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The decomposition of xylose has been studied using quantum mechanical calculations supported by NMR
data. Proposed mechanisms for the decomposition of xylose have been investigated by obtaining the structures
and energies of transition states and products. The intent of this study was to understand the experimentally
observed formation of furfural and formic acid that occurs during the decomposition of xylose in mildly hot
acidic solutions. A mechanism of furfural formation involving the opening of the pyranose ring and subsequent
dehydration of the aldose was compared to a direct intramolecular rearrangement of the protonated pyranose.
Energies were determined using CBS-QB3, and it was shown that the barriers for dehydration of the aldose
were high compared to intramolecular rearrangement. This result suggests that the latter mechanism is a
more likely mechanism for furfural formation. The intramolecular rearrangement step results from protonation
of xylose at the O2 hydroxyl group. In addition, it has been shown that formic acid formation is a likely
result of the protonation of xylose at the O3 hydroxyl group. Finally, solvation of xylose decomposition was
studied by calculating energy barriers for xylose in selected water clusters. The mechanisms proposed here
were supported in part by?C-labeling studies using NMR.

Introduction Dilute acid hydrolysis (i.e., 2 wt % H,SOy) at moderate
temperatures €200 °C) is a commonly used procedure for
hydrolyzing the ether linkages between hemicellulosic sugar
molecules as a conditioning step to make plant biomass more

Sugars are critical for many biological processes and essential
building blocks for the biopolymers that make up plant cell
B e e i b, Amenable f erzyme conversion o fermenatle g kese

.y » SUg mildly acidic conditions are also known to lead to the
plant matter represent an important renewable feedstock for the

; X . decomposition of xylose and, to a much lesser extent, glu-
product|0n. of chemu;als and fueB.A deep understandmg of cose!®20 The main products from acid degradation of these
the chemical reaction mechanisms and kinetics of sugar

degradation is thus key to development of a sustainable sugars are furfuraldehydes as is shown in the reaction below.

renewable industry.The most prevalent sugar found in plant In fact, acid hydrolysis is used as an industrial process to
: L P g P produce furfural from xylan in oat hulf.
mater is glucose, which is the monomer of cellulose. Cellulose

chains form the core of the microfibrils that give plant cell walls R o

their structure and strength. Xyloske,is also an important sugar oH R CHO
in the structure of these microfibrils and the plant cell wall OH N [H"]

matrix. This pentosan has an orientation of hydroxyl groups o 3 HO \ /
similar to glucose in its pyranose form, but is missing the o
terminal—CH,OH group. Xylose is the building block monosac- OH

charide of xylan and other hemicelluloses that coat the crystal- R = H, Xylose

line cellulose cores of cell wall microfibrils, which constitute R = CH,0H, Glucose

roughly 30% of plant mattet.

As a result of its importance, numerous studies of the structure ~ The decomposition of xylose in acidic solutions has been the
and reactivity of glucose are available. Experimental measure-focus of a number of studies dating béo the 1930s. Furfural,
ments of the structure and conformational energetics also exist.7, is the main product from this decomposition. Initially, the
This is also an active area of research for molecular modelihg ~ mechanism for furfural formation was propos&d® to occur
using either quantum mechanics or molecular mechanics. Thereffom the open form of the suga?, as is shown in Scheme 1.
is less information available, however, concerning the reaction In this scheme, the cyclic structure of xylose opens to the aldose
mechanisms for glucose degradation and conversion. Althoughform, 2, which then isomerizes and dehydrates to gv&his
it is also an important sugar in nature, there exists even lesscompound can then dehydrate to furfural.
information concerning the structure and reactivity of xylose. ~ More recently, two mechanisms were propo’éeﬂrhich

In particular, the mechanisms of degradation of glucose and mvolved_ direct rearrangement of the cyclic structure after
xylose during the acid hydrolysis of plant matter remain unclear. Protonation and dehydration. These are shown in Schemes 2

and 3.
* National Renewable Energy Laboratory. ~In Scheme 2, the oxygen attached to carbon number 1,01,
* Rx-Innovation, Inc. is protonated8, and loses a water molecule to form an oxonium
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ion, 9. The O2 hydroxyl adds to C5 to form the dehydrofuranose, acidic environment. Calculations were conducted in which a
15, which then dehydrates twice to form furfur@l,in Scheme proton was attached in turn to each of the five oxygen atoms in
3, 7 is formed by protonation of at O2 (1), followed by loss a vacuum, and it was found that the reactivity and the products
of water from C2 (2), attack of O5 on the resulting carbo- were dependent on the site of protonation. Protonating the
cation (L0), and loss of two additional water molecules. These number two oxygen, O2, resulted in the formation of the
mechanisms resemble earlier mechanistic Wdsk Shafizadeh dehydrofuranosel0, as shown in Scheme 3, whereas protona-
et al. Formic acid has also been measuteals a product of tion on O3 resulted in the formation of a precursor to formic
xylose decomposition in hot dilute acid, but no mechanisms acid. Protonation of the other oxygen atoms resulted in no
have been proposed for its formation. Under more severe reaction during the 2 ps simulations. Though this study seemed
conditions, 250°C, other produc®® were measured. The to show that Scheme 3 was operative for furfural formation,
reactions leading to the formation of these products may be duetransition states or energy barriers were not obtained. In addition,
to mechanisms that are more complicated than unimolecularbecause these simulations are computationally demanding, only
decomposition. Kinetic studies of the conversion of xylose into the first steps in these reactions could be investigated w@ing
furfural have also been reported, and activation energies of 32initio molecular dynamics CarParrinello molecular dynamics
and 30.3 kcal mal* have been reported:?® (CPMD). The CatParinello method combines molecular

