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Deoxygenation of biomass-derived lactone molecules such as g-valerolactone (GVL) by catalytic ring-

opening and decarboxylation facilitate the production of a variety of fuels and chemicals. Density

functional theory (DFT) calculations were performed to reveal the mechanism of the ring-opening step.

In order to elucidate the effect of substituents and ring-size on the rate of the ring-opening step,

lactone molecules such as g-butyrolactone (GBL), g-caprolactone (GCL), d-valerolactone (DVL) and 3-

caprolactone (ECL) were included. DFT calculations show that the ring-opening reaction proceeds via

the formation of a stable oxocarbenium intermediate. Subsequently, the ring-opening occurs through

a two-step mechanism to yield unsaturated acids. The intrinsic barriers for the two-step reaction in GVL

were estimated to be 69 and 48 kJ mol�1 respectively which are comparable to the experimentally

observed apparent activation energies. On changing the ring-size from 5 to 7 member ring lactones

(GBL, DVL and ECL), the activation energy for the ring-opening steps was observed to follow the trend

predicted by the strain theory. In contrast, on changing the substituent at C4 of the 5-member ring

lactones (GBL, GVL and GCL), the activation energies for ring-opening are dictated by a combination of

inductive and steric effects. It is expected that the stability of the oxocarbenium ion formed will have

a significant role on the rate of the ring-opening. The estimated rates for the ring-opening step with

respect to the ring-size show a direct correlation with the enthalpy of oxocarbenium ion formation in

the gas phase. Further investigation by ab initio molecular dynamics simulations in implicit and explicit

aqueous environment indeed show stable oxocarbenium ions formed which were observed to remain

intact for greater than 2 ps of simulation time.

1. Introduction

Selective removal of oxygen from biomass derived cyclic

oxygenate platform molecules constitutes an essential step in

their catalytic transformation to produce a range of bio-

renewable fuels and chemicals.1–3 Thus, reactions involving ring-

opening and decarboxylation of cyclic esters form an effective

strategy to achieve this goal.4,5 Led by the pioneering work of

Dumesic and co-workers, numerous studies have reported g-

valerolactone (GVL) as a potential platform molecule, where one

important route of its conversion into linear alkenes involves

ring-opening and decarboxylation over an acid catalyst.6 GVL is

produced directly by aqueous phase catalytic processing of

biomass derived hexose sugars.7,8 Similar to GVL, several other

lactones9 such as g-butyrolactone (GBL), g-caprolactone (GCL),

d-valerolactone (DVL) and 3-caprolactone (ECL) can be obtained

from biomass derived aqueous sugars,10 Fig. 1. For example, ECL

may be prepared from biomass derived 5-hydroxymethylfurfural

(HMF)11 with high selectivity (>85%).12 Biological synthesis route

have been reported to produce ECL in high concentration (15.7 g

l�1) by fed-batch Baeyer–Villiger oxidation of cyclohexanone

utilizing recombinant E. coli.13 Similarly, GBL was observed to

accumulate in high titer on fermentation of glucose by geneti-

cally engineered E. coli.14,15 A biobased process has been recently

patented to convert biomass extract into GBL and DVL.16,17

Recent work by Mei et al. have shown the synthesis of GCL from

biomass derived triacetic acid lactone (TAL).4 All of these lactone

molecules have shown considerable potential to serve as

a building blocks and precursors for the production of higher

value chemicals, polymers and fuels.18–20 For valorization of

these lactone molecules, acid catalyzed ring-opening could form

the rst and most important step, which has been appropriately

emphasized in the study of GVL ring-opening to pentenoic acid

and its interconversions.6

The general reactions of lactone molecule occur via the

reactivity of the electrophilic (the ring and carbonyl oxygen) or

the nucleophilic (carbonyl and acyl carbon) sites.21,22 The ring-

opening is suggested to proceed through a nucleophilic reac-

tion involving the cleavage of the alkyl or acyl C–O bond.23 The
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choice of cleaving bond is decided by nature of the nucleo-

