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Abstract: An ab initio investigation of a pyranosyl oxocarbenium ion withatarboxylate substituent is presented.
Geometry, energetics, and isotope effects have been determined in the gas phase and with solvation models. RHF/
6-31G* geometry optimizations identified a minimum for the oxocarbenium ion in which the ring atoms comprising

the oxocarbenium ion lie in a plane, and the carboxylat

e group is twistedbreBive to this plane. A transition

state conformer was identified which placed the carboxylate group in the oxocarbenium ion plane. The transition
state conformer was5 kcal/mol higher in energy than the twist conformer (B3LYP/6-31G*//RHF/6-31G*). Single

point calculations using density functional theory on th

e structures optimized at the RHF level indicate that in the

gas phase an-carboxylate stabilizes an oxocarbenium ion by 110 kcal/mol relative to an H-substituted oxocarbenium
ion. Inclusion of solvation in the energy calculation by use of a self-consistent isodensity polarized continuum
model lowers the stabilization to 17 kcal/mol in water. Equilibriti@ and?H isotope effects have been calculated

for formation of the carboxylate-substituted oxocarbeni

um ion and are compared to the experimentally determined

kinetic isotope effects for acid-catalyzed solvolysis of cytidine monophosphatetylneuraminate (CMP-NeuAc)
(Horenstein, B.A.; Bruner, MJ. Am Chem Soc 1996 118 10371-10379). The calculations support a transition
state model which features a nearly fully formed sialyl oxocarbenium ion with the carboxylate group planar or near

planar to the oxocarbenium ion plane. A rationale is pr
14C KIE at the carboxylate carbon of CMP-NeuAc.

Introduction

Cytidine monophosphaté-acetylneuraminat CMP-NeuAc,
1) is the donor of sialic acid (i.eN-acetylneuraminic acid) for
the sialyltransferase-catalyzed biosynthesis of sialylated oli-
gosaccharides found in many glycoproteins and glycolipids of
a variety of species, including mammafThe structure of the

NH,

N=
o=, J

HO ’P\‘O_ o

ACNH S CO2 = HO HO

HO HO'
1

NeuAc glycon portion ofl is unusual for a monosaccharide in

that it has a carboxylate group adjacent to the anomeric center.

Because of the chemical novelty &fand its central role in

biosynthesis of sialylated oligosaccharides, we are interested

in the solution chemistry and enzymology of this compound.
A commonly identified theme for glycohydrolases and solution

hydrolysis of glycosides has been the observation that these

reactions involve formation of oxocarbenium ions or transition
states having oxocarbenium ion charaétéfrhis is also the case
for the acid-catalyzed solvolysis of CMP-NeuAc since this
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ovided to explain the origin of an unusually large secondary

reaction proceeds with a secondgrgdideuterium kinetic isotope
effect between 1.20 and 1.2%inetic isotope effects of this
size may be attributed to hyperconjugation and are diagnostic
for oxocarbenium ion character in the transition stat central
issue is to define how the carboxylate may be involved in the
chemistry of the sialyloxocarbenium ion. Studies&ub-
stituent effects on carbenium ion forming reactions have been
investigated, but oxocarbenium ions withi-carboxylate sub-
stitution as in the sialyl catiod have not yet been characterized.
Oxocarbenium ions witle-carboxylate substitution have been
proposed for influenza neuraminidase, KDO-8-phosphate syn-
thase, and UDP-GIcNAc enolpyruvyl transfer&s¥, providing
a significant impetus for the characterization of this species.
Figure 1 provides some gross features for possible pattways
of the acid-catalyzed solvolysis of CMP-NeuAc, which proceeds
to afford CMP and NeuAc. Both paths are initiated by
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Figure 1. Two possible pathways for acid-catalyzed solvolysis of CMP-Neuhc (

protonation, presumably at the glycosidic phosphate oxygen. In this work, ab initio calculations are presented which
The upper path involves protonation at phosphate, scission ofexamine structure, bonding, energetics, and equilibrium isotope
the glycosidic bond, and loss of CMP to reach a transition effects for formation of a pyranosgl-carboxylate oxocarbenium
state having considerable oxocarbenium ion character. Theion 3, with the carboxylate in a conformation coplanar with the
transition state forms either a stable oxocarbenium ion or oxocarbenium ion plane; a rotomeric isoméy with the
short-lived ion pair which is subsequently attacked by solvent carboxylate plane twisted with respect to the oxocarbenium ion
to yield N-acetylneuraminic acid. The lower path involves plane; and am-lactone5, which would result from back-side
nucleophilic participation of the carboxylate group to assist attack of the carboxylate at the anomeric carbon of CMP-NeuAc.
departure of protonated CMP. Theactone-like transition state  These three species were chosen to represent different features
collapses to the-lactone, which is subsequently solvolyzed to  of possible transition states for solvolysis of CMP-NeuAc.
the productN-acetylneuraminic acid. It is interesting that this  Results are reported for gas-phase calculations and those which
scheme finds some parallel in the historical and contemporary model an aqueous environment. These studies suggest that an
question regarding the mechanism of retaining glycosylases, theg|ectrostatically driven geometric bond distortion is the origin
archetype being lysozyme; there has been considerable debatgf the very large!“C secondary KIE and provide a model of

