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Effect of Ring Distortion on the Acid Hydrolysis of 2-Methylsulfanyloxane
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Ab initio molecular orbital calculations have been used to study the effect of ring distortion on the outcome
of protonation of 2-methoxyoxane and 2-methylsulfanyloxane in the gas phase. Protonation of the skew
conformations of equatorial 2-methoxyoxane results in spontaneous collapse to the oxocarbenium ion, whereas
the skew conformations of equatorial methyl(2-oxanyl)sulfonium exist as stable species. The chair conformation
of the axial anomer of methyl(2-oxanyl)sulfonium is also found to exist as a stable species, unlike the axial
anomer of methyl(2-oxanyl)oxonium, which collapses spontaneously to the oxocarbenium ion. These results
are discussed in relation to the stability of thioglycosides toward cleavage by glycosyl hydrolases.

Introducion the enzyme active site may be difficult. Preorganization of the
substrate has been shown to be a significant factor in enzymatic
catalysist’ The®S; and3S; skew conformers, however, collapse
directly to the oxocarbenium ion upon protonation; stable
oxonium ions do not exist in the skew conformation. There is
certainly no evidence for a discrete protonated species in the
mechanism of glycosyl hydrolases, everything being consistent

The general mechanism of enzymatic glycoside hydrolysis,
whether there is retention or inversion of anomeric configuration,
takes place via two critical residues, a proton donor and a
nucleophile or bask. Protonation of the glycosidic oxygen by
the acid results in cleavage of the glycosidic bond and formation
of the oxocarbenium ion. In enzymes that retain anomeric ", o s .
configuration, the nucleophile is believed to stabilize this ion with a concer_ted protc_)n transfé_‘r.ln ado!mon _to avoiding .h'gh'
(possibly forming a covalent intermediate), whereas in anomer- EN€rgy oxonium ion intermediates, distortion of the ring also
inverting enzymes, the base activates a water molecule by'€duces the glycosidic bond-stretch energy, thereby delaying
removing a proton. Quite often the acid and base are carboxylic the transition state and reducing the reaction barrier. Protonation
acid and carboxylate groups of the enzyme respectively; Of the axial anomer in the chair conformation leads directly to
however’ in neuraminidase (from a Variety of Sources) the the oxocarbenium IOI’], there exists no stable oxonium ion in
transition state is likely to be stabilized by a tyros#ié the the chair conformation. Inspection of the structures of several
hydroxyl group of which may possibly be negatively charged. retainingj-glycosyl hydrolases suggests ring distortion to the
In these and several other glycosyl hydrolases there does notwist-boat conformation occurs during catalysis in these en-
appear any obvious candidate to play the role of the acid. In zymes!®
these enzymes a water molecule is believed to be the source of ajthough the proton affinities of sulfides are greater than their
the protor™’ There is evidence from kinetic isotope experi-  ether analogues (for example, the proton affinity of dimethyl
ments that there is significant-@ bond scission in the  gyifide is 39.0 kJ molt greater than that of dimethy! et
transition state of many glycosyl hydrolased? The extent in aqueous solution sulfides are generally less basic than ethers
of proton transfer to the leaving group, however, is somewhat {4yard proton acids (theia of dimethyl sulfide and dimethyl
more variable. Thus, for example, in neuraminidase from ger is estimated to be6.95 and—2.52, respectiveR}). It is
Salmonella typhlmurllui‘ﬁ andVibrio Choler.aézlthe.r.e s little generally accepted that the weaker basicity of thioglyco3tdes
or no proton donation, Wheregs_ there IS S|gn|f|cant Proton s the cause of their resistance to acid hydrolysis and conse-
transfe_r in |_nf|uenhza hA Q?uraT'r}'daéb'Th'ls IS .S;Omewha:} guently their ability to function as glycosidase inhibit# he
surprising given the high level of structural similarity in the slow rate of acid-catalyzed hydrolysis leading te € cleavage

active site of this enzyme ”OF” Fhe three different sources. in O,S-acetals has been shown to be a simple consequence of
Notably, the strength of the acid is not expected to affect the - L
rthe relatively low proton basicity of the sulfét.

degree of proton transfer; however, it is expected that the weake ] . . T
the acid the longer the €0 separation? We investigate here the effect of ring distortion on the

