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ABSTRACT: Acetylated oligosaccharides are common in nature. While they are involved in several biochemical and 
biological processes, the role of the acetyl groups and the complexity of their migration has largely gone unnoticed. In 
this work, by combination of organic synthesis, NMR spectroscopy and quantum chemical modeling, we show that acetyl 
group migration is a much more complex phenomenon than previously known. By use of synthetic oligomannoside 
model compounds, we demonstrate, for the first time, that the migration of acetyl groups in oligosaccharides and 
polysaccharides may not be limited to transfer within a single monosaccharide moiety, but may also involve migration 
over a glycosidic bond between two different saccharide units. The observed phenomenon is not only interesting from the 
chemical point of view, but it also raises new questions about the potential biological role of acylated carbohydrates in 
nature.  

INTRODUCTION
In nature, both linear and branched polysaccharides are 

found in all plants. Many polysaccharides also contain 
acetyl groups in different positions in their backbone or 
the side chains. Examples of naturally occurring partially 
acetylated polysaccharides are xyloglucans,1–4 
arabinoxylans5–7 and mannans.8–13 Depending on their 
location in the plants, a broad variety in the degree of 
acetylation can be observed.14 The degree of acetylation is 
controlled by the plant itself, inferring that the acetyl 
groups in nature may also play an important, albeit less 
investigated, biological function.15–17 Mannans, in 
particular, have been found to be partially acetylated in 
different plants. Most of the natural mannans can be 
acetylated in the O-2, O-3 or in some cases also in the O-6 
position.8–13 In addition to mannose, these 
polysaccharides often contain other monosaccharide 
units in their backbone or side chains. Many of the 
natural mannans have a linear backbone consisting of β-
(1→4)-linkages with side chains connected to the O-6 of 
the mannose.18 The most common β-(1→4)-linked 
mannan polysaccharides are illustrated in Figure 1.19 In 
the plants, these mannans may act as a storage for 
nonstarch carbohydrates, molecular recognition sites for 
pathogens and as signaling molecules for plant growth 
and development.20

The biological activity of mannans often extends beyond 
their natural role in the plant. Acetylated linear mannan 
(acemannan), isolated from aloe vera, has been shown to 
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Figure 1. Structures of natural mannans: A: Acemannan, B: 
Glucomannan, C: Galactomannan, D: Galactoglucomannan.
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inhibit the growth of cancer tumors.8 Acetylated 
glucomannans found in the orchid family (Dendrobium 
officinale)10 have been found to possess antioxidant 
activities, and it has been suggested that this biological 
activity is closely connected to the acetyl group pattern in 
addition to the glycosidic linkage types.21–23 
Galactoglucomannan (GGM), in turn, is the most 
common hemicellulose in spruce (Picea abies).24,25 The 
GGM polysaccharide has been shown to exist in both 
non-acetylated and partially acetylated forms, both of 
which display biological activity with known 
applications.26

Generally, in nature, acetyl groups may be involved in 
various biological activation and deactivation processes of 
other natural compounds.27 Consequently, the frequently 
observed acetyl group migration in polysaccharides could 
also have important implications for the molecular 
recognition and other biosignaling processes occurring in 
the host plant. As a phenomenon, the migration of acyl 
groups was first documented by Emil Fischer in 1920,28 
and has since been investigated and demonstrated to take 
place in several different monosaccharides.29–31 In oligo- 
and polysaccharides, however, hitherto migration studies 
have only demonstrated that migration takes place 
between the neighboring hydroxyl groups, but more 
extensive studies are still lacking.32,33¨

The possible observation of acetyl group migration 
between the different monosaccharide units in an oligo- 
or polysaccharide could significantly impact and inspire 
future research on acetylated polysaccharides and their 
true biological role in nature. Here, by extensive NMR-
spectroscopic studies of β-(1→4)-linked oligomannosides, 
combined with molecular modeling, we provide new 
insights into the intramolecular acetyl group migration 
between the different constituent mannose units.

