Deacetylation of per-acetatylated glycopyranosides: an overall pattern for acidic catalyzis
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Abstract
Partially acetylated arylglycosides are not only useful building blocks in syntheses, but they are
also substantial for plant metabolism. In this work, we study the acid-catalyzed deacetylation of
per-acetylated phenyl glycosides experimentally and computationally by using density functional
theory (DFT) calculations. Based on quantum modeling, we design a general scheme for the
stepwise acid-catalyzed deacetylation of arylglycosides per-acetates. We have studied the
deacetylation reaction in solvents of different polarity and found that the activation barriers of
the stepwise deacetylation mechanism increase with increasing polarity of the solvent
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Introduction
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Carbohydrate chemistry usually relies on a proper utilization of protective groups. When
the protective groups have been chosen correctly, the synthesis of complex oligosaccharides is
relatively simple. Acetyl protective groups are extensively used in carbohydrate chemistry. They
can be both easily added to sugar residues and easily removed [1,2]. When the acetyl groups are
attached to the C-2 carbon of the carbohydrate, they are participating groups in the glycosylation
reaction leading in most cases selectively to 1,2-trans products [3,4]. They are therefore widely
used for stereo-controlled glycosylation. Base catalysis is usually employed for removing the
acetyl groups through the well-known Zemplen procedure (sodium methoxide in methanol) [5,6]
or by using other basic reagents [7,8]. Nevertheless, basic conditions also remove other ester and
base-labile groups [9,10] or can cause migration of the acetyl groups [11]. Acid-catalyzed
deacetylation has been proven to be more selective [12] as compared with basic catalysis [1315]. HCl-catalyzed ethanolysis of per-acetates has opened a simple route to the synthesis of 2-Oacetyl aryl glycosides [16] which are important plant metabolites [17] and chemotaxonomic
markers for plant families [18,19]. Recently we showed the use of methoxyphenyl 2-O-acetyl
galactopyranoside as glycosyl acceptor in sialylation reaction [20] which gave good yield and
selectivity. Such compounds also provide diverse biological activities [21,22] and can be used
for drug design.
Acid-catalyzed deacetylation of carbohydrates may find larger application in organic
chemistry. However, few kinetic and thermodynamic studies are available [23] although it is
well-known that acetyl groups in different position of the carbohydrate lead to differences in the
thermodynamic stability and reactivity. No studies have been carried out in order to elucidate the
role of the polarity of reaction medium on the reaction kinetics and selectivity of the reaction.
The acid-catalyzed reaction is sometimes performed in methanol [16], which is a polar solvent or
in a non-polar chloroform-ethanol mixture [21]. Since arylglycosides are potential drugs, it is
important to know how the acetyl groups of the arylglycosides behave in polar media, which can
be considered as a rough model for tissue. Glycosylation reactions are typically carried out in
2

non-polar solvents, because one-pot automated synthesis can be feasible. Reactions in both types
of solvents are important for obtaining better understanding the process.
In our recent work, we modeled the first step of acid-catalyzed ethanolysis (the
protonation step) and estimated the activation barrier for each acetyl group of phenyl 2,3,4,6tetra-O-acetyl glycopyranoside using the AM1 method [23]. Although the obtained results were
representative, the complete picture of acidic deacetylation is not elucidated. The aim of this
work is to computationally investigate the acid-catalyzed deacetylation reaction at the density
functional theory (DFT) level. The role of the polarity of the solvent is assessed by using a
dielectric continuum model with different polarizability engulfing the molecular system.

