JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Unexpected Stability of Aryl B-N-Acetylneuraminides in Neutral

Solution: Biological Implications for Sialyl Transfer Reactions
Veedeeta Dookhun, and Andrew J. Bennet
J. Am. Chem. Soc., 2005, 127 (20), 7458-7465+ DOI: 10.1021/ja042280e * Publication Date (Web): 03 May 2005
Downloaded from http://pubs.acs.org on March 25, 2009

OAr
Ar = 4-nitrophenyl X 0] COy
AcN 4a
- COy” k—>
X=/\|/\OH WOM 5 wponaneess
OH AN~
H

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja042280e

JIAICIS

ARTICLES

Published on Web 05/03/2005

Unexpected Stability of Aryl  B-N-Acetylneuraminides in
Neutral Solution: Biological Implications for Sialyl Transfer
Reactions

Veedeeta Dookhun and Andrew J. Bennet*

Contribution from the Department of Chemistry, Simon Fraser.grsity, 8888 Uniersity
Drive, Burnaby, B.C., Canada V5A 1S6

Received December 22, 2004; E-mail: bennet@sfu.ca

Abstract: A reagent panel comprised of seven aryl §-p-N-acetylneuraminides was synthesized and then
used to probe the mechanisms of nonenzymatic hydrolysis. These reactions proceeded via four independent
pathways: (1) acid-catalyzed hydrolysis of the neutral molecule; (2) acid-catalyzed hydrolysis of the anionic
form, or its kinetic equivalent spontaneous hydrolysis of the neutral form; (3) spontaneous hydrolysis of
the anionic form; and (4) a base-promoted pathway. The pH-independent spontaneous hydrolysis of
4-nitrophenyl a-p-N-acetylneuraminide (5) occurs at a rate that is over 100 times faster than that of the
corresponding reaction of 4-nitrophenyl 3-b-N-acetylneuraminide (4a). Spontaneous hydrolyses of four aryl
p-b-N-acetylneuraminides displayed a iy value of —1.24 + 0.16 (pH = 8.1, T= 100 °C), and at a pH value
of 1.0 (50 °C), all seven panel members gave a fjq value of 0.14 £ 0.08. The aqueous ethanolyses of 4a
and 5 gave similar products and displayed sensitivity parameters (m) in a standard Winstein—Grunwald
analysis of —0.04 + 0.01 and +0.23 + 0.02, respectively. These results, plus the activation parameters
calculated for the spontaneous hydrolyses of the anionic forms of 5 (AH* = 116 + 2 kJ mol~* and
AS =27+ 4 Jmol 1K) and 4a (AH* = 138 & 3 kI mol~* and AS* = 59 + 8 J mol~1 K1), are inconsistent
with anomeric carboxylate assistance occurring during the hydrolysis reactions, and the likely cause for
the enhanced reactivity of 5 in comparison to that of 4a is an increase in ground-state steric strain.

Introduction sialic acid from an external source onto its own surface

Many specific biological processes are mediated by carbo- carbohydrateé} and (c) siaIyItransfer.a.ses are inver‘_[ing enzymes
hydrate/protein interactions, examples include receptor/ligand that utilize CMPg-b-N-acetylneuraminidel as the sialyl donor
recognition and glycoconjugate intracellular traffickihgln to make a-sialoside linkage: A fourth family, the ende
many of these biologically important interactions, the sugar Sialidases (EC 3.2.1.128) has been reported, although at the
component containdl-acetylneuraminic acid (sialic acid), a present time, it is not known whether these enzymes operate

common constituent of the glycolipids and glycoproteins viaargta_\ining oran inverting mechanism. . )
produced by animal celfsindeed,N-acetylneuraminic acid is Retaining glycosidases generally operate via a process in

frequently found at the nonreducing termini of cell surface which an active site carboxylate group acts as the nucleophile
. . .. . . L. . 1 i i 18
oligosaccharide moietigsand this prominence is in keeping N @ double displacement mechani$fn:® Such a process
with its |mporta.nce in cgl!ular anql molecular repognmon evénts. (6) Saito, M.; YU, R. K. Biochemistry and function of sialidasesBinlogy
Several distinct families of sialyl-transferring enzymes are of the Sialic AcidsRosenberg, A., Ed.; Plenum Press: New York, 1995;
; ; oy pp 261-313.
f(I)UIjld in nature and thes_e include the fOHOWIng' @)O (7) Wilson, J. C.; Angus, D. I.; von ltzstein, M. Am. Chem. S0d.995 117,
sialidases N-acetylneuraminyl glycohydrolases, EC 3.2.1.18) 4214-4217.
s : [T f (8) Henrissat, B.; Bairoch, ABiochem. J1993 293 781-788.
are reta_mlng glycosidases _thgt remove su’_;lll_c acid from (9) Henrissat. BBiochem. J1991, 280, 309-316.
glycoconjugated?-19 (b) trans-sialidases are retaining enzymes (103 Helrllrissat, B.; I|3aircl>ch, PBiﬁchem. Jlf996 r?la 69569662h
. 1) Kelly, J. M.Molecular Mechanisms of Pathogenesis in Chagas Disease
expressed by trypanosomes that enable the parasite to transfeft Landes Bioscience: Georgetown, TX, 2003.
(12) Coutinho, P. M.; Deleury, E.; Davies, G. J.; HenrissatJBMol. Biol.
)

(1) Rademacher, T. W.; Parekh, R. B.; Dwek, RAfhnu. Re. Biochem1988 2003 328 307-317.