RESULTS AND DISCUSSION
To study the migration phenomenon in 

oligosaccharides, two partially acetylated β-(1→4)-linked 
di- and trimannosides were synthesized (structures 1 and 
2 in Figure 2). Two monosaccharide compounds 3 and 4 
were also prepared to provide additional information on 
the possible migration mechanism. Synthesis of the 
targeted substrates was not straightforward and a number 
of challenges were encountered in the experimental work. 
These aspects of the study are addressed in more detail in 
the Supporting Information. 
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Figure 2. The β-(1→4)-linked di- and trisaccharide mannan 
model compounds and the model monosaccharides used for 

the acetyl group migration studies in this work.

Migration studies by NMR spectroscopy. Migration 
of the acetyl groups in the model di- and trisaccharides 1 
and 2 was monitored by 1H NMR spectroscopy, allowing 
adequate separation of the carbohydrate proton signals 
from the acetylated positions and, consequently, 
straightforward integration of the corresponding peak 
areas. The optimized migration conditions were adopted 
from our earlier work on acylated galactose-derivatives, 
where under acidic pD the acetyl groups were hydrolyzed 
without migration, while readily migrating under basic 
conditions.29 The previously determined optimal pD = 8 
was used as a basis also for the present study. This pD is 
similar to the pH in plants, where the cytoplasmic pH 
resides between 7 to 8 depending on the organism and 
the conditions it lives in, making the migration 
conditions comparable or at least related to the ones 
existing in nature.34

For disaccharide 1, we initially set out to investigate the 
ratio between the anticipated 2-OAc and 3-OAc migration 
products 1a  and 1b as a function of time. In addition, the 
potential migration of the 2-OAc or 3-OAc groups 
towards O-6 of the same monosaccharide unit or a free 
hydroxyl position in the non-reducing end, across the 
glycosidic bond, was monitored. As shown in Figure 3, an 
equilibrium between 1a and 1b arises in 5 h at pD = 8, 
without any migration to the second monosaccharide unit 
or the O-6 of the same carbohydrate unit, even after 330 
days (not shown). The observed ratio between 1a and 1b, 
approximately 60:40, corresponds well to the natural 
acetylated GGM, where 60–70% of the acetyl groups in 
the mannose unit reside on O-2.12,35 This also becomes 
evident from the migration rate constants where the rate 
of migration from 1b to 1a is almost twice higher than the 
opposite (k1 = 0.343 h-1 ±0.0038, k-1 = 0.564 h-1 ±0.0067). 
The energetic near-degeneracy of 1a and 1b was 
confirmed by quantum chemical calculations at 
CCSD(T)/COSMO-RS level; 1a is minutely more stable, 
the simulated ratio being 63:37 (ΔG = +1.3 kJ/mol). 

Figure 3. Migration path and data for 1 at pD = 8 and 25 °C in 
buffered D2O.
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Scheme 1. Possible migration and hydrolysis in the trisaccharide model compound. For clarity, acetyl groups 
are marked in red and new free hydroxyl groups in blue color.
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In the trisaccharide model compound 2, both the O-2 
and O-3 positions of the middle monosaccharide unit are 
blocked by acetyl groups, preventing a similar migration 
pattern between the neighboring positions, as observed 
for the disaccharide 1. However, when compound 2 was 
subjected to similar migration conditions, signals 
appeared in the 1H NMR spectrum next to the ones 
arising from the H-2ʹ and H-3ʹ protons (i.e., the acetylated 
positions of the middle mannose unit). In addition, new 
signals were observed between 4.2 and 4.4 ppm, the 
typical region for signals from H-6 next to O-6 acetyl 
groups,29 which could also be verified by the multiplicity 
edited HSQC spectra where the CH2 signals are seen as  
negative. This observation is, therefore, consistent with 
acetyl group migration between two non-neighboring 
positions. 