Calculation and experimental details
For the investigation of acid-catalyzed deacetylation, we studied the transesterification
reaction of the fully-acetylated arylglycoside – phenyl 2,3,4,6-tetra-O-acetyl glucopyranoside (1)
(Fig. 1) and calculated the barriers of the stepwise ethanolysis reaction for each acetyl group.
The transesterification reaction at low concentrations of acids is generally accepted to proceed
via AAc2 mechanism [24]. The initial step of the ethanolysis reaction is the nucleophilic attack of
the protonated intermediate by the ethanol molecule forming the reactant complex (RC)
followed by the rate-determining reaction step yielding the transition state (TS) (Fig. 1) [24,25].
We have calculated Gibbs free energies for the reactant complex and the activation barriers for
the formation of the transition state.
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Fig 1. The rate-determining step of acid-catalyzed ethanolysis and the transition state (TS) for
the 6-O-acetyl group of phenyl 2,3,4,6-tetra-O-acetylglucopyranoside (1).
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Quantum chemical model
All calculations were performed with the Gaussian 09 [26]. The molecular structures of
the reactant complexes and the transition states complexes were preoptimized at the AM1 [27]
semi-empirical level and further optimization was carried out at the density functional theory
(DFT) [28] level using the B3LYP [29,30] hybrid functional and the 6-31G(d,p) basis set.
Harmonic vibrational frequencies were calculated in order to assess whether the optimized
structure corresponds to a minimum or a transition state. The calculation of the vibrational
frequencies also provides zero-point vibrational energy (ZPVE), entropy contribution, and
information about the thermal contribution to Gibbs free energy at a temperature of 303 K. When
it was not possible to find the transition state by using the default Berny algorithm [31], the
QST2 procedure was employed [32].
The calculations were carried out for the molecular systems in the gas phase as well as in solvent
by approximating it with a polarizable continuum. Three solvents were chosen to model three
types of possible situations. Xylene represents non-polar solvents with a dielectric constant (ε) of
2.374, dimethylsulfoxide (DMSO) is the polar solvent (ε=46.826), and ethanol has moderate
polarity (ε=24.852). In the calculations, the influence of polarity of the solvents on the reaction
pathway and reaction barriers were considered by using the self-consistent reaction field (SCRF)
method and the polarizable continuum model (PCM) [33-35].

Experimental Activation Energy Calculations
Activation barriers were estimated for the ethanolysis reaction of a single 2-O-acetyl
group of glycoside 2 [24] (Scheme 1). The acid-catalyzed transesterification reaction was
performed in large excess of ethanol relatively to the substrate 2. We assumed that the reaction is
of first-order with respect to the 2-acetyl glycoside 2 concentration.
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Scheme 1: The ethanolysis reaction of phenyl 2-O-acetylglucopyranoside 2.

The glycoside 2 concentration was measured using HPLC, which was carried out with an Agilent
Compact LC that has a 150×4.6 mm Eclipse Plus C-18 (5 μm) column, which was eluted with a
gradient of H2O – CH3CN containing 0.1% trifluoroacetic acid from 0% to 100 % CH3CN in 20
min and a flow rate of 1 mL/min. The probe volume was 20 μL. UV detection was performed at
220 nm. The calibration curve i.e., the dependence of the peak area on the concentration was
prepared for the concentrations 0.25 mg/mL (0.84 M), 0.5 mg/mL (1.68 M) and 1 mg/mL (3.35
M).
The 0.5 ml ampoule with a screw cap was filled with 2-O-acetyl glucoside 2 (10 mg, 33.5 µmol)
and the mixture of EtOH (12.5 µL, 217 µmol), the examined solvent (75 µL), and HCl 36% (9
µL, 90 µmol) yielding a total HCl concentration of 0.9 M. The ampoule was closed tightly and
thermostated at 30 °C, 40 °C or 50 °C. At pre-selected times, a sample of 2 µL was taken using 5
µL syringe, quenched with 150 µL of a 1:1 acetonitrile – water mixture and 50 µL of a NaHCO3
solution. The sample was analyzed by HPLC three times and the average peak area was
calculated. The concentrations of compound 2 in the reaction mixture were determined from the
calibration curve. The fit of the experimental data to the expression for first-order reactions was
satisfactory for all the samples. The reaction rate constants k at each temperature were estimated
from the slope of the line in the logarithmic plot of the glycoside 2 concentration as a function of
time. The rate constants that were obtained from different series of experiment with same
experimental conditions could be reproduced within a 9% inaccuracy. The activation energies for
the reaction in different solvent were estimated using Arrhenius plots using rate constants
measured at three temperatures (Fig. 2).
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Fig 2. Arrhenius plots for the ethanolysis reaction of the 2-O-acetyl group of phenyl 2-O-acetyl
glucopyranoside (2) in different solvents: (♦) DMSO; (■) Xylene; (�▲) Ethanol.