Andrews et al416 have shown that ¢t interactions are outcome of protonation of the equatorial anomers of 2-meth-
responsible for promoting cleavage of protonated glycosides andoXyoxane () and 2-methylsufanyloxanél {. We also consider
that the equatorial anomer may undergo a conformational
rearrangement that maximizes the*ninteraction prior to CHO 0 CH.S 0
dissociation. Subsequent high-level calculations on 2-o%anol s \m 8 \%
have extended our understanding of the role of distortion of
the pyranose ring in the mechanism of glycosyl hydrolases. For @ {an
the equatorial anomer, protonation of the glycosidic oxygen of
the chair conformer yields an oxonium ion in the chair what happens to the axial anomer of 2-methylsufanyloxane upon

conformation. Although the barrier to conversion to the protonation and how the cationic intermediates formed might
oxocarbenium ion is small in the gas phase, reorganization in influence the dissociation of the glycosidic bond.
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TABLE 1: Calculated Energies and Zero-Point Vibrational and Thermodynamic Corrections

MP2/6-31HG(2df,p} ZPVE AHagg o° TSe Gaod
2-oxanol
1Cy —346.296 24 145.31 7.70 34.28 —346.177 51
3H, —346.282 52 145.07 7.26 37.64 —346.167 83
35, —346.289 51 145.74 7.78 38.44 —346.174 43
B1a —346.287 29 145.43 7.11 36.86 —346.171 61
5s —346.290 01 145.53 7.84 38.41 —346.175 05
2-oxanyl oxonium
1C, —346.603 43 156.67 8.42 35.52 —346.473 86
TS: ICy—Ey4 —346.599 03 155.19 8.36 36.12 —346.471 60
—346.621 98 152.69 10.38 41.22 —346.500 13
2-methoxyoxane
1C4 —385.494 66 172.45 9.17 41.73 —385.354 77
SH, —385.481 22 172.13 8.74 41.36 —385.341 71
S —385.489 06 172.71 9.32 42.32 —385.349 35
Bi4 —385.486 46 172.44 8.64 40.73 —385.346 11
5 —385.488 97 172.59 9.34 42.25 —385.349 29
methyl(2-oxanyl)oxonium
1C4 —385.814 79 184.42 9.77 43.13 —385.663 73
TS: 1Cs—E4 —385.807 85 183.32 9.63 43.23 —385.658 13
—385.816 00 180.82 11.64 49.16 —385.672 70
2-methylsulfanyloxane
(equatorial)
1C, —708.092 97 168.49 9.87 43.80 —707.958 41
3H, —708.078 35 168.17 9.45 43.41 —707.944 14
S, —708.088 54 168.71 9.99 44.26 —707.954 10
B1a —708.081 43 168.37 9.42 43.02 —707.946 66
5 —708.084 83 168.57 10.06 44.39 —707.950 59
2-methylsulfanyloxane
(axial)
1C, —708.094 54 168.81 9.84 43.75 —708.959 64
methyl(2-oxanyl)sulfonium
(equatorial)
1C, —708.423 33 178.45 10.20 44.37 —708.279 05
TS: 1C,— 0%, —708.41172 177.76 9.99 44.76 —708.268 73
S, —708.418 04 178.23 10.54 45.47 —708.274 74
TS: 05, — 55, —708.41178 177.35 10.22 45.01 —708.269 22
5 —708.416 55 178.09 10.55 45.40 —708.273 31
TS: 0S5, — E,4 —708.404 40 176.91 10.37 45.62 —708.262 74
—708.404 77 174.89 12.41 53.17 —708.270 64
methyl(2-oxanyl)sulfonium
(axial)
1C, —708.421 90 177.83 10.59 45.53 —708.279 01
Oox*t —270.291 83 129.50 6.68 35.57 —270.191 22
H-0 —76.308 96 20.51 3.78 21.36 —76.305 03
CH3OH —115.500 60 49.41 4.29 27.00 —115.473 90
CH;SH —438.095 59 44.32 4.59 28.79 —438.075 48
CH3;O~ —114.880 54 34.25 3.85 25.00 —114.867 44
CHsS™ —437.520 54 34.67 4.01 26.56 —437.508 42
Ht 0.000 00 0.00 2.36 12.35 —0.009 99

aEnergies in units of hartreesEnergy corrections in units of millihartreesT = 298 K.