After six weeks of migration, intensities of the new 
signals in the 1H spectra were sufficiently high to allow 
the measurement of 1D-TOCSY spectra. As can be seen in 
Figure 4, the new monosaccharide units appear in pairs, 
e.g., 2A and 2B having the acetyl group at the O-2 
position, and 0A and 0B having no acetyl group. From the 
1D-TOCSY and HSQC data it could be unambiguously 
concluded that one of the acetyl groups in the middle 
carbohydrate unit of compound 2 had migrated across a 
glycosidic bond to the O-6 position of either the reducing 
or non-reducing end of the trisaccharide. Next, by routine 
2D-NMR experiments it could be confirmed that the 
acetyl group had migrated towards the reducing end, by 
identifying an HMBC correlation between the anomeric 
position of the monosaccharide unit bearing the 6-OAc 
and the OCH3 of the reducing end (Figure 5). This is also 
consistent with the fact that no migration between the 
different monosaccharide units was observed in the 
disaccharide model compound 1 where the acetyl group 
resided in the reducing end from the start. Finally, in the 
HMBC spectrum of compound 2, two units with similar 
shifts close to each other are observed due to the 
equilibrium between the 2-OAc and 3-OAc of the middle 
unit after migration or hydrolysis of one of the acetyl 
groups. Since no hydrolysis of the O-2 or O-3 acetyl 
groups was observed in the disaccharide model 
compound 1, even after 330 days, it appears more likely 
that the hydrolysis in compound 2 takes place from O-6, 
similar to the galactose-derivatives in our earlier work.30

The slow migration process inevitably leads to some 
hydrolysis during the monitoring process. A piori, it could 
be argued that the observed shifting of the acetyl group 
across the monosaccharide units would not be a true 
migration, but rather the result of a reversible hydrolysis 
of an acetyl group from one position, which then 
reattaches to another free hydroxyl group in the 
molecule. For ruling out this possibility, methyl α-D-
mannopyranose and NaOAc (1 eq) were dissolved in the 
same buffer used for the migration studies and this 
mixture was monitored for 7 days by 1H NMR 
spectroscopy. No (re)acetylation was observed under the 
investigated conditions. Furthermore, in case partial 
hydrolysis and reacetylation took place in the 
trisaccharide model compound 2, it is highly unlikely that 
such process would be regiospecific. Yet another type of 
artefact, resulting from intermolecular acetyl group 
migration, could be introduced by some type of 
coordination between two trisaccharide molecules in the 
buffer solution. This possibility was investigated by 
monitoring the migration process in compound 2 using 
three different concentrations (1, 5 and 10 mg/ml). If an 
intermolecular acetyl group migration would take place, 
the migration rate should be different for the different 
concentrations studied. No evidence of differences in the 
apparent migration rates in the samples with different 
concentrations was observed after 6 weeks of migration 
studies. Consequently, from these results it can be 
concluded that the acetyl group indeed migrates towards 
the reducing end, across a glycosidic bond (Scheme 1). 

Kinetic studies similar to those performed for migration 
in the disaccharide 1 were tested also on compound 2. The 
considerably slower migration in 2 together with the low 
concentrations of the migration products made such 
calculations unreliable. Redesign of additional future 
experiments, starting from different time points of the 
overall migration process, will be needed to obtain 
accurate kinetic information for trisaccharide 2. 

Modeling of the migration process. The observed 
acetyl group migration between two monosaccharide 
units requires a sufficiently short distance between the 
initial position of the acetyl group, and a free target 
hydroxyl group in the second saccharide unit. In general, 
the conformations of β(1→4)-linked oligomannosides are 
similar to cellulose and, consequently, retain a good 
degree of flexibility.18,36 Therefore, it is well possible that 
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4

Figure 4. 1H and 1D-TOCSY NMR-spectra of 2 and the selected peaks after 6 weeks of migration. 

Figure 5. Correlations between HSQC of the anomeric signals (blue) and HBMC (red) of the 1D-TOCSY spectra shown in Figure 
4 after 6 weeks of migration of trisaccharide 2. 

the intramolecular distance between the hydroxyl group 
at C6 and the acetyl group at C2ʹ would approach each 
other within the requisite range for possible migration. In 
order to study this in more detail, quantum chemical 
simulations of the possible migration mechanism in 
compound 2 were performed, by studying the process of 

migration between 2a and 2b (Scheme 1). In the 
following, geometries were obtained at density function 
theory (DFT) level, while final electronic energies were 
computed at ab initio coupled cluster level [CCSD(T)]; for 
details, see the Methods section. 
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5

 
Figure 6. Reaction profile of the migration between the saccharide groups; relative Gibb’s free energy (purple) and distance 

between donating and accepting oxygens (green) are shown, together with the molecular structures of 2a, 2b, and the transition 
state 2TS connecting them.