57, 785-838. (13) Muhlenhoff, M.; Stummeyer, K.; Grove, M.; Sauerborn, M.; Gerardy-

(2) Drickamer, K.Cell 1991, 67, 1029-1032. Schahn, RJ. Biol. Chem2003 278 12634-12644.

(3) Reutter, W.; Eckart, K.; Bauer, C.; Gerok, W. Biological significance of = (14) Sinnott, M. L.Chem. Re. 199Q 90, 1171-1202.
sialic acids. IrSialic Acids, Chemistry, Metabolism, and FunctiSchauer, (15) MccCarter, J. D.; Withers, S. Gurr. Opin. Struct. Biol.1994 4, 885—

R., Ed.; Springer-Verlag: Vienna, 1982; Vol. 10, pp 2&05. 892.

(4) Schauer, R.; Kelm, S.; Reuter, G.; Roggentin, P. Biochemistry and role of (16) Davies, G.; Sinnott, M. L.; Withers, S. G. Glycosyl transferQompre-
sialic acids. InBiology of the Sialic AcidsRosenberg, A., Ed.; Plenum hensbe Biological CatalysisSinnott, M. L., Ed.; Academic Press: San
Press: New York, 1995; pp-767. Diego, 1998; pp 119209.

(5) Taylor, G.Curr. Opin. Struct. Biol.1996 6, 830—837. (17) Zechel, D. L.; Withers, S. GAcc. Chem. Re®00Q 33, 11-18.
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Scheme 1. Mechanism of Glycosylation in Sialidases
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generates a covalent acylal enzyme intermediate and thus avoid&Experimental Section
formation of a reactive high-energy oxacarbenium ion. In
aqueous solution, the lifetime of the quintessential carbohydrate

oxacarbenium ion, the glucopyralrzlosél'zlém i@ has been ¢ tonic acid (TAPS), and 3-(cyclohexylamino)-1-propanesulfonic acid
estimated to be arqund fB) x 10782 . (CAPS) were purchased from Sigma and used without further purifica-

The results contained in recent reports point to the conservedtion. N-Acetylneuraminic acid was purchased from Rose Scientific and
tyrosine residue, rather than the catalytic glutamic acid, as beingused without further purification. Milli-Q water (18.2 @1 cm™1) was
the nucleophile for both classes of retaining sialyl transferring used for kinetic and product study experiments. Perchloric acid and
enzymes, that igxosialidase& andtrans-sialidase$223Thus, sodium hydroxide solutions were made by dilutions of standardized
the enzymatic mechanism involves formation of an enzyme- 1.00 M solutions. All other salts used in the hydrolysis runs were of
bound aryl 8-N-acetylneuraminyl intermediate (Scheme 1 analytical grade and were used without purification..CHwas dried

21 . . . ' by distillation from CaH. NMR spectra were acquired on a Bruker
B-NeuAc-OTyr)?! A central feature of this mechanism is that
. . . . . AMX-400 spectrometer.

formation of anN-acetylneuraminosylium ion (sialyl oxacar-

benium ion;3) intermediate is avoided, a species that has an Synthesis of Aryl f-b-N-Acetyineuraminide. The protectes-o-

. S . . N-acetylneuraminyl fluoride6?® and 4-nitrophenyla-p-N-acetyl-
11 ¢ 24,25 o ) ) X
estimated lifetime in aqueous solution 28 x 107 s: neuraminides?”?8were synthesized according to published procedures.

The present report details a series of kinetic and product Full experimental details for the synthesis of 4-nitrophefiyb-N-
studies performed, in aqueous media, on analogues of theacetylneuraminide 4@) are given below, while the experimental
sialosyl-enzyme intermediate (Scheme3iNeuAc-OTyr), that particulars for the synthesis and characterizatiodtsfg are given in
is, aryl 3-p-N-acetylneuraminidesté—g). In addition, a specific ~ the accompanying Supporting Information.
comparison is made betweefa and 4-nitrophenylo-p-N- Methyl [4-Nitrophenyl(5-acetamido-4,7,8,9-tetra0-acetyl-3,5-
acetylneuraminides], the anomer ofia. The results from these  dideoxy-d-glycerof-p-galactonon-2-ulopyranosyl)jonate (7a).To
studies address critical questions concerning the intrinsic dried powderd 4 A molecular sieves was added a mixture of
reactivity of sialosides. For example, does the C-1 carboxylate 4-nitrophenol (580 mg, 4.17 mmol) and sialosyl fluoriéi¢400 mg,
group of theN-acetylneuraminides function intramolecularly as 0.83 mmol), and the resultant solid mixture was maintained under