regarding whether an active site carboxylate residue proximatethe transition state for the acid-catalyzed solvolysis of CMP-
to an oxocarbenium ion-like transition state would trap the NeyAc.

transition state or stabilize formation of an oxocarbenium ion
intermediatgfa.c.11

The acid-catalyzed aqueous methanolysid gifroceeds to
afford approximately equal amounts of and j-N-acetyl- Ab initio calculations were performed using Gaussiart®4yision
neuraminic acid methyl glycosides, suggesting that this reaction C.3, on a Silicon Graphics Indigo XZ workstation and an IBM RS
forms either a solvent equilibrated oxocarbenium ion or an ion- 6000 SP. Calculations at the RHF level employed 6-31G*, 631,
pair intermediate. The agueous acid-catalyzed solvolysis pro-or 6-31G** basis sets. Density functional theory (DFT) calculations
ceeds with a primargC KIE of 1.035 Combined with the employed the Becke 3 parameter exchange functibaal the Lee-
large3-secondary-dideuterium KIE'’s discussed above, the data Yang—Parr correlation functiondf, the 6-31G* basis set was used for
argue for a transition state which must be close in structure to this level of theory. Semiempirical calculations were performed with

e o
a fully formed oxocarbenium ion, with little or no nucleophilic MOPACE®and used MNDO par.ameté'is":or geometry optimizations
O L and frequency calculations which modeled aqueous solvation, a self-

participation of the carboxylate group. Any significant nucleo- . o . ; :

hil le for th boxvl hould i h consistent reaction fiel was used with a dielectric constant of 78
philic role Ort e car c_)xy ate 9“’”9 shou |mpan23:_ _araCter and a molar volume as calculated within Gaussian 94. Isotope effects
to the reaction coordinate, reducing t8€H and raising the
primary“C KIE's.*? An unusually larg& secondary“C KIE (13) Gaussian 94, Revision C.3: Frisch, M. J.; Trucks, G. W.; Schlegel,
of 1.037 was observed at the carboxylate cafbahjch implies H. B,; Gill, P. M. W.; Johnson, B. G.; Robb, M. A;; Cheeseman, J. R;;

i ; ; Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K;
that the overall vibrational environment of the carboxylate gets AlLaham, M. A Zakrzewski, V. G Ortz, 3. V. Foresman, 1. B.

substantially looser in proceeding from the ground state to the Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,

Methods

transition state. C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;
(11) Koshland, D. EBiol. Rev. 1953 28, 416-420. Phillips, D. CProc. Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
Natl. Acad Sci U.SA. 1967, 57, 484-495. Dahlquist, F. W.; Rand-Meir, Gaussian, Inc., Pittsburgh, PA, 1995.
T.; Raftery, M. A.Biochemistryl969 8, 4214-4221. Strynadka, N. C. J,; (14) Becke, A. D.J. Chem Phys 1993 98, 5648-5652.
James, M. N. GJ. Mol. Biol. 1991 220, 401-424. Kuroki, R.; Weaver, (15) Lee, C.; Yang, W.; Parr, R. ®hys Rev. B 1988 37, 785-789.
L. H.; Matthews, B. W.Sciencel993 262, 2030-2033. Matsumura, |.; (16) QCPE #455. QCPE, Creative Arts Bldg. 181, Indiana University,

Kirsch, J. F Biochemistryl996 35, 1881-1889. Hashimoto, Y.; Yamada, Bloomington, IN 47405.
K.; Motoshima, H.; Omura, T.; Yamada, H.; Yasukochi, T.; Miki, T.; Ueda, (17) Dewar, M. J. S.; Thiel, WJ. Am Chem Soc 1977, 99, 4899~
T.; Imoto, T.J. Biochem 1996 119 145-150. 4907.

