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Dehydration of neutral and protonated glycerol was investigated using quantum mechanical calculations (CBS-
QB3). Calculations on neutral glycerol show that there is a high barrier for simple 1,2-dehydEtien,

70.9 kcal mot?, which is lowered to 65.2 kcal mol for pericyclic 1,3-dehydration. In contrast, the barriers

for dehydration of protonated glycerol are much lower. Dehydration mechanisms involving hydride transfer,
pinacol rearrangement, or substitution reactions have barriers between 20 and 25 kéal.osd of water

from glycerol via substitution results in either oxirane or oxetane intermediates, which can interconvert over

a low barrier. Subsequent decomposition of these intermediates proceeds via either a second dehydration step
or loss of formaldehyde. The computed mechanisms for decomposition of protonated glycerol are supported
by the gas-phase fragmentation of protonated glycerol observed using a fuildrupole mass spectrometer.

Introduction tions, there is the possibility that protonation could lead to

Ao . .
Carbohyhdrates are major constituents of plant cell walls, and enhanced degradatiof " thus, the unimolecular decompositon

an understanding of their chemistry plays an important role in of protonated glycerol should also be considered.

botany and energy sciences. Of increased recent interest is th('eS ttrfjri];grgTﬁéeé)gggrireoiirt?of\cl)\; d?tggfs g'rnertc';t:o%;;zzd}aggg‘f
use of sugars from plant matter as a renewable source of energy P gy P ed gly ’
However, there have been a number of experimental and

fuels, and chemicals.® In many scenarios, extracting the sugars theoretical studies of the unimolecular decomposition of pro-
from plant cell walls without further degradation is crucial to tonated diols. These studies show that reactioﬁs leadin t% the
the viability of the technology. Additionally, the use of sugars loss of one-and wo water molecules are im ortantg The
as a feedstock for the formation of chemicals and fuels is being . ; . p "
explored. In both cases, understanding the mechanisms and'nechamsms proposed f_or Fhese reactions '”C'Pde the pinacol
rearrangemefit and substitution processes involving the forma-

kinetics of.sggar chemlstry 'S essentlgl: tion of cyclized product3%17It is not immediately obvious how
Mechanistic studies of sugars are difficult, however, because - . - .
the additional hydroxyl group in glycerol will influence this

of the complexity arising from numerous adjacent (vicinal) -
. ) chemistry.

hydroxyl groups. As is often the case in other systems, Some ™| L. "l o ih e i ol e decomposition of neat alveerol
of the important chemistry of sugars can be explored by studying and glycerol iyn,the resence of a rotonpwere investi atge)é usin
smaller, structurally similar molecuiles. Glycerol (1,2,3-propane- molegcﬁlar modelinp Given the m%derate size of thegmolecularg
triol) provides such a model because of its three adjacentS stem (6 hea atghs) the hiahlv accurate quantum mechanical
hydroxyl groups and because it is a small enough molecule thatCyBS_Q83 Coéy utational tech?ﬂ 3Lljes were l?t”iZGd In addition
it can be modeled with high accuracy using available compu- P chnique . s

. to the calculations, the collisional induced dissociation (CID)
tational methods. .

mass spectra of protonated glycerol and selected isotopologues

Pyroly_5|s of gI)E/)ce_roI has _been studied in stédmand were measured using a triptguadrupole mass spectrometer.
supercritical watéf® with acrolein (2-propenal), formaldehyde These experimental data are discussed in context of the

(methanal), and acetaldehyde (ethanal) observed as the major .
alculations.

products at lower temperatures. These products appear to result
from dehydration and fragmentation of glycerol. At higher

L Methods
temperatures, other products such as carbon dioxide, molecular
hydrogen, ethylene, and methane are observed, indicative of Computational. Calculations were conducted using the
more complex chemistry. Mechanisms were proposed for the Gaussian 98 and Gaussian 03 suites of programs, running
formation of these products, and complex chemical kinetic on an IBM RS/6000, an SGI cluster, a SUN Ultra 80, and a
models were developed and tested. Unfortunately, the mecha-Macintosh G5. Structures of reactants, products, and the
nisms, reaction rates, and energetics of many of the reactionstransition states (TSs) that connect them were obtained and
of glycerol are unknown. For carbohydrates in aqueous solu- energies and vibrational frequencies were then determined at
these optimized geometries. Activation energies for reactions,
*To whom correspondence should be addressed. E-mail: E, were estimated as the relative energies, including zero-point

mirkN%q%g"Aglsg:rzgt\?:&é R energies, between the transition state and the readtagfox.
* University of Wo”ongong_gy v Reactants and products had no _imag_inary frequencies, wh(_ereas
8 Rx-Innovation, Inc. transition states had exactly one imaginary frequency. Transition
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states were confirmed by visual inspection of the imaginary
frequency using Gaussview and by separate IRC calculations.
Stable structures and transition states were often initially located
using HF/3-21G(d) and then reoptimized using B3LYP/6-311G-
(d,p). This level of theory has a quoted accuracyt@£0 kcal
mol~* for the G2 set of molecule®;however, B3LYP is known

to often under-predict activation energ&s* by up to 5 kcal
mol~1. To obtain more accurate energies, we used a complete
basis set extrapolation technique (CBS-QB3) developed by SO -
Peterson et & This technique uses geometries optimized at " 189 M .0.95
the B3LYP/6-311G(d,p) level and extrapolates to the complete oy ® 1 9
basis set limit at the QCISD leverThis technique has a quoted 9 ‘b 234
accuracy of 1.2 kcal mot for the G2 molecule set and has 4TS React (2) .
been shown to produce more accurate activation energies thar
B3LYP.21.22,26

1 glycerol gG'g.&'Gg (17) 2 TS React (1) 3 1.3-dihydroxypropene

128 ] 9

1 142

5 2 3-dihydroxypropene

1.52 ‘.

