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ABSTRACT: The acid-catalyzed hydrolysis of sucrose to glucose and fructose was inves- Q ,,,,, C D, C‘)}ih@,@

tigated by DFT calculations. Protonations to three ether oxygen atoms of the sucrose mole-  Ghome sl
cule, A, B, and (C, D), were compared. Three (B, the fructosyl-ring oxygen protonation; C, () . D)
protonation to the bridge oxygen of the glycosidic bond for the glucosyl-oxygen cleavage; and D, P T &

. . Y‘"\ 9 - - - < £
protonation to that for the fructosyl-oxygen cleavage) gave the fragmentation. Paths B, C, and D O 4

were examined by the use of the sucrose molecule and H;O*(H,0),5. The path B needs a large -
activation energy, indicating that it is unlikely. The fragmentation transition state (TS1) of path Ca
C needs almost the same activation energy as that of path D. The isomerization TS of Int(C) —
Int(D), TS(C — D), was also obtained as a bypass route. The present calculations showed that
the path via the fructosyl-oxygen cleavage (D) is slightly (not absolutely) more favorable than

that via the glucosyl-oxygen cleavage (C).

1. INTRODUCTION

The acid-catalyzed hydrolysis of sucrose has a long history
(Scheme 1). It would be the first catalytic reaction that was

Scheme 1. Acid-Catalyzed Hydrolysis of Sucrose
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observed in 1806," and Arrhenius developed his equation using
data from the sucrose hydrolysis measurement.” By the acid
catalyst, the site of protonation is generally considered to be the
bridge oxygen of the glycosidic bond (the central ether bond),
although protonation of the fructosyl-ring oxygen [H*(B) in
Scheme 2] has also been proposed.

The question of the site of bond cleavage caused by the pro-
tonation seems to remain unsettled probably because of difficulties in
NMR measurements. BeMiller suggested that a scheme involving
fructosyl-oxygen bond cleavage [H*(D) in Scheme 2] was likely but
commented that “more experiments need to be done”.*

By kinetic analyses, the fructosyl-oxygen cleavage was
suggested.” On the other hand, “Transition of the protonated
form from the chair to half-chair conformation with a cyclic car-
bonium ion is the rate-determining step of pyranoside hydro-
lysis.”® This suggested solely the glucosyl-oxygen cleavage [H*(C)
in Scheme 2]. Also, the glucosyl-oxygen cleavage was shown as a
mechanism of the hydrolysis.” In a text book, a detailed reaction
mechanism involving the glucosyl-oxygen bond fission was ex-
plained.® Through an '®O-labeling study, both fructosyl-oxygen
and glucosyl-oxygen scission were suggested to occur.” A study of
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Scheme 2. Four Possible Protonations, A, B, C and D, to Three
Ether Oxygen Atoms Contained in the Sucrose Molecule

H* (A
CH,OH / @) H* (B)
(o]

H HOH.C 0O

< H HO
HO o CH,OH
H OH :,, OH H
glucosyl-oxygen fructosyl-oxygen
cleavage cleavage
H*(C) H* (D)

oligosaccharide formation in beet medium invert sugar10a and an
analysis of three disaccharides from a total invert sugau'lob have
been reported. Both studies suggested that the acid-catalyzed
hydrolysis of sucrose involves initial protonation of the glycosidic
oxygen, leading to the formation of either glucopyranosyl or
fructofuranosyl oxonium ion and D-fructose or D-glucose,
respectively. A study of the 'O isotope shift in *C NMR
spectroscopy indicated the fructosyl-oxygen cleavage." As for the
carbocation intermediate formed by the protonation, a five-
membered ring tertiary carboxonium ion would be more stable
than a six-membered ring secondary carboxonium ion."”
Although the acid-catalyzed hydrolysis of sucrose is a familiar
and classic reaction, surprisingly there have been no theoretical
studies on its mechanism. Hydrogen bonds promoting proton
transfers need to be considered explicitly. As the first attempt, in
this work, the reaction paths of the hydrolysis were investigated
by DFT calculations. Since “elucidation of subtle mechanistic
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Scheme 3. Protonations of Three Ether (C—O—C) Oxygen Atoms of Sucrose According to Scheme 2
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“Both paths C and D begin with the protonation of the same O atom, and protonation of the fructose O (path B) leads via an energetically downhill
path to the spontaneous breakup of the five-membered ring. Proton affinity (PA) was calculated by the difference of B3LYP/6-311G(d,p) electronic
and zero-point vibrational energies. Geometric data are given by Cartesian coordinates in Supporting Information.
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Figure 1. An isomerization reaction from the (glucosyl carboxonium ion--f-D-fructofuranose) complex to the (a-p-glucopyranose---fructosyl carboxonium

ion) one.

details, such as the site(s) of protonation, is essential for the
bond cleavage”,11 geometric isomers of the protonated su-
crose were examined in section 3.1. In section 3.2, reaction
paths were traced by the use of a system composed of sucrose
and H;0*(H,0);5.