Result and discussion
The mechanism of the ethanolysis reaction involves formation of RC from the protonated
glycoside and an ethanol molecule reacting to the TS as shown in Fig. 1. The optimized
molecular structures for RC and TS of the ethanolysis reaction at O-2 of 2,3,4,6-tetra-O-acetyl
glucoside 1 are shown in Fig. 3.
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Fig 3. The optimized molecular structures of 2,3,4,6-tetra-O-acetyl glucoside 1 and the transition
state of the ethanolysis reaction of the O-2 acetyl group: (A) reactant complex RC; (B) transition
state TS. The black arrow shows the imaginary frequency that corresponds to transition of the
proton from the ethanol oxygen to the glucose O-2.

The total energies of the reactant complex (RC) and the transition state (TS) of the ethanolysis
reaction at the different glucose oxygens were calculated. The ethanolysis reaction of the fully
acetylated glycoside 1 was divided into four steps denoted with lowercase letters “a,b,c,d“ in
Table 1, Fig. 4 and Scheme 2. Each reaction step involves the reaction of one acetyl group. The
reaction proceeds step by step involving the reaction product of previous step by removal of one
of the remaining acetyl group. The nucleophilic attack by ethanol is studied in step “a” for each
of the four acetyl groups of 2,3,4,6-tetra-O-acetyl glucoside 1. In step “b”, each of the three
remained acetyl groups of the intermediate 2,3,4-tri-O-acetyl glucoside 4 is studied; step “c” is
for the ethanolysis of each acetyl group of 2,4-di-O-acetyl glucoside 5 and the final “d” step is
for ethanolysis of a single 2-O-acetyl group of glucoside 2. The stepwise reaction mechanism
and the notation is shown in Scheme 2. Cartesian coordinates of the atoms of the optimized
structures are given in the Supplementary data.
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Scheme 2. The reaction scheme of the stepwise addition of acetyl groups in the acid-catalyzed
ethanolysis of per-acetylated phenyl glycoside 1. The numbering of the acetyl groups is used in
the energy diagram in Fig. 4.

The calculations yielded activation barriers for each step of the stepwise ethanolysis in three
solvents of different polarity (Table 1). The obtained reaction barriers agree with available
experimental data. The height of the activation barriers depends on the solvent, whereas the
reaction mechanism remains the same regardless of the used solvent.

Table 1. Calculated activation barriers (in kcal/mol) of the ethanolysis reaction of each acetyl
group are compared with experimental data.

Entry

1

Step

2

Acetyl

phenyl

group

Gas

glycoside

reacted

phase

3

4

Xylene

Ethanol

DMSO

5

6

7

8

O-2

32.06

30.18

29.18

29.07

2,3,4,6-tetra-

O-3

21.31

18.62

15.37

15.14

O-acetyl (1)

O-4

33.88

32.79

31.67

31.55

O-6

7.79

7.18

5.9

5.81

O-2

32.86

29.12

27.38

27.19

O-3

18.56

16.79

13.77

13.61

O-4

22.29

24.04

27.32

27.58

2,4-di-O-

O-2

31.88

31.19

30.18

30.07

acetyl (5)

O-4

18.58

16.64

13.85

13.61

2-O-acetyl (2)

O-2

14.46

18.30

22.85

28.70

O-2

-

15.8±1.7

20.1±1.8

29.8±0.5

1
2
3

a

4
5
6

b

2,3,4-tri-Oacetyl (4)

7
8

c

9
10

11

d

d

Ea

Substrate,

2-O-acetyl (2)
experimental

The calculations show that the acetyl groups at O-2 and O-4 of 2,3,4,6-tetra-O-acetyl glucoside 1
have the highest reaction barrier for at the first (“a”) step in each of the studied solvents. The
activation barrier for O-2 acetyl group reaction is lower by 1.82 kcal/mol than for acetyl group at
8