Despite the importance of xylose decomposition and its long dynamics and density functional theory and is used to optimize
industrial use, the mechanism of its decomposition is still not geometries, find saddle points, and perform relatively shbrt
fully understood. Previously, quantum mechanical molecular initio molecular dynamics simulatiod$To evaluate the mech-
dynamics simulatior?8 have been conducted on protonated anisms in Schemes—3, calculations should be performed on
xylose in order to simulate the reaction of this species in an all of the reaction steps.
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In this study, the reaction mechanisms for the acid-catalyzed
decomposition of xylose were investigated further using quan- 241
tum molecular modeling. The proposed mechanisms shown in d ;
Schemes 43 were evaluated by calculating reaction energy
barriers for the entire mechanism. In addition, the energy barriers
for the reactions that lead to the formation of formic acid were
calculated. The approach used here was to study the decompo
sition of xylose protonated at each of its hydroxyl groups. As
part of this investigation, we report NMR measurements 249 “ a4
of products from the decomposition of isotopically labeled
xylose. Finally, the effect of explicit water molecules upon

reaction barriers was investigated and compared to experimenta Rl aan-xyiose

results. Figure 1. Structures ofs-p-xylose (top left) andr-p-xylose (top right)
from B3LYP/6-311G(d,p). Calculated internal hydrogen bond lengths
are shown.

Computational Approach
TABLE 1: Calculated Bond Lengths? for Xylose

Quantum calculations were used to obtain energies for

reactants and transition states and products so that reaction p-o-xylose a-o-xylose
energies and barriers could be obtained. We usedtessi- DFT® crystaf DFT® crystaf
an032 suite of programs, running on a Linux cluster, that were ~ C1-C2 1.53 1.519(13) 1.54 1.531
designed to obtain minima in potential energy surfaces corre- C2-C3 1.52 1.537(13) 152 1.529
sponding to stable molecular species and saddle points that C3:C4 152 1.527(13) 152 1515
. T . . C4—C5 1.53 1.525(13) 1.53 1.503
correspond to transition states. Hybrldlzed density fun(_;tlonal C5-05 1.43 1.455(11) 1.43 1.449
theory, BSLYP, and complete basis $&CBS, extrapolation 05-C1 1.42 1.424(11) 1.40 1.428
were used. Energies were obtained with CBS-QB3, which €1-01 1.40 1.405(11) 1.41 1.393
optimizes the eogmetr at the B3LYP/6-311G(d Q) level and &2~ 92 142 1.419(11) 142 Lars
p g y +6(0,p) C3-03 1.42 1.424(11) 1.42 1.418
extrapolates the energy to the complete basis set limit for MP2. c4—04 1.42 1.431(11) 1.43 1.411

Others have compared results from these techniques to experi-
mental measurements for the G23&eand found that the
standard deviations are aboti8 kcal mol? for the B3LYP
techniqué® and=+1.5 kcal mot™ for the CBS techniqué® The
B3LYP technique can underestimate transition stété% by

aBond lengths in angstrom8B3LYP/6-311G(d,p)¢ ref 46.9ref

Table 1 compares the calculated values of bond lengths for
1 . . : the heavy atoms of these species to the experimental values
up to+5 keal mol'l, while thg CBS tec“f"q”e provides MOre  measured using X-ray crystallograpty® As can be seen, the
accurate result&:*! The starting geometries for stable species g eement between calculated and experimental values is within

were selected f_rom the Io_w-energy conformers f“’f.“ previous 0.03 A. Similar agreement was found for the bond angles. CBS
CPMD calculations and literature results. The optimized ge- - 1ations predict that, in a vacuum, thepyranose form of

ometries had no imaginary vibrational frequgnues. Result§ from 4o sugar is 1.5 kcal mot lower in energy than thé-pyranose
earlier CPMD calculations also helped guide the selection of ) “Ths js contrary to experimental measurements in solu-
reaction pathways to be studied. Transition states in thesey 49 \which have shown that thg-pyranose is favored
mechanisms had exactly one imaginary frequency and were . eyer, the CBS calculations are consistent with other gas-

confirmed by wvisual inspection and by intrinsic reaction phase calculations of glucd$eand with CPMD calculation®
coordinate (IRC) calculatiorf?:3Reaction energy barrierg,,

were determined as the difference in potential energy of the

transition state and the reactant including zero point energy, Results and Discussion

AtsEok- Addition of Protons to Oxygen Atoms. The degradation of
Xylose Struture. Calculations ob-xylose in this study were  xylose in acid was modeled by following the unimolecular
limited to the chair conformation designatéds*C;, in which reaction mechanisms after a proton was added to each of its

all of the hydroxyl groups are in the equatorial position. This hydroxyl groups. The relative barrier energies of the competing
structure has been experimentally observed in the crystalreaction channels were then compared. Figure 2 shows an
structures ofa- and f-p-xylose#>4® Quantum mechanical  overall scheme of the reactions that are presented here.
calculationé* predict that this structure is more stable than the Calculated activation energies are shown in this picture. Other
chair 1C, structure (where the hydroxyl groups are axial) by pathways were found to have barriers too high to be considered
about 8 kcal moi?! in glucose. In this study, we used a xylose important and are not discussed. Though it is likely that all
structure in which the OH groups all point in the same direction possible reactions have not been considered, the results of the
around the pyranose ring toward O5. According to the conven- calculations for these pathways are consistent with experimental
tion adopted by Cramer and ThruBrthis conformation is evidence and CPMD calculations. The results show that
namedgggg and for glucose and is also calculated to be the protonation at O1 readily leads to a stable oxonium ion and
lowest-energy conform&r#? for that molecule. Thegggg that the barrier for the reaction in Scheméz1= 32 kcal mof?,
structures forg- and a-b-xylose are shown in Figure 1 as is too high to make this reaction likely. Protonation at O2 can
determined using B3LYP/6-311G(d,p). The calculated hydrogen lead through a series of dehydration and unimolecular rear-
bond lengths are also shown. CBS-QB3 calculations predict thatrangement reactions to protonated furfural, which is consistent
the energy of this conformation is 2.6 kcal mblower than with Scheme 2. Protonation at O3 can lead to the formation of
the clockwise orientation fof-p-xylose and 1.8 kcal mot formic acid, which has been observed elsewhere and in this
lower for a-b-xylose. Similar differences were obtained for work. Protonation at O4 leads to water loss and a product that
glucosel? 4748 is readily converted back to xylose. Finally, protonation at O5
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Figure 2. Reaction scheme showing the reaction of xylose protonated at different oxygen atoms (shown in blue). The proton affinities, PA, and
the activation energieg,, are in kcal mot! and were determined using CBS-QB3. Note that the activation energy in square brackets for O2 can
be overcome by chemical activation energy (see Figure 5).