Methods and Results 1. Acetals as Models for GlycosidesIn a series of papers

by Andrews et al*~16 these workers were able to show that
using the GAUSSIAN 94 progradf. Calculations were per- the path of proton-induced cleavage of glycosides is influenced

formed at the MP2(fc)/6-31:G(2df,p) level upon geometries by the (?o.nformation of the. Iea\_/ing group in relation to the
optimized at the MP2(fu)/6-31G(d) level of theory. Vibrational PYranosidic oxygen. Thus, in axial glycosides the arrangement
frequencies obtained at the HF/6-31G(d) level (after scaling by ofa I_one pair of electrons antiperiplanar t(_) the glycosidic bor_1d
0.8929) were used to estimate zero-point vibrational (ZPVE) Predisposes the acetal to cleavage to give the oxocarbenium

and thermodynamic correctiondoes S. Free energies at 10N (Figure 1). Conversely, it was argued that this overlap of
208 K were evaluated as orbitals can only be achieved by distortion of the ring of

equatorial glycosides. Evidence for such stabilization was
demonstrated through observation that although the geometry
(at the HF/6-31G(d)level) of dimethoxymethane moved toward
Calculated energies and zero-point vibrational and thermody- the oxocarbenium ion upon protonation, these changes were
namic corrections are provided in Table 1. Cartesian coordinatesSignificantly larger for the conformation corresponding to the
of all optimized structures at the MP2(fu)/6-31G(d) level are @xial anomer.

presented as Supporting Information. Unless otherwise noted, At the MP2/6-31G(d) level, similar changes are observed,
energies in the text refer to free energi€sgg, and geometries  shown in Figure 1. In the pseudoaxial conformatidh X

are those optimized at the MP2(fu)/6-31G(d) level. protonation causes a 0.08 A decrease in th@gdistance and

Standard molecular orbital calculatiéhsvere performed

G0 = E(MP2/6-311-G(2df,p))+ ZPVE + AH,es — TS
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Figure 1. Optimized geometries of dimethoxymethane and methoxy-
(methylsulfanyl)methane (MP2(fu)/6-31G(d) level) and protonated
products corresponding to axial and equatorial glycoside conformations.

a 0.22 A increase in the-60, distance. For the pseudoequa-
torial anomer, however, there does not exist a corresponding
stable conformationl{); optimization leads to the geometry
obtained from the pseudoaxial anomer. Thus, at this level, a
conformational change is predicted to occur spontaneously
following protonation of the equatorial anomer. The results of
similar calculations are also presented in Figure 1 where one
of the oxygen atoms is replaced by a sulfur. Although overlap
between the oxygen lone pair and the orbital on carbon might
be expected to be similar to dimethoxymethane, the interaction
involving sulfur is likely to be weaker. Indeed, the shortening
of the C-0 bond ¢0.05 A) in the pseudoaxial anomér)is
slightly smaller than that observed for the-O; bond in
dimethoxymethane. The-€S bond, however, lengthens by less
than half as much+40.09 A) as the €0, bond in dimeth-
oxymethane. For the pseudoequatorial conforigy the C-O

and C-S bond lengths change by only half as much again
(—0.03 and 0.04 A, respectively). Additionally, in contrast to

Smith

TABLE 2: Relative Energies (MP2/6-31G(d)) and Selected
Geometric Data for the Various Rotational Conformers of
Equatorial-Chair Methyl(2-oxanyl)oxonium

AE2  OCOC C—O(CHy)® O—C(OCH)¢ OCO
minima
A 0.0 61.9 1.514 1.377 103.2
B 7.5 137.4 1.530 1.378 99.1
C 16,5 —38.0 1.541 1.369 101.6
D 6.1 —64.9 1.523 1.377 103.0
E 11.3 56.7 1.527 1.370 101.1
F 13.2 —158.7 1.531 1.377 98.2
transition

state8

AB 7.6 126.7 1.531 1.379 99.4
AC 17.3 —-148 1.546 1.370 102.8
AE 22.2 57.7 1.502 1.375 102.7
BC 349 -1179 1.539 1.368 101.2
BF 23.1 —1795 1.511 1.377 98.6
CD 278 —52.1 1.517 1.372 102.1
DE 18.6 4.6 1.552 1.369 103.0
DF 14.8 —-126.7 1.537 1.381 98.8
EF 25.4 124.3 1.530 1.367 101.8
TS 16.4 58.7 1.614 1.343 105.9

aln kJ mol™. ?In degrees®In angstromsd Transition state XY
connects minima with Y. © Half-chair transition state from chair to
oxocarbenium-methanol complex.