) . . vacuum (6 mmHg) for 30 min. The solid mixture was then placed under
a nucleophile? Are the spontaneous solvolysis reactions of

o L . 7 . a N; atmosphere, and dry GBI, (30 mL) was added via a syringe;
N-acetylneuraminides associativeg} or dissociative ($l) in this mixture was stirred for 1 h. Then a solution of BBEb

Materials and Methods. The buffers 24-morpholino)ethane-
sulfonic acid (MES) N-tris[hydroxymethyllmethyl-3-amino-propane-

nature? (0.72 mL, 0.83 mmol) in CkCl, (4 mL) was added, and the mixture
was stirred overnight at room temperature. The mixture was filtered,
NHz OH and the solid residue was washed thoroughly with,Cli The
ﬁN x=""Y""OH combined filtrates were washed with saturated Nakl(AG0 mL), water
o N’go OH (150 mL), and brine (150 mL), and the resulting solution was dried
- o-h-o o NaSQ,. A pale yellow syrup was obtained after evaporation of the
1o HO solvent, and this material was crystallized from@to give a white
x7~0—7~" On OH HO&QS\ W" powder (196 mg, 39% yield), mp 18789 °C. [a]®= —77.8
AN~L= o HO o H AT o3 (c=1.26, CHCl,). *H NMR (400 MHz, CDC}) ¢: 1.75, 1.89, 2.06,
H 1 ) H 3 2.08, 2.17 (5x s, 15 H, CH), 2.03 (m, 1 H, H-3a), 2.68 (dd, 1 H,
Jaeza= 12.9 Hz,J3¢4 = 5.0 Hz, H-3e), 3.76 (s, 3 H, OGH 4.04
X (dd, 1 H,Js5 = 10.4 Hz,Js7 = 2.4 Hz, H-6), 4.12 (dd, 1 HJoaop=
2 4a X =4-NO, -
Q 4b X = 3-NO, Ox©
4c X =3-Cl (21) Watson, J. N.; Dookhun, V.; Borgford, T. J.; Bennet, ABibchemistry
0 o 4dXx=aci AL ° NO, 2003 42, 12682-12690.
X o 4eX=H ANg (22) Watts, A. G.; Damager, |.; Amaya, M. L.; Buschiazzo, A.; Alzari, P.; Frasch,
AcN o 4f X =3-CHy A. C.; Withers, S. GJ. Am. Chem. So@003 125, 7532-7533.
)y HO 4g X =4-CHg 5 (23) Amaya, M. F.; Watts, A. G.; Damager, T.; Wehenkel, A.; Nguyen, T.;

(18) Vasella, A.; Davies, G. J.; Bon, M. Curr. Opin. Chem. Biol2002 6,
619-629.

(19) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod.989 111, 7888-7900.

(20) Zhu, J.; Bennet, A. . Am. Chem. S0d.998 120, 3887-3893.

Buschiazzo, A.; Paris, G.; Frasch, A. C.; Withers, S. G.; Alzari, P. M.
Structure2004 12, 775-784.
(24) Horenstein, B. A.; Bruner, Ml. Am. Chem. So2996 118 10371-10379.
(25) Horenstein, B. A.; Bruner, Ml. Am. Chem. S0d.998 120, 1357-1362.
(26) Sharma, M. N.; Eby, RCarbohydr. Res1984 127, 201-210.
(27) Eschenfelder, V.; Brossmer, Rarbohydr. Res1987 162, 294-297.
(28) Rothermel, J.; Faillard, HCarbohydr. Res199Q 196, 29—40.
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12.5 Hz,Jga 5= 6.8 Hz, H-93a), 4.20 (9, 1 Hls 4 + Js6 + Jsnu = 31.2 was used. lonic strength was maintained at 0.3 M with sodium

Hz, H-5), 4.64 (ddd, 1 HJops= 2.7 Hz, H-9b), 4.90 (ddd, 1 Hlg7 = perchlorate except when [Hor [OH™] > 0.3 M.

8.7, H-8), 5.26 (d, 1 HJwns = 10.3 Hz, NH), 5.35 (dd, 1 H, H-7), The hydrolysis reactions dfawere monitored using three different
5.48 (td, 1 HJ43a+ a5 = 21.8 Hz,Js 3= 5.0 Hz, H-4), 7.08-7.15 protocols. For pH values less than 4.50 and greater than 11.20, a
(m, 2 H, Ar—H), 8.12-8.22 (m, 2 H, Ar-H). $3C NMR (100 MHz, methanol stock o#a (50 uL, 2.3 uM) was injected into a cuvette

CDCl) ¢: 20.6. 20.7, 20.8, 23.1 (CH 38.5 (C-3), 49.1 (C-5), 53.5 containing 3 mL of the required buffer that had been pre-equilibrated
(OCHg), 61.8 (C-9), 67.8 (C-4, C-7), 71.5 (C-8), 72.9 (C-6), 99.7 for 10 min at 50°C. The absorbance versus time data were monitored
(C-2),116.8, 125.9, 143.1, 158.8 (AC), 170.0, 170.2, 170.3, 170.5,  for 3 half-lives at 340 and 408 nm for the low and high pH ranges,
170.9 (G=0, C-1). Anal. Calcd for @H3.N,0:5. C, 50.98; H, 5.27; respectively. Rate constants were calculated by fitting the absorbance