TABLE 2: Calculated® Proton Affinities (PA) of Xylose

protonation site PA (kcal mot)
o1 186.7
02 191.3
03 188.8 ,
04 187.2 1559 ;3
05 189.5 8 Bp-xyloseeH*(O1) “13TS
aCBS-QB3.
can lead to ring opening, rearrangement, dehydration, and »
furfural formation. However, the barriers for these reactions are
too high to be competitive with furfural formation from b

protonation at O2. As mentioned, details concerning the .
calculations for each step in these sequences will be presentec i ) )
below. 9 oxonium ion 4TS 15 dihydroxyfurfural *H*(O5)
Proton Affinities. The energy of proton addition is an  Figure 3. Structures of the species involved in the reaction of xylose
important first step in these mechanisms. Proton addition in the Protonated at O1. Structures were determined using B3LYP/6-311G-
gas phase is typically a barrierless process and can be character(-d’p)’ and selected bond lengths are shown.
ized by the proton affinity, PA, or the standard enthalpy of
abstraction of H from the protonated molecule. Table 2 presents
the PAs calculated using CBS-QB3, and the PAs are also shown
in Figure 2. By comparison, the proton affinity of,@ is

Reactions of Xylose Protonated at O1As shown in reaction
1, protonation of xylose at OB, allows a simple dehydration

calculated to be PA= 162.5 kcal matL, which compares well to form the stable oxonium io®, In this reaction, the transition
with the experimental valdef 165 kcal mof™. As can be seen state is shown schematically 43. Loss of water from a cation

from the table, O2 has the largest proton affinity, 191.3 kcal will necessarily involve the formation of a water/cation cluster,
mol-L, and this oxygen atom is the most likely site for proton Which has a lower energy than the energy of the product and a
addition. Protonation at the O1 is the least likely, since the PA Separated water molecule. Reaction 1 also shows a schematic
at this site is 186.7 kcal mot. This range of PAs is consistent ~ Picture of the water clusteNote that, in dehydration reactions
with the experimental and calculated PAs of secondary alcohols.in the remainder of this manuscript, the cluster will not be
For instance, the experimerf&PA of 2-propanol is 189.5 kcal ~ shown The energies of the water clusters were also calculated
mol~1, and the value calculat&dusing CBS-QB3 is 187.1 kcal  in this study, and the structures and energies are collected in
molL. the Supporting Information. No attempt is made to obtain the
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global energy minimum of the clusters. The energies of the A .acEox(react 3)= 20.9 kcal mot?, whereas formation of the
clusters are only included for qualitative comparison. The water cluster, which is not shown in reaction 3, has an energy
calculated energy for reaction 1 forming the separated productsof AgusEox(react 3)= 2.5 kcal mofl. Figure 4 shows the

is AreacEox(react 1)= 3.4 kcal mofl. The energy for the structure of the reactant, transition statel6, and product,
formation of the cluster from the product A&usEok (react 1) 10, along with selected bond lengths. As with protonation at
= —6.7 kcal moll. The energy of the transition stat&3, 01,11 has a long C202 bondycz-0x(11) = 1.54 A, indicating
relative to the reactant iAtsEok (react 1)= 4.4 kcal mot™. a weakening of this bond. IRC calculations, the geometry shown
The structures for these species, with the exception of the cluster,n Figure 4, and the imaginary frequency X8 confirmed that

are shown in Figure 3, which also shows selected bond lengths.the transition state link&1 to 10. The calculated energy of the
Addition of a proton to O1 leads to a weaker-©Q1 bond, as transition state isAtsEok(react 3)= 16.4 kcal mot?, which

is seen by the longer bond 8) rc1—01(8) = 1.55 A, compared indicates that this reaction should be significant at temperatures
to neat xyloserci—o01(1) = 1.40 A. As a result of the weakened between 150 and 201C.

bond, loss of water to form the oxonium ion is facile. This
conclusion is also demonstrated by CPMD calculati®nis,

which the loss of water occurs within 2 ps. T
t
OH ol OH: OH;V : ¥ A
OH H,0 *>|: O«—{: OH O+.H20:|—- OH /O +H,0 M OH;
OH OH OH OH
u 16 10
8 13 water cluster 9

In order for10to be converted to the experimentally observed

In Scheme 2, the oxonium ior), reacts to form the product (furfural), it must lose two water molecules. Simple
dehydrofuranose, which could then dehydrate to form furfural. 1,2-dehydrations, such as that shown in reaction 4, typically
A schematic picture of this reaction with the transition state, have high reaction barriers. For instance, these types of
14, is shown in reaction 2. The structures fb4 and 15 as dehydration reactions applied to simple alcohols have barri-
determined with B3LYP/6-311G(d,p) are shown in Figure 3. ers':51.52above 70 kcal mol'. Attempts to locate these types
The structure ofl4 along with the IRC calculation and the of barriers were unsuccessful, perhaps because reactions with
imaginary frequency show thd#4 connects9 to 15. CPMD lower energy barriers are available.
calculationg® showed no such reaction of the oxonium ion in 2

ps. Consistent with this, CBS-QB3 calculations predict a high H o H e}
barrier for this reaction. The energy of this reaction was H o) H \ 0 @
calculated to be\eacEox(react 2)= 18.4 kcal mot?, and the H Y =~ lubu CHOH
" H
transition-state energy was calculated toygFok(react 2)= ol g ! H
39.3 kcal mot?. This energy barrier is too high for this reaction
to be significant at moderate temperature2Q0 °C), and It is more likely that dehydration would occur after the