phile.23 In contrast, in the presence of a Brønsted acid, a proton

could very well act as an electrophile and attack to the carbonyl

or the ring-oxygen. In this alternative route, the electrophilic

addition of a proton may lead to the ring-opening of the lactone

via the alkyl C–O cleavage. On the ring-opening of GVL, Dumesic

group have suggested the protonation of the cyclic ester to open

the ring.24 However, it remains unclear, whether the protonation

constitute an electrophilic addition of the proton to the ring-

oxygen or the carbonyl-oxygen. The electrophilic addition of

a proton to the carbonyl oxygen leads to the formation of an

oxocarbenium ion. Consequently, the oxocarbenium ion ring-

opens directly via a nucleophilic water addition to form the

alkenoic acid via alkyl C–O cleavage and simultaneous depro-

tonation from the neighboring carbon. To the best of our

knowledge, no study has reported such electrophilic reactions in

these lactones, leading to the ring-opening via oxocarbenium ion

intermediates. Interestingly, further experiments by Dumesic

group using a Lewis acid catalyst such as g-Al2O3 shows

a signicant decrease in the overall yield of the product formed

via the ring-opening and decarboxylation of GVL, as compared to

the Brønsted acid catalyzed reaction.5 The product yield was

retrieved back on adding tungsten oxide to g-Al2O3 catalyst

which was due the improvement of the Brønsted acidity of the

catalyst. Therefore, the intermediacy of the oxocarbenium ions

in the presence of a Brønsted acid could be thought as an

important step to have a plausible effect on the overall reactivity.

The formation of oxocarbenium ions is not new to heterocyclic

chemistry, where it plays a signicant role in important chemical

modications such as furan25 and glycosidic hydrolysis.26 More-

over, oxocarbenium ions are reported to form as intermediates or

in the transition state structures in several organic reactions

which include aldol reaction,27 Prins cyclizations,28 glycosyla-

tion,29 acid-mediated additions to acetals,30,31 allyl group trans-

fers,32 and addition of carbonyls to electrophiles.33,34 Due to their

canonical structure, oxocarbenium ions are relatively more stable

than the carbenium ion and show signicant effect on the reac-

tion rate. Therefore, it is expected that the structure of the oxo-

carbenium ion formed could possibly explain the observed

reaction rates. Herein the ring-opening of the GVL is suggested to

proceed via the formation of oxocarbenium ion by ab initio

density functional theory (DFT) calculations. In order to under-

stand the effect of the substituent and ring-size on the formation

of oxocarbenium ion and the rate of the reaction, GBL, GCL, DVL

and ECL (as shown in Fig. 1) were studied. A strong correlation

was envisaged between the stability of the oxocarbenium ion and

estimated reactions rates of ring-opening.

2. Computational method

Gradient-corrected DFT calculations as implemented in the

DMol3 code by Materials Studio 8.0 (Biovia, San Diego, USA) were

used to calculate the reaction energies and activation barriers for

different reaction pathways involved in the ring-opening of

lactones in the presence of a solvent.35 The effect of the solvent

was simulated using the COSMO (Conductor-like Screening

Model), where aqueous solvent is represented by the dielectric

constant of water (3 ¼ 78.54).36,37 The generalized gradient

approximation (GGA) corrected with exchange–correlation func-

tional by Perdew–Wang 91 (PW91)38 was chosen together with the

doubled numerical basis set plus polarization basis sets (DNP)39

and an all-electron basis set. For the geometry optimization, the

Fig. 1 Routes for the synthesis of biomass derived lactone molecules included in this study: 3-caprolactone (ECL), g-valerolactone (GVL), g-

caprolactone GCL, g-butyrolactone (GBL) and d-valerolactone (DVL).
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forces on each atom were converged to less than 0.002 Ha Å�1 (1

Ha ¼ 2625.5 kJ mol�1). The total energy was converged to less

than 1.0� 10�5 Ha and the displacement convergence was set to

less than 0.005�A. Fermi smearing of 0.005 Ha was used to ach-

ieve SCF (Self-Consistent Field) convergence of 1.0 � 10�6 Ha.