(12) Melander, L.; Saunders, W. Reaction Rates of Isotopic Molecules (18) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am Chem Soc 1991,
Kreiger: Malabar, FL, 1980; Chapter 8. 113 4776-4782.
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Cl-C2 1.612/1.596 C1-C2 1.548/1.546 Cl-C2 1.441/1.442
C2-06 1.249/1.242 C2-06 1.256/1.248 C2-06 1.360/1.356
C2-C3 1.488/1.490 C2-C3 1.491/1.492 C2-C3 1.506/1.506
O1-C1-01'  137.9/134.5 O1-CI-O1' 138.2/135.0 01-C1-01' 138.6/137.6

8
Ci-C2 1.570/1.570 C1-C2 1.537/1.538 Ci-C2 1.535/1.535
C2-06 1.415/1.409 C2-06 1.388/1.386 C2-06 1.229/1.228
C2-C3 1.529/1.530 C2-C3 1.534/1.534 C2-C3 1.487/1 486
01-Ci1-01'  130.0/128.6 O1-C1-01'  122.8/122.7 O1-C1-O1"  129.2/128.8

Figure 2. Structures and selected geometric parameters for comp@i8ls The structures presented are RHF/6-31G* minima or transition

states. The atom numbering scheme for comp@iisdepresentative. The geometric parameters listed under each structure are in units of angstroms

or degrees; the first number is the gas-phase value, and the second number is the value calculated with the SCRF aqueous solvation model. The
Supporting Information contains Cartesian coordinates for these structures.

Table 1. Energies for Planar and Twisted Oxocarbenium I8rend4 and a-Lactone5?

method® 3 (planar) 4 (twist) 5 (a-lactone)
RHF —456.263 00 (7.0) —456.266 15 (5.0) —456.274 10 (0.0)
B3LYP —458.925 06 (9.0) —458.933 53 (3.7) —458.939 47 (0.0)
MP2 —457.547 01 (14.2) —457.551 79 (11.2) —457.569 70 (0.0)
RHF/SCI-PCM —456.300 22 (0.4) —456.300 92 (0.0) —456.284 79 (10.1)
B3LYP/SCI-PCM —458.951 58 (5.1) —458.959 63 (0.0) —458.947 25 (7.8)
MP2/SCI-PCM —457.578 7 (0.9) —457.580 12 (0.0) —457.577 21 (1.8)

aThe single point calculations employed the structures3feb obtained by full minimization at RHF/6-31G®.Energies are in hartrees and
include ZPE determined at RHF/6-31G*. The numbers in parentheses refer to the relative energies in kc&#bdoofa given method® An
aqueous environment was modeled with a self-consistent isodensity polarized continuur?? arudiel dielectric of 78.

were calculated with QUIVER? which used as input the Cartesian to a C, conformation; compound minimized to a flattenedC,

force constants obtained from Gaussian 94 frequency calculations.conformation. The oxocarbenium mod8|¢, and8 optimized to very

Frequencies calculated with QUIVER were scaled by 0.9. similar conformers planar about the oxocarbenium ion atoms, best
Evaluation of the relative energies of species in the gas phase or andescribed as ans&ofa but with a slight amount 8H, character. The

aqueous environment was performed in the following way. Geometries minima for 3, 4, and8 were quite similar to the results reported for

were optimized to stationary points at RHF/6-31G* theory; frequencies optimization of (tetrahydropyranosyl)oxocarbenium iéhs.

were calculated and scaled by 0.9 for the zero-point energy (ZPE)

correction. The ZPE was added to the electronic energy determined Results and Discussion

at B3LYP/6-31G* or MP2/6-31G* theory; for modeling an aqueous . . . .

environment, B3LYP/6-31G* or MP2/6-31G* theory was used in Geometries and Energetics of Reaction Coordinate Spe-

conjunction with the self-consistent isodensity polarized continuum Ci€S. For interpretation of isotope effects it is tithangein

modef® (SCI-PCM) provided in Gaussian 94. geometric parameters (or more accurately, force constants)
Model Structures. The large number of heavy atoms in CMP-  which is important; these data are considered later. Several
NeuAc (1) and the sialyloxocarbenium ion2) made ab initio aspects of the geometric parameféfsr the sialyl cation models

calculations on these structures computationally inaccessible, neceshear mention; the results for the 6-31G* basis set are representa-
Sltat|ng that model Compound3—8 be used for the calculations. tlve (Flgure 2) The Calculated energles m.lcs are presented
Compounds3 and4 are models for a sialyloxocarbenium ion with the i, Taple 1. The “twist” oxocarbenium iod minimized to a
carboxylate group residing in and twisted out of the oxocarbenium ion conformation having a dihedral angle of 81hetween one of

plane, respectively. Compourkiwas used to model the-lactone the carboxylate oxygens and the oxocarbenium ion ring oxygen
that would result from back-side attack of the carboxylate group on y yg g oxygen.