2528

2. METHOD OF CALCULATION

The reacting systems were investigated by density functional theory
calculations. The B3LYP" method was used. As examples of the
excellent performance of B3LYP, for the 622 compounds containing C,
H, O, and N atoms, the mean absolute errors in the heats of formation

dx.doi.org/10.1021/j03027565 | J. Org. Chem. 2013, 78, 25272533



The Journal of Organic Chemistry

were reported to be a few kcal /mol with various basis sets."** B3LYP was
found to be the most reliable method for studying small zeolite clusters
among various DFT functionals."* The basis set employed here was
6-311G(d,p), because the present systems are large (for molecular
formula C},H;,0,5%, 1009 basis functions are used in the geometry
optimizations), and calculations by a higher-level basis set than
6-311G(d,p) are too difficult. Transition states (ts and TSs) were
sought first by partial optimizations at bond interchange regions.
Second, by the use of Hessian matrices TS geometries were optimized.
They were characterized by vibrational analyses, which checked whether
the obtained geometries have single imaginary frequency (v¥). From
TSs, reaction paths were traced by the intrinsic reaction coordinate
(IRC) method" to obtain the energy-minimum geometries. Similar
geometry optimizations and subsequent vibrational analyses were
carried out including the PCM' solvation effect, B3LYP/ 6-311G(d,p)
SCREF = (PCM, sovent = water) opt freq. All calculations were carried
out with the GAUSSIAN 09'7 program package. The computations
were performed at the Research Center for Computational Science,

Okazaki, Japan.

3. RESULTS AND DISCUSSION

1. Protonation of the Sucrose Molecule. The sucrose
molecule has three ether oxygen atoms that may be subject to the
protonation. Their positions are shown in Scheme 2 as A, B, and
(C, D). Geometries of the protonated sucrose were optimized, as
shown in Scheme 3.

Scheme 4. An Assumed Model of Sucrose and H;0"(H,0),;
for Geometry Optimizations for C and D in Scheme 2

“For B, the position of the H;0*(H,0); group in the green area and
that of H,O(i) are switched. In geometric figures, hereafter, the
glucosyl six-membered ring is shown by the blue color and the
fructosyl five-membered one by the yellowish-brown one, respectively.
Larger models than sucrose and H;0*(H,0);; met technical
difficulties in TS searches.

The protonation A was found not to give fragmentation
to glucosyl and fructosyl moieties. In addition, PA(A) (= +209.4
kcal/mol) is the smallest one among the four (the most un-
favorable protonation). Thus, protonation A is ruled out for the
further investigation. The protonation B gives the fragmenta-
tion with the largest value of PA(B) (= +216.6 kcal/mol). The
reaction channel corresponding to protonation B needs to be
examined in line with the experimental suggestion.’ Protonation
to the oxygen of the glycosidic bond gives isomers C and D.
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Figure 2. Geometry changes of B3LYP/6-311G(d,p) along the
protonation B path (Schemes 2 and 3). Bond interchange regions are
marked by green colors, and distances are shown in A. In square
brackets, B3LYP/6-311G(d,p) SCRF = PCM data are shown. Very
small energy first derivatives could not be eliminated despite over S00
cycles of the geometry optimization of TS(B) by B3LYP/6-311G(d,p)
SCRF = PCM. Numerical details (Cartesian coordinates and various
energies) are shown in Supporting Information.

Their PA values are similar (212.1 and 214.7 kcal/mol). The
distances between the carbocation and the hydroxyl oxygen is
small, 2.453 (C) and 2.308 (D) A. An isomerization path be-
tween C and D is expected, and in fact the transition state (ts)
was obtained. It is exhibited in Figure 1 with the OH™ shift TS
between two carboxonium ions. The calculated activation energy
is small (= +8.32 kcal/mol) and the isomerization readily takes
place.

In view of the results of the sucrose protonation, three reaction
channels corresponding to B, C and D need to be investigated. In
addition, a transformation between C and D might be involved in
the hydrolysis path.