The choice of the functional (GGA-PW91) was based upon the

earlier experience of simulating similar reactions of ring-opening

of 2-pyrone molecules in aqueous systems which was performed

by the corresponding author of this study.4 The method was

found reliable in calculating activation energies close (�5 kJ

mol�1) to the experimentally measured value.4 Similarly, the

choice of the basis-set was made from another study on the ring-

opening of tetrahydrofuran (THF).40

In order to determine the activation barriers for various

elementary steps, transition states (TS) were isolated using

complete linear synchronous transit/quadratic synchronous

transit (LST/QST) approach.41 In this method, LST maximization

is rst performed, followed by an energy minimization in

directions conjugate to the reaction pathway to obtain the

approximated TS, which is used to perform QST maximization,

followed by conjugated gradient minimization. The cycle is

repeated until a maximum in energy is located. Frequency

analysis was utilized to validate the transition state corre-

sponding to single imaginary frequency along the reaction

coordinate. Frequency analysis of transition states of represen-

tative ring-opening steps are given in Table S1.† Atomic charges

associated with the transition state or the reactant state were

calculated using the Mulliken population analysis method.42

The rates for the elementary steps associated with the

ring-opening reactions were estimated using harmonic

transition state theory (TST) calculations.43 In the statistical

mechanical treatment of the TST the rate constant for an

elementary step is calculated using frequency of normal

modes and energies of the reactant and the TS, given by the

following equation:44

kHTST ¼
kBT

h

Y

D

i¼1

�

1� e
�

hn*
i

kBT

�

Y

D�1

j¼1

 

1� e
�

hnint
j

kBT

!e
�
ðE*�EintÞ

kBT

where, kB is the Boltzmann constant, h is the Planck's constant,

ni corresponds to normal mode frequencies, E* is the energy of

the transition state and Eint is the energy of the reactant state.

Symbol * refers to the transition state.

The reactivity of the oxocarbenium ions were correlated with

their formation energies in the gas phase for increasing

lactones ring-size given by the reaction energy of the following

reaction:

where n represents number of CH2 unit that could be 1, 2 and 3.

In order to explore the stability of the proposed oxocarbe-

nium ion in aqueous medium, ab initio molecular dynamics

(AIMD) simulations were carried out with both implicit and

explicit solvent models using the DMol3 module in Materials

Studio. In the explicit model, the oxocarbenium ion is sur-

rounded by three water molecules that are coordinated to the

ion using hydrogen bonds, representing the rst solvation shell.

The initial structure of this complex was obtained by carving out

the ion and the rst shell of water molecules around it from the

bulk amorphous structure of the ion solvated in water mole-

cules. This bulk amorphous structure, in turn, was obtained

using classical molecular dynamics (MD) simulation of a system

consisting of the oxocarbenium ion (5.3 wt%) and water mole-

cules. The classical molecular dynamics simulations were

carried out for 50 ps using the Forcite module and COMPASS

force eld. The AIMD simulations, in implicit and explicit

models, were carried out for 1 and 5 ps respectively. All

molecular dynamics (MD) simulations were carried out within

an NVT ensemble (T ¼ 298 K) with a time step of 1 fs. Nose–

Hoover thermostat was used to regulate the temperature during

the run.

3. Results and discussion

The rst step for GVL conversion to pentenoic acid involves an

acid catalyzed ring-opening.2 The reaction catalyzed by

a Brønsted acid catalyst was simulated by the presence of

a proton in aqueous environment. The technique of utilizing

just a proton in aqueous environment to model the solid acid

catalyst, have been successfully implemented in modeling

similar reactions of the ring-opening and decarboxylation of 2-

pyrones.4 It is suggested that on ring-opening, GVL forms

a carbenium ion which yields pentenoic acid via proton elimi-

nation.6 The DFT simulations for the mechanism of ring-

opening of GVL are presented in Fig. 2. The Mulliken charge

analysis for the solvated GVL is shown in Fig. S1.† Compared to

the ring-oxygen where the partial charge is �0.44 the partial

charge on the carbonyl oxygen (�0.5) is higher. Furthermore,

the measured energy change for the protonation of the ring

oxygen was calculated and found to be of endothermic (+52 kJ

mol�1) as compared to the protonation on the carbonyl oxygen

(�14 kJ mol�1). Therefore, in the aqueous environment the

proton is likely to attack as an electrophile on the carbonyl

oxygen as compared to the ring-oxygen. The resultant oxo-

carbenium ion is highly stable in water with a solvation energy

of 14 kJ mol�1, Fig. 2. It is expected that the oxocarbenium ions

are readily formed in water with the aqueous phase shuttling of

protons having an activation barrier of around 5.7 kJ mol�1.45

Thus, the oxocarbenium ion formed in solution serves as a good

reference state for comparing the apparent activation barriers

in the rest of the discussion. Similar formation of oxocarbenium

is reported for Prins cyclization reaction, which involve the

coupling of homoallylic alcohols with simple carbonyl

compound in presence of Brønsted or Lewis acid catalysts46

(Fig. S2†).

