Carbohydrate Research 390 (2014) 76-80

Contents lists available at ScienceDirect

Carbohydrate Research

Carbohydrate
RESEARCH
T

journal homepage: www.elsevier.com/locate/carres -

Note

Theoretical insight into the pyrolytic deformylation
of levoglucosenone and isolevoglucosenone

Ariel M. Sarotti *

@ CrossMark

Instituto de Quimica de Rosario, Facultad de Ciencias Bioquimicas y Farmacéuticas, Universidad Nacional de Rosario—CONICET, Suipacha 531, S2002LRK Rosario, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 19 February 2014

Received in revised form 12 March 2014
Accepted 14 March 2014

Available online 22 March 2014

A computational study was conducted to gain insight into the pyrolytic deformylations of levoglucose-
none and isolevoglucosenone. Present B3LYP/6-31G* and CBS-QB3 calculations provide valuable evidence
to rule out the formation of isolevoglucosenone during the pyrolytic degradation of cellulosic materials.
This, along with the supplementary data herein presented and with other recent reports, suggest that

levoglucosenone should not be formed directly from levoglucosan (as proposed in numerous reports),
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but rather from another intermediate, such as 1,4:3,6-dianhydro-o-p-glucopyranose.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The use of biomass as raw material for the production of fuels
and chemical products has emerged as one of the most important
fields in research activity, motivated by the severe problems of
energy shortage and environmental pollution.! It is therefore not
surprising that enormous effort is currently undertaken world-
wide to convert biomass into highly valuable organic chemicals.
Within this context, carbohydrates are the major annually renew-
able biofeedstocks from which to develop valuable chemicals that
can compete, or even replace, those derived from petroleum.?

The pyrolytic decomposition of cellulosic materials (rapid heat-
ing in the absence of oxygen), is one of the most promising ap-
proaches for renewable production of valuable chemicals and
fuels.” Among the extensive variety of organic compounds that
can be obtained in this way, levoglucosenone (1,6-anhydro-3,4-
dideoxy-B-p-glycero-hex-3-enopyranos-2-ulose) represents a ver-
satile member of the carbohydrate family.>* Apart from its highly
functionalized structure, this enantiomerically pure bicyclic enone
has an 1,6-anhydro bridge locking the pyranose ring in the 'C4 con-
formation and sterically hinders the p-face of the molecule, ensur-
ing high levels of m-facial selectivity in a wide variety of
reactions.>* For that reason, levoglucosenone has been highlighted
as a very useful starting material for the synthesis of a wide variety
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of natural and synthetic compounds,®* as well as for the develop-
ment of new tools of asymmetric synthesis.*>

It is well known that the product distribution from cellulose
pyrolysis is sharply linked with the experimental conditions.>®
For instance, while the pyrolysis of untreated cellulose affords
levoglucosan (1,6-anhydro-B-p-glucopyranose, (1) in up to 60%
yield, the acid-treated cellulose affords levoglucosenone (2) in
much lower yields (up to 10-12%).> However, the mechanism of
cellulose pyrolysis is far from being completely understood,
though important progresses have been recently published.’”

The generation of levoglucosenone, formally a double dehydra-
tion of levoglucosan, represents an example of a transformation
whose mechanism has not been fully elucidated yet. For instance,
the complete absence of the transposed enone isolevoglucosenone
(3) in the pyrolysates represents an experimental observation
important to unravel. The first attempt to rationalize levoglucose-
none formation was made by Broido and co-workers, and is
depicted in Scheme 1.8

The key transformation, that defines the regiochemistry of the
reaction products, involves a 1,2-hydride shift of the cation result-
ing from the dehydration of the OH group at C-3 of 1. The pseudo-
symmetry of the molecule allows two plausible shifts, namely A
and B. In path A, the H-2 shifts to install the carbonyl group at
C-2, leading to the formation of 2, whereas in path B the hydride
shift now occurs with the H-4 atom resulting in the ultimate
generation of 3. To explain the perfect selectivity in the dehydra-
tion process, the authors suggested that cation A should be more
stabilized than cation B because of the proximity with the
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Scheme 1. Originally proposed mechanism of levoglucosenone formation.
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Scheme 2. Alternative proposal of 1,4:3,6-dianhydro-o-p-glucopyranose (4) as
pyrolytic precursor or levoglucosenone.