AE (kJ mol1)
35 7

30

T T 1
-180 -120 120 180

OCOC (degrees)

Figure 2. Schematic potential energy profile (MP2(fu)/6-31G(d) level,
kJ mol™?) for rotation about the glycosidic €0 bond of the chair-
equatorial conformation of the methy(2-oxanyl)oxonium ion.

oxanyl)oxonium ion has an antiperiplanar arrangement of the

the oxygen analogue, there does exist a stable geometry for thdone pair of electrons on the leaving group and the pyranosidic

protonated pseudoequatorial conformer of methoxy(methylsul-
fanyl)methane. It would appear, therefore, that the sulfanyl

C—0 bond.
The lowest energy conformation of the equatorial-chair

analogue is not only less predisposed to cleavage but also lesgnethyl(2-oxanyl)oxonium ion has both the proton and the

likely to undergo conformational change upon protonation.

2. Conformational Energies It has been suggested, on the
basis of PM3 calculation®, that spontaneous cleavage of
glycosides may occur upon protonation of the glycosidic oxygen
of equatorial glycosides, which have an antiperiplanar arrange-
ment of the lone pair of electrons on the leaving group and the
pyranosidic G-C bond, or (more importantly) through steric
interference with large leaving groups. This situation would
have significant implications on the mechanism of enzyme
glycosidic hydrolysis. Bond cleavage could be effected without
an oxonium ion intermediate in the chair conformation by simple

methyl group bonded to the glycosidic oxygen gauche to the
pyranosidic oxygenA). There are five other minima which
differ in the rotational conformation about the glycosidie O
bond and the position of the protoBF). The relative
energies of these six minima and the transition states intercon-
necting them, and selected geometrical parameters are listed in
Table 2. Presented in Figure 2 is a schematic potential energy
profile illustrating the relationship among these various station-
ary points.

The exoanomeric effet® describes the preference for the
substituents on an anomeric center to be rotated so that the bond
between the substituent and the glycosidic oxyger@Rand

alignment of the leaving group with respect to the pyranose the bond between the anomeric carbon and the pyranosidic

ring. At the MP2/6-31G(d) level, however, the lowest energy
conformation (thestable equatorial-chair) of the methyl(2-

oxygen (G-C) are gauche. This arrangement aligns theC®
bond anti to a lone pair on the glycosidic oxygen and should
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result in a shorter bond between the anomeric carbon and
glycosidic oxygen and in a longer glycosidic-© bond (when
compared with geometries in which this alignment is disturbed).
StructuresA andD have the required geometry, are the lowest
energy conformers, and have the shortest glycosidi©®ond
lengths. They do not have-€C bonds significantly longer than
structuresB andF, although inC andE this bond is distinctly
shorter than in the other structures. The OCO angle is largest
in structuresA andD but smallest in structureB andF. The

geometrical consequences of the exoanomeric effect have been

shown to arise from the combination of many contributiéhs.

Importantly, at the MP2/6-31G(d) level spontaneous cleavage
does not occur during rotation about the glycosidic bond. The
glycosidic bond length varies by less than 0.04 A between all
minima and rotational transition states. The transition state for
formation the oxocarbenium io§) from A requires 16.4 kJ
mol~1, 5.8 kJ mot? lower than the energy required to invert
geometry about the glycosidic oxygen between structdrasd
E (the OCOC dihedral angle in TS is 58, Bimilar to that found
in A and E). Thus, on the basis of these calculations, the
orientation of the leaving group with respect to rotation about
the glycosidic bond is unlikely to play a significant role in the
hydrolysis mechanism. Alignment of the leaving group may,
however, have an effect on the energetics of the reaction.
Tvaroska et af® have indicated that large energies exist for
rotation about the glycosidic bond of several glycosyl com-
pounds.