2. Search for Hydrolysis Paths. Scheme 4 shows a model
composed of the sucrose molecule and H;O*(H,0); for tracing
reaction paths. Here, eight water molecules, H,O(a), H,O(b), ...,
H,0(h), are linked to eight H—O groups of sucrose, respectively.
To three ether oxygen atoms, H-OH(i), H-OH(j), and
H-O(H)H;0"(H,0), in the green area are attached, respectively.
First, a path corresponding to the protonation B was sought, and
the calculated results are shown in Figure 2. In line with the
model in Scheme 4, the hydronium ion [H;0(53)"] in the
precursor geometry is not directly linked with the ether oxygen
0(25) of the fructosyl ring.
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Figure 3. Geometric changes along the protonation C path (glucosyl-oxygen cleavage).

From the precursor, the geometry of TS(B) was obtained.
At TS(B), O(68)—H(46), 0(25)—C(24), 0(22)—C(5), and
O(47)—H(48) covalent bonds are broken. The O(25)—H(46)
and C(5)—0(47) bonds are newly formed, and the C(24)—
0(22) becomes a carbonyl group. These bond interchanges
take place simultaneously. That is to say, TS(B) is of the
concerted path (without the carboxonium-cation intermedi-
ate) leading to the open chain form of p-fructose and (not «)-
p-glucopyranose in product(B). The concerted function arises
from the condition that the C(5)---O(22) bond cleavage
is not directly linked with the protonation and the assistance
of the S\2 type O(47)--C(5)---O(22) push—pull bond inter-
change is required. Thus, the channel for protonation B was
found.

2530

Figure 3 shows the reaction path including the glucosyl-
oxygen cleavage. At TS1(C), the simultaneous bond interchange
of O(53)---H(48)--0(47)--H(46)---0(22)---C(S) is involved.
After TS1(C), the intermediate Int(C) including the glucosyl
carboxonium ion and fructose is formed. The subsequent nucleophilic
attack of H,O to the carbocation C(5) takes place at the back side in
TS2(C). The attack leads to the formation of product(C) composed
of f-p-glucopyranose and f-p-fructofuranose.

The cation in Int(C) has two canonical resonance structures as
exhibited in the left side of Scheme 5. If C(4) is more positively
charged than C(S) in Int(C), the Sy2-type in-plane channel b
would be as likely as the out-of-plane one, TS2(C) in pathway a.
However, in pathway b, the back-side attack produces the product
(2R,35,4R,55)-2,3,4,5,6-pentahydroxyhexanal, which is different

dx.doi.org/10.1021/j03027565 | J. Org. Chem. 2013, 78, 25272533
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Scheme S. Two Paths of the H,O Nucleophilic Attack to the
Glucosyl Carboxonium Ion in Int(C) of Figure 3
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from the open form of D-glucose with the (2R,3S,4R,SR) con-
figuration. In fact, in H*(C) (Int(C) without water molecules, in
Figure 1) the Mulliken atomic charges are +0.26 on C(5) and —0.01
on C(4). Accordingly, the activation energy of the in-plane Sy2 step
in path b, TS3(C), is much larger that of TS2(C), which will be
shown in Figure 6. Thus, path b is ruled out, and the channel for the
protonation C is, Precursor — TS1(C) — Int(C) — TS2(C) —
Product (f-cyclic forms of glucose and fructose).

Figure 4 exhibits the path for the fructosyl-oxygen cleavage. At
TS1(D), the bond interchange occurs in the O(53)---H(48)--
0(47)--H(46)--0(22)-+-C(24) moiety. After TS1(D), Int(D)
composed of the fructosyl carboxonium ion and glucose is
afforded. Through the process Int(D) — TS2(D) — product(D),
the pair of a-p-glucopyranose and a-p-fructofuranose is formed.

Figure 5 show the TS geometry of the isomerization between
Int(C) and Int(D), which corresponds to the gas-phase reaction

H\ CH,0H \CHZ
/0':9 C? %) HO\C,_ ..... H
H / \\ P o A l o
C C3 e \ _ ‘C
N Product'(C)
\ / TS3(C) =G c—H
c—C¢ o SN/
/ HO  c—c.
. HO/ ”"H (‘)HUH
() + Hz0 (2R, 3S, 4R, 55)-2,34,5,6,
-pentahydroxyhexanal
TS1(D)
Precursor
(reactant like complex)
TS1(D)

C(24)0(22)H(46)
1746 1.027
[1.706] [1.053] [1.494] [1.008] [1.617]

©

Product(D)
containing a-D-glucopyranose and a-D-fructofuranose

O(47)--H(48)---O(53)

0999 1.684

,-L ©
v* = 151.26 [113.00] icm™"

C(24)-++-O(55)--H(56)--O(53) ©
1885 1.015 1533
[2.066] [0.998] [1.641]