the anomeric carbon of CMP-NeuAc. CompouBids a model for (19) Saunders, M. Laidig, K. E.; Wolfsberg, Nl.Am Chem Soc 1989
CMP-NeuAc and was required as the reference reactant state for111, 8989-8994.

calculation of equilibrium isotope effects. Compourtdand 8 were (20) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
the Carboxy|ate protonated ana|ogues of CompOLﬁﬂdBd 3’ respec- M. J.J. PhyS Chem 1996 100, 16098-16104. Kelth, T. A.; Foresman,

; . ; ; J. B.; Frisch, M. J.; Wiberg, K. B. Manuscript in preparation.
tively; they were used to assess the effect of protonation on isotope (21) Andrews, C. W.: Fraser-Reid, B.. Bowen, JJPAM Chem Soc

effects at the carboxylate carbon. All starting structures were fully 1991 113 8293-8298.

optimized to minima or transition states as noted in the text. For all  (22) Stern, M. J.; Wolfsberg, Ml. Chem Phys 1966 45, 2618-2629.
basis sets and RHF or RHF/SCRF theories, reactant@@beinimized (23) See Supporting Information.
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Table 2. Changes in Geometric Parameters and Isotope Effects for Formation of Oxocarbenium lorns-baconé

geometric parameters

isotope effects

process Arca_os A Arco_ca A Arc_coo A ABoco, deg +14C 2-14C 3,32H
experiment 1.036- 0.004 1.03G+ 0.004 1.26-1.25
6—3 —0.166 —0.041 0.041 7.9 1.0347 1.0267 1.1705
6— 3d —0.167 —0.040 0.026 5.8 1.0254 1.0183 1.1652
6— 8 —-0.181 —0.044 —0.035 0.2 1.0008 0.9960 1.1703
7—3d —0.144 —0.044 0.058 11.7 1.0312 1.0305 1.2074
7—8d —0.158 —0.048 —0.003 6.1 1.0065 1.0080 1.2127
6—4 —0.159 —0.038 —0.023 8.2 1.0199 1.0166 1.1304
6— 4d —-0.161 —0.038 —0.024 6.4 1.0133 1.0110 1.1448
6—5 —0.055 —0.023 —0.130 8.6 1.0229 1.0084 1.0272
6 — 5d —0.053 —0.024 —0.128 9.0 1.0236 1.0138 1.0136

aEach line in the table represents a particular “reaction” evaluated at RHF/6-31G* th&ag.compouna in Figure 2 for the atom numbering
scheme¢ Calculated for 310 K¢ Calculated with SCRF aqueous solvation model. The experimental data are from ref 5.

As anticipated for an oxocarbenium ion, the dihedral angle about of the planar catior3, the gas-phase results show a shortening

the C2-06 bond was near zero at 0,Znd the C206 bond

of rco—os andrco—c3, @ lengthening ofc—coo, and an increase

length was 1.256 A, reflecting the delocalization of O6 in 6oco The results for formation of the twist catiohare
nonbonding electrons into the vacant p-orbital at C2. The C2 similar to those for the planar cation with the exception that
C1 bond between the positively charged former anomeric carbonrc—coo decreases rather than increases. The paranretees
and the carboxylate is 1.548 A. Associated with this is a wide andrcy-cs3 are reflective of the oxocarbenium ion, the former

OCO carboxylate angle of 138.2 The geometric parameters

providing a measure of O6 lone pair electrons’ participation in

for the twisted cation were relatively insensitive to the SCRF stabilizing the positive charge at the former anomeric center
solvation model; however, the carboxylate OCO bond angle was C2 and the latter providing an indication of hyperconjugation

smaller than the gas phase value (13v4¥sus 138.2), possibly

between the C-3 hydrogens and C2; both phenomena contribute

reflecting a reduction of electron repulsion between the two to a decrease inc2-os andrcz-c3 bond lengths upon formation

carboxylate oxygen atoms.
The planar oxocarbenium iddis not a local minimum on

of the oxocarbenium ion. Electrostatic attraction between the
electron-deficient oxocarbenium ion carbon and the negatively

the potential energy surface for any basis set employed, butcharged carboxylate oxygen atoms can account for the spread
rather a transition state corresponding to rotation about the of the OCO bond angle upon oxocarbenium ion formation.