Based on the calculations, it is evident that the migration 
process proceeds by initial deprotonation of the acetyl-
accepting hydroxyl group; without prior deprotonation, 
the migration barrier is computed to be prohibitively 
high, amounting to hundreds of kJ/mol. This is consistent 
with the earlier work where migration is fast at high pH, 
slow at neutral pH and at acidic pH only hydrolysis of the 
acyl group takes place.29 Figure 6 shows the profile of the 
migration reaction with the accepting hydroxyl group 
deprotonated. The structures of the initial state 2a, the 
intermediate transition state 2TS, and the resulting 
migration product 2b are included. Notably, the three 
dimensional structure of 2a in Figure 6 is only one of the 
several possible conformational minima of this flexible 
molecule; compared to the 2D sketch of compound 2 in 
Scheme 1, the terminal saccharide in Figure 6 has rotated 
approximately half a turn. The structure is, however, a 
representative example of a conformation where the 
leaving acetyl group can come in sufficiently close contact 
with the accepting O- group on the opposite side of the β-
(1→4)-linkage. As seen from Figure 6, the distance 
between the donating and accepting oxygens steadily 
decreases along the reaction coordinate. At the transition 
state, the O—O distance has decreased to ca 2.7 Å. At the 
same time, a temporary nine-membered ring is formed, 
which includes the saccharide-bridge. The distance is 
further reduced after crossing the barrier, reaching a 
minimum below 2.5 Å. This is in accordance with 
Hammond’s postulate,37 with an early transition state in 
this exothermic reaction. A movie of the full reaction path 
is given in the Supporting Information.

The activation free energy of the migration is computed 
to be 56 kJ/mol at room temperature. This reaction 
barrier corresponds to a reaction half-life of less than a 
millisecond. The reaction rate is thus limited by the 

dynamics of the chain, rather than the reaction barrier as 
such. The molecule is flexible, with several possible 
conformations enabled by the multitude of rather freely 
rotatable bonds and torsion angles. After deprotonation 
of the correct, accepting hydroxyl group, the trisaccharide 
still needs to reorient and rotate appropriately in order for 
the acetyl and O- to come in sufficiently close contact for 
the migration to occur. Therefore, even if the migration 
itself requires surprisingly little in the form of activation 
energy, the preordering of the adjacent monosaccharide 
groups takes time; weeks, as shown by the NMR 
spectroscopic data in this work. 
Mechanistic investigation. To further understand the 
acetyl group migration phenomenon, kinetic isotope 
effects were investigated. First, the acetylated 
monosaccharide model compound 3 (Figure 2) was 
investigated in the same buffer used for the 
oligosaccharides 1 and 2. As confirmed by the 1H NMR 
spectral data, the expected path for acetyl group 
migration in monosaccharides,30 with clockwise migration 
towards the neighboring hydroxyl group, takes place 
(Scheme 2). As seen from Figure 7, the initial 2-OAc  3-
OAc migration between 3a and 3b is fast. This is further 
confirmed by the kinetic calculations where k1 and k-1 are 
higher than the other observed rate constants (Table 1). 
The acetyl group is clearly disfavored in position O-4 with 
the concentration of 3c being less than 10% throughout 
the overall migration process. This is also evident based 
on the rate constants where k2 < k-2. Over time, 3d then 
becomes the major migration product, which is also 
expected based on the earlier investigations on 
monosaccharides.30 Finally, the acetyl group is then 
hydrolyzed from O-6.
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Scheme 2. Acetyl group migration and hydrolysis in the monosaccharides 3 and 4.
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Table 1. Rate constants and the isotope effect of the monosaccharides in different buffers. 