Scheme 2 is unlikely. The stability of the oxonium i@makes hydroxyl groups in10 are protonated. With simple alcohols,
other unimolecular decomposition reactions unlikely, as con- protonation of the hydroxyl groups significantly lowered the
firmed by CPMD® calculations. The energy barriers for barrieré! to 1,2-dehydration. The hydroxyl groups could receive
reactions 1 and 2 are shown in the schematic in Figure 2. a proton by direct transfer from O1 or by solvent-mediated
Though reaction 1 to form the oxonium ion should be facile, proton transfer. The ion formed by transferring a proton to O3
further reaction is unlikely, and recombination with water should is unstable, and the proton spontaneously transfers back to O1,
quickly reform xylose resulting in mutarotation. whereas transfer of a proton to O4 produces a stable molecule,
17. This product has a higher energy tHedhby 4.2 kcal mot?,
though a transition state for this proton transfer could not be
(@3] located.
Two low-energy dehydration mechanisms were identified for
the dihydroxyfurfural protonated at O3 or O4 (reaction3}:
(1) concerted loss of water and hydride transfer and (2) a
9 14 15 substitution reaction in which the neighboring hydroxyl group
attacks the carbon atom as the water molecule is leaving. The
Reaction of Xylose Protonated at O2.Calculations con- hydride transfer reactions are shown in reactions 5 and 7 for
ducted in this study confirmed that xylose protonated at O2 can protonation at O4 and O3. Note that, as mentioned above, when
decompose as shown in Scheme 3 to form the dehydrofuranosel0 is protonated at O3 an unstable species is formed. This
10. These calculations also showed that this product can furtherspecies is shown in parentheses in reactions 7 and 8 for
be decomposed to form furfural through a series of unimolecular discussion purposes only. The hydride transfer reactions result
decomposition reactions. This mechanism is shown in Figure in the formation of a protonated ketorfe9 and 23, as shown.
2. The barriers for each of these steps were found to be low Further dehydration would necessarily involve loss of this
compared to other reactions studied, so that this mechanismdoubly bound oxygen atom, which would be difficult. In
appears to be a likely explanation for the formation of furfural addition, the energies of the transition states for these reactions,
in acid solutions. Details of each step in this reaction mechanism 18 and22, were found to be approximately 3.5 and 5 kcal Mol
are provided below. higher than the transition states for the substitution reactions.
The first step in this mechanism is a single, concerted reaction Thus, the hydride transfer reactions are unlikely, and details of
involving loss of water and rearrangement as is shown in these reactions are not provided here. Structures and energies
reaction 3. The calculated energy of this reaction as written is of the transition states and products can be found in the

OH

OH
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11 f-p-xylose*H*(02)

29 hydroxyfuranose*H*(C4) 36 TS 35 furfuraleH*(C2)

Figure 4. Selected structures for the decomposition of xylose protonated at O2 determined using B3LYP/6-311G(d,p). The species from reactions
3, 8, 10, and 14 are shown. The €@5 bond distance is highlighted in bold for the hydride transfer reaction 10 to show that this length is
shortened in the transition state. This is duertoharacter of this bond in the transition stéte.

Supporting Information. The substitution reactions, 6 and 8, are the same side. The anti-periplanar reactions have barriers about
similar to those found for glycerol dehydratfSrand result in 5 kcal mol™ lower than the syn-periplanar reactions, which are
the formation of an epoxide. The transition state of reaction 6, not discussed here. For the epoxiiethere is only one possible
protonation at O4, had an energy AfsEok(react 6)= 12.3

kcal mol? relative to10, whereas the transition state for reaction ! wo H o] ®)
8 had a relative energy @ftsEok(react 8)= 10.7 kcal mot™. nr e
Thus, both of these reaction pathways are possible at moderate

temperatures. The energy for formation of water clusters, relative 19

to 10, from reactions 6 and 8 arksEok(react 6)= 12.1 kcal -

mol~! andAqusEok(react 8)= 9.5 kcal mot?, and the reaction " H
energies for these reactions akgacEox(react 6)= 21.1 kcal o 8

mol~t andAeacEok(react 8)= 20.7 kcal mot?. The geometries e ©

of 24 and25from reaction 8 are shown in Figure 4. The atomic
coordinates ofL7, 20, and21 from reaction 6 are contained in 10 17 20 21
the Supporting Information.

The epoxides formed from reactions 6 and 8 will need to u
undergo another dehydration to form furfural. This first requires }icj) —
the breaking of the epoxide ring by hydride transfer from "] on
adjacent carbon atoms, C2 or C5. The hydrogen anions can
transfer syn- or anti-periplanar to the OH leaving group.

Reactions 911 show the possible anti-periplanar hydride [

™

+

transfer reactions fa21 and25. Note that in the anti-periplanar H o ||, oi? | 1 T ®
transition states26, 28, and30, the hydride is moving on the w H + Lo "%ﬁcm EN 'O
opposite side of the plane of the ring as the OH group. For the on o "

syn-periplanar transition states, the hydride ion would be on 10 24 25

+
3| ICHOH



11830 J. Phys. Chem. A, Vol. 110, No. 42, 2006 Nimlos et al.

hydride transfer, reaction 9, whereas 5, there are two ‘o o my
possibilities, reactions 10 and 11. An interesting characteristic »—<% "Qm

of these hydride transfer reactions is that thebond involved Il gro I H *n

in the hydride transfer is shorter in the transition state than in 27 34 35

the reactant or the product. This is due to theharacter that
must develop in this bond in order for the hydride transfer to
occur®® For instance, in reaction 10, the €€5 bond length

in the reactant iscs—c5(25) = 1.50 A, in the transition state, it

is rea—cs(28) = 1.42 A, and in the product, it iscs—cs(29) =
1.47 A. Reactions 911 are exothermic with energies of
AreacEok(react 9)= —28.3 kcal mot?, AjeacEox(react 10)=
—29.3 kcal mot?, andAreacEok(react 11)= —29.9 kcal mot?;

and they have low barrierdyrsEox(react 9)= 8.6 kcal mot™,
AtsEok(react 10)= 10.5 kcal mof?, and ArsEox(react 11)=

9.5 kcal mot?. Since these barriers have similar values, each
of these reactions is equally likely. The transition s@&eand

the product of reaction 1@9, are shown in Figure 4. The atomic 31 37 38
coordinates for the transition states and products are collected

in the Supporting Information.