C—COO single bond fimaginary= —41 cnit, RHF/6-31G*).
In this conformation, the ECOQO™ single bond is very long at

Calculations which placed a positive point charge at varying
distances from a carboxylate showed that, as the point charge

1.612 and 1.596 A for the RHF and RHF/SCRF models, was moved closer to the carboxylate, the OCO bond angle
respectively. Using the SCRF aqueous solvation model andwidened.

DFT, planar3 was estimated to be 5.1 kcal/mol higher in energy
than the twist minimun#, whereas the MP2 level calculation
placed3 only 0.9 kcal/mol higher in energy (Table 1). As for
4, the carboxylate OCO angle & is wide at 137.9 (RHF/

The effect of solvation may be compared to the gas-phase
results (Table 2). For the planar oxocarbenium ion the changes

for rco—os @andrcz-—c3 were virtually identical to those predicted
for the gas phase, but the increasesdncoo and Opoco were

6-31G*), but when solvation is included, a smaller value of significantly smaller than those for the gas-phase process. For
134.4 is predicted. Both the gas phase and solvated planarformation of the twist oxocarbenium iofy solvation limited
oxocarbenium ion models have slightly more double-bond the increase ifoco but did not affect the change i—coo.

character for the endocyclic oxocarbenium ion—-&6 bond

(1.249 and 1.242 A) than predicted for the corresponding twist

models (1.256 and 1.248 A). Interestingly, in watedactone

Because the acid-catalyzed solvolysis of CMP-NeuAc showed
a large carbon KIE at the carboxylate, it was of interest to
consider the effect of the carboxylate protonation state on

5 was estimated to be 7.8 kcal/mol higher in energy than the \ojecular geometry and isotope effects. In aqueous solution

twist sialyl cation4, but was 3.7 kcal/mol more stable thén

the solvolysis of CMP-NeuAc could proceed with a number of

in the gas phase. At MP2 theory, this same trend was observedinteractions at the carboxylate group including hydrogen bond-

but 5 was only 1.8 kcal/mol less stable thdrin an aqueous
solvation environment (Table %}. RHF, DFT, and MP2
methods predict that the-lactone5 is favored in the gas phase

ing, protonation, or ion pairing with alkali cations. All of these
interactions can be considered to localize electron density at
the carboxylate to varying degree, thus having possible impor-

but not in an aqueous environment. This change in the relative ance regarding the isotope effects at the carboxylate carbon.

stability of 5 versus3 and4 in the gas and aqueous phases is
due in large part to the preferential solatlvent interactions
for charged3 and4 in an aqueous medium. For example, when
the solute-solvent interaction energy is compared for com-
pounds4 and5, it is found that4 is stabilized by 9.4 kcal/mol
over5 (B3LYP/6-31G*/SCI-PCM).

Protonation can be considered to be an extreme form of bonding
interaction that would result in electron localization at the
carboxylate and so was chosen to provide a likely upper limit
for effects derived from carboxylate bonding interactions.
Optimized molecular geometries and frequencies have been
calculated for the oxocarbenium ion in the protonated form

Table 2 presents the changes in key geometric parameters(RHF/6_316*/SCRF); the reactant state modelwas also

that occur for conversion of the reactant stéteo either the
a-lactoneb, planar catior8, or twist cationd. For the formation

(24) In anab initio study of the gas-phase internajXSreaction of
chloroacetate, it was found that only thelactone had a finite existence;
the planar a-methylene zwitterionic species dissociated to .Cé&hd
methylene, and the twist conformer collapsed without barrier to the
o-lactone. Antolovic, D.; Shiner, V. J.; Davidson, E.RAm Chem Soc
1988 110, 1375-1381.

protonated (structur@, Figure 2), allowing comparison of the

change in various geometric parameters in proceeding from
reactant state to the oxocarbenium ion as a function of
protonation (Table 2). The protonated cation optimized to a
minimum energy geomet§ (Figure 2), having a dihedral twist