N, 4.57. Found: C, 50.75; H, 5.44; N, 4.34. versus time data to a standard first-order rate equation using the
4-Nitropheny! (5-Acetamido-3,5-dideoxyp-glycero3-p-galacto nonlinear least-squares routine computer program, Grafit.
non-2-ulopyranosylonic Acid) (4a). To a solution of7a (50 mg, For pH values between 4.50 and 6.33, a discontinuous assay method

0.08 mmol) in anhydrous methanol (5 mL) was added a methanolic was used. A solution ofa (4 mg) in 20 mL of the required buffer was
sodium methoxide solution (5 equiv), and this mixture solution was aliquoted into glass ampules (1 mL of solution) which were then sealed.
stirred at 0°C for 15 min. Dowex 50W HCR-W2(H) cation exchange The ampules were placed in a water bath held &#tG0Ampules were
resin (prewashed with methanol) was added to neutralize the solution. taken out of the water bath at regular intervals, and the reaction was
After removal of the resin by filtration, it was washed several times quenched by cooling to C. To determine the reaction end point, two
with methanol. The combined solvent was evaporated under reducedampules were heated at 100 for 2 days. A portion of the solution
pressure, and the resultant residue was dissolved in 3:1 v/v THF/waterfrom each ampule (20&L) was added to pH 10.0 CAPS buffer

(2 mL) at 0°C. To this solution was added LiOH,O (16 mg, (0.3 M, 400uL), and the absorbance of the resultant mixture was
2.5 equiv). After stirring at GC for 25 min, the mixture was neutralized = measured at 408 nM. These reactions were monitored in this fashion
with Dowex 50W HCR-W2(H) resin. Following removal of the resin,  until they were about 5% complete.

the filtrate was concentrated under reduced pressure. The remaining For pH values between 6.40 and 11.20, the hydrolysidaivas
aqueous solution was then lyophilized to give a white solid (33 mg, followed by observing the change in absorbance at 408 nm 4€C50

92%). [0]*%= —86.9 € = 1.22, HO). *H NMR (400 MHz, D,O) until about 3-4% of the hydrolytic reaction had occurred. Subsequently,
0: 1.85 (t, 1 H,J3e3a+ Jaau = 24.5 Hz, H-3a), 2.04 (s, 3 H, GH the reaction end-points were determined by increasing the cell-block
2.60 (dd, 1 HJze3a= 12.9 Hz,J3¢4 = 5.0 Hz, H-3e), 3.45 (d, 1 H, temperature to 78C and monitoring the absorbance until the reaction
J7s = 9.0 Hz, H-7), 3.60 (dd, 1 HJoaor= 11.8 Hz,Joas = 5.2 Hz, was complete. Rate constants for the reactions performed between pH
H-9a), 3.64-3.77 (m, 4 H, NH, H-6, H-8, H-9b), 4.00 (t, 1 Hg4 + values of 4.50 and 11.20 were calculated using the equation
Jss = 20.8 Hz, H-5), 4.25 (td, 1 HJsza + Jas = 21.8 Hz,Js3c = In([Al/[Alo) = —k x t. The hydrolysis reactions & were monitored

5.0 Hz, H-4), 6.857.21 (m, 2 H, Ar-H), 8.20-8.38 (m, 2 H, Ar- using identical protocols.

H). **C NMR (100 MHz, O) 6: 19.0 (CH), 37.5 (C-3), 48.6 (C-5), Solvolysis Kinetics. The aqueous ethanolyses 44 and 5 were

60.3 (C-9), 63.4 (C-4), 65.2 (C-7), 66.8 (C-8), 68.5 (C-6), 98.1 (C-2), monitored in a manner similar to that of the corresponding hydrolysis
113.8, 122.7, 138.9, 156.8 (AC), 170.3, 171.7. HRMS(FABjn'z reactions. Specifically, reactions were followed at 408 nm in 15 mM

(M — HY), Ci7H21N01; requires 419.1145, found 429.1156. phosphate buffer (N&IPO;:NaH,PQ, = 2:1; | = 35 mM) at 75°C.
4-Nitrophenyl ((3R)-5-Acetamido-3deuterio3,5-dideoxyb-gly- Bragnsted Plots. For the acid-catalyzed region (pH 1.00), the
cero-f3-p-galactonon-2-ulopyranosylonic Acid) (4a?H). Deuterium reactions were monitored directly by following the change in absorbance

was incorporated stereospecifically on C-3Nracetylneuraminic acid versus time. Absorbance values were recorded at wavelengths of 340
according to a published procedéfeFollowing the base-catalyzed  and 270 nm fo#b and4e, respectively, while for all other substrates
exchange reaction, 4-nitrophenyl RB5-acetamido-3leuterio3, (4c, 4d, 4f, and 4g), the wavelength utilized was 280 nm. In the
5-dideoxyp-glycerof3-p-galactonon-2-ulopyranosylonic acid) was  spontaneous hydrolysis regime, the hydrolyse$efd were monitored
made using the same procedure as outlined above. The NMR spectrumat a pH of 8.08 using ampules as outlined above. The ampules were