3. Role of Ring Distortion. On the pseudorotational
itinerary of pyranose rings, the chair conformation (C) can be
converted to the skew (S) through the half-chair conformation
(H). Interconversion between skew conformations takes place
through the boat (B). Thus, tH€, chair can be converted to
the 3S; skew through théH, half-chair. The3S; skew can
convert to the alternate skew conformatidBs or 5S; through
the 39B and B 4 boat conformations, respectively (see Chart
1).

3.1. Equatorial AnomersThe relative energies of the species
along the path for rearrangement of th&y conformation to
the®S; of equatorial 2-oxanol at the level used here differ from
recent G2(MP2,SVP) level resultsby less than 2 kJ mol.

The calculated proton affinity of 2-oxanol, 781.0 kJ migl

however, differs by almost 10 kJ n1dlfrom that obtained at
the G2(MP2,SVP) level (790.2 kJ md). Proton affinities at
the MP2 level with large basis sets have been skbéwmbe

underestimated by roughly 8 kJ mél

A schematic free energy profile outlining the relationship
between the different conformations of 2-methoxyoxane and
the cations is presented in Figure 3. The half-chair transition
state in 2-methoxyoxane lies 34.3 kJ mohbove the chair,
8.9 kJ mot? higher than that found in 2-oxanol. The skew
conformations lie roughly 14 kJ miol above the chair (7 kJ
mol~1 higher than found in 2-oxanol) and the boat approximately
8 kJ mol! above the skew conformations. Protonation of the
chair conformation of 2-methoxyoxane produces the methyl-
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Figure 3. Schematic free energy profile (MP2/6-3tG(2df,p) level,
kJ mol?, 298 K) for equatorial 2-methoxyoxane. The upper and lower
curves refer to the neutral and protonated systems, respectively.

(2-oxanyl)oxonium ion in the chair conformation. The gas-
phase basicity of the chair 2-methoxyoxane, 785.0 kJ i
significantly greater than that of 2-oxanol, 751.9 kJ Mol here

is a 14.7 kJ moi! barrier to formation of the complex between
methanol and the oxocarbenium ion (with half-boat or envelope
conformation, k) that lies 23.5 kJ mof* lower in energy than

CHgRH
=7 £
& cZ
R=0,S

(Eq) (Ox")

the chair oxonium ion. Dissociation of the complex to form
the oxocarbenium ion (0% and CHOH requires 19.9 kJ mol.
Protonation of the two skew conformatior?§{ and®S;) leads
directly to the oxocarbenium ion complex.

A schematic free energy profile for equatorial 2-methylsul-
fanyloxane is presented in Figure 4. The half-chair transition
state lies 37.5 kJ mol above the chair in 2-methylsulfanylox-
ane, very similar to the calculated barrier in 2-methoxyoxane.
However, rather than leading to tR8; skew, it connects the
1C, chair with the®S, skew, which lies 11.3 kJ mol above
the chair. The B4 boat conformation connects tR&, skew
with the 55, skew through a barrier of 19.5 kJ mél
Protonation of the chair conformation of 2-methylsulfanyloxane
yields the methyl(2-oxanyl)sulfonium ion chair conformation.
The gas-phase basicity is calculated to be 815.6 kIm80.6
kJ mol! greater than 2-methoxyoxane. Protonation of both
the %S, and>S; skew conformations leads to sulfonium ions in
the skew conformations. The barrier to conversion of the chair
to the%S, skew is 27.1 kJ moll. There is a barrier of 14.5 kJ
mol~! for conversion of théS, to the®S; skew through a B4
transition state. The path to formation of the complex between
methylthiol and the oxocarbenium ion 4Erom the%S, skew
has a barrier of 31.5 kJ mdl. The complex lies 22.1 kJ nol
higher in energy than the chair sulfonium ion. Dissociation to
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Figure 4. Schematic free energy profile (MP2/6-3#G(2df,p) level, Figure 5. Schematic free energy profile (MP2/6-3tG(2df,p) level,

kJ molL, 298 K) for equatorial methyl-2-sulfanyloxane. The upper and kJ mol™, 298 K) for axial methyl-2-sulfanyloxane.
lower curves refer to the neutral and protonated systems, respectively.
equatorial anomer. A similar preference is observed for

form the oxocarbenium ion and G8H requires just 10.3 kJ  2-methoxyoxané%33 Unlike 2-methoxyoxane in which there
mol~1. No stable intermediate between & skew and the does not exist a stable oxocarbenium ion in the chair conforma-
oxocarbenium ion could be located. Dissociation from>Be tion, the axial methyl(2-oxanyl)sulfonium ion does exist in the
skew thus requires 17.4 kJ mél chair conformation; the sulfide analogue of 2-methoxyoxane