+
+

o.
H oo (16)

H H

reaction 3, to form the dihydoxy furanyl compound, followed
by dehydration/substitution, reactions 6 and 8, to form an
epoxide, a hydride transfer, reactions®L, and 1,2-dehydration,
reactions 13-15. Each of these reaction steps has barriers lower
than 16.4 kcal mott, the energy barrier for the first reaction.
Thus, this reaction should be the rate-limiting step, which could
explain why none of these intermediates have been measured.
H H - " * " N Figure 5 plots the potential energy of the unimolecular
s T I Icho (1) decomposition of xylosél™(02) to form furfural. For simplic-
\CHO }@ ity, this plot only includes reactions 3, 8, 10, and 14, though

o ot oH H the energies for other likely pathways discussed above are
25 30 31 similar. Note that the transition from the water clusterl®f
shown as “L0-H,0]", to 10 + H,0 is indicated with a dotted
Further decomposition 027, 29, or 31 to form furfural line. In water solutions, this energy will not be required, since

requires a 1,2-dehydration, which typically has a high activation the molecule will be “clustered” by solvent water molecules.
energy as mentioned above. However, since the product,Likewise, the transition from clustere2b to unclustere®5 is

furfural, is very stable, the calculated barriers are lower than shown with a dotted line. As a result, the high overall barrier
the barriers for typical 1,2-dehydration reactions. Reactiors 12 for xylose conversion to furfural in the gas phase, 52.2 kcal

16 show the possible 1,2-dehydration pathway2f)r29, and mol~1, should be significantly lower in water. For instance, if
31 Reactions 12 and 16 are unlikely, since they have high we subtract the water cluster energies 16y 18.4 kcal mot?,
energy barriershrsEok(react 12)= 50.8 kcal mot* and ArsEok- and25, 11.3 kcal mot?, from this total, the overall barrier is
(react 16)= 57.9 kcal mofl. Reactions 1315 have similar ~ 23.5 kcal mot™.

barriers ofArsEok(react 13)= 34.3 kcal mof?, ArsEox(react Reactions of Xylose Protonated at O3Earlier CPMD
14) = 33.6 kcal mot?, andArsEok(react 15)= 33.3 kcal mot™. calculationd indicate that addition of a proton to O&], leads

While these barriers are also high, they are less than the sumo ring opening and formation of the acyclic trihydroxy ether,
of the energy of the barriers and exothermicity of reactions 43, shown in reaction 17. This could be a precursor to the
9—11. Because of this chemical activation energy, reactiors 13  formation of formic acid. Calculations with CBS-QB3 predict
15 should be facile. The transition sta8§, and product35, a reaction energy ol eacEox(react 17)= 3.5 kcal mot? for
of reaction 14 are shown in Figure 4. Atomic coordinates for this reaction and a cluster formation energy/qf,sEox(react
the species in reactions 12, 13, 15, and 16 are collected in the17) = —5.9 kcal motL. The transition state of this reaction has
Supporting Information. a relative energy of\tsEok(react 17)= 13.6 kcal motL. The
subsequent unimolecular decomposition to form formic acid
(12) accompanied by a 1,2-OH shift to form 4-hydroxybut-2-enal,
45, is shown in reaction 18. The calculated energy of this
reaction is AreacEok(react 18)= 1.4 kcal mot?, and the
27 2 3 transition-state energy itsEox(react 18)= 17.3 kcal mot?.
The structures for the species in reactions 17 and 18 are shown
The results of these calculations show that the formation of in Figure 6. Once again, protonation leads to an apparent
furfural from xylose protonated at O2 is feasible. The mecha- weakening of the C303 bond as indicated by its long length,
nism consists of a concerted dehydration and rearrangementycs-o03(41) = 1.54 A. The geometry of the transition stade,
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Figure 5. A plot showing the potential energies for the unimolecular conversion of xylose protonated at,Qa, protontated furfural35.

Energies were determined with CBS-QB3. Energies of reactants are indicated with black lines, water clusters with blue lines, and transition states
with red lines. The energies for reactions 3, 8, 10, and 14 are shown, though other pathways have similar energies (see text). Notice that the high
barrier for reaction 1429 converted td35, can be overcome by the chemical activation energy available from crossing the barrier of reaction 10,
transition state28. The dotted lines indicate the dissociation of water clusters formed by dehydration reactions. In solution, this energy would not
be required.

135 1.26 calculations present a plausible explanation for the experimental
Y observation of formic acid from degradation of xylose in acid.
3 ¥
e 3.48 OH,
L ' O tn S +__,  OH o +H,0
229 :‘ o 5 9e, v N $/ an
, 1.34 on oH H  OH

42 TS 43 trihydroxyethersH* a 2 4

OH 3 0 (18)
\ /
OH OH OH
I',29 1;37 Q m as
1.39 ) 48 .
9 Reactions of Xylose Protonated at O4Loss of water from
xylose protonated at O4 results in ring opening to form an
4TS 45 4-hydroxybutenab epoxide as shown in reaction 19. This reaction is endothermic

with a reaction energy ofeacEox(react 19)= 19.5 kcal mot*

and a cluster formation energy AfusEok(react 19— 7.8 kcal
mol~1. As a result, even though the transition-state energy is
low, AtsEok(react 19)= 11.8 kcal mot?, this reaction is
IRC calculations, and the imaginary vibrational frequency show unlikely because the energy of the reaction is unfavorable. In
that it connectstl and 43. Likewise, the transition state for  addition, no low-energy reaction for the epoxide could be found.
reaction 18 shown in Figure 6 connedd8 and 45. The This conclusion was also drawn from CPMD calculatiéhshe
activation energies for reactions 17 and 18 are also summarizedstructures for reaction 19 are gathered in Figure 7, and the
in Figure 2, showing that this mechanism is facile. These activation energy for this reaction is collected in Figure 2.