of 4aH was identical to that of the unlabeled compou#é) (except maintained at a temperature of 100 by placing them in a “boiler” in

for the absence of the apparent triplet at 1.85 ppm and the presence ofwhich they were immersed in the vapor generated from a boiling water

a doublet at 2.60 ppm instead of a pair of doublets. bath. Ampules were taken out at regular intervals, and the reactions
4-Nitrophenyl  (5-Acetamido-3,5-dideoxye-glycerca-  and were quenched by cooling the ampule in an ice/water bath. These

p-p-galactenon-2-ulopyranosylonic (804)-Acid) (4a-180 and5-1€0). reactions were generally monitored for a time period that corresponds

Oxygen-18 was incorporated into the respective carboxylate groups to about 2-3 half-lives for hydrolysis. The rate constant for hydrolysis
by performing the final hydrolytic deprotection of the respective methyl 0f 4aunder these conditions (pH 8.0B= 100 °C) was estimated by
esters in THF/H®0 (3:1 viv, 5 mL) containing LiOFH20 (3 equiv) extrapolation of rate constant data measured at 50, 65, 75, af@.85
at 0°C for 30 min. Product Studies. The hydrolyses ofta and5 (3 mg) in ethanol/
Hydrolysis Kinetics. The hydrolysis reactions were monitored by ~ Water mixtures (2 mL) containing 3 equiv Bfmethylmorpholine were
measuring absorbance versus time data using a Cary-3EVi$V performed in sealed glass ampules at@5The reactions were allowed
spectrophotometer equipped with the Cary Six-Cell Peltier constant O proceed for about 9 half-lives. The resultant solution was lyophilized,
temperature accessory. The buffers and their associated pH ranges usedd the solid residue was analyzed usthigNMR spectroscopy.
in this study were: malonic acid, 2.23.19; succinic acid, 3.764.02; 80 Exchange Experiments.®O-Incorporation into the 4-nitro-
acetic acid, 4.465.36;N-methylmorpholinoethanesulfoninc acid (MES), ~ phenol product was monitored for the base-promoted reactioda of
5.50-6.30; N-[tris(hydroxymethyl)methyl]-3-aminopropane-1-sulfonic ~ and5 at [OH] = 1.0 M. Specifically, an approximate 1:L10/H,'%0
acid (TAPS), 7.08-8.20; and 3-(cyclohexylamino)propane-1-sulfonic ~ Mixture was made by adding equal volumes ot®8 (95.1 atom %
acid (CAPS), 10.0611.13. Buffer pH values were measured at room 180; Marshall Isotopes Ltd., batch number 020414nw) and freshly made-
temperature, and no temperature corrections were applied. For solution!p agueous NaOH (2.0 M). To this aqueous media (0.4 mL) was added
where [H] > 0.01 M, perchloric acietsodium perchlorate was used,  €ither4a or 5 (2 mg, 4.6umol), and the resulting solutions were
and when [OH] > 0.01 M, sodium hydroxidesodium perchlorate maintained at 5CC for approximately 5 half-lives for hydrolysis.
Following neutralization with an excess of malonate buffer (0.3 M,

(29) Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am. Chem. S04992 114 10158 5 mL, pH 2.69), the resultant aqueous media were extracted with
10166. distilled dichloromethane (2 2 mL). The combined organic extracts

7460 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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Figure 1. Plot of logkony versus—log[HsO*] for the hydrolyses of

4-nitrophenyl o-p-N-acetylneuraminide &) and 4-nitrophenyl5-b-N-

acetylneuraminide®), T = 50 °C. The included solid lines are the best

nonlinear fits of the kinetic data to eq 1 or eq 2. The dashed line is generated

from kinetic rate constants reported for the hydrolysis of 4-nitropher
N-acetylneuraminidesl = 50 °C (ref 29).

Scheme 2
OAc OAc
AcO F AcO. OAr
BF3:Et,0
AC_E 07 CO,CHy 02" AC_E 07> CO,CH,
AcO OAc Phenol/CH,Cl, AcO OAc
6 7a-g
OH
HO. OAr
1) MeOH / MeO™
') MeaOH/Meo M 0~7 > CO,H
2)LIOH THF/H,0  AC ’\Il-|6 o
4a-g

were then dried (N&0Qy), and following removal of the solvent under

Table 1. Calculated pK, Values and Rate Constants for the
Hydrolyses of 4-nitrophenyl o- and -b-N-acetylneuraminides
(5 and 4a, respectively) at 50 °C (u = 0.3, NaClOy,)

parameter 432 5a

pKa 1.58+ 0.07 2.88

K+ (7.0+£2.6)x 104M~1s1 (1.18x 102M-1s 1)

ko (6.7+0.8)x 104571 (2.27x 1074 s71)p

Kep (272+£017)x 107s1  (3.08+ 0.06)x 10551
(1.74x 105 s71)p

kon-Kw (9.7+0.8)x 1019Ms1  (2.3840.09)x 10 8M 1

aThis work unless stated otherwigeValues taken from ref 29.