3a (h-1) 4a (h-1) 3b (h-1) k(12C)/k(13C) k(1H)/k(2H)

k1 0.566 ± 0.0068 0.557 ± 0.0064 0.990 ± 0.0364 1.02 1.75

k-1 0.395 ± 0.0058 0.406 ± 0.0057 0.672 ± 0.0292 0.97 1.70

k2 0.036 ± 0.0015 0.040 ± 0.0018 0.066 ± 0.0028 0.89 1.83

k-2 0.091 ± 0.0127 0.106 ± 0.0131 0.200 ± 0.0262 0.85 2.21

k3 0.300 ± 0.0125 0.258 ± 0.0093 1.146 ± 0.1632 1.16 3.82

k-3 0.019 ± 0.0020 0.016 ± 0.0017 0.072 ± 0.0140 1.15 3.80

k4 0.002 ± 0.0001 0.002 ± 0.0001 0.002 ± 0.0001 0.96 0.97
aThe migration experiment was followed at pD = 8 and 25 °C in buffered D2O. bThe migration experiment was followed at pH = 8 
and 25 °C in buffered H2O with 10% D2O.

Figure 7. Acetyl group migration in the monosaccharide 
model compound 3 at pD = 8 and 25 °C in buffered D2O.

The 13C-labeled monosaccharide 4 was next investigated 
in the same buffer. The migration followed a similar 
pattern as observed for the first monosaccharide 
experiment (For details and illustrations, see Supporting 
Information). As summarized in Table 1, any 13C/12C 
kinetic isotope effect was not observed and the overall 
ratio between the rate constants is 1. Consequently, it 
becomes evident that the rate limiting step of the 
migration process does not involve the cleavage and 
formation of the C-O bonds at the carbonyl carbon, but 
rather deprotonation of the hydroxyl group, as also 
suggested by the DFT modeling of the migration in the 
trisaccharide model compound. 

In order to investigate the deprotonation process, an 
alternative buffer solution was prepared using H2O 
instead of D2O. The H2O buffer was otherwise similar to 
the earlier used D2O buffer, but contained the 
corresponding non-deuterated acid and base in order to 
obtain the same properties. In the initial D2O buffer all 
protons of the carbohydrate hydroxyl will be exchanged 
to deuterium.38 Thus, for studying the 1H isotope in the 

hydroxyl groups such exchange possibilities should be 
limited. The migration in the H2O buffer followed 
otherwise a similar pattern as observed in the other 
monosaccharide experiments, but was considerably faster 
(for details and illustrations, see Supporting Information). 
The representative Figure 8 clearly demonstrates the 
faster migration in the H2O buffer compared to the other 
two experiments where D2O was used. Further, as 
summarized in Table 1, the rate constant for 1H is always 
higher compared to deuterium, except for the hydrolysis 
step. The average 1H/2H ratio is approximately 2.5, 
without considering the k4 where the protons are not 
involved in the rate determining step. The observed 
primary isotope effect in the monosaccharide model 
compound thus provides clear experimental evidence for 
deprotonation being the rate limiting step in acetyl group 
migration in polyhydroxyl compounds. This is further 
supported by the earlier studied migration processes 
where the migration rate was dependent on the pD of the 
buffer solution.29 

 Figure 8. The migration percentage of AcO-6 for 3 and 4 at 
pD/H = 8 and 25 °C in buffered D2O/H2O.
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Finally, it can be observed from Table 1 that for each 
reversible migration step the k(1H)/k(2H) ratios of the 
forward and backward rate constants are of similar 
magnitude but clearly different depending on the 
migration step in question, i.e. k1/k-1 = 1.75/1.70 for the 
3a/4a3b/4b migration, k2/k-2 = 1.83/2.21 for the 
3b/4b3c/4c migration, and the largest k3/k-3 = 3.82/3.80 
for 3c/4c3d/4d. A similar but less pronounced effect is 
observed also for the different carbon isotopes. Further 
studies are however needed to investigate this 
observation in more detail.

Conclusion
The aim of this investigation was to shed light on the 

acetyl group migration processes taking place in naturally 
occurring, partially acetylated polysaccharides by use of 
appropriately designed, synthetic oligosaccharide model 
compounds. For the first time it could be demonstrated, 
that the acetyl groups may also migrate between the 
different monosaccharide units in an oligosaccharide, 
across a glycosidic bond. Here, we have combined 
experimental studies with state of the art quantum 
mechanical calculations, thus providing valuable insights 
on the mechanism of this migration process. This 
previously unknown phenomenon, after more detailed 
future studies, could have an impact on our 
understanding of biological activities and biological 
processes taking place in nature. Migration between the 
different saccharide units could tentatively be linked to, 
for example, activation and deactivation of the signaling 
processes and the biological activities of plants, and the 
overall role of partial acetylation in natural 
polysaccharides. While the overall intramolecular 
migration process across the glycosidic bond, as 
demonstrated here, could intuitively be considered as 
slow, in the lifespan perspective of common plants it 
might nevertheless be significant for the biosignaling 
processes during the development, regulation and growth 
of the organism.