128
Mass Spectrometry. Glycerol, 13C-2-glycerol, 13C,-1,3-
glycerol, and glycidol were obtained from Sigma-Aldrich (Castle
Hill, Australia) and used without purification. Standard solutions 1.36 ‘,‘, Q

1.82

2
of 10 uM were prepared in aqueous acetonitrile (approximately 9

1:1 by volume) with the pH adjusted to 3 using aqueous formic &7 " SR Wt
acid. Mass spectra were obtained using a QuattroMicro triple 4

quadrupole mass spectrometer (Waters, Manchester, UK) fitted 2183 @ 141

with a Z-spray electrospray ionization source. Protonated analyte C0=130 %‘

ions were obtained by infusion of the standard solutionu(L0 208 & a2

min) into the electrospray source in positive-ion mode. Typical 1.05?

settings were cone voltage 20 V, capillary voltage= 3 kV,
and source temperature80 °C. Care was taken with the cone _
voltage settings to minimize the fragmentation of the protonated Figuré 1. Selected bond lengths in A for reactants, products, and
Lo . transition states for dehydration of neutral glycerol as determined with
alcohols upon extraction into the low-pressure region. ESI-MS B3LYP/6-311G(d,p).
spectra were obtained by scanning Q1 while operating Q3 in
R-only mode. Resolution for ESI-MS and ESI-MS/MS experi- 1 2.pehydration in Neutral Glycerol. The mechanisms for
ments was typically 0.7 Th across the entire mass range. ESI-1 2_dehydration of glycerol are shown in reactions 1 and 2,
MS/MS spectra were obtained by mass-selecting the parent ionyhere either the central hydroxyl group or a terminal hydroxy!
using Q1 and scanning for product ions using Q3. Argon was group is lost. As is shown, the transition states for these
used as the collision gas at a pressure of 403 Torr. ESI- reactions? and4, have four atom centers, and the products are
MS/MS spectral data presented in this paper result from the 1,3-dihydroxypropene3, and 2,3-dihydroxypropend, These
average of at least 50 scans. The data were baseline subtractegbactions are endothermic with energies/pf.cEox[reaction
(40% background subtract with a first-order polynomial) and 1] = 8.5 kcal mot? andAreacEok[reaction 2]= 6.9 kcal mot™.
smoothed (two mean smoothings with a peak width of 0.7 Th) The lowest-energy conformers of the products have intramo-
using the MassLynx software (Waters, Manchester UK). lecular hydrogen bonding, and the structures are shown in Figure
1. The transition states for these two reactions are also shown
in Figure 1, and the distances between the four atoms involved
in dehydration are indicated. Consistent with the convention of
dehydration of alcohols, thé H atom is H1 for TS2 and H2
Glycerol Structure. In a computational study of dehydration  for TS 4, whereas the: andj C atoms are C2 and C1 for TS
reactions of glycerol, it is important to establish a starting 2 and C1 and C2 for T8. For2 and4, the G—Hj bond lengths
structure for glycerol. There are 126 possible conformers of gre 1.48 and 1.42 A, the-€H;; bond lengths are 1.21 and 1.28
glycerol, all of which have been characterized in a recent study A the G—C, bond lengths are 1.44 and 1.42 A, and the-O
by Hadad and co-workers using a variety of theofieShese  pond lengths are 1.83 and 1.89 A. These values are similar to
authors found that in the lowest energy conformer at the CCSD- those calculateid for the transition states of 1,2-dehydration of
(T)/6-31+G(d,p)//HF/6-31G(d) and CBS-QB3 levels, the hy- simple alcohols; 1.321.45 A for G—Hpg, 1.26-1.35 A for
droxyl groups form a cyclic structure with three internal O—Hpg, 1.42-1.44 A for G—C,, and 1.86-2.08 A for G,—O.
hydrogen bonds. Using the convention of that study, this The relative energies of the transition stat&ssEqx[reaction
conformer is termed g@,dGg (yy), and we have used this as 1] = 70.9 kcal mot! andAtsEok[reaction 2]= 73.2 kcal mot?
the lowest energy conformer and starting point for the present are also comparable to the results obtained for simple alcohols.
work. All energies for the reactions of neutral glycerol are given Calculated barriers for the dehydration of a number of alcohols
relative to this conformer. Figure 1 shows the structure of the is reporteé? to be 66-70 kcal mot! and experimental values
gGg,dGg (yy) conformer at the B3LYP/6-311G(d,p) level with  are 66.2 kcal mott for tert-butyl alcohot® and 64.7 kcal mott
the internal hydrogen bond lengths indicated. From this starting for 2,3-dimethylbutan-2-d1? Such high energy barriers indicate
geometry, two dehydration mechanisms have been consideredhat these reactions are only likely at high temperatures and
here: 1,2-dehydration and 1,3-dehydration. under pyrolysis conditions.

12 TS React (6)

Results and Discussion
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Further dehydration of 1,3-dihydroxyproperg,can occur
by transfer of a proton from the vinyl hydroxyl group to the
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Potential energy plots for reactions—% are collected in
Figure 2. From these results, one can see that the 1,2-dehydration
resulting in the loss of the hydroxyl group from the central or
terminal carbon have nearly equal energy barriers, with the
former slightly favored by 2.3 kcal mol. In either case, a
second dehydration should be facile because the barriers for
these reactions are lower than the barriers for the first dehydra-
tion. For example, temperatures sufficient to surmount the first
dehydration barriers of over 70 kcal mélshould be sufficient
to overcome the barriers 60 kcal mébr lower for the second

methyl hydroxy group, as is shown in reaction 3. Because this dehydration. The second dehydration of 1,3-dihydroxypropene,

involves a six-centered transition staée,one would expect a

3, is most likely to proceed through the pericyclic mechanism,

lower-energy transition state, and this is found to be the casepecause the barrier is over 30 kcal molower than the 1,2-

with an activation energy of\rsEok[reaction 3]= 29.8 kcal
mol~1. This reaction leads to the formation of acroleinand

is slightly endothermicAeacEok[reaction 3]= 0.8 kcal mot™,

A similar reaction fo5 would require a four-centered transition
state and would result in the formation of a diradical, making
this process unlikely. The calculated structure of the transition
state, 6, is shown in Figure 1 and is consistent with this
pericyclic six-centered mechanism. The €4 bond has
lengthened too1-1(6) = 1.36 A, whereas the distance between
this hydrogen atom and O3 has shortenedd® 1(6) = 1.12

A. Furthermore, the G303 bond is nearly brokemps-os(6)
=1.82 A, and the C2C3 and C+0O1 bonds have developed
iouble-bond charactergs-c3(6) = 1.42 A andrc1-01(6) = 1.28

3

6

Keto—enol tautomerism is also possible for the dihydroxy-

dehydration. Thus, the energetically favored product from 1,2-
dehydration is acrolein?, resulting from loss of the central
hydroxyl followed by a pericyclic mechanism, whereas the
formation hydroxy acetond,l, is also possible by a single 1,2-
dehydration. High yields of acrolein have been measurisdm
glycerol pyrolysis, though no hydroxyacetone has been reported.
It could be that this product further decomposes in the
experimental procedure.

1,3-Dehydration. Loss of water from glycerol can also occur
by the 1,3-dehydration shown in reaction 6. This pericyclic
mechanism results in the loss of water and fragmentation to
formaldehyde and vinyl alcohol. This reaction is endothermic
with AreacEok[reaction 6]= 25.4 kcal mot™. The structure of
the transition statel 2, is shown in Figure 1 and is consistent
with the concerted formation of ethylene, formaldehyde, and
water. The C+C2 bond shortens fromei-c2(3) = 1.53 A in
glycerol torci—c2(12) = 1.41 Ain the TS, the C303 bond
shortens frontca-o0a(3) = 1.43 A torcs-03(12) = 1.30 A, and
the OFH3 bond shortens fronro;—ns(3) = 2.11 A to
ror-na(12) = 1.05 A. These bond lengths are close to the C
C, C=0 and G-H bonds in ethylene, formaldehyde, and water.
The other bonds in the ring elongate (©Q1: rc1-01(3) =

propene products of 1,2-dehydration. Reactions 4 and 5 depict) 434 — rc; 0,(12) = 2.12 A, C2-C3: rcp c5(3) = 1.53 A

tautomerization o8 and5 via the four-centered transition states,
8 and 10, respectively. The reaction products, 3-hydroxypro-
penal,9, or hydroxyacetonel 1, are more stable than their enol
forms (with reaction exothermicities dfcacEox[reaction 4]=
—7.8 kcal mot! andAeacEok[reaction 5]= —10.9 kcal mot?),

but the reactions have high barriefs;sEqok[reaction 4]= 60.0
kcal mol! and ArsEok[reaction 5]= 53.1 kcal moft. The
barriers for tautomerization are lower than those for dehydration
and reaction 5 should occur. Other tautomeric structures of
could exist, i.e., CHC(OH=CHOH and CHCH(OH)CHO, but
these would require more extensive rearrangements. Howeve
reaction 4 will not be able to compete with reaction 3, which

has a much lower barrier even though the entropy of activation

for reaction 4 isAtsS [reaction 4]= 0.7 cal mot! compared
to AtsS [reaction 3]= —4.3 cal mof™.

o H\ i
ZN va . OW @
OH OH OH OH
3 8 9

- rcz_c3(12) =1.83 A, and O3-H3: ro3_|—|3(3) = 0.97 A_’
ros-n3(12) = 2.08 A), indicating that these bonds are being
broken. The calculated relative energy of the transition state is
ArsEok[reaction 6]= 65.2 kcal mot?. The vinyl alcohol product
from reaction 6 can tautomerize to form acetaldehyde, as is
shown in reaction 7. The energy of this reactiomigacEok-
[reaction 7]= —11.6 kcal mot?! and the activation energy for
'the transition state i\rsEok[reaction 7]= 56.2 kcal mot?.
These values compare well to values calcul#teding the G1
method AreacEok[reaction 7]= —11.2 kcal mot! and AtsEox-
Mreaction 7]= 56.2 kcal mot?. Because the energy barrier for
reaction 7 is lower than that for reaction 6, the formation of
acetaldehyde should be facile at temperatures required for 1,3-
dehydration.

+
OH (J)i
— | —~ CH,O + CH,=CHOH + H,0 ©
O O—H O.. .O—H 2 2 2
H
3 12
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Figure 2. Potential energy plot for the reaction of neutral glycerol. Energies were determined with CBS-QB3 and include ZPE. (Black) Potential
energy of reactions 1 and 3; (Green) potential energy of reactions 2 and 5; (Blue) potential energy of reactions 4; (Red) potential energy of reaction
6.

T o affinity connecting this conformer of glycerol BA(glycero

N Q) 02) = 195.4 kcal mot?. Thus, the proton affinities for the two
distinct hydroxyl groups are nearly identical.

In this study, three dehydration mechanisms have been
considered for protonated glycerol. A hydride transfer or pinacol
mechanism is similar to the 1,2-dehydration mechanism dis-
cussed for neutral glycerol. A mechanism similar to the
pericyclic mechanisms is also considered. Finally, substitution
reactions are considered with one hydroxyl moiety acting as a
nucleophile to displace water as the leaving and resulting in
the formation of a cyclic ether.