(i) the spontaneous reaction of the anion; and (iv) a base-
promoted reaction, respectively.

log(Kyp9 = log{ Ky [H /(1 + KJ[H]) +
k(1 + KJHTD) + k(1 + [HTVK,) +
Kor Kw/[H 1L + [HTUK)} (1)

Also, shown in Figure 1 are recently measured rate constants
for pH values between 7.3 and 14.0 and the best-fit line for the
previously reported kinetic data (pH values ©3).0) for
hydrolysis of 4-nitrophenyé-D-N-acetylneuraminideS). The
newly measured rate constants fr(Table S2, Supporting
Information) were fit to eq 2, wherksp andkon-Kyw represent
the same rate constants detailed above.

log(keps = 10g{ kep + kon-Ku/[H T} )

Listed in Table 1 are the so-derived values for the kinetic
parameters.
Figure 2 displays the Brgnsted plot, l&g{) versus the K,

reduced pressure, the resulting solid residues were analyzed by standar@f the conjugate acid of the leaving group for the spontaneous

El mass spectrometry. The atom ¥® in the isolated 4-nitrophenol
was calculated by the least-squares method of Braéfmaing the
isotopic peak distribution of the molecular ion observed in the mass
spectrum.

Similarly, any*®O-incorporation into the 4-nitrophenol product from
the anomeric carboxylate group for the reactiond@80 and5-%0
in water at a pH value of 14.0 ([OH = 1.0 M) and in aqueous ethanol
(0, 50, and 100% v/v containing 3 equiv Kfmethylmorpholine) was
monitored using an analogous protocol to that reported above.

Results

Aryl f5-D-N-acetylneuraminides were prepared from the
readily made and fully protectg#p-N-acetylneuraminyl fluo-
ride (6)2° according to the synthetic route outlined in Scheme
2. The coupling reactions that give the protected gisialosides
(7a—q) also yielded an appreciable quantity of an elimination
product (theo,S-unsaturated ester).

pH Rate Profile. Figure 1 presents the logarithms of the
measured rate constantky) as a function of pH for the
hydrolyses of 4-nitrophenyf-p-N-acetylneuraminide4@) at
50 °C. Individual rate constants are given in Table S1 of
Supporting Information. The observed rate constantddavere
fit to eq 1, whereK, is the ionization constant ofa, while
kq*, ko, ksp, and kon-Ky are the rate constants for (i) the
acid-catalyzed reaction of the neutral molecule; (ii) the acid-
catalyzed reaction of the carboxylate form, or its kinetic

reactions o4a—d measured in the pH-independent domain at
100 °C (Table S3, Supporting Information). The derivgg
value for this reaction is-1.24 4+ 0.16. Similarly, a Brgnsted
plot of log(kone for the hydrolyses ofla—g measured at a pH
value of 1.0 and a temperature of 3C gave a slope of
0.14 4+ 0.08 (Figure 2; Table S4, Supporting Information).

The pseudo-first-order rate constants for the spontaneous
reactions of the anions efa and5 were also measured as a
function of temperature (Tables S5 and S6, Supporting Informa-
tion), and the corresponding Eyring plot is shown in Figure 3.
The activation parameters derived for the spontaneous hydrolysis
of 4a and5 are AH* = 138 4+ 3 kJ mof? and AS" = 59 +
8 Jmolrt K1, andAH* = 116+ 2 kJ mof't andAS = 27 +
4 J moll K~1, respectively.

To probe for intramolecular nucleophilic attack on theo
carbon of the aromatic ring either by the anomeric carboxylate
or directly by hydroxide ion, oxygen-18 exchange experiments
were performed. The 4-nitrophenol isolated from the base-
promoted reactions ofa and5 in 180-water &50 atom %)
contained approximately 2.1 atom %O after time periods of
20 and 6 h at 5CC, respectively. While the 4-nitrophenol
isolated from the spontaneous ethanolysis and base-promoted
reactions of4a-180; and5-%0,, it showed no incorporation of
180 into the phenol.

To check for the possibility of a base-promoted E2 elimination

equivalent, the spontaneous reaction of the neutral molecule;Me&chanism, thgs-secondary deuterium kinetic isotope effect

(30) Brauman, J. IAnal. Chem1967, 38, 607—610.

(B-SDKIE) for the reactions ofta and its axial 3deuteric
labeled isotopomerda-2H) were evaluated in NaOH (1 M) at
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Figure 2. Dependence of the observed rate constdatg for hydrolysis
of aryl 8-p-N-acetylneuraminides on thé&pof the parent phenol: pH 1.0
at 50°C (O) and pH 8.08 at 100C (®). The lines shown are the best

80 90 100 110
PK, (ROH)

linear least-squares fits through the data points.
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Figure 3. Eyring plot for the spontaneous hydrolyses of the anions of
4-nitrophenyl a-p-N-acetylneuraminide &) and 4-nitrophenyl5-b-N-
acetylneuraminide®). The lines shown are the best linear least-squares

fits through the data points.