Notably, the conditions applied in our experiments are 
similar to those in the cytoplasm of plant cells, where pH 
resides between 7-8. The variation of the pH depends on 
both the surrounding conditions and the type of plant. It 
has also been reported that the pH in cells increases 
during growth and development of the organism.34 
Consequently, in future work, it would be important to 
investigate the influence of small changes in the pH on 
the kinetics of the migration phenomenon. Yet another 
important aspect for further studies involves the 
understanding of the significance of the migration 
process by comparing the biological activities between 
the starting compound and the migration products. This 
could be investigated, for example, by measuring the 
affinities of the starting material and the migration 
products towards suitable proteins by NMR spectroscopic 
methods or mass spectrometry. 

EXPERIMENTAL SECTION

General. For following the migration process, a Bruker 
Avance-III spectrometer operating at 500.20 MHz (1H) 
and 125.78 MHz (13C) equipped with a Smartprobe: BB/1H 
was used and for identification and characterization of 
the new compounds a Bruker Avance-III spectrometer 
operating at 500.20 MHz (1H) and 125.78 MHz (13C) 
equipped with a Prodigy BBO CryoProbe or a Bruker 
Avance-III spectrometer operating at 600.16 MHz (1H) 
and 150.91 MHz (13C) equipped with a Prodigy TCI 
CryoProbe was used. The characterization was performed 
using a standard set of 1D and 2D NMR spectroscopic 
techniques: 1H, 13C, 1D-TOCSY, DQF-COSY, Multiplicity 
edited HSQC (CH and CH3 positive, CH2 negative, both 
coupled and decoupled), and HMBC. 

Preparation of buffer solutions. For monitoring the 
acyl group migration by NMR spectroscopy, a phosphate 
buffer was used. First a 10 mM Na2HPO4 buffer with D2O 
was prepared. According to earlier studies, pD can be 
solved from pH by the equation pD = pH + 0.4.39,40 

Consequently, the pH of the buffer solution was adjusted 
to 7.6 with NaOD and D3PO4. The H2O buffer, with 10% 
D2O, was prepared with the corresponding non-
deuterated acid and base when the pH was adjusted to 8. 
In each migration study 1 – 11 mg of the corresponding 
compound (1 – 4) was dissolved in 0.5 – 1 ml buffer 
solution.

Migration kinetics and modelling. The reaction 
kinetics for the acetyl group migration for disaccharide 
was described with a reversible first order reaction 
scheme as: 
𝑟1 = 𝑘1 ∗ 𝑐(𝟏𝒂) ― 𝑘 ―1 ∗ 𝑐(𝟏𝒃)

To estimate the forward and backward rate constants 
the ideal batch reactor model

      
𝑑𝑐1𝑎

𝑑𝑡 = ― 𝑟1
𝑑𝑐1𝑏

𝑑𝑡 = + 𝑟1

was used. 
The model for the monosaccharides 3 and 4 was 

described in the same way and the reaction scheme was 
𝑟1 = 𝑘1 ∗ 𝑐(𝐗𝒂) ― 𝑘 ―1 ∗ 𝑐(𝐗𝒃)
𝑟2 = 𝑘2 ∗ 𝑐(𝐗𝐛) ― 𝑘 ―2 ∗ 𝑐(𝐗𝐜)
𝑟3 = 𝑘3 ∗ 𝑐(𝐗𝐜) ― 𝑘 ―3 ∗ 𝑐(𝐗𝐝)
𝑟4 = 𝑘4 ∗ 𝑐(𝐗𝐝)
,where X is compound 3 or 4.