1,6-anhydro oxygen atom.® However, according to calculations
carried out in the present work at the high accuracy CBS-QB3
method, the regioselectivity of this dehydration step should be
low. Very small energy differences between cations A and B
(AAG =0.25 kcal/mol) and between the two 1,2-hydride shift
transition structures connecting them with their precursor
(AAG*=0.21 kcal/mol) were computed.’

These results are in perfect agreement with a recent study of
Assary and Curtiss, in which they provided further computational
evidence of the dehydration process from 1 to 2 and 3, in which
the B3LYP/6-31G(2df,p) energy profiles computed for both
pathways are similar in energy.'°

A different approach was done by Shafizadeh et al. suggesting
1,4:3,6-dianhydro-a-p-glucopyranose (4), obtained from 1, as a
possible pyrolytic precursor of 2 (Scheme 2).'! Interestingly, this
proposal successfully explains the absence of 3 in the pyrolysates.

On the other hand, Furneaux et al. proved that 2 can undergo
pyrolytic deformylation (via a [5+2] dipolar cycloreversion) to give
formaldehyde (5) and 3-oxidopyrylium (6), a highly reactive spe-
cies that can further dimerize or react with another molecule of
2 to afford adducts 7 and 8 in a 4:3 ratio.'? The detection of these
compounds in the pyrolysates evidenced not only the proposed
degradation path, but also provided an explanation of the lower
yield in which 2 is typically obtained with respect to 1. Later, the
same group found a similar chemical behavior for 3: after heating,
it suffers the loss of formaldehyde to afford 6, that is further
trapped by unreacted enone to yield the 1,3-dipolar adducts 9
and 10 in a 3:1 ratio (Scheme 3)."* Interestingly, these adducts
were not detected among the products from acid-catalyzed
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pyrolysis of cellulose, concluding that no evidence for the pyrolytic
synthesis of 3 was found. However, it can be noted that these
experimental observations (absence of 3, 9, and 10 in the pyroly-
sates) could be explained by assuming a faster thermolysis for 3
and a slower rate for its cycloaddition with 6.

Understanding the pyrolysis process represents a key issue for
the development of new technologies based on the generation of
valuable chemicals from biomass. For that reason, a full computa-
tional study of the thermal deformylation of levoglucosenone and
isolevoglucosenone was addressed.

First, the potential energy surface (PES) of the deformylation
reactions was fully explored at the B3LYP/6-31G* level of theory,
and the transition structures (TS) corresponding to each system
were located (Fig. 1). As was found for other 1,3-dipolar cycload-
ditions, the concerted paths are favored.'* In TS-2, the C5-C6
Wiberg bond index (WBI) is higher than that corresponding to
the C1-01 bonding (0.37 vs 0.26), while in the case of TS-3 the
bonding between C1-C6 is more developed than the C5-01 bond
formation (0.41 vs 0.24). The transition structure resulting from
the deformylation of 3 is slightly more asynchronous than TS-2,
both in terms of WBIs and bond lengths. IRC calculations yielded
TS-2 and TS-3 as the only saddle points connecting reagents and
products.