50 °C. Under these conditions, the measufe8DKIE (kn/kp)

was 1.096+ 0.025.

To probe the effect of solvent polarity on the spontaneous
rate constantigy), 4aand5 were solvolyzed in various aqueous
ethanol mixtures. The standard Grunwalfinstein eq 3 is
commonly used to analyze solvent effectsg + Ay (Syl)
substitution reactions, where thg parameter is a measure of
the solvent’s ionizing power (leaving group X) and mis a

sensitivity variable!

e e  REREs e an ]

2.75 2.80 2.85 2.90 2.95 3.00 3.05 3.10

10%T (K-

(31) Bentley, T. W.; Llewellyn, GProg. Phys. Org. Cheni99Q 17, 121~
158.
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4a and 5, which are given in Tables S7 and S8 (Supporting
Information), are fit to eq 3 usin¥pic values??-34 the derived

m values for the reactions @fa and5 are —0.04 £ 0.01 and
+0.23+ 0.02, respectively. Figure 4 displays these Grunwald
Winstein plots for the solvolyses ¢fa and 5. To minimize
differential solvation effects on the leaving grotithe Ypic scale

was chosen because the picrate leaving group in the reference
reaction, the solvolysis of 1-adamantyl picrate (Z5)3° is
structurally similar to the nucleofuge for the spontaneous
solvolysis reactions under study (i.e., 4-nitrophenolate).

To ensure that the ethyll-acetylneuraminide products did
not undergo any subsequent acid-catalyzed reactions, all solvo-
lytic product studies were performed in the presence of 3 molar
equiv of N-methylmorpholine. Given in Table 2 are the
measured percentages of the products, which were identified
by standardH NMR spectroscopic analysis, that were formed
during the solvolysis ofta and5.

Discussion

First, a comment is warranted on the difference between the
rate constant for spontaneous hydrolysis Sofreported by
Ashwell et al?® and that obtained in the current studty,( Table
1). In the current study, no temperature corrections were applied
to the buffer pH values (measured at 26), yet all of the
computed rate constants for hydrolysisSofup to [NaOH]=
0.01 M) were identical within experimental error (Table S2,
Supporting Information). Also, the rate constants measured in
TAPS buffer (0.3 M, pH~ 7.9) with and without ionic strength
adjustment are identical within experimental error (Table S2).
Therefore, neither solution acidity nor ionic strength differences
can account for the variation in spontaneous rate constant noted
above. The most likely explanation is that a temperature
difference existed between the two data sets. Indeed, given the
activation parameters reported above, an imbalance 4,4
between the two studies, is sufficient to rationalize a rate
difference of 1.7-fold (Table 1). It is, nevertheless, logical to
compare the newly acquired rate data for hydrolysi$ @fith
that evaluated foda using the same instrumental setup.

Spontaneous Hydrolytic ReactionsRemarkably, the spon-
taneous hydrolysis o6, the thermodynamically less stable
diastereomer, occurs at a rate that is over 100 times faster than
that of the corresponding reaction4d The enhanced reactivity
of the a-anomer is not caused by intramolecular nucleophilic
catalysis by the C-1 carboxylate group occurring during its
spontaneous hydrolysis for the following reasons: (i) the
respectivefig values orksp for the a- ands-anomers of-1.3
(60°C)*® and—1.244 0.16 (100°C) are indistinguishable, thus

(32) Bentley, T. W.; Carter, G. El. Am. Chem. S0d.982 104, 5741-5747.

(33) Bentley, T. W.; Roberts, KI. Org. Chem1985 50, 4821-4828.

(34) TheY,i values for water, 10% EtOH, and 60% EtOH were estimated from
the linear correlationr(= 0.9981) betweel,; values (ref 33) and¢, (ref
32).

(35) Horenstein, B. AJ. Am. Chem. S0d.997, 119 1101-1107.

(36) Chou, D. T. H.; Watson, J. N.; Scholte, A. A.; Borgford, T. J.; Bennet, A.
J.J. Am. Chem. So@00Q 122, 8357-8364.

(37) Chandrasekhar, S.; Kirby, A.J.Chem. SocChem. Commurl978 171—
172

(38) Chéndrasekhar, S.; Kirby, A. J.; Martin, RJJChem. So¢Perkin Trans.
21983 1619-1626.

(39) Wolfenden, R.; Lu, X.; Young, Gl. Am. Chem. S0d.998 120, 6814-
6815.
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Figure 4. Plot of Grunwald-Winstein correlation for the aqueous
ethanolysis ofla (®) and5 (O) versusYyic at T = 75 °C. The lines shown
are the best linear least-squares fits through the data points.