The basicity of the skew conformations of 2-methoxyoxane does not spontaneously dissociate to form the oxocarbenium
and 2-methylsulfanyloxane is very similar (although the products ion. The chair conformations of the two anomers of methyl-
of protonation are very different). For example, the basicities (2-oxanyl)sulfonium are of almost identical energy. Again, no

of the two %S, conformations differ by less than 2 kJ mél stable intermediate could be located on the path to dissociation.
(822.9 and 821.1 kJ mo! for the methoxy- and methylsulfa-  Dissociation from the chair to the oxocarbenium ion anccCH
nyloxanes, respectively). Notably, dissociation of tP@& SH requires 32.3 kI mol. In Figure 5 is presented a schematic

conformation of methyl(2-oxanyl)sulfoniun and dissociation of free energy profile for the axial anomer of 2-methylsulfany!-
the B, complex of methyl(2-oxanyl)oxonium differ by just 2.5 oxane.
kJ molt (17.4 and 19.9 kJ mol, respectively). _ _

The dissociation energy of the glycosidic bond of the chair Discussion
conformations of the neutral 2-methoxyoxane and 2-methyl-  The gas-phase basicity and subsequent dissociation energy
sulfanyloxane (yielding, along with the oxocarbenium ion, the of the skew conformations of equatorial 2-methoxyoxane and

anions CHO™ and CHS") is 777.4 and 679.4 kJ mol, equatorial methyl(2-oxanyl)sulfonium ions are very similar, and
respectively. The €S bond is considerably weaker than the yet thioglycosides are not cleaved by glycosy! hydrolases. Apart
C~—0 bond. from the lower basicity of the thioglycosides, it has been shown

For all conformations of the cationic systems, the lowest here that the glycosidic bond of thioglycosides is more stable
energy conformation of the leaving group was found to have toward dissociation following protonation than glycosides
the lone pair of electrons antiperiplanar to the-© bond of (formation of the oxocarbenium ion occurs spontaneously
the pyranosidic oxygen and anomeric carbon. The glycosidic following protonation of théS; or 5S; skew conformations of
C—0 and C-S bond in the skew conformations of 2-methoxy- equatorial 2-methoxyoxane, whereas tP® or 5S; skew
oxane and 2-methylsulfanyloxane are roughly 0.02 A longer conformations of methyl(2-oxanyl)sulfonium ion exist as stable
than the chair. Protonation of the chair conformation of forms). The function of enzymes that retain anomeric config-
2-methoxyoxane increases the glycosidie @ bond by 0.12 uration is, at least in part, to stabilize the oxocarbenium ion
A, whereas in 2-methylsulfanyloxane the-S bond lengthens  intermediaté® For the thioglycosides, protonation does not
by just 0.04 A. The €S distances in the skew conformations yield the oxocarbenium ion, and therefore, the stabilization
of the sulfonium ions are, however, roughly 0.12 A longer than required for catalytic rate enhancement is not realized. One of
in the neutral skew conformations. In addition, the pyranosidic the functions of anomer-inverting enzymes is to form the
O—C bond in the skew conformations of the sulfonium ions is oxocarbenium ion to which an activated water molecule can
0.03-0.05 A longer than in the chair sulfonium ion, whereas bind. For the thioglycosides, protonation does not yield the
there is no appreciable difference to be found in the different oxocarbenium ion, and therefore, the activated water cannot
conformations of the neutral sulfanyloxanes. bind.