of 35.9 between the unprotonated carboxyl carbonyl oxygen
and the endocyclic ring oxygen. The key effects of protonation
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at the carboxylate of either the reactant or cation was to decreaseéhe G-COO bond would be predicted, contrary to the results
Oocoandrc—coo, however, the decreaselis-coo for the cation of the calculations (Table 2.
was nearly twice that predicted for the reactant stat@.Q61 Isotope Effects. The magnitude of the experimental KIE’s
and—0.032 A, respectively). for the acid-catalyzed solvolysis of CMP-NeuAc indicated that
Oxocarbenium lon Stabilization by a-Carboxylate Sub- the transition state is very late, approaching a fully formed
stitution. It was anticipated that an-carboxylate-substituted oxocarbenium iof. A good match between the experimental
oxocarbenium ion would enjoy substantial electrostatic stabiliza- KIE’s and calculated equilibrium isotope effects for formation
tion relative to an unsubstituted oxocarbenium ion. An estimate of the oxocarbenium ion should provide a good description of
of the stabilization is obtained by analysis of the isodesmic the transition state structure for the solvolytic reaction. Table
reaction shown below. In the gas phase,caoarboxylate- 2 presents the calculated equilibrium isotope effects for conver-
substituted oxocarbenium ion is predicted to be 110 kcal/mol sjon of reactant staté or 7 (protonated) to thex-lactones,
more stable than the H-substituted analogue. The resultsplanar oxocarbenium ion8 and 8 (protonated), or twist
obtained for agqueous solvation predict that the sialyl cation is oxocarbenium iod. For comparison, the experimental kinetic
favored over thex-H-substituted oxocarbenium ion by 17 kcal/ isotope effects for solvolysis of CMP-NeuAc are presented at
mol. These results point to the greater thermodynamic stability the top of the table. Results for the 6-31G* basis are shown;
of a-carboxylate-substituted oxocarbenium ions over H-substi- 6-31G** and 6-3%G* bases and inclusion of solvation did not
tuted analogues, but a reliable estimate of their relative lifetimes

cannot yet be made in the absence of further information,
especially given the observation that kinetic and thermodynamic
stability of carbenium ions do not necessarily correfatdhe
large drop from 110 kcal/mol in the gas phase to 17 kcal/mol
confirms that the source of the stabilization is primarily
electrostatic in nature, but it was of interest to consider covalent

CHg
o~
M\H
o—zt =0 _
[

interactions as well. A small component of the stabilization

could arise from covalent interactions such as electron donation

from a carboxylate oxygen into the electron-deficient oxocar-
benium carbon porbital for the twist sialyl cation as i@ or
involve zz-type delocalization between the carboxylate carbonyl
and the carbonjorbital for the planar sialyl cation as .26

ot

I X

o —

The Mulliken overlap populations for the twist and planar sialyl
cations support the existence of a small degree of covalent
interactions of the sort shown thand10. Approximately 0.06

e~ are shared between the carboxylate oxygens and the carbo
p; orbitals for the twist sialyl cation. This additional electron
density in the carbonorbital would be consistent with the
calculateds-?H isotope effects for the twist isomer (discussed
below), which are lower than those predicted for the planar
isomer, and bonding as fwould tend to open the carboxylate
OCO bond angle. As will be discussed below, however, the
calculated isotope effects for the twist sialyl cation motlate

not in agreement with the experimental results. For the planar
cation, 0.02 g is shared between thesymmetric oxocarbenium
ion and carboxylate carbon, prbitals. That this is not a
significant component of binding is clear, since a shortening of

(25) Richard, J. P.; Amyes, T. L.; Jagannadham, V.; Lee, Y.-L.; Rice,
D. J.J. Am Chem Soc 1995 117, 5198-5205.

(26) Creary, X.; Wang, Y.-X.; Jiang, 4. Am Chem Soc 1995 117,
3044-3053.

have a significant effect on calculated isotope effééts.

The best match to the experimental isotope effects is found
for the planar oxocarbenium i®) the twist oxocarbenium ion
4 is predicted to have diminished carbon and deuterium isotope
effects with values well outside the generally good match found
for the planar model. The large experimentiafH KIE is
inconsistent with a transition state strongly resembdidgctone
5, for which near-unity3-?H isotope effects are predicted.
Similarly, calculategB-2H isotope effects for formation of twist
oxocarbenium iod are significantly lower than the experimental
value. The diminished values of tife?H isotope effects fo#
and5 are a reflection of bonding interactions at the anomeric
carbon C-2 which reduce hyperconjugation. On this point it is
interesting to note that the smalt?H KIE’s reported for the
water-catalyzed solvolysis of aryl glycosides bFacetyl-
neuraminic acid have been rationalized on the basislattone
transition state charactét.

The calculated 24C isotope effects at the anomeric carbon
C-2 are below the experimental range for the twist cadiamd
the a-lactone5, whereas the predicted value for the planar cation
3 is in agreement with experiment. The agreement3diut
not4 and5 may be attributed to a net loosening at the anomeric
carbon upon scission of the glycosidic bond, which in the case
of 4 and5 is offset by additional bonding interaction between
a carboxylate oxygen and C-2.