Table 2. Observed Product Percentages Formed during the
Solvolysis of 4a and 5 in Aqueous Ethanol (v/v) Solvent Mixtures
at 75 °Cab

NeuAc Et-aNeuAc Et-SNeuAc glycal
substrate EtOH% 8) 9) (10) (11) unknown
4 100 9 73 9 10
5 100 10 90 ¢ trd
5 50 65 6 19 3 7

a All solvents contained 3 molar equiv &-methylmorpholine® Esti-
mated errorst5%. ¢ No values given for solvolysis @fain 50% v/v EtOH:
H,O because extensive decomposition occurs under these conditions.
dtr = trace.
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carboxylate groups in botha and 5 were labeled, it is also
possible to rule out a mechanism involving an intramolecular
nucleophilic attack on thépso-carbon that would result in
formation of a transient 4-nitrophenyl ester (Scheme 4).

The likely cause for the large difference in the rate of
spontaneous hydrolysis dfa and5 is steric relief of ground
state strain caused by the anomeric carboxylate group, an effect
that is absent in the hydrolysis reactions of comparable acetals.
Specifically, the rate ratios for the spontaneous hydrolyses of
the two 4-nitrophenytrans-decalin acetal§2 and13 (3.6-fold
at 39°C?%39 and the two anomers of methyl glucopyranoside
14 and 15 (2.5-fold at 25°C39) are considerably smaller than
the value measured for the ketads and 5 (~110-fold at
50°C). In these two cases, the axial acefidd ¢r 14), which is
the thermodynamically more stable diastereomer, reacts slower
than the corresponding equatorial acete® 6r 15). That is,
replacement of an equatorial hydrogen atom by a carboxylate
group (cf.12 and4a) introduces less ground-state steric strain
into the molecule than does the same substitution in an axial
position (cf.13 and5).

13

OH OH
HO 0, HO 0
HO HO O-CHjy
OHO\ OH

14

O
[T~
12

15

Another consequence of the greater ground state steric
compression in these compounds is that the carboxylic acid
group inS-N-acetylneuraminides is more acidic than the same
group ina-N-acetylneuraminides; this presumably results from

suggesting similarly late transition states for both anomers; and 1€ greater ease of solvation of an equatorial carboxylate in

(i) both retained and inverted substitution products are formed
during the aqueous ethanolyses 4d and 5 (Table 2), an
observation that is inconsistent with intramolecular nucleophilic

comparison to an axial carboxylate. Thus, the calculategd p

value of the equatorial carboxylic acid #ais 1.58 (Table 1),

a value that is 1.27 units more acidic than the corresponding

participation because such reactions should yield retained ethylionization associated with the axial @group in5.% A similar

N-acetylneuraminide as the only glycosidic product (Scheme
3). Therefore, at the present time, no evidence exists for the
occurrence of intramolecular assistance during the hydrolysis
reactions of N-acetylneuraminides, a conclusion that other
workers have also made36Furthermore, given that no isotopic

enrichment was observed in the 4-nitrophenol product when the

trend in acidity constants has been reported for the cis- and trans-

isomers of 4tert-butyl cyclohexanecarboxylic acid, where in
50% aqueous ethanol, the equatorial carboxylic acid (trans) is
more acidic than the axial isomer by 0.4Bjunits#0

(40) Hoefnagel, A. J.; Wepster, B. NRecl. Tra. Chim. Pays-Bad499Q 109,
455-462.
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recently reported value af0.66 (Yorsscale) for the spontaneous
solvolysis of 2-(4-nitrophenoxy)tetrahydropyrén.

Base-Promoted Reaction.The results from thel®O-
incorporation experiments (#¥O-H,0) rule out the possibility
that the base-promoted reactionsdafand5 occur by nucleo-
philic attack of hydroxide ion on thepso-carbon of the
4-nitrophenyl ring (Scheme 5).

Indeed, the small amount fO-exchange measured in the
current system is consistent with hydroxide attacking the
liberated 4-nitrophenoxid®.In addition, the possibility that the
base-promoted reaction involves an E2 elimination mechanism

Furthermore, the activation parameters for the spontaneousis precluded, at least in the case4# because the observed

hydrolysis of4a and 5 are AH* = 138 + 3 kJ mol?! and
AS =594 8J molt K1 andAH* = 116+ 2 kJ mol! and
ASF = 27 + 4 J mol! K1, respectively. The large positive

activation entropies are consistent with these spontaneous

deuterium KIE ku/kp = 1.097) for this reaction is too small to
be associated with a primary KIE for a standard a trans-diaxial
elimination reaction (Scheme 6).

It appears that the base-promoted reactiongdacand5 do

hydrolysis reactions proceeding via dissociative transition states.not involve initial reaction at either the anomeric carbon or the

Moreover, the more positive activation entropy for fhanomer

ipso-carbon, but rather probably involve reaction at a remote

(4a) is consistent with the less sterically congested equatorial center, as proposed by Sinnott and co-workérs.
carboxylate being solvated to a greater extent in the ground state Low pH Regime. In the low pH domain, the rate constants

than is the case for the-anomer §), and that solvation of these

for hydrolysis of4adisplay an inflection point, which presum-

two anionic groups becomes similar at their respective hydrolytic ably is associated with protonation of its carboxylate group. The

transition states.

Sialosyl Oxacