mechanism—is that in the polymer the
two leaving groups at C-1 and C-4 are not the same.
Being methoxyl anions formed by either C-1-OMe or
C-4-OMe cleavage in the model compounds, the
nucleofuge in B-eliminations of cellulose is a glu-
copyranosyl anion with the negative charge either at
O-4 (if eliminated from C-1) or at O-1 (if eliminated
from C-4). While 4-OH is a secondary hydroxyl group,
1-OH is a hemiacetal hydroxyl, both being quite
different in terms of reactivity, acidity and charge
stabilization. This difference in leaving group stability
will considerably affect the energetics of each frag-
mentation pathway. To this end, we evaluated the
relative energies of the two [-pD-glucopyranosyl
anions. As shown in Fig. 8, MP4(SDQ)//DFT(MO06-
2X) calculations indicated that the O-4 anion was
4.9 kcal/mol more stable than the O-1 anion. As
shown in the previous section, the computation of the
model system suggested that the 3-keto-pathway is the
most dominant. Combining this result with the addi-
tional information on the leaving group leads to the
idea that the dominance of the 3-keto-pathway
becomes even more pronounced in the case of
cellulose.

Another expected difference between the model
system and actual cellulose is the presence of
crystalline structures with strong hydrogen bond
networks in cellulose. Oxidized groups may well be
present also in crystalline domains, introduced for
instance by ionizing radiation. The crystal structure
will not only limit the accessibly to alkaline catalysts,
but also render the conformational changes necessary
for the degradation significantly more unfavorable.
DFT(MO06-2X) calculations in previous work (Hosoya
and Sakaki 2013) have suggested that conformational
changes of a anhydroglucose unit in cellulose from *C,
to 'C4 and B, s becomes 7-15 kcal/mol more demand-
ing when inter-chain hydrogen bonds are present.
Since the S and *Hg, conformations, from which the
B-fragmentations start (Figs. 3, 5), are similar to B, s,
destabilization of those conformations during B-elim-
ination is also expected. Although non-crystalline,
“amorphous” regions of cellulose should be more
reactive toward the degradation than -crystalline
regions because of more disordered inter-chain and
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intra-chain hydrogen bonds, these considerations
strongly suggest that actual cellulose, being an “av-
erage” of amorphous and crystalline domains, is much
less prone toward alkali-induced B-elimination than
the simple monosaccharide model glycosides.

Conclusions

Among the oxidized methyl glucoside model com-
pounds, the 3-keto-pathway from the 3-keto-AGU via
the 3kE1 enolate was the most dominant according to
our calculations at the MP4(SDQ)//DFT(M06-2X)
level of theory, which completely agreed with the
experimental facts. This enolate is formed from both
the 3-keto compound 3 and the 2-keto compound 4
which are quickly interconverting in alkaline aqueous

TSfl

o 7
® H;CO HO

9 1.37

Fig. 6 Transition states TSf2 and TSf3 calculated at the
DFT(M06-2X) level. Bond lengths are given in A. TSfl (see
also Fig. 3) is given for comparison
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HOMO-13

Fig. 7 Molecular orbitals of transition state TSf2 calculated at
the Hartree-Fock level. For a better understanding, the
schematic descriptions on the right focus only on the orbital
interaction between O-5 and C-1

media at ambient temperature. Structural and orbital
analyses of the transition state indicated that the
dominance of the 3-keto-pathway was due to stabi-
lization of the transition state leading to the elimina-
tion product, by delocalization of the O-5 lone pair to
the C-1 anomeric center. Such stabilization does not
occur along the 2-keto- and 6-keto-pathways that start
from the corresponding 2-keto-AGU and 6-aldehyde-
AGU, respectively.

Experimental reaction kinetics of the elimination
process provided kinetic rate constants at a relative
ratio of 1:5:22 for the degradation of 2, 3 and 4, i.e. for
the B-alkoxy-elimination triggered by oxidation at
C-6, C-2 and C-3, respectively. Chain cleavage
following oxidation at C-3 was thus about 22 times
faster than cleavage caused by oxidation at C-6, and
about four times faster than elimination from the
2-keto-counterpart. In other words, 22 chain cleavages
due to C-3 oxidation occur per one cleavage starting
from the C-6 aldehyde. The activation energy values,
obtained by measurements at different temperatures
between 10 and 70 °C, deviated less than 3 kcal/mol
from the computed ones (see Figs. 3, 5), experimental

and computational results thus agreeing surprisingly
well.