The oxocarbenium ion formation leads to the shortening of

ring-oxygen and carbonyl carbon i.e. C1–O bond distance

12934 | RSC Adv., 2016, 6, 12932–12942 This journal is © The Royal Society of Chemistry 2016
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decreases from 1.36 to 1.28 �A. Woods et al. observed similar

shortening of C–O and C]O bond on the formation of oxo-

carbenium ion during glycosidic hydrolysis reactions.47 There-

fore, the ring-opening is likely to occur by the cleavage of acyl

bond in the aqueous environment to form a carbenium ion

(Fig. 2, 1a to TS1a) with an intrinsic barrier of 60 kJ mol�1. The

corresponding transition state structure is shown as TS1a which

is product like where an explicit water molecule coordinates

with the C4 to stabilize the carbenium ion formed, resulting in

the lowering of activation barrier. Mulliken charge analyses is

shown in Fig. S3† for the resultant carbenium ion. It is likely

that a proton will be abstracted by water from C3 leading to the

Fig. 2 DFT calculated energy diagram for GVL ring-opening to pentenoic acid.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 12932–12942 | 12935
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formation of the double bond. The intrinsic barrier for the

proton elimination step is 76 kJ mol�1 and the corresponding

transition, TS1b is product like. During the hydrogen

abstraction by water, a favorable hydrogen bonding interaction

with the carbonyl oxygen was observed in the calculation which

might have led to the stabilization of the transition state leading

Fig. 3 DFT calculated energy diagram for the ring-opening of (i) GCL to form hex-3-en-oic acid and (ii) GBL to form but-3-en-oic acid.
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to the formation of alkenoic acid. This interaction was observed

in the second step of all the reactions studied in this work. An

attempt was made to abstract hydrogen without the interaction

of water with the carbonyl-oxygen for which a relatively high

activation barrier (Ea ¼ 210 kJ mol�1) was calculated. At 595 K,

the enthalpy barrier for the ring-opening of GVL via the two step

mechanism were found to be 69 and 48 kJ mol�1 respectively.

The oxocarbenium ion was observed to be more solvated (27 kJ

mol�1) at higher temperatures as compared to the zero kelvin

estimations (14 kJ mol�1) as shown in Fig. 2(ii). The apparent

activation barrier with respect to the reference reactant state for

the two-step mechanism was calculated to be 81 kJ mol�1 (1a0 to

TS1b0, Fig. 2(ii)) which compares well with the experimentally

measured value of 85 kJ mol�1 at 595 K.6 It is noteworthy that in

the absence of signicant stabilization of the carbenium ion,

a concerted ring-opening may follow in which the proton is

eliminated simultaneously from C3 as the ring opens. The

activation barrier for the concerted mechanism is shown in

Fig. S4† and the estimated ring-opening barriers is of higher

value (�200 kJ mol�1), which is unlikely to proceed in aqueous

solution.

Interestingly, the experimentally measured rate of ring-

opening of GVL (20 mmol min�1 gcat
�1) was observed to be

similar to GCL (19 mmol min�1 gcat
�1).19 GVL and GCL differ

from each other in terms of the substituent at C4, which are

methyl and ethyl respectively. In order to understand the effect

of the substituents at C4, DFT simulations were performed to

study the ring-opening in GBL, GVL and GCL. The corre-

sponding reaction energy diagram for GCL and GBL are shown

in Fig. 3(i) and (ii) respectively. The ring-opening proceeds in

a similar fashion where the oxocarbenium ion ring opens in

solution to form a carbenium ion. The solvation energy for the

oxocarbenium ion formation were estimated to be 31 and 12 kJ

mol�1 for GCL and GBL respectively, indicating that the

substituent at C4 and increasing carbon length (having no

substituent to methyl and ethyl) helps in stabilizing the oxo-

carbenium ion formation in water. Mulliken charge analysis of

the solvated oxocarbenium ions of GBL, GVL and GCL further

supports the trends in solvation energies. The partial positive

charge on C4 of GBL and GVL are 0.107 and 0.112 respectively,

which is of similar value, while on the ethyl substituted GCL it is

of higher value, 0.123, as shown in Fig. S7.† Therefore, the

oxocarbenium ion of GCL is likely to be more stable in polar

solvent such as in water.