At the onset of this work it was suspected that the carboxylate
1-14C isotope effect for formation of an-lactone might be
inverse or near unity due to strain. This was not the case,
however, as the calculations predict isotope effects equivalent
in magnitude to those predicted for formation of the twist sialyl
cation but smaller than those predicted for formation of the
planar sialyl cation. Again, the best match between theory and
experiment is for formation of the planar oxocarbenium 3on

Carbon-14 Fractionation Factors for Protonation of the

rZ:arboxylate. It came as a surprise that the carboxylate

protonation state could significantly influence the size of the
carboxylate!“C isotope effect (Table 2), since the experimental
fractionation factor for ionization of a carboxylic acid was
expected to be close to unity. When the carboxylatéC

(27) Inclusion of electron correlation (single point, B3LYP/6-31G*)
showed an increase im character to 0.05ebetween the oxocarbenium
ion carbon and the carboxylate carbon of the planar sialyloxocarbenium
ion, mirroring the trend reported by Creary e€&for a formylcarbenium
ion.

(28) A similar observation has recently been reported for solvation effects
on vibrational frequencies: Williams, R. W.; Cheh, J. L.; Lowrey, A. H.;
Weir, A. F.J. Phys Chem 1995 99, 5299-5307.

(29) Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am Chem Soc 1992 114,
10158-10166.

(30) Bayles, J. W.; Bron, J.; Paul, S. @.Chem Soc, Faraday Trans
11976 7, 1546-1542.
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fractionation factor was calculated for ionization of this group for the lithium chelatel 1 placed the carboxylate at a twist angle
in the reactant6 (7 — 6), it was found to be~1.006, in of ~21° between one of the carboxylate oxygens and the
agreement with precedent; however, the fractionation factor for endocyclic oxygen of NeuAc. This structure places the car-
the planar oxocarbenium ioB (8 — 3) was calculated to be  boxylate near planarity to the incipient oxocarbenium ion plane.
~1.025. The fractionation factor for the carboxylate protonation
state will be superimposed on any isotope effect associated with

CH
forming the sialyl cation, if the ionization state of the carboxylate \
group changes during the reaction. Conversion of unprotonated Ox /O
reactanté to protonated oxocarbenium idghhas a smalf“C O/P\q
isotope effect because the fractionation factor for protonating
the carboxylate makes an inverse contribution to the normal /L u
isotope effect for formation of the oxocarbenium ion; conversion
ol

of protonated reactantto unprotonate® has a slightly larger
isotope effect than that f&— 3 because the fractionation factor
for the reactant state reinforces the isotope effect for formation 11
of the oxocarbenium io#t

The experimental isotope effects are in good agreement with ~ Correlation of the Carboxylate *“C Isotope Effect with
those predicted for conversion of the protonated reactant Geometric and Vibrational Parameters. Solvolysis of CMP-
the planar oxocarbenium ion with an ionized carboxylate ~ NeuAc proceeds with &'C KIE of 1.036 at the carboxylate
(Table 2) and for conversion of the ionized reactérb the carbon, a value considerably larger than typical secondary
planar, ionized oxocarbenium i@ Models which involved a carbon isotope effects. A normal isotope effect will arise if
protonated oxocarbenium ion had predicted isotope effects whichthe bonding about the carboxylate becomes looser in the sialyl
were quite inconsistent with the experimental data. The solution cation than for the reactant state. A comparison of the changes
pK, of the CMP-NeuAc carboxylate group has been measured in bond length and angles to the carboxylate groipe-coo
titrametrically to be less than 4, and a kineti€ of ~4 was and Afloco columns, Table 2) with the calculated carboxylate
estimated from the pHrate profile for solvolysis of CMP-  “C isotope effects (24C column, Table 2) reveals that small
NeuAc® Since the kinetic isotope effect data were obtained at values for the isotope effect are associated with small changes
a pH of 5.0, the dominant reaction manifold for solvolysis in bonding to the carboxylate (little or no loosening), whereas
involves an ionized carboxylate group. One way in which to the largest isotope effects are associated with large changes in
reconcile these observations would be if the reactant state (CMP-carboxylate bonding. This correlation then predicts that, in
NeuAc) carboxylate is not protonated, but rather is either proceeding from the reactant state to the sialyl cation, isotopi-
hydrogen bonded to water and/or ion paired with sodium cally sensitive carboxylate vibrational modes should shift to
counterions. On proceeding to the transition state, disruption lower frequency, and this was found to be the case after
of this bonding scheme may have an influence on the isotopeinspection of the frequencies calculated with the QUIVER
effects in a way which is similar to ionization of a protonated programz® The biggest contributors are coupled vibrations that
carboxylate. Though presently speculation, such a desolvationinvolve the C-COO stretch and OCO angle bending mode; this
might enhance carboxylate stabilization of the oxocarbenium description is somewhat simplified in that these modes are also
ion transition state. Carboxylate desolvation has been proposed:oupled in varying degree to ring stretches and bends. The
to be involved in solvolysis of aryl glycosides ®f-acetyl- asymmetric carboxylate €0 stretch is 117 cm higher in
neuraminic acid, though in that case the desolvation was frequency for the planar sialyl cation than for the reactant
suggested to precedelactone formatior?? providing an inverse contribution to the overall normal isotope