In the case of polymeric cellulose, conformational
changes of the oxidized AGUs required for the
elimination process to proceed are more difficult in
crystalline areas with largely intact hydrogen bond
system than in amorphous areas. Mechanistically, the
stability difference of the leaving groups, the O-1- and
0-4-B-p-glucopyranosyl anions, comes into play and
influences the reactivity order of the three pathways in
a way that the path via the 3KE1 enolate becomes even
more dominant than in the case of the methyl
glucoside model system. Chain cleavage caused by
C-3- or C-2-oxidation will thus be at least 20 times
faster than that caused by C-6 oxidation. Preliminary
experiments on mixtures of oxidized cellooligosac-
charides indicate average values around 35 (vs. 22 for
the model compound), i.e. 35 cleavages from C-2/C-3-
oxidized cellulose occur per one cleavage from C-6-
oxidized cellulose.

These findings are, for instance, interesting with
regard to measures to impart increased alkali-stability
to celluloses. While mild oxidation with chlorite
removes C-6-aldehydes by converting them to car-
boxylic acids, the effect on the alkaline stability would
be only minor, since C-2/C-3 carbonyls, as main
causes of alkali instability, remain unchanged. Reduc-
tive treatments, affecting all oxidized positions, would
be more recommendable in contrast, because also the
“faster” C-2/C-3 positions are diminished.

Considering low-degree oxidative cellulose modi-
fications for attachment of reactive anchor groups,
periodate oxidation affecting C-2 and C-3 causes
higher alkali instability (and in consequence molecu-
lar weight loss) than TEMPO oxidation to the

OH OH
HsCO o © o) 0
*“Ho o HO OCHs
OH OH
O-1 anion 0O-4 anion
AE=0.0 AE=-13
AG®= 0.0 AG= -4.9

Fig. 8 Relative energies (in kcal/mol) of O-1 and O-4 B-p-
glucopyranosyl anions as leaving groups in B-fragmentations of
cellulose. Cellulose chains are truncated and replaced by a
methyl group for computational treatment
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aldehyde stage, at the same molar amount of oxidant,
because the TEMPO process is mainly affecting the
“less dangerous” C-6.

TEMPO oxidation, because not affecting C-6 fully
selectively, will always cause cellulose degradation
when carried out in alkaline medium. This is due to the
small amount (less than 5% relative to C-6 oxidation)
of oxidized C-2-keto and C-3-keto positions which,
according to the above results, cause chain fragmen-
tation much faster than from C-6- aldehydes. The
contribution of C-6-aldehyde moieties to overall B-
elimination is minor, these aldehydes being either
intermediates in the oxidation to the carboxyl stage or
unwanted leftovers of incomplete oxidation.

With regard to conservation science of cellulosics,
different causes of aging will produce different
cellulose instabilities. Oxidations as a consequence
of transition metal-induced processes, e.g. in iron-gall
inks or copper-based paints, generate hydroxyl radi-
cals (besides hydroperoxyl radicals and hydrogen
peroxide) which are very reactive and thus show little
selectivity, affecting all three positions in cellulose
more or less to the same extent. The oxidation at C-2
and C-3 will eventually cause pronounced instability
and chain degradation. By contrast, cellulose oxida-
tion by sterically demanding radicals, such as dye
radicals or peroxyl radicals, will mainly affect the
sterically least demanding and thus better accessible
C-6 position. At the same degree of oxidation, the
former aged cellulose is much more alkali-labile and
more prone to degradation than the latter one.

Apart from these examples, we hope that the
mechanistic insights into alkali-induced [-alkoxy
elimination in celluloses will also be of interest in
other fields of cellulose science and cellulose appli-
cations. Since this reaction, being a consequence of
oxidative cellulose damage in general, is one of the
key processes in cellulose aging and cellulose degra-
dation—with all its different facets in cellulose
chemistry and cellulosic material science—its in-
depth mechanistic understanding might even prove
helpful in areas about which we would not think at
present.
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