Figure 6. B3LYP/6-311G(d,p) structures for the reaction of xylose
protonated at O3. Selected bond lengths are shown in A
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Figure 7. Calculated B3LYP/6-311G(d,p) structures for the reaction of xylose protonated at O4. Selected bond lengths are shown in A.
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Proton Addition to O5 and Ring Opening. The first step
of the mechanism for xylose destruction shown in Scheme 1
involves the opening of the pyranose ring of the sugar to form

the aldose. For the unprotonated xylose, this ring opening must ~ 49 TS b-b-xylose TS a-p-xylose
go through the four-centered transitiotd, shown in reaction Figure 8. Structures of ring-opening transition states for neygrat
20 for p-p-xylose. xylose andx-p-xylose determined using B3LYP/6-311G(d,p). Selected

bond lengths are shown in A

HO O1—H1 bond length have increased ttg;-0s(49) = 1.72 A
o (20) androi-11(49) = 1.30 A, whereas the G101 bond length has
shortened torci-01(49) = 1.30 A, and a bond has started
Ho forming between 05 and Htos-11(49) = 1.19 A.
Addition of a proton to the ring oxygen atom (O5) in xylose
1 49 2 significantly lowers the energy barrier for ring opening. The

. . . . . barrier for f-p-xylose protonated at O5 is 9.8 kcal mal
Reactions with four-centered transition states typically have high Because there is already a proton on O5, there is no need for a

energy barriers, but experimental measurements of mutarotanonh ydrogen-atom transfer in this reaction, and the transition state
seem to indicate that these barriers are low. Mutarotation, aSS|mpIy has a lengthened €D5 bond. Reaction 22 shows the

shown in reaction 21, involves ring opening b-xylose to
the aldose, inversion of the carbonyl group, and ring closing to Lewis structures O.f protonated xylos#, the t_ransmon state,
f 52, and the resulting protonated aldo&3, Figure 9 shows
orm a-D-xylose. . .
molecular geometries for these species and some of the
important bond lengths in the structures. As is shown in Figure

9, adding a proton to the O5 predisposes xylose toward ring
@ o @b opening. The C+05 bond has lengthened frorai—os(1) =
1.42 A for neat xylose t@c1-o0s(51) = 1.70 A for protonated

xylose, and the CxO1 bond has shrunk fromgi-o1(1) = 1.40

A to rci-01(51) = 1.32 A. This suggests that opening the
protonated xylose to the aldose structure should be facile. The
product from reaction 22 is formally an aldose with a proton
on O1, but this proton actually forms a hydrogen bond bridge
to O5 as is shown in Figure 9. The protonated aldose product,
53, is only slightly lower in energy than the protonated xylose,

OH O

1 -D-xylose 2 aldose S50 o-D-xylose

The barriers for mutarotation of sugars have been measured
and are roughly 15 kcal mol, so that significant mutarotation
occurs at ambient temperature.

Calculations predicted a high reaction barrier for ring opening
of neutral 8-p-xylose. The barrier for ring opening of the . . . -
B-pyranose form of xylose iB, = 43.5 kcal mot™. The barrier 51 with the enf rgy of reaction 22 beineacFox(react 22)=
for the a-pyranose was calculated to Bg = 46.1 kcal mof™. —1.0 keal mof™.
As discussed above, both are four-centered transition states in
which the hydrogen atom on O1 is transferred to O5, while
simultaneously breaking the €05 bond and forming a C1 ) g
O1 double bond. The calculated structures of the transition states +
for ring opening off- and a-p-xylose are shown in Figure 8, H
where the bond lengths for these four-centered transition states 51 52 53
are as shown. As can be seen in Figure 8, the structures of the
transition states for the two isomers are very similar. In the  The reaction of the neutral aldose form of xylog,as
transition state fof-p-xylose, the C+0O5 bond length and the  proposed in Scheme 1 involves hydrogen atom transfer,

OH
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Figure 9. Structure ofs-p-xylose protonated at O5 (left). Geometries were optimized at B3LYP/6-311G(d,p). Bond lengths are given in A.
SCHEME 4

CHO CHO CHO
+
Helon ——OH | (E
H
N B ~H0 -H0 © CHO
HQ— H B (H H Y
H
H——OH H———OH H * H
55 57 59 61

dehydration, and ring closure to give the furfural. The reactions 53, such as shown in reaction 23. The energy for this reaction
in this scheme for neutral xylose have high reaction barriers is nearly thermoneutral. CBS-QB3 calculations indicate that this
and are unlikely. For instance, the first step in this mechanism reaction has an energy tfeacEox(react 23)= 3.2 kcal mot?,

is a tautomerization, the transfer of the C2 hydrogen to the and the energy barrier is lowArsEok(react 23)= 2.2 kcal
carbonyl group in the aldosg, to form the enol3. The barrier mol~1. Note that, when zero-point energy is included, the
for this reaction for vinyl alcoh&? is about 55 kcal mott, transition state54, is 1.0 kcal mot? lower in energy than the
making this reaction unlikely at moderate temperatures. For product,55, but for potential energy only the transition state is
instance, if one assumes a reasonable pre-exponential factorD.5 kcal mot higher. The structures f&4 and55are collected
1013571, the lifetimes for these reactions would be greater than in Figure 9.