And the mass balances become
𝑑𝑐Xa

𝑑𝑡
= ― 𝑟1

𝑑𝑐Xb

𝑑𝑡 =  𝑟1 ― 𝑟2

𝑑𝑐Xc

𝑑𝑡 =  𝑟2 ― 𝑟3

𝑑𝑐Xd

𝑑𝑡 =  𝑟3 ― 𝑟4

𝑑𝑐5

𝑑𝑡
= 𝑟4
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The differential equations are solved with the backward 
difference method as a subtask to the optimizing methods 
(Simplex and/or Levenberg-Marquardt) with the software 
Modest.41 As objective function the sum of square 
function

𝑆𝑆𝑄 = ∑
𝑡
∑

𝑖

(𝑐𝑖,𝑡,𝑚𝑜𝑑𝑒𝑙 ― 𝑐𝑖,𝑡,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡)2

was used. The fit of model to experimental data was good 
and the fit is displayed in the Supporting Information.

Computational details. The molecular structures were 
optimized at density functional theory (DFT) level using 
the hybrid Tao-Perdew-Staroverov-Scuseria functional 
corrected for dispersion interactions, TPSSh-D3(BJ).42–45 
For 1a and 1b the def2-TZVPP basis set46 was employed, 
for 2a, 2TS, and 2b, the def2-SVP(D) basis set was used; 
(D) denotes that additional diffuse functions47 were added 
to the O—C—O three-member bridge of the transition 
state. The transition state 2TS was located with Woelfling 
reaction path method.48 Solvation effects were accounted 
for with the COSMO model,49 using a dielectric constant 
ε = 78, simulating a water solvent. Final electronic 
energies were computed at the coupled cluster singles, 
doubles and perturbative triples level, employing the 
domain-based local pair natural orbital approximation, 
DLPNO-CCSD(T.50 The correlation energy was 
extrapolated toward basis set completeness using the 
two-point scheme of Halkier et al,51 based on def2-
TZVPP(D)/QZVPP(D) energies; for 1a/1b, diffuse 
functions were included on all atoms. Free energies were 
estimated from the harmonic vibrational frequencies, 
with possible low-frequency modes below 20 cm−1 set to 
20 cm−1. For the 1a/1b isomer energy differences, 
frequencies were computed in gas phase, and ΔG 
solvation corrections using the COSMO-RS method.52,53 
The DFT calculations were performed with 
Turbomole,54,55 the CCSD(T) calculations with Orca,56 and 
the COSMO-RS calculations with ADF.57

ASSOCIATED CONTENT 
Supporting Information. The Supporting Information is 
available free of charge on the ACS Publications website at 
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The supporting information includes: experimental 
procedures, supporting figures, NMR spectra, kinetic models, 
atomic coordinates (PDF); animation of the migration 
between the monosaccharides (AVI).
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Figure 1. Structures of natural mannans: A: Acemannan, B: Glucomannan, C: Galactomannan, D: 
Galactoglucomannan. 
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Figure 2. The β-(1→4)-linked di- and trisaccharide mannan model compounds and the model 
monosaccharides used for acetyl group migration studies. 

64x31mm (600 x 600 DPI) 

Page 13 of 21

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 3. Migration path and data for 1 at pD = 8 and 25 °C in buffered D2O. 
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Scheme 1. Possible migration and hydrolysis in the trisaccharide model compound. Acetyl groups are 
marked with red and new free hydroxyl groups with blue for clarity. 
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Figure 4. 1H and 1D-TOCSY NMR-spectra of 2 and the selected peaks after 6 weeks of migration. 

174x105mm (150 x 150 DPI) 

Page 16 of 21

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 5. Correlations between HSQC of the anomeric signals (blue) and HBMC (red) of the 1D-TOCSY 
spectra shown in Figure 4 after 6 weeks of migration of trisaccharide 2. 
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Figure 6. Reaction profile of the migration between the saccharide groups; relative Gibb’s free energy 
(purple) and distance between donating and accepting oxygens (green) are shown, together with the 

molecular structures of 2a, 2b, and the transition state 2TS connecting them 
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Figure 7. Acetyl group migration in the monosaccharide model compound 3 at pD = 8 and 25 °C in buffered 
D2O. 

Page 19 of 21

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Scheme 2. Acetyl group migration and hydrolysis in the monosaccharides 3 and 4. 
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Figure 8. The migration percentage of AcO-6 for 3 and 4 at pD/H = 8 and 25 °C in buffered D2O/H2O. 
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