3.2. Axial AnomerThe axial anomer of the chair conforma- The absence of an obvious candidate for the proton donor in
tion of 2-methylsulfanyloxane lies 3.2 kJ méllower than the several proteins has led to the speculation that hydrolysis might
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occur via specific acid catalysis in these enzyfés.The References and Notes

enzg_lr_ne _eIICIt? r(]ZiISSOCIatICl))n qf th.e g][yﬁOSIdg: bbond thl’OL_Jgh (1) See the following for recent reviews. (a) Davies, G.; Henrissat, B.
sta “Zat'.onlo the oxocarbenium ion followe y Pmtonat'on Structure1995 3, 853. (b) McCarter, J. D.; Withers, S. @urr. Opin.

of the anionic aglycon by the solvent. The transition state for Struct. Biol.1994 4, 885. (c) Sinnott, M. LChem. Re. 1990 90, 1171.
acid hydrolysis of glycosides is moved from one in which@ (2) Burmeister, W.; Henrissat, B.; Bosso, C.; Cusack, S.; Ruigrok, R.
bond dissociation and protonation of the glycosidic oxygen occur Structure1993 1, 19.

- - : h : (3) Crennel, S. J.; Garman, E. F.; Laver, W. G.; Vimr, E. R.; Taylor,
essentially simultaneously, to one in which the-@ bond is G. L Proc. Natl. Acad. Sci. U.S.A993 90, 9852,

very long and there is little proton transfer, by a SUbStituem (4) Varghese, J. N.; McKimm-Breschkin, J. L.; Caldwell, J. B.; Kortt,
that decreases the proton affinity of the glycosidic oxygen. This A. A.; Colman, P. M.Proteins1992 14, 327.

displacement also causes an increase in the energy of the (5) Tayler, N. R.; von Itzstein, MJ. Med. Chem1994 37, 616.
transition state. Equally, replacement of the glycosidic oxygen " é‘?) ﬁanaklran;ga,gl\g. g‘i%Vh'te, L. C.; Laver, W. G.; Air, G. M.; Luo,
with sulfur, which reduces the basicity, should cause an increase™ iochemistry1994 o : e )

. " . (7) Fleet, G. W. J.; Nicholas, S. J.; Smith, P. W.; Evans, S. V. Fellows,
in the energy of the transition state, thereby contributing to the | g'-'Nash. R. JTetrahdron Lett1985 26, 3127.

stability of the thioglycoside. (8) Legler, G.; Sinnott, M. L.; Withers, S. Gl. Chem. Soc., Perkin
In some enzymes the transition state includes a substantialTrans. 2198Q 1376.

nucleophilic componerft. Alternatively, catalysis may also (9) Rosenberg, S.; Kirsch, J. Biochemistry1981, 20, 3196.

proceed through aexplodedtransition state with little or no (10)_(a) Richard, J. P.; Westerfeld, J. G.; Lin, Blochemistry1995

- . 34, 11703. (b) Richard, J. P.; Westerfeld, J. G.; Lin, S.; Bearch, J.
bond formation to the nucleophile. No attempt has been made Biochemistr}lg,% 34, 11713.

here to account of the effect of a nucleophile. Qualitatively,  (11) Guo, X.; Laver, W. G.; Vimr, E.; Sinnott, M. LJ. Am. Chem.
stabilization of the oxocarbenium ion (by the nucleophile Soc.1994 116 5572. _
component of an enzyme) reduces the transition-state energy (12) Guo, X.; Sinnott, M. LBiochem. J1993 294, 653.

and tends to decrease the extent of proton transfer in the &431; i”:j”h' B. éJWAn;- Che'“J- |53°‘1F997' 1%3 _igggh Soe. Ch
P 3 ndarews, C. W.; bowen, J. P.; Fraser-rel em. S0cC., em.
transition staté? _ _ _ Commun 1989 1913.
The stability of thioglycosides (relative to glycosides) toward (15) Andrews, C. W.; Fraser-Reid, B.; Bowen, JJPAm. Chem. Soc.
cleavage by acid catalysis by these enzymes therefore result2991 113 8293.
from an intrinsic difference in the electronic behavior of the (16) Andrews, C. W.; Fraser-Reid, B.; Bowen, J.ATS Symp. Ser.

thioglycoside in addition to their decreased basicity. Thus, 199137533 114. W R Sindleton. S. . Benkovic. SNafure Struct
although distortion may play a critical role in the catalysis by Bicfl_ fggaag?%g'l. - R SIngieton, . ., Benkovic, ure struct.

glycosyl hydrolases, it has little effect on the thioglycosides.  (18) sinnott, M. L.Enzyme MechanismRoyal Society of Chemistry:
London, 1987; pp 259297.