Figure 4. Geometric changes along the protonation D path (fructosyl-oxygen cleavage).
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Figure 5. An isomerization reaction similar to that in Figure 1. Geom-
etries of Int(C) and Int(D) are shown in Figures 3 and 4, respectively.
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Figure 6. Energy changes (kcal/mol) of B3LYP/6-311G(d,p) SCRF =
PCM optimized geometries in three reaction channels, B, C and D.
A[Ey + ZPE] is the difference of electronic and zero-point vibrational
energies. TS3(C) and Product(C) are defined in Scheme S. Experi-
mental energies, E,(EXP) and AH°(EXP), are taken from refs 19 and
20, respectively.

in Figure 1. While the TS(C—D) geometry is similar to that of
TS1(C), IRC calculations gave different paths, isomerization of
cations and decomposition to the monosaccharide moieties,
respectively. If the isomerization occurs easily, its path is for the
acid-catalyzed mutarotation between a and f# anomeric forms.'®

3. Energy Changes along the Calculated Paths. Figure 6
exhibits the energies of B3LYP/6-311G(d,p) SCRF = PCM.
TS(B) needs an activation energy (+39.32 kcal/mol) much
larger than those of TS1(C) and TS1(D). The channel of the
protonation to the fructosyl-ring oxygen® was calculated to be
unlikely.

Energies of TS1(C) and TS1(D) are larger than those of
TS2(C) and TS2(D), respectively. This result indicates that
either the glycosyl-oxygen cleavage or the fructosyl-ring oxygen
one is the rate-determining step. Noteworthy is the very small
difference of activation energies between TS1(C) (= +23.62
kcal/mol) and TS1(D) (= +23.15 kcal/mol). While TS1(D) is
only slightly more favorable than TS1(C), Int(D) is more stable
than Int(C). Therefore, even if both intermediates Int(C) and

2532

Scheme 6. Three Similar but Distinguishable Transition
States at the Glycosidic Bond with Main Distances in A®
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“TS1(C), TS1(D), and TS(C—D) are shown in Figures 3, 4 and 5,
respectively.

Int(D) are formed kinetically and transiently, Int(C) is
converted to Int(D) through TS(C—D) for the isomerization.
In fact, the activation energy of this TS (= +22.62 kcal/mol) is
slightly smaller than those of TS1(C) and TS1(D). The supe-
riority of the fructosyl-ring oxygen cleavage over the glucosyl-
ring oxygen one is attained thermodynamically via the bypass
channel, TS(C—D). Three calculated activation energies,
+23.62 kcal/mol of TS1(C), +23.15 of TS1(D), and 22.62 of
TS(C—D), are in good agreement with experimental E, value
E,(EXP) = +24.90 kcal/mol. Also, reaction energies, —4.44 of
Product(D) and —4.58 of Product(C), are close to AH°(EXP) =
—3.57 kcal/mol.

4. CONCLUSION

In this work, reaction paths of the acid-catalyzed hydrolysis of
sucrose were investigated by DFT calculations. First, proto-
nations to three ether oxygen atoms of the sucrose molecule, A, B,
and (C, D) were examined. B, C, and D protonated species
contain the monosaccharide moieties. In C and D species, the
C---O coordination bond is relatively strong, and their isomer-
ization TS, ts(C—D), was obtained.

Second, by the use of the sucrose and H;0*(H,0),; model, B,
C, and D paths of the acid-catalyzed hydrolysis were traced. The
path B affording f-glucose and the open form of p-fructose was
calculated to be unlikely owing to the large activation energy of
TS(B). TS1(C) leading to the f forms of glucose and fructose
was found to have almost the same activation energy as that of
TS(D) leading to « forms. On the other hand, Int(D) is more
stable than Int(C). The isomerization path of Int(C) — Int(D)
was also obtained.

The present calculations show that the fructosyl-oxygen bond
cleavage is slightly more favorable than the glucosyl-oxygen one,
not kinetically but theromdynamically. In other words, while
both cleavages (C and D) occur primarily, the subsequent
Int(C) — Int(D) isomerization takes place concomitantly. The
present scheme 1s close to the mechanism suggested by Low
and co-workers.'® In conclusion, there are three competitive TS

dx.doi.org/10.1021/j03027565 | J. Org. Chem. 2013, 78, 25272533
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structures, TS1(C), TS1(D), and TS(C—D) at the bridge
oxygen of the glycosidic bond, which are shown in Scheme 6.
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The neutral reaction path [I] of the mutarotation of glucose with
(H,0O),, the H containing reaction path [II] with H;0*(H,0)s,
and Cartesian coordinates of all the optimized geometries. This
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