The activation energies for the intrinsic step of the ring-

opening of GCL as shown in Fig. 3(i) (2a to TS2a) was esti-

mated to be similar in value (60 kJ mol�1) to the ring-opening

step of the GVL (60 kJ mol�1) Fig. 2, conrming to the experi-

mentally measured rates.19 On the contrary, the ring-opening of

GBL, having no substituent proceeds with slightly lower acti-

vation barrier of 56 kJ mol�1. It is likely that the positive

inductive effect of the ethyl or methyl substituent is responsible

for the stabilization of the resultant carbenium ion.19 However,

the methyl or the ethyl substituent may offer a steric hindrance

to the water coordination at C4. Since the transition state is

more product-like, it can be hypothesized that the steric effect is

dominant over the inductive effect, resulting in the slightly

higher estimates of activation barriers for the ring-opening of

GCL and GVL as compared to the GBL. This is further supported

by experimental studies on GBL where facile ring-opening to g-

hydroxybutyric acid (GHB) is reported in acidic conditions at

temperatures as low as 308 K.48 This observation is further

asserted by the studies on lactone polymerization reactions

whereon increasing the chain length of alkyl substituents, the

polymerization ability of lactones decreases.18 Similar to GVL,

the second step of ring-opening in GBL shows a favorable

hydrogen bonding interaction with the carbonyl-oxygen as

shown in Fig. 3(ii), (3b to TS3b). On the contrary, the hydrogen

bonding interaction of the water with the carbonyl-oxygen

showed negligible effect on the rst step of the ring-opening

of the oxocarbenium-ion. In order to elucidate this further,

the extra explicit water molecule was positioned to have

a favorable hydrogen bonding interaction with the carbonyl-

oxygen as shown in Fig. S6.† The activation barrier of the

ring-opening due to this favorable interaction was reduced only

by 3 kJ mol�1 to a value of Ea ¼ 53 kJ mol�1 as compared to the

one shown in Fig. 3(ii), (3a to TS3a). Thus, this hydrogen

bonding interaction is not considered in the rst step of the

ring-opening in all the reactions studied. The intrinsic barriers

for the proton elimination from C3 resulting in the formation of

alkenoic acids in GCL and GBL were calculated to be 65 kJ

mol�1 and 85 kJ mol�1 respectively as shown in Fig. 3(i) and (ii).

Together with GVL the activation energy barrier for proton

elimination follows a parallel trend with respect to the

increasing carbon length of the substituent showing a clear

inductive effect of the methyl and ethyl substituents leading to

the stabilization of the carbocations formed in the transition

state structures (TS2b and TS3b in Fig. 3 and TS1b in Fig. 2). The

hydrogen atom attached to the C3 (marked with the yellow color

as shown in Fig. S3†) is likely to be eliminated as compared to

the other hydrogen atom attached to the C3. This is possibly due

to the favorable hydrogen bonding interaction of the water with

the carbonyl-oxygen which is further supported by Mulliken

charge analysis for the intermediate structures 3b, 1b and 2b

where an estimate of partial charges on the hydrogen (Fig. S3†);

0.139, 0.143 and 0.142 indicate the facile elimination from the

respective structures.

Experiments by Dumesic group suggest a clear effect of the

size of ring on the reactivity of the lactones.19 In order to

understand the effect of ring-size on the ring-opening reaction,

DFT calculations were performed for DVL and ECL as shown in

Fig. 4. Combined with increasing ring-size fromGBL to DVL and

ECL, it shows a clear trend for the reactivity of 5, 6 and 7-

member rings. As predicted by the Baeyer's theory on ring

strain, the stability of 6-member cycloalkanes are higher as

compared to the 5 and 7-member rings. Between the 5 and 7-

member it is difficult to decide the stability, where the 7-

member ring is generally greater than or equal to the 5-member

ring. While the angular strain is likely to be dominant in 5-

member ring, steric strain shows more effect on the stability of

the 7-member ring.

The oxocarbenium ion solvation energy for DVL and ECL are

estimated to be 44 and 34 kJ mol�1, Fig. 4(i) (4a) and 4(ii) (5a).