Conclusions (19) White, A.; Rose, D. RCurr. Opin. Struct. Biol.1997, 7, 645.
- . . (20) Hunter, E. P.; Lias, S. Gl. Phys. Chem. Ref. Datan press.
Ab initio molecular orbital calculations at the MP2/6-31G- (21) (a) Bonvicini, B.: Levi, A.; Lucchini, V.; Scorrano, G. Chem.

(2df,p)/IMP2/6-31G(d) level have been used to study the effect soc., Perkin Trans.,21972 2267. (b) Bonvicini, B.; Levi, A.; Lucchini,

of ring distortion on the outcome of protonation of 2-methyl- V.; Scorrano, GJ. Am. Chem. S0d.973 95, 5960.

sulfanyloxane. Protonation of the skew conformations of (g? E‘O”O”vl D; Ff“{tshc,’tr)‘;t D. H"}dy- Cafb‘,’h,édr- Che}:‘f‘l:?]?* dl&|123- "
: H xamples of Inhibitors or neuraminiaase, wnic rolyzes the

equatorial 2-methoxyoxane results in Spontaneo_us c_;ollapse_ toglys:os)idic bongl of sialic acid glycoconjugates, are in the follogving.yKhorIin,

a complex between methanol and the oxocarbenium ion, which aya_: Privalova, I. M.; Zakstelskaya, L. Ya.; Molibog, E. V. Evstigneeva,

lies 23.5 kJ mot! lower than the chair oxonium ion. Incontrast, N. A. FEBS Lett.197Q 8, 17. Rothermel, J.; Faillard, Hiol. Chem.

the 9S, and 5S; skew conformations of methyl(2-oxanyl)- Hoppe-Seyler1989 370, 1077. Suzuki, Y.; Sato, K.; Kiso, M.; Hasegawa,

: . . . A. Glycoconjugate J199Q 7, 349.
sulfonium exist as stable species, lying 11.3 and 15.0 k3ol (24) Jensen, J. L.; Jencks, W. B.Am. Chem. Sod979 101, 1479.

higher in energy, respectively, than the chair sulfonium ion. 55y enre, . 3.; Radom, L.; Schieyer, P. v. R.; Pople,.JAB\Initio
Dissociation from théS; conformation to form the oxocarbe-  Molecular Orbital Theory Wiley: New York, 1986.
nium ion and the thiol aglycon requires 17.4 kJ mol There (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
is a barrier of 31.5 kJ mol to the formation of the oxocarbe- ~ Johnson, B. G.; Robb, M. A} Cheeseman, J. R.; Keith, T.; Petersson, G.
. ion f heo f . . f the chai A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
nium ion from the®S; conformation. Protonation of the chair v’ G . ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
conformation of axial methyl(2-oxanyl)oxonium results in  Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
spontaneous cleavage, whereas the chair conformation of axial:é\/ongb 'V\lj V\é-_: AklndfeJS, é Lb; Flfeploglg, IJE %: Eomeerg{, R, Q/lijrtlg, F:_i L-:d
_ H H : - ox, D. J.; binkley, J. 5.; Defrees, D. J.; baker, J.; ewart, J. P.; Head-
methyl(2 oxanyl)sulfomum IS found_to exist f”‘s a stable species. Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision C.3; Gaussian,
These calculations suggest that thioglycosides do not undergoinc.: Pittsburgh, PA, 1995.
acid-catalyzed cleavage by glycosyl hydrolases not simply  (27) Buckley, N.; Oppenheimer, J. Org. Chem1996 61, 8048.
because they are less basic than their glycosidase analogues but (28) Cramer, C. J.; Truhlar, D. G.; French, A. Garbohydr. Res1997,

also because they do not undergo spontaneous cleavage upofPd 1 and references therein. _
(29) Tvaroska, I.; Bleha, TAdv. Carbohydr. Chem. Biochemi989

protonation. 47, 45,
. . . L (30) Tvaroska, I.; Carver, J. B. Phys. Chem1996 100, 11305.
Supporting Information Available: Table listing calculated (31) Smith, B. J.; Radom, LChem. Phys. Let1994 231, 345.

MP2(fu)/6-31G(d) geometries for all molecules (22 pages). (32) Salzner, U.; Schleyer, P. v. B. Org. Chem1994 59, 2138.
Ordering information is given on any current masthead page. (33) Tvaroska, I.; Carver, J. B. Phys. Chem1994 98, 9477.