Hydride Transfer (Pinacol Rearrangement). Dehydration
of protonated glycerol can occur by a pinacol rearrangement in
which there is a loss of ¥D at the site of protonation and a
simultaneous shift of the adjacent hydride to the resulting
. . carbocation. The hydride transfer reactions for glycerol proto-
protonated glycerol was modeled by computing the energies of nated at O1 and O2 are shown in reactions 8 and 9, which result

the reactants and transition states. Earlier computafitstatiies j, ine formation of protonated hydroxyacetoti, or protonated
have shown that the activation barriers for the dehydration of 3-hydroxypropanal20, respectively. The lowest-energy con-
protonated alcohols were lowered significantly relative to the formers for these species had internal hydrogen bonds, and the
neat alcohols, and one would expect there to be a similar gy,cqres of these conformer are shown in Figure 3. The
enhancement for glycerol. This has been confirmed here, t5 mation of these products is exothermic for reaction 8 with
glthou_g_h the added hydroxyl groups present in glycerol result energy ofAeacEox[reaction 8]= —7.2 kcal mot?, whereas

in additional dehydration pathways. reaction 9 is slightly endothermi@eacEok[reaction 9]= 0.4

Protonation of glycerol can occur at either a terminal or the | .| mor%. The 8 keal mot? greater exothermicity of reaction
central hydroxyl group. The proton affinity for these two g e jative to reaction 9 is likely due to the observation that in

positions depenc_is_on the energy of the resulting conformer, with 17, the oxonium ion is bonded to a secondary carbon atom,
structures containing the most mterna] hydroggn bonds favored., hareas ir20, the oxonium bonds to a primary carbon atom.
For glycerol protonated at the terminal position, the lowest 1o secondary carbon atom has a greater ability to distribute
energy structurel3, has a cyclic hydrogen bonding geometry o charge, increasing its stability.

with the additional proton coordinated to the other terminal '

hydroxyl group, as shown in Figure 3. The calculated proton o ot 1F
affinity for glycerol using this cation structure BA(glycerok HO, oH |Ho_ 1 omd
S0 T

The potential energy plot for reaction 6 is shown in Figure
2. As can be seen, 1,3-dehydration has a slightly lower barrier
than the 1,2-dehydration reactions. Thus, one would expect 1,3-
dehydration products to also be important in pyrolysis. Experi-
mental studigs® have shown that acetaldehyde, a 1,3-
dehydration product, is also a major product from glycerol
pyrolysis. These results are also consistent with observations
from pyrolysis GG-MS experiments using®C-labeled glyc-
erol 3!

Reactions of Protonated Glycerol.In protic solvents and
in the presence of acid, glycerol can undergo proton catalyzed
dehydration. In this study, the unimolecular decomposition of

+
HO

.
Ho\H)OK- HZO} ——HO\)K “H0 (8)

0O1) = 194.8 kcal mot?. This value is significantly higher than
the experimental proton affinities of primary alcohd®\(etha-

nol? = 185.6 kcal moat!, and is likely due to additional 13 15 16 17

coordination of the proton. This calculated value for glycerol

is lower than the experimental vaRidor glycerol, PA= 201.7 Because these reactions involve charged species in the gas
kcal moft, and 1,3-propane dioRA = 203.9 kcal mot?, in phase, the unimolecular dissociation produdf,or 20, and

which the two terminal hydroxyl groups also bind the protbn.  the departing water molecule will experience a strong attractive
The lowest-energy structure for protonation of glycerol at O2, ion—dipole potential. As a result, the initial products from
14, is one in which the two hydrogen atoms on the central dehydration are actually the water clust&é&and 19. In this
hydroxyl group are hydrogen bonded to the two terminal oxygen study, no attempt is made to locate the global energy minima
atoms. This structure is also shown in Figure 3, and the proton for all conformations of the clusters from dehydration. Likely
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Figure 3. Selected bond lengths for the reactants, transition states, and products of reactl@sG@ometries were optimized using B3LYP/
6-311G(d,p).

£ TABLE 1: Reaction Energies® for the Dehydration of
H0 Protonated Glycerols
ony . i
HO. \)\/OH — }h — mﬂ H20:| — m}{m@ ©) reaction TS cluster products
Aw o Reaction of glycerol protonated at CAA= 194.8

reaction 8a hydride transfeanti-periplanar 24.9 —18.3 —7.2
reaction 8b hydride transfesynperiplanar 34.0 —18.3 —7.2
14 18 19 20 reaction 15 pericyclic reaction 36.2 25 528
reaction 17 protonated glycidol formation  21.4 9.7 32.8

structures are chosen for illustrative purposes. Such structuresreaction 18 protonated oxetane formation ~ 24.9 42 267

of 16 and19 are shown in Figure 3. For reaction 8, formation Reactions of glycerol protonated at @24 = 195.4

of the cluster is exothermic with an energy/fusieEox[reaction reaction 9a hydride transfeanti-periplanar 22.4 —11.5 0.4

8] = —18.3 kcal mot?, whereas reaction 9 has an energy of reac:!on 51’8 hydt:'de i_ra“?fe‘ynt?e”ma”ar 24.6 —11.5 0:-3% o
; _ 1. reaction 10 carbocation formation :

AcusteEox[reaction 9] 115 kcal mot™; thus, the cluster ) 0 79 protonated glycidol formation  25.2  10.0  33.1

energies are approximately 412 kcal mot?. Note that in both
cases, the electronegative oxygen of the water molecule is
associated with the carbon atom attached to the oxonium ion, ion 13 vinvl alcohol f i 207 110 406
suggesting that this carbon atom contains significant positive "€action 13 vinyl aicohol formation ' : '
chg?ge. M?Jlliken charge distributions confirmgthis. P reaction 14 acetaldehyde formation 12.620.0 6.2

The transition states for hydride transfer can have either the 2Energies in kcal mot are relative to the reactant and include zero-
syn or anti-periplanar conformations with the hydride transfer Point energies.
occurring on the same side or the opposite side of the molecule
with respect to the water loss. For example, the two transition kcal mol™* for anti-periplanar transfer (see Table 1). These
states for the dehydration of glycerol protonated at O1 are shownbarriers are consistent with thenti barriers calculated for
below. It was found that the possible conformers of améi- propylene glycol® E; = 21.4, using B3LYP/6-31G(d) and
periplanar transition states were typically lower in energy than ethylene glycol’ E, = 24.4 kcal mot* using MP2/6-311G-
the corresponding conformers of thgnperiplanar transition (d,p)//IMP2/6-311G(d). For protonation at O2, the lowest barriers
states. Among the many conformers of the transition statesfound wereArsEok[reaction 9a]= 25.9 kcal mot? for syn
calculated in this study, the lowest relative energy for glycerol periplanar transfer andtsEok[reaction 9b]= 22.4 kcal mot?
protonated at O1 wadrsEok[reaction 8al= 34.0 kcal mof? for anti-periplanar transfer. The value for thati conformer is
for the synperiplanar transfer andtsEok[reaction 8b]= 24.9 consistent with the calculated barrier for propylene gly€d,