O-4 in gas phase. The same trend is obtained in the cases of other considered solvents. The
acetyl group at O-6 has the lowest activation barrier and consequently highest reactivity in the
studied solvents implying that the O-6 acetyl group reacts 2-4.5 times faster than any other acetyl
group in “a” step. 2,3,4-tri-O-acetyl is the first intermediate product 4 (Scheme 2). The latter is
in good agreement with the known fact that the primary alcohols are more reactive than
secondary alcohols [23]. For the next step “b”, we modeled the ethanolysis reaction of each
acetyl group of triacetate 4 (Scheme 2). In step “b”, the acetyl group at O-3 has the highest
reactivity for all solvents. The O-3 acetyl group cleavage leads to the second intermediate, which
is 2,4-di-O-acetyl glucoside 5 that reacts in step “c”. In xylene, the acetyl group at O-4 has also a
high reactivity leading to a reaction branch of the stepwise reaction that we have not considered.
In step “c”, the activation barrier for O-2 acetyl group is 13.30-16.46 kcal/mol higher than for the
acetyl group at O-4 in gas phase and in the studied solvents indicating that the 2-O-acetyl
glucoside 2 is the most probable product of the “c” step, which agrees well with our previous
synthetic studies where we prepared 2-O-acetyl aryl glycosides with different phenolic aglycones
[24]. Step “d” is the ethanolysis of the last acetyl group at O-2. We were also able to estimate
activation barrier experimentally for step “d” (Table 1, entry 11). Relative potential energy
profiles of the calculated reactions are shown in Fig. 4 for gas phase and in Fig. S1 (see
Supplementary data) for other considered solvents. The calculations show that the general
deacetylation reaction pathway is independent of the polarity of the employed solvent, which
also allows us define a general reaction scheme of the stepwise deacetylation reaction of peracetyl glycosides. The reaction pathways obtained in the quantum-chemical calculations are
shown in Scheme 2. The obtained scheme is in good agreement with experimental data. Thus,
the deacetylation reaction of fully-protected glucoside 1 yield mixed products if stopped at
reaction times which correspond to steps “a”, “b” or “c” while at higher reaction time which
correspond to “d” step, experimental work was capable of yielding a single product 2-O-acetyl
glucoside 2.
9

Fig 4. Relative energy profile for the stepwise ethanolysis of 2,3,4,6-tetra-O-acetyl glucoside 1 in
gas phase based on the mechanism proposed in Scheme 2. The energy barriers are given in
kcal/mol. The numbers after RC or TS in the notation indicate the reacting acetyl group and the
lowercase letters indicate the reaction step.

The dependence of the activation barrier of the ethanolysis reaction of the O-2 acetyl group of 2
on the dielectric constant of the solvent (Fig. 5) shows that the activation barrier for
deacetylation reaction increases with increasing polarity of the solvent. The calculated values are
in qualitative agreement with the experimental results. The difference between calculated and
measured activation barriers is 0.6-0.95 kcal/mol, which is of the same size as obtained in
previous studies [36,37]. The presence of ethanol in xylene and in DMSO can influence the
experimentally estimated activation energies. However, the general trend obtained for the
experimental activation energies agrees well with calculated results.
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Fig 5. The dependence of activation barrier on the solvent polarity: (•) experimental data; (■)
calculated at DFT B3LYP/6-31G(d,p).

Conclusions
The acid-catalyzed deacetylation of per-acetylated phenyl glycosides has been studied
experimentally as well as computationally by using DFT calculations. The calculations suggest
that the reactivity of the acetyl groups of per-acetylated glucopyranosides differs, which leads to
a stepwise reaction that forms 2-O-acetyl aryl glycosides. The calculations suggest that the
reaction mechanism is independent of the polarity of the solvent, whereas the activation barriers
of the stepwise deacetylation mechanism generally increase with increasing polarity of the
solvent. The stepwise acid-catalyzed deacetylation mechanism shown in Scheme 2 generally
holds for aryl β-gluco- and galactopyranosides bearing different substituents in the aglycone.
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