In summary, the calculated equilibrium isotope effects for effect.
formation of the planar oxocarbenium i@are in very good From this analysis it is concluded that the experimentally
agreement with the experimental kinetic isotope effects for acid- observed secondafyC kinetic isotope effect is well modeled
catalyzed solvolysis of, while poor agreement is found for by an overall loosening of the forces at the carboxylate carbon
the twist oxocarbenium iod anda-lactone5. A conservative in the transition state relative to the reactant state. The looser
description of the solvolytic transition state would feature a carboxylate environment can be accounted for by formation of
nearly fully formed oxocarbenium ion with the carboxylate the oxocarbenium ion, which draws the oxygens of the car-
group sufficiently close to planarity as to account for the isotope boxylate toward it by electrostatic interaction, opening the OCO
effects despite any possible energetic penalty for residing in bond angle.
the planar conformation. It has been proposed that the solvolysis = Conclusions. Oxocarbenium ions with am-carboxylate
of aryl glycosides ofN-acetylneuraminic acid involves a  substituent are substantially stabilized relative to the H-sub-
nucleophilic carboxylate group which leads to a transition state Stituted oxocarbenium ion by electrostatic interaction. The
with a-lactone character, necessitating, in that case, a twistedorigin of the unusually large carboxylatéC isotope effect for
conformation for the carboxylate groéd.One possible expla-  solvolysis of CMP-NeuAc is attributed to an electrostatically
nation for this divergent behavior would include the000- driven opening of the carboxylate OCO bond angle upon
fold lower reactivity of aryl leaving groups versus cytidine formation of the sialyl cation. Given the predicted sensitivity
monophosphate; departure of the poorer aryl leaving group mayof carboxylate!C isotope effects to the carboxylate bonding
be assisted by nucleophilic participation. Another possibility scheme and electrostatic environment, carboxylate carbon
might be coordination of the NeuAc carboxylate with the CMP  isotope effects may be useful as a sensitive probe for a number
phosphate via a hydrogen bond or alkali cation bridge; such anof enzymatic systems including sialyltransferases, neuramini-
interaction is not possible for aryl glycosides bfacetyl- dases, KDO-8-phosphate synthase, and UDP-GIcNAc enolpyru-
neuraminic acid. A MOPAC6/MNDO geometry optimization VYl transferas_,e. _ _

(31) Fractionation factors for 2/C substituted6 and cation3 as a The exp(_arlmental Isotope effects_ for SON().'YSIS of CMP-
function of carboxylate protonation state have also been calculated and NEUAC are in very good agreement with a transition state model
account for the variation of the #C isotope effect shown in Table 2. involving formation of a planar or near-planar sialyl cation with
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an ionized carboxylate group. In water, the twist oxocarbenium attractive, sincex-lactone formation is estimated to be endo-
ion 4 is estimated to be-0.4—5.1 kcal/mol more stable than  thermic by~2—10 kcal/mol in an aqueous environment.

the planar oxocarbenium id8 which is a transition structure

with respect to rotation about the<€OO bond at the 6-31G* Acknowledgment. Support of this work by the National
RHF level. Since SCRF solvation models assume nonspecific Science Foundation (CAREER award Grant No. MCB-
interactions between solute and solvent, the relative energeticsg501866), the University of Florida Division of Sponsored
do not consider specific solvation phenomena such as hydrogerResearch, and the Northeast Regional Data Center at the
bonding, which will be the subject of further investigations. yniversity of Florida is gratefully acknowledged. Drs. M.
However, the results taken together suggest that, while the gattiste and N. Richards are thanked for their reading of this

transition state for formation of the sialyloxocarbenium ion  manyscript. Dr. M. Saunders is thanked for providing a copy
involves a near-planar relationship between the carboxylate andy¢ QuvER.

oxocarbenium ion atoms, progress to an oxocarbenium ion
intermediate may involve rotation of the carboxylate to the
energetically favored twist conformation. Rapid attack by o
solvent on this species from either face of the oxocarbenium
ion plane could account for the experimentally observed
racemization in the produét.As an alternative, collapse of the
twist oxocarbenium ion to give a mixture of epimesidactones
which subsequently solvolyze to racemized product is less JA963079+
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