107" s at 200°C. Thus, the mechanism involving the reaction

of neutral species as pictured in Scheme 1 is unlikely. OH ¥ o,

Ho, OH HO".,,,,” K ?Hk 23)
However, the calculations indicated that this mechanism KCH on (ﬂ cron Kﬂ CH,OH
would be more likely if a proton were added. The aldose ] - J - ’ +

protonated at O35, could react by elimination of three water “on OH ’~-~-Hi""°H ° o
molecules to give the protonated furfurél, shown in Scheme
4. This mechanism is similar to the double dehydration s3 54 55

calculated for glycerot® Protonation at O3 could occur as a
result of proton transfer from the bulk solution or from a direct ~ The first step in Scheme 4 is a water loss accompanied by a
proton transfer from O5 in the aldose formed from ring opening, hydride transfer as shown in reaction 24. The energy for the
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Figure 10. Potential energy plot for conversion of xylose protonated at O5 to protonated furfural. The energies were determined with CBS-QB3.
Energies of reactants are shown with black lines, clusters with blue lines, and transition states with red lines. This plot contains regfiions 22
The dotted lines indicate the dissociation of water clusters formed by dehydration reactions. In solution, this energy would not be required.

formation of57in reaction 24 isAeacEok(react 24)= 5.8 kcal 25) = 29.5 kcal mot?. Calculated structures f&8 and59 are

mol~1, whereas the formation of the clusterAs; sEox(react shown in Figure 9.
24)= — 4.2 kcal motL. The calculated energy of the transition _ —
state relative to the reactarli5, is ArsEok(react 24)= 27.1 CHO CHO (HO
kcal mol?, and the calculated structures 66 and 57 are . - L o
. . e . . — F——OH
collected in Figure 9. The transition state for this dehydration
is anti-periplanar with the leaving® and the migrating hydride  w——n _ _ |g—1.._ b — T +H0 (25)
on opposite sides of the molecule. As mentioned above, anti-
periplanar transition states were lower in energy than the syn-H————0H H OH H—
periplanar transition states, where the leaving group is on the i | CH.OH
same side of the molecule as the hydride. CH.0H L CHOH ’
CHO B co  1F CHO 57 58 59
+
H——0H — OH 24) The third step in Scheme 4 involves ring closure and
+ dehydration as is shown in reaction 26. CBS-QB3 calculations
H,0 ——H . H— H ,uo . . L .
? predict that this reaction is nearly thermoneutral with an energy
H—]—o0H a1 on H——oOH of AreacEok(react 26)= 0.3 kcal mot?, while the formation of
the product cluster has an energy/fsEox(react 26)= 11.8
CH,O0H L CH,0H _| CH,OH kcal mol™. The transition state has a relative energ\e$Eok-
(react 26)= 19.2 kcal mot?. The calculated structures f60
33 36 31 and61 are shown in Figure 9.

The second dehydration occurs by a concerted loss of the
OH group on C4 and a hydrogen atom on C3 as is shown in on
reaction 25. As mentioned above, 1,2-dehydration typically has
a large energy barrier associated with a four-centered transition”
state?! However, because the double bond formeg i® the H
carbonyl group, the energy barrier is substantially lower. This Siom
was found to be the case for glycerol and for reactions 113
above. The calculated energy for reaction 23 jscEox(react 59 60 61
25) = 7.3 kcal mof?, whereas the energy for the cluster - -
formation is AqusEox(react 25)= — 2.4 kcal motl. The A potential energy plot for the formation of furfural from
calculated relative energy for the transition statAisEqx(react xylose protonated at O5 is shown in Figure 10. Once again,




Energetics of Xylose Decomposition J. Phys. Chem. A, Vol. 110, No. 42, 20061835

transitions from clustered molecules to unclustered molecules
are shown with dotted lines. As can be seen, the barrier for the
ring-opening step, reaction 22, is low, 9.8 kcal mpland the
aldose is likely readily formed. However, the barriers for

dehydration steps are high, 27.1, 29.5, and 19.2 kcalmol
These barriers are especially high when compared to the barriers
for furfural formation from xylose protonated at O2, Figure 5,
where the barriers are less than 16.4 kcal tholhis suggests Toas
that the mechanism for furfural formation for protonation at
02 is preferred and supports Scheme 3 over Scheme 1.

NMR Analysis. During the degradation of xylose, two
pathways, resulting from the protonation of the O2 and O3
hydroxyls, are predicted to be the most productive on the basis C1
of the models described above. The mechanisms above indicate alpha
that these two degradation pathways will produce furfural,
formic acid, and a four-carbon product as shown in reaction
18. Following the pathways shown in these mechanisms, the
13C label at C1 should be manifested in two new peaks. One (d)
new peak should occur at183 ppm, assigned to the carbonyl
carbon of furfural due to the protonation of the O2 hydroxyl,
whereas the second peak should occur&68 ppm, assigned
to formic acid due to the protonation of the O3 hydroxyl.

The 13C NMR spectra obtained after reacting xylose (0.067
molar) with 0.2 N BSO, at 160°C for various times are shown
in Figure 11. There is a gradual increase in the intensity of the
peak at 183 ppm indicating that furfural is the major product
of the xylose degradation and that the reaction pathway shown
in Scheme 3 is plausible. At longer timésC-labeled formic
acid begins to appear. The appearancé36tlabeled formic (@)
may be due to the degradation of xylose after the protonation
of O3 as shown in reactions 8 and 9 or possibly the decomposi-
tion of furfural.

Figure 12 shows th&*C NMR spectra of xylose labeled at
the C1 and C2 positions reacted with 0.2 NS, at 170°C
for 30 and 45 min. Again, the spectra of the xylose labeled
with 13C at the C1 position have the expected peaks according
to Figure 3 for the carbonyls of furfural and formic acid.
Labeling at the C2 position only produces a peak that is assigned
to the substituted carbon of furfural and not the expected four-
carbon molecule if the O3 hydroxyl was protonated as shown (b)
in reactions 17 and 18. There is no evidence of the four-carbon
product, indicating that this product may be very reactive and
further reacts to form the brown polymer that was observed in
the reaction mixtures. The second possible explanation is that
the formic acid was formed from the decomposition of furfural.