Compared to the GBL (Fig. 3(ii) (3a)) and ECL, it is evident that

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 12932–12942 | 12937
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the 6-member lactone (DVL) is highly stable in water. The

activation barriers for the rst step of ring-opening via the

formation of oxocarbenium ions of DVL and ECL are calculated

as 65 and 66 kJ mol�1. These results are further supported by

the experimental observations where DVL and ECL showed

comparable rates of ring-opening.19 While the differences in the

estimates of activation energies are negligible and within the

errors of DFT, the trend in activation energies follows the

predictions from strain theory where the 6-member ring

requires the highest activation energy for ring-opening. For the

second step of hydrogen elimination from C4 and subsequent

alkenoic acid formation, the intrinsic barriers are estimated to

be 66 and 74 kJ mol�1 for DVL and ECL. Primary carbocations

are formed as observed in respective transition states (TS3b, TS4b

Fig. 4 DFT calculated energy diagram for the ring-opening of (a) DVL to form pent-4-en-oic acid and (b) ECL to form hex-3-en-oic acid.
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and TS5b) of the three structures with varying chain length of the

carboxylic acids of GBL, DVL and ECL. Similar to GVL,

a concerted mechanism for the ring-opening and simultaneous

hydrogen elimination from the neighboring carbon was

considered for 6-member ring DVL. However, it showed signif-

icantly higher activation energy (�233 kJ mol�1), Fig. S5.† We

have therefore considered the two-step mechanism as the most

favorable route for ring-opening of lactones in aqueous systems.

Overall activation barrier follows the order GBL (91 kJ mol�1) >

DVL (84 kJ mol�1) > ECL (78 kJ mol�1).

A possible relationship between the gas phase oxocarbenium

ion formation energy and rate of the ring-opening step can be

envisaged with respect to the change in ring-size. Fig. 5 shows

a linear plot for the increase in the rate of the ring-opening step

with the decrease in the oxocarbenium-ion formation energy for

the 5, 6 and 7-member lactones; GBL, DVL and ECL. Following

the strain theory, 6-member oxocarbenium was observed to be

more stable and less reactive as compared to the 5 and 7-

member ring. The rate of the ring-opening for the GBL is esti-

mated to be higher as compared to ECL, possibly due to the

strain and lower heat of combustion in ECL.49 A more

comprehensive relationship between the reaction rate and

oxocarbenium ion formation energy has been proposed for the

C–O hydrogenolysis reactions in biomass derived cyclic ethers

and polyols.50 Such an understanding could also be developed

on a variety of lactonemolecules by measuring the experimental

rates of ring-opening, which will be the part of a future

communication. Nevertheless, the role of the stability of oxo-

carbenium ions in determining the rates of the subsequent

ring-opening is emphasized in these calculations.

The oxocarbenium ion intermediates are difficult to detect

by experiments due to its short life time.47 Studies on glycoside

hydrolysis have shown that the oxocarbenium ions are oen not

solvent equilibrated and their lifetime is relatively short, of the

order of 1 to 3 ps.51 For a reaction to proceed via an oxocarbe-

nium ion intermediate, the half-life of the oxocarbenium ion

intermediate should be signicantly greater than the bond

vibrations which are of the order of 10�13 s.52 The rate constants

for the hydration of the oxocarbenium ions of glycosyl was

estimated to be the order of 1012 s�1 which is considered to be

signicant for its formation as an intermediate.52 On the

Fig. 5 Reaction rate constant for ring-opening of lactone molecules

versus the respective gas-phase oxocarbenium ion formation

energies.

Fig. 6 AIMD simulation of the oxocarbenium ion of GVL in (i) implicit and (ii) explicit water environment. (iii) Nearest hydrogen distance from

carbonyl oxygen of GVL during ab initio MD simulation in explicit water.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 12932–12942 | 12939
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contrary, the rate constant for the hydration of the methox-

ymethyl oxocarbenium ions is estimated to be the order of 1015

s�1 which may result in negligible barrier to its formation as an

intermediate in aqueous systems.52 Therefore, it is desirable to

study the stability and life-time of the oxocarbenium ion

formation in aqueous system for the lactones ring-opening

reactions. AIMD simulations were performed for 1 and 5 ps of

the simulations time in implicit and explicit solvation models

respectively and the results are shown in Fig. 6(i) and (ii)

respectively. The implicit continuum model shows that the

oxocarbenium ions remained stable for 1 ps, Fig. 6(i)(a–d). In

explicit water environment, simulations were performed with

three water molecules, which were coordinated with the oxo-

carbenium ion by hydrogen bonding interactions. Fig. 6(ii)(a–d)

shows the snapshots at 1 ps, 1.5 ps, 3.5 ps and 4.86 ps. Fig. 6(iii)

shows the distance of nearest hydrogen to carbonyl oxygen

versus time. It is observed that for the initial time period of

simulation and up to 2.5 ps, the proton was attached to the

carboxyl oxygen forming the oxocarbenium ion, Fig. 6(iii). The

proton shuttling between water and the carbonyl oxygen started

occurring for time periods, over and above 2.5 ps and the proton

was visualized mostly in the solvent medium at 3.5 ps. A

snapshot of 4.86 ps, show that the proton is back to the carbonyl

oxygen, Fig. 6(ii)(d). These results establish the likelihood of

oxocarbenium ion intermediate formation in the aqueous

solutions for lactones ring-opening reaction.52

Experimental studies for ring-opening and decarboxylation

of GVL on g-Al2O3 have shown a signicant decrease in the C4

(butene) product yield (�43%) as compared to the Brønsted

acid (SiO2/Al2O3) catalyzed reaction, where the yield was

measured to be as high as 92%.5 Tungsten oxide (WOx) addition

signicantly increases the Brønsted acidity of the g-Al2O3 cata-

lyst. On adding 20 wt% WOx to Al2O3, C4 product yield was

observed to be as high as 80%.5 In a thesis work, Neurock and

co-workers have studied the Lewis acid mediated ring-opening

and decarboxylation of GVL on the g-Al2O3 surface.53 The acti-

vation barrier for ring-opening was calculated to be signicantly

higher (115 kJ mol�1) as compared to the hydride shi (Ea ¼

54 kJ mol�1) and decarboxylation (Ea ¼ 67 kJ mol�1) of the

resultant carbenium ion.53 These results further emphasize the

importance of the likely rate-determining ring-opening step in

the overall conversion of GVL to butene (C4) isomers. In the

absence of a proton, the ring-opening is mediated by the Lewis

acid sites, leading to the direct formation of the carbenium ion.

The direct ring-opening route having a signicantly high acti-

vation barrier of ring-opening may possibly explain the lesser C4

product yield. However, on introducing Brønsted acidity to the

g-Al2O3 catalyst by adding 20 wt% WOx, oxocarbenium ions are

likely to form as an intermediate facilitating the ring-opening

on the surface of g-Al2O3. Oxocarbenium ions formation in

aqueous solution in the presence of a Brønsted acid may

provide a clue to the measured high yield of the product.

Deducing from the DFT simulation results of this study, it can

be asserted that the oxocarbenium ion intermediates formed in

presence of a Brønsted acid lead to higher rates of ring-opening

in aqueous solutions, as compared to the Lewis acid catalyzed

reactions. This hypothesis, however, needs to be explored in

detail by performing similar simulations on the catalyst surface.

4. Conclusions

DFT simulations predicted the formation of oxocarbenium ions

in the acid catalyzed ring-opening of lactones to alkenoic acids.

The ring-opening proceeds in two steps where oxocarbenium

ion ring-opens to form stable carbenium ions, which on

subsequent hydrogen elimination from the neighboring carbon

leads to the formation of alkenoic acid. In an alternative route,

a concerted mechanism for the ring-opening of the oxocarbe-

nium ion was considered, however it was calculated to show

signicantly higher activation barrier as compared to the

proposed two-step mechanism. A variety of lactone molecules

with the change in alkyl substituents at C4 (GBL, GVL and GCL)

and ring-size (GBL, DVL and ECL) were included in the study.

The activation barriers estimated for these lactones show a clear

trend as predicted by strain theory, inductive and steric effects.

The oxocarbenium ion formation energy in gas phase of the

lactone molecule with increasing ring-size show an approxi-

mately linear relationship with the rate of ring-opening step in

aqueous solutions. These observations emphasize the impor-

tant role of oxocarbenium ions formed in determining the

reaction rate. AIMD simulations conducted for 1 to 5 ps in

implicit and explicit water environments conrms to the

stability of oxocarbenium ion, which makes it likely to be

formed as an intermediate in lactones ring-opening reaction.
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