Both reactions are endergonic, mainly because of the relative
instability of 5. The calculated Gibbs free-energies of activation
are also high, suggesting that they can only take place at high
temperatures, in line with the experimental findings.'*'* Interest-
ingly, the barrier computed for 3 is 1.3 kcal/mol lower than that of
2, indicating that the deformylation of the former should be faster
as was hypothesized above. To validate this result, the high-
accuracy composite method CBS-QB3 was next employed. The
complete basis set (CBS) methods were developed by Petersson
and co-workers to remove errors from the basis set truncation
using asymptotic convergence of pair natural orbital expansions
to extrapolate the estimated complete basis set limit.'> The CBS-
QB3, that starts on B3LYP/6-311G(d,p) geometries, has been found
as a benchmark for predicting the activation barriers, reaction
energetics and TS geometries of pericyclic reactions.!® As depicted
in Figure 1, B3LYP/6-31G* underestimates the AG* and AG by
about 5 kcal/mol and 8 kcal/mol, respectively, though the AAG*
and AAG values were nicely reproduced (1.2 kcal/mol and
0.2 kcal/mol, respectively).

Scheme 3. Pyrolytic deformylation of 2 and 3.
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Figure 1. (a) B3LYP/6-31G" optimized geometries for the TSs of the deformylation
reactions of levoglucosenone (TS-2) and isolevoglucosenone (TS-3), with selected
distances in A, WBIs (in italics) and CBS-QB3 distances (in parentheses). (b) Reaction
profiles for both reactions, with Gibbs free energies (relative to the reactants)
computed at the B3LYP/6-31G* and CBS-QB3 (in parentheses) levels.

Conceptual DFT analysis provided a powerful tool to understand
the origins of these results.!” Since TS-2 and TS-3 are regioisomeric
transition structures, the analysis can be confined to searching the
origins of the regioselectivity of the inverse reaction, that is, the
1,3-dipolar cycloaddition between 5 and 6.

The static global properties, including the electronic chemical
potential (u), chemical hardness (), global electrophilicity (w),
and global nucleophilicity (N) were computed at the B3LYP/6-
31G* level of theory. The w values of 6 and 5 are 2.46 and
1.45 eV, respectively, suggesting that the former is a more power-
ful electrophile.'® In spite of that result, the electronic chemical po-
tential of 5, u=-4.23 eV, is lower than that of 6, u=-4.03 eV,
indicating that along the reaction coordinate the charge transfer
(CT) will take place from 6 to 5, in perfect agreement with the CT
analysis performed at the TS (0.16 e for TS-2 and 0.18 e for
TS-3). This apparent contradiction can be easily understood
considering the stronger nucleophilic character of 6 (N=3.43 eV
vs N=1.81¢eV). The electrophilic P*, and nucleophilic P~ Parr
functions derived from the excess of spin density reached via a
CT process accounts for the most favorable bond formation, that
results from the coupling of C6, the most electrophilic center of 5
(P*kcey=0.74 vs P'y01)=0.36), and C1, the most nucleophilic
center of 6 (P yc1)=0.40 vs P7ycs)= 0.22).° A better interaction
in the transition structure connecting both centers should be ex-
pected, providing an explanation of the lower energy computed
for TS-3.

Frontier molecular orbital (FMO) theory points in the same
direction. The most important interaction is between the HOMO
of 6 and the LUMO of 5 (energy gap = 4.5 eV), reinforcing the fact
that the former is the nucleophilic counterpart in this reaction.
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Figure 2. FMO interactions between 5 and 6. Molecular orbital energies and energy
gaps are given in eV. The 2pz coefficients are also shown (in italics).

Based on the coefficients of these FMOs (Fig. 2), the preferred inter-
action is expected to be between C1 of 6 and C6 of 5, as found in
TS-3.

The effect of a better overlap between interacting FMOs can be
studied in detail from a distortion/interaction analysis. In this
fragment approach, also known as the activation strain model,
the activation energy, AEY, is decomposed as the sum of two main
components: the distortion (or strain) energy, AE*y, and the inter-
action energy, AE%. The AE*4 is the energy required to distort the
reactants from their initial geometries to their transition state
geometries, while AE* is the binding energy between the de-
formed fragments at the TS.!°

Figure 3 shows the full activation-strain diagrams (the reaction
profile AE((), along with its decomposition into the distortion en-
ergy (further decomposed in the distortion of both reagents) and
the interaction energy between the deformed counterparts.