Solvation. As discussed in the Introduction, the experimental
activation energy for the conversion of xylose to furfégta?
in a mildly acidic solution is about 30 kcal mdl As we have
shown, in the gas phase, the rate-limiting reaction step in
Scheme 3 is the initial dehydration/rearrangement, reaction 3,
while the rate-limiting step in Scheme 1 is one of the two (a)
dehydration steps, reactions 24 and 25. The barrier for reaction
3 is 16.4 kcal mot?, while the barriers for reactions 24 and 25 ~~—~—r————r————1—+—r————1———T T
are 27.1 and 29.5 kcal md, respectively. Clearly, the barrier 20 11 5e N:\j& . fmcul abeled 5|D ed D‘th 02N
for the rate-imiting step of Scheme 3 1s much lower than the FAUTe 1, 1 MR shecta o CLabelod ojoserested i 02
experimental, solution-phase barrier. This is likely due to explicit i
interactions of the solvent water molecules with protonated
xylose. CPMD simulatior?8 of protonated xylose in the s significantly larger than the experimental proton affihiof
presence of explicit water molecules show that the proton on a water molecule, PA(D) = 165 kcal mof!. However, the
the hydroxyl groups of xylose is transferred from the xylose to proton affinity values of water clusters increase dramatically
the water molecules within 100 ps. This observation is consistentwith an increase in the size of the water cluster. This is shown
with bulk water having a proton affinity larger than that of in Table 3, where the calculated proton affinity of water clusters
xylose. As can be seen in Table 2, the calculated proton affinities increases to 220 kcal mdifor a four-water cluster. (Structures
for the oxygen atoms on xylose are 1882 kcal mot?, which of these clusters are contained in the Supporting Information.)
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Figure 12. 13C NMR spectra of xylose reacted with 0.2 N$O, at 170°C for (a) C1 labeled for 30 min, (b) C1 labeled for 45 min, (c) C2 labeled

for 30 min, and (d) C2 labeled for 45 min. The * indicates background signals not associated with the labeled xylose materials. The sharp peak at

0 ppm is an added NMR reference material.

TABLE 3: Proton Affinities 2 of Water Clusters the size of the molecules, these calculations were carried out at
species PA the B3LYP/6-311G(d,p) level. Figure 13 shows the geometries
H,0 1625 of B-p-xyloseH™(02) and that of this molecule clustered to
2H,0 192.2 one, two, and three water molecules. No attempts were made
3H;0 206.6 to identify the cluster structures with the lowest global energy
4H,0 220.2 minima. These structures were chosen for illustrative purposes.
2 CBS-QB3. Several of the @H bond lengths in these clusters are shown

As one moves toward bulk water, energetics would clearly favor in this figure. As can be seen, when the water clusters contained
the proton being associated with water two or more water molecules, the proton prefers to reside on

To reconcile the differences in gas-phase activation energiesth® water cluster. Note that the bond length between O2 and
and experimental activation energies, calculations were con- the proton in the absence of a water cluster is 0.99 A. With a
ducted on the reaction of protonated xylose in the presence ofSingle water molecule, this bond lengthens to 1.16 A, and with
water molecule clusters. Because energy is required to transfefWo water molecules, the bond length is 1.46 A. Furthermore,
a proton from water clusters to xylose, one would expect that the bond length between the water and the proton decreases
the addition of water clusters would increase that activation from 1.25 A for a single water cluster and to 1.05 A for a two-
energy of xylose decomposition. To investigate this, energy water cluster. For clusters containing two or more water
barriers for the rate-limiting reactions of Scheme 3, reaction 3, molecules, attempts to find a stable geometry with the proton
and Scheme 1, reaction 24, were determined in the presence obn O2 were unsuccessful. This again confirms that in solution
water clusters. Initially, geometries were obtained for xylose it is more energetically favorable for the proton to be attached
protonated at O2 in the presence of water clusters. Because oto water molecules.
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Figure 13. Structures for water clusters of xylose protonated at O2
modeled using B3LYP/6-311G(d,p).

TABLE 4: Activation 2 Energies for Reaction 3 with the
Inclusion of Solvent (water)

Ea (kcal mol™)

gas phase 14.9
xyloseHf+(H20) 32.7
xylose (H,0-H;0™) 41.3
xylose (2H,0-Hz0™) 29.9
xylose (3H,0-H;0") 31.3
xylose (4H,0-Hs0™) 36.4

experimental Arrhenius 32,30.3
activation energiégor
furfural formation

aB3LYP/6-311G(d,p))° refs 8 and 9, respectively.
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calculations appear to show that, in the limit of an infinitely
large water cluster, the energy barrier will approach the
experimental barrier measured in water. These calculations only
provide a possible explanation for the apparent large activation
energy of xylose degradation but do not speak to the interesting
and complex chemistry that can occur at higher pressures in
supercritical watep?-58

Conclusions

On the basis of calculations of the energy barriers for the
dehydration of xylose, we conclude that, of the three mecha-
nisms proposed for the formation of furfuraldehyde, Scheme 3
is the most likely. As can be seen in Figure 5, the barriers for
the reaction of xylose protonated at O2, Scheme 3, are all below
17 kcal motl. We also note that the high apparent barrier for
the second to last reaction is actually lowered due to chemical
activation provided by the preceding reaction. The barrier for
furanose formation from protonation of xylose at O1 (Scheme
2) is 32.0 kcal mot™. This mechanism will not be competitive
with the mechanism in Scheme 3. The mechanism for Scheme
1 as shown in Figure 10 for the reaction of xylose protonated
at O5 has high barriers for dehydration (27.1 and 29.5 kcal
mol™1), and thus this mechanism is also unlikely to be
competitive.
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