reaction 11 second dehydration 36.1-6.5 14.7
reaction 12 second dehydration C 21.7
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= 18.7 kcal mot? from B3LYP/6-31G(d). The structures for OH, HO

these transition states (Eynand 18anti) are shown in Figure  HO, OH -H,0 HO oH

3. oy G H ay—< TH (10)
H H My H H

Of the products of hydride transfed7 and 20, only
protonated 3-hydroxypropand, can readily undergo further
dehydration. This step is a 1,2-dehydration, as shown in reaction

a. syn periplanar transfer  b. anti periplanar transfer 11. The product of this reaction is protonated acrolg#,and
the reaction is endothermideacEox[reaction 11]= 14.7 kcal

As the name periplanar implies, the structures of these mol2, but formation of the cluster is exothermic with an energy
transition states are planar with respect to the leaving oxygenof AusieEox[reaction 11]= —6.5 kcal mot?. The calculated
atom, both carbon atoms involved, and the H atom that is energy barrier for this reaction &rsEok[reaction 11]= 36.1
transferring. Interestingly, the 3pharacter of the two carbon  kcal molL. The structures for the transition state of this reaction,
atoms during the hydride transfer results in the formation of the cluster, and the product are shown in Figure 3. Dehydration
m-bonding character. This can be seen in the schematic below,of 20 may also occur via a substitution mechanism such as the
which shows the bonding of the two carbon atoms in the reactantreverse of reaction 27 (see later). This substitution pathway has
on the left, in the transition state in the middle, and in the product a barrier of 32.8 kcal mot slightly lower than that predicted
on the right. The € C bond lengths are shown for the reaction for the elimination reaction 11. Similar types of secondary
of O1 with protonated glycerol. Both carbon atoms argisp  dehydration are either not possible or unlikely for protonated
the reactant, and the bond length is typical of a@single hydroxyacetonel7.
bond,rc—c = 1.54 A. In the transition state, both carbon atoms
are sp with a p-orbital involved in the hydride transfer. Because —ont —ont1F N
the transfer is a hydride, both p-orbitals must have the same A { H( ‘_[ /0H+ P
sign. Thus, there ist-bonding character between these two ) /j «H,0 —>j +H0 (D

]
2 23

atoms, as is shown by the short bond distangeg = 1.40 A. Q g 7
24

This bonding was also confirmed by inspection of the HOMO i

of the transition state. Note that in the product, one of the carbon
atoms is sphybridized and the bond has lengtheneddoc =
1.50 A.

20

The barrier for reaction 11 is high compared to that for
reaction 9, making this second dehydration unlikely for glycerol
at moderate temperatures. For many sugars, this second
dehydration would occur at a secondary carbon atom instead
of a primary carbon atom, as shown in reaction 11. Dehydration
of a secondary alcohol should be more facile. This reaction has
-H0 o, been modeled by adding a methyl group to the hydroxyl bearing
carbon atom oR0 to form a protonated hydroxy butana5,

and the analogous reaction barrier was calculated for reaction

12. The structures of the reactant and the transition state for

fee=154A fec=140A ree=150A reaction 12 have been included in the Supporting Information.
The calculated energy barrier for this reactidrgEqx[reaction

The hydride shift occurs simultaneously with water loss 12] = 21.7 kcal mot?, is low enough to be significant at
because the resulting protonated ketone is significantly more moderate temperatures. Therefore, the double dehydration of
stable than the carbocation (reaction 10) that would result protonated complex sugars appears likely to be facile.
without concomitant hydride transfer. That is, reaction 10 is

energetically disfavored compared with reaction 8 becdiise /CH+ <i011+ ¥ /0H+
—

contains an oxonium ion, wheread has a carbocation. This

— +H,0
reasoning is consistent with the experimental proton affinity of H‘: e ’ 12
propanaf? PA(CHs;CH,CHO) = 187.9 kcal mot!, compared e E
to that of propylené2 PA(CH;CH=CH,) = 179.6 kcal mot™.
The calculated endothermicity for reaction 10 is highacEox- 25 26 27

[reaction 10]= 36.9 kcal mofL. No transition state was located

for this unimolecular dissociation, and stable structures of Protonated 3-hydroxypropanal can also undergo a loss of
clusters could not be found, because th®Hecombined with formaldehyde to give protonated vinyl alcohol, as shown in
the carbocation. Potential energy scan calculations where thereaction 13. This reaction is endothermic with an energy of
C2-02 bond in14 was sequentially stretched showed no AreacEok[reaction 13}= 40.6 kcal mot?! and a cluster formation
potential energy barrier at the B3LYP/6-311G(d,p) level. Thus, energy of AqusteEok[reaction 13]= 11.9 kcal mofl. The

it seems likely that this reaction is a simple barrierless bond structures for the species in reaction 13 are shown in Figure 3.
scission with an activation energy equivalent to the reaction As can be seen, the transition state for this reaction is essentially
endothermicity (ca. 37 kcal mot). This is significantly higher a cluster of vinyl alcohol with protonated formaldehyde, which
than the calculated activation energy for the hydride transfer is transferring a proton to the vinyl alcohol. The barrier for this
mechanism discussed above. For glycerol protonated at O1, nareaction isAtsEgk[reaction 13]= 20.7 kcal mof™.

carbocation was found, as all attempted geometry optimizations The high endothermicity of reaction 13 also makes this
resulted inl7. reaction unlikely at moderate temperatures. However, formation
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b Ho ' +
HO | HOw-e H OH; " ‘.O
4 — [ Sl | = Cemo | — _ " ho P ) 135
OH A : 241\
X Al 4178
20 28 29 30 141
MTS 35 cluster

of protonated acetaldehyd&3, from the cluster29, as shown _ -

in reaction 14 is possible. This reaction is only endothermic by Z‘S;reer 4hr0%‘i§gi?0tgﬁqg;eggﬁgigﬁé tggh%‘:‘:t'itg:]” ;}%ﬁ;?ggltrﬂgmg
6.2 kcal mot™, compared to 29.0 kcal mol for the formation B3LYP/6-311G(d.p).

of 30 from 29. The barrier for reaction 14 iArsEok[reaction

14] = 12.0 kcal mot?, and the formation of cluste82 is
AcusteEok[reaction 14]= —20.0 kcal mot?! (see Figure 3).
These results show that if C3 is a secondary carbon atom, loss
of a second water molecule, reaction 12 is likely. If C3 is a
primary carbon atom, formaldehyde loss, reaction 13 should
occur.

ﬁo@wzo __[Hzcﬂy _____ OH+}__ —//OH-ZHZO} o /OH++CHZO . 38 cluster 39 glycidol*H*(02)
29 3 2 3 151977 46
Lo . 1.03
Pericyclic Dehydration. For glycerol protonated at O1, there 1.5
is a pericyclic-like reaction as shown in reaction 15, which
results in the formation of vinyl alcohol and protonated 41 cluster 42 oxetanesH*(O1)

formaldehyde. However, the transition state for this reaction,
31, does not involve an O1 to O3 hydrogen transfer. Instead,
this reaction is a concerted loss of water and protonated
formaldehyde. The barrier for reaction 15AssEgk[reaction

15] = 36.2 kcal mot?. Because this is high compared to the
barriers for hydride transfer, this reaction is unlikely to be
significant. The cluster in this reaction contains protonated
formaldehyde, vinyl alcohol, and water, and the structure is 43 TS React (18)

shown n F'gﬂre 4. The enerlgy to form this C|USte‘Abﬁ’S‘eEOK_. Figure 5. Selected bond lengths for the transition states for the
[reaction 15}= 2.5 kcal mof™, whereas the energy of reaction formation of protonated glycidol from protonated glyce®T,and43,

15 is AEok[reaction 15]= 27.7 kcal mot™. and the transition state for the formation of protonated hydroxy oxetane,
. 40. The geometries of the water cluster products are sh@8mand
oH ou " 41, as are the dehydrated protonated prodiB2and42. Geometries

were optimized at B3LYP/6-311G(d,p).

CH,=CHOH + Hy

J\ CH,0H
p. .

} — .~ CH,0 +CH,CHOH +1,0  (15)

g oxide) = 1.459 A. The G-O epoxide bonds,c_o(39) = 1.52

13 34 35 A and rc_o(39) = 1.53 A, are longer than those bonds in

ethylene oxide,rc—o(ethylene oxide)= 1.425 A, which is
The transition state for pericyclic dehydration of glycerol probably a result of protonation on the ring oxygen atom.

protonated at 02, such as is shown in reaction 16 could not beSimilarly, in 42, the C-C bond lengthsyc-c(42) = 1.54 A,

located. are consistent with experimentalvalues of neutral oxetane,
rc-c(oxetane)= 1.543 A, whereas the-€0 bonds are longer,
OH;" o' ¥ rc-o(42) = 1.53 A andrc—o(oxetane)= 1.446 A. Note thati2
I\ hasC; symmetry, so both €0 and C-C bonds are the same
— [ — CH,0 + CH,~CHOH, +H,0 (16 length.
O, O-H 0. -O0—H
oH; HO-7OH; "HO *HO an
. . “H,0| +H,0
=[]
Substitution. The unprotonated hydroxyl groups of glycerol B ¥ 38 »
can displace the-OH,* group on protonated glycerol by i
substitution reactions to form cyclic products. For glycerol OHY -+-OH} ; HO{>OH+
- — |lHo—< | — — HO ol" +H,0 (18)
protonated at 0113, substitution by the O2 hydroxyl group “O{OH [ {.OH } o ‘<>

forms a protonated glycido89, reaction 17, whereas substitu-
tion by the O3 hydroxyl group forms protonated 3-hydroxyox- 13 40 4 2

etane 42, reaction 18. For glycerol protonated at 2, only

the glycidol can be formed, as shown in reaction 19. The Though the formation of these cyclic ethers are endothermic
structures of these two cyclic, substitution products are shown processes, the barriers are low enough that these dehydration
in Figure 5. The &C bond length in the epoxide ring of the pathways are energetically accessible. Formation of the cluster,
glycidol rc—c(39) = 1.46 A and is similar to the experimental 38, from glycerol protonated at O1 by reaction 17 is endothermic
value measurédl for neutral ethylene oxiderc—c(ethylene by AcusteEok[reaction 17]= 9.7 kcal mot?, whereas formation
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* of the cluster in reaction 22 is exothermitg,sieEok[reaction

HZO{OH—— o {"0”__ "Oi-azo _t“oi o o 22] = —16.2 kcal mot*, whereas the energy of the separated
OH OH OH OH products isAEgk[reaction 22]= —4.0 kcal mot? and with an

activation barrier of jusirsEok[reaction 22]= 9.4 kcal mot™.

14 8 38 3 Note that the energy required to dissociate the water cluster,
) ) ) ! 48, to give the ether cation and water is low, 12.2 kcal Thol
of the separated products is quite endothermic vAto- because of the delocalization of the charge in the cation. The

[reaction 17]= 32.8 kcal mof*. Formation of the oxetane  giryctures ford5—49 are shown in Figure 6. In the transition
cluster,41, in reaction 18 is endothermic ByciusieFok[r€action  state for proton transfeds, the proton is closer to the primary

18] = 4.2 kcal mot?, and the energy for reaction 18 Aok - oxygen atom, O1, than it is to the ring oxygen atom, 1Q¥, +
[reaction 18]= 26.7 kcal moi™. The reaction of glycerol  — 997 A andro, 4 = 3.23 A, indicating that this is a late
protonated at O2, as shown in reaction 19, is endothermic for transition state. This is consistent with the transition state being
the formation of the cluster with an energy/&fuseFox[réaction  ¢joser in energy to the product than the reactant. Because the
19] = 10.0 kcal mot*, whereas the energy for complete reaction parrier for reaction 22 is much higher than the barrier for the
to separated products isEqk[reaction 19]= 33.1 kcal mot?, reverse of reaction 2 rsEqk[reverse of reaction 25 21.3—

For both the protonated glycidol and hydroxyoxetane, the 17 1= 4.2 kcal mot?, the overall reaction to forrd9 will be
complexation energy for a water molecule is high (23.1 and jnefficient and dependent upon the steady-state concentration
22.5 keal mot, respectively). This high value is presumably  of 46, However, Figure 7 shows that this still remains the lowest-

due to the observation that the charge on these species cannQdnergy exit channel for protonated glycidol. Other isomeric
be delocalized through the molecule as it can with the products forms of 49 may also be possible.

from the hydride transfer reaction$7 and 20, for example.

The activation barrier for reaction 17 AsrsEox[reaction 17]= +Ho o I

21.4 kcal mot?, whereas for reaction 18 and 19 the barriers e O

areAtsEok[reaction 18]= 24.9 kcal mol! andArsEqk[reaction z—’ Hz —’Y/ + @
19] = 25.2 kcal mot2. The barriers for reactions 17 and 19 are  HO Y OH;

similar to the calculated barrier for the formation of protonated 10 45 46

ethylene oxide from ethylene glycd, = 24.4 kcal mot?, using
MP2/6-311G(d,p)//IMP2/6-311G(d). The barrier for the forma-
tion of protonated hydroxy oxetane, reaction 18, is significantly OY'
lower than that calculated for the formation of protonated onf
oxetane from 1,3-propane dibl E; = 32.7 kcal mot?, using
MP2/6-311G(d,p)//MP2/6-311G(d). This barrier is about 8 kcal 4 48 2

mol™* higher than the calculated barrier for glycerol. Perhaps |, the cluster from reaction 22, the water molecule can add
this difference is due to hydrogen bonding between the leaving ,.ross the ends of the ether, as shown in reaction 23, and the

water molecule and the m‘?'d'e hy_droxyl group. These energy product can further decompose to protonated acetaldehyde and
barriers suggest that reaction 17 is most likely, but the other ¢, a1qehyde, reaction 24. The structures for these species are
pathways have barriers close enough that they may also beyso shown in Figure 6. The transition state for reactiorsBg,
significant. . . is a six-membered ring, which accounts for the low barrier,
Further reaction of protonated glycidol and 3-hydroxypx¢_atane ArsEoc[reaction 23]= 10.3 kcal mot™. In the transition state
are also possible. The glycid@9, can undergo a substitution o yeaction 24, protonated formaldehyde has dissociated from

reaction to form the 3_-hydroxyoxetarn2,_ by reacti_on 20, a_nd ._the acetaldehyde fragment and is in the process of transferring
thus, these two reaction channels are linked. This chemistry is 5 proton back to the acetaldehyde. The barrier for this step
analo.gous t_o the gas phase rearra}ngements of the Co”e.Spondi”&TSEOK[reaction 24]= 12.9 kcal mot?, can be overcome with ’
alkoxide anions observed by Bowie and co-worl@érlaeactloln the addition of the exothermicity of reaction 28Eqk[reaction

20 is nearly thermo-neutrabEqx[reaction 20}= 1.6 kcal mof 23] = —19.1 kcal mot?. Thus, this reaction channel should be
with an energy barrier ofAtsEgk[reaction 20]= 27.6 kcal facile once the water cluste48, is formed.

mol~1. The structure for this transition state is shown in Figure

6. The calculated potential energy surface for the further reaction H +

+ kS

O\/\' [ o H,0| N
— = ‘H,0| _—. O— 22
‘.--OH, 4 __P=+H0 (22)

of the protonated glycidol is shown in Figure 7. The glycidol H«“O“‘». +
can end up as a vinylmethyl ether catigf, plus a water O= «H,0| —|: (])+ . /0_\OH (23)
molecule or protonated acetaldehy@8, plus formaldehyde. = 7

Figure 8 shows the calculated reaction pathways for the
hydroxyoxetane. The hydroxyoxetane can end up as a oxetane 48 50 51
cation, 59, or protonated acetaldehydgs.

s G-t [ g di
+ t —7 on—|—7 40 }H 77 eeno| — —7 0O (4)
HO *HO—, . 0
SO oW T . RN
OH
39 44 2 The 3-hydroxyoxetane can also undergo a proton transfer,

reaction 25, followed by dehydration, reaction 26, to form the
Vinylmethyl ether cation49, can be formed from glycidol  oxetane catiorf7. The structures d3—57 are shown in Figure
by a proton transfer, which is reaction 21 followed by a 6. Reaction 25 is endothermic with an energy\dox[reaction
concerted ring opening and dehydration, reaction 22. Reaction25] = 15.0 kcal mot! and a barrier ofArsEok[reaction 25]=
21 is endothermicAEqk[reaction 21]= 17.1 kcal mot?, with 19.7 kcal motl. The dehydration step is a hydride transfer
a barrier ofAtsEgk[reaction 21]= 21.3 kcal mot?!. Formation reaction similar to those in reactions 8 and 9. By direct analogy,
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52 TS React (24)
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53 TS React (25) 54 oxetane*H*(02) 55a TS React (25) 55b TS React (25) 56 cluster 57

Figure 6. Selected bond lengths for transition states and products from the reactions of protonated glycidol and 3-hydroxyoxetane determined
using B3LYP/6-311G(d,p).
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Figure 7. Relative potential energies, including ZPE, of the possible reactions protonated glyagdol,

syn and anti-periplanar conformations of the transition states
were located, and both are shown in Figure 6. Note that the OH
C—C bond involved in the hydride transfer also shortens in the
transition state relative to the reactant and product. Foartie
periplanar transition state, the bond lengthdsc (54) = 1.52
A in the hydroxyoxetanetc—c (558 = 1.41 A in theanti-
periplanar transition state, ang_c (57) = 1.55 A for the
product oxetane cation. This also shows the double-bond 2
character of the transition state. Once againath@periplanar
transition state is lower in energy than tlsgnperiplanar