The AE*4 accounts for the ~60% of the barrier heights, being the
distortion of 6 the most relevant factor (~67% of the AE%).
However, this energetic term shows little variation among the
two paths under study (12.3 vs 13.0 kcal/mol). On the other hand,
the strain of 5 is considerably larger (1.5 kcal/mol) in TS-3 (5.6 vs
7.1 kcal/mol) because of the higher extent of pyramidalization.
Overall, this transition structure is 2.2 kcal/mol more distorted
than TS-2, indicating that the activation strain does not control
the reactivity trends as was found for other pericyclic reac-
tions.'*?° Hence, the interaction energy must be responsible for
the ease of deformylation of 3. As depicted in Figure 3, while the
AE; is slightly positive (repulsive) for channel A at early stages of
the reaction, the interaction energy computed for channel B is al-
ways negative (stabilizing). This trend remains along the path: in
TS-3 the binding energy of the deformed reagents is 3.7 kcal/mol
stronger than in TS-2 (—13.9 vs —10.2 kcal/mol). The better overlap
of the FMO orbitals, and consequently the higher charge transfer,
account for this observation.

Once the pyrolytic deformylation of levoglucosenone and its
isomer isolevoglucosenone was fully understood, the computa-
tional study of the 1,3-dipolar cycloadditions between them and
3-oxidopyrylim (6) was next undertaken.

The electronic chemical potentials of 2 and 3, L= —4.14 eV and
—4.30 eV, respectively, are lower than that of 6, y=-4.03eV,
indicating that the enones will receive charge transfer from the
reactive 3-oxidopyrylium along the reaction coordinate, thus
acting as the electrophilic counterparts. Small differences are com-
puted for the electrophilic indexes of 2 and 3 (1.83 eV vs 1.93 eV,
respectively), suggesting that the CT (and probably the AE*;) would
be similar at the corresponding TSs.?! Analysis of the electrophilic
Parr functions led to the expected result that the conjugated B car-
bons of the enones (C4) are the most electrophilic atoms in each
system, and should interact preferentially with the most nucleo-
philic atom of the dipole (C1).

These results were further validated after a complete explora-
tion of the PES corresponding to both reactions. Although up to
eight isomeric products can be expected in each case, only the
transition structures resulting from the attack of the dipole on
the o face of the dipolarophiles were considered because it is well
known that the B face of them is efficiently hindered by the 1,6-
anhydro bridge.>~ Thus, four reaction channels for each system
were computed, depending on the approach and orientation of
the dipole toward dipolarophiles, namely endo (N)/exo (X), and anti
(A)/syn (S). All TSs corresponding to each channel were located as
the only saddle points connecting reagents and products after IRC
calculations, and are shown in Figure 4.

The anti relationship was found to be considerably more stable
(2.5-4.6 kcal/mol) than the syn approach, in line with the concep-
tual DFT analysis discussed above. In both cases, the exo approach
is preferred over the endo orientation by 0.6-2.2 kcal/mol. The
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Figure 3. B3LYP/6-31G* activation-strain analysis of the 1,3-dipolar cycloaddition reaction between 5 and 6 along the reaction coordinate projected onto the average forming
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Figure 4. B3LYP/6-31G* optimized geometries for the TSs of the 1,3-dipolar
cycloaddition reactions of enones 2-3 with 3-oxidopyrylium (6). Selected distances
(in A) and Gibbs free energies of activation (in kcal/mol) are also given.