(25)

o,

transition state ArsEok[reaction 26, antil= 16.8 kcal mot? H, P

and AtsEok[reaction 26, syn}= 18.8 kcal mot?l. The cluster (&H <> +H,0 (26)
formation energy for reaction 26 is23.7 kcal mof?, whereas o H o,

the energy of the reaction to form the separated products is

AEg[reaction 26]= 7.8 kcal mot™, 54 55 56 57

As with the protonated glycidol, the oxetane cation/water
cluster can also undergo a water addition to the oxetane cation,3-hydroxypropanaf20, which is also the product of the hydride
as is shown in reaction 27. In this case, the reaction producestransfer reaction shown in reaction 9. This reaction is exother-
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Figure 8. Relative potential energies, including ZPE, of the possible reactions of protonated 3-hydroxyo#gtane,

mic, AEok[reaction 27]= —8.4 kcal mot, with a barrier of, m/z 75 corresponding to the loss of a water molecule in line
ArsEok[reaction 27]= 24.4 kcal mot?. The hydroxypropanal  with theoretical predictions. Other fragment ions observed are
could react further, as shown in reactions 13 and 14, to give also consistent with calculation, includingz 57, which arises
formaldehyde and protonated acetaldehy Recall that the  from sequential loss of two water molecules, anid 45, which
barriers for these reactions wefesEox[reaction 13]= 20.7 arises from loss of water and formaldehyde. lons observed at
kcal mol* andArsEqk[reaction 14}= 12.0 kcal mot™. As with low mass includenwz 29, protonated formaldehyde, andz
glycidol, the exothgrm|C|ty from reaction 26 should help 19, the hydronium cation, both of which can be rationalized as
surmount these barriers. forming by intracomplex proton transfer following unimolecular
dissociation. All calculations predict that the loss of formalde-

Hf - ¥ ﬁo hyde should arise exclusively from the terminal carbons, and
<> *H,0| — 0 i L/OH @n indeed, this pre(_jiction was borne out BC-labeling experi-
o, \—j ments (see caption to Figure 10).
s s - Them/z 75 fragment ion in the CID spectrum of protonated

glycerol corresponds to an elemental composition s,

. which may correspond to any of the isomeric structures
The results of these calculations suggest that protonated y P y

glycidol, 39, and protonated 3-hydroxyoxetade, should react previously discussed or indeed a mlxture of isomers (&4.,
further by dehydration or loss of formaldehyde. The reaction 20, 39, 42, 46, and/or54). l_:or comparison, the CID_ mass
of both species will be dependent upon the proton transfer andSPECtrum of one of these isomers, protonated glycidol, was
loss of water to form the complex that can be seen in Figures obtained and is presented in Figure 10b. The spectrum is very
7 and 8. Because the proton transfer step is significantly Similar to the corresponding mass range in the spectrum of
endothermic, the reaction will be limited by the pseudoequi- Protonated glycerol with all the same fragment ions observed.
librium concentration of the proton-transfer produets,and This is hardly a surprising observation given that calculation
54. Once the water cluster is formed, the subsequent reactionssuggests that dissociation of protonated glycidol will be preceded
should be facile because sufficient internal energy will be by isomerization (see Figure 7), and thus, the activatd’5
generated from surmounting the barriers for reactions 22 andion populations are likely to be similar mixtures of isomers and
26. This can be seen in Figures 7 and 8, which show that thesegive very similar fragments. Interestingly, both spectra show a
barriers are higher than the barriers for subsequent reactionssjmilar abundance in thevz 57 fragment ion compared to/z
Figure 9 coII.ects all pf thg reaction meqhanisms for protonated 75, which suggests that for protonated glycerol, the former ion
glycerol considered in this study. This scheme shows the giiseq from secondary fragmentation of the latter. This inter-
activation energy for each step and the masses of the prOCIUCtﬁaretation is consistent with calculation, which found numerous

are shown. . .
. pathways for consecutive water loss but no mechanism for
Mass Spectrometry Experiments.Mass spectrometry pro-
concerted loss of two water molecules. In contrast, however,

vides a critical tool for the investigation of the unimolecular he | bund ofvz 45 in the alveidol Fi
behavior of ions in the gas phase. In this study, protonated e ion abundance afVz 45 in the glycidol spectrum (Figure

glycerol was introduced into the gas phase by electrospray 10P) is somewhat lower than for the same ion in the glycerol
ionization of an acidified aqueous acetonitrile solution. The SPectrum (Figure 10a). This might suggest a significant con-
resultant ions were mass selected and subjected to collisiontribution of a mechanism accounting for concomitant loss of
induced dissociation (CID) in a triplequadrupole mass spec- water and formaldehyde, such as predicted for the pericyclic
trometer. The CID spectrum of protonated glyceralz93) is reaction 13. Overall, the mass spectrometric data can be
shown in Figure 10a and reveals a prominent fragment ion at rationalized in terms of the computed reaction mechanisms.
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Figure 9. Reaction mechanisms for the dehydration of protonated glycerol. Activation endegiegere determined using CBS-QB3.
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Figure 10. (a) CID mass spectrum of protonated glycerol measured on a Waters QuattroMicro triple quadrupole mass spectrometer. The corresponding
spectrum for'*C-2-glycerol gives ions atvz 94, 76, 58, and 46, whered¥,-1,3-glycerol gives ions ain/z 95, 77, 59, and 46. (b) CID mass
spectrum of protonated glycidol measured under the same conditions.

Conclusions tures. Thus, these types of reactions should become important
. . in industrial processes involving triols, such as sugars.
Calculations of the dehydration of glycerol by the neutral

mechanisms explored here indicate that these processes can only _
occur at relatively high temperatures such as are found in Acknowledgment. The Department of Energy Office of the
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