computed Gibbs free energy activation barriers for the reactions of
2+5 and 3+5 predict a XA/NA ratio of 63:37 and 75:25 at 600K,
respectively, in excellent agreement with the product distribution
of 57:43 and 75:25 experimentally found, respectively.'>!>
Interestingly, despite the pseudo-enantiomeric relationship be-
tween both systems, the calculations show that isolevoglucose-
none should be slightly more reactive than levoglucosenone
toward 3-oxidopyrylium. The barrier heights computed for each

channel of 3+6 are 0.5-1.9 kcal/mol lower in energy than the
corresponding AE* found for 2+6. As expected from the o values,
the CT at the TSs are similar for each system (~0.1 e). Based on
the computed bond forming distances (Fig. 4), there is a shift from
late to early transition state when passing from 2+5 to 3+5, as the
activation barriers drop. As a consequence, TSs-2+5 are more dis-
torted than the corresponding TSs-3+5. For instance, TS-2+5-XA
is 1.8 kcal/mol more distorted than TS-3+5-XA, being the AAE%;
only 0.6 kcal/mol.° As the binding energy of the deformed reac-
tants shows little variation among each channel, the relative bar-
rier heights are controlled by the strain energy.'*?°

In summary, present B3LYP/6-31G* and CBS-QB3 calculations
were carried out to understand the pyrolytic deformylation
of levoglucosenone and isolevoglucosenone. The thermolysis
of levoglucosenone requires larger activation barrier than that of
isolevoglucosenone. This difference was interpreted on the basis
of finely balanced geometric and electronic features at the TSs. In
addition, the calculations suggest that isolevoglucosenone is
slightly more reactive than levoglucosenone toward 3-oxidopyryli-
um. These results provide enough computational evidence to re-
fute one of the original hypotheses formulated earlier. It would
be difficult to explain the absence of 3 and its adducts with 3-
oxidopyrylium (9 and 10) in the pyrolysis crudes without resorting
to the idea that isolevoglucosenone does not form at all during the
pyrolytic degradation of cellulosic materials. This, along with other
recent reports, suggest that levoglucosenone should not be formed
directly from levoglucosan, but rather from another intermediate,
such as 1,4:3,6-dianhydro-o-p-glucopyranose.'’

2. Computational methods

All calculations were performed using Gaussian 09.?2 Density
functional theory (DFT) calculations were carried out with the
B3LYP functional?®> with the standard 6-31G* basis set. High
accuracy CBS calculations were carried out with the CBS-QB3
method.'” Geometries for all structures were fully optimized and
normal coordinate analyses were used to confirm the nature of
the stationary points. All transition structures were confirmed to
have only one imaginary frequency corresponding to the formation
of the expected bonds. Intrinsic Reaction Coordinate (IRC) calcula-
tions were performed to determine the connections between sta-
tionary points. The electronic structures of TSs and ground states
were analyzed in terms of the Wiberg bond indices (WBI) and
the natural charges obtained from the Natural Bond Orbital
(NBO) program as implemented in Gaussian 09.°* Reported
thermochemical properties include zero-point energies (ZPEs)
without scaling and were calculated at 1 atm and 298.15K.
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Distortion energies were computed by performing a single point
energy calculation using B3LYP/6-31G* on each of the separated,
distorted fragments. The global electrophilicity index, w, has been
given by the following expression, w = p?/2m, in terms of the elec-
tronic chemical potential ¢ and the chemical hardness 7. Both
quantities may be approached in terms of the one-electron ener-
gies of the frontier molecular orbitals HOMO and LUMO, €H and
€L, as i ~ (eH + €L)/2 and # ~ (eL — €H), respectively.® The nucle-
ophilicity index, N, was computed as N = Exiomordiene) — ExomotcE)
(eV),%® where TCE accounts for tetracyanoethylene. The local
electrophilic indices, wy,?” were computed according to the follow-
ing expression: wy = ®.P*, where P*, is the electrophilic Parr func-
tion of atom k,%® that was computed using the Mulliken atomic
spin density (ASD) computed by single-point UB3LYP/6-31G* level
of the anion resulting from adding one electron to the optimized
neutral B3LYP/6-31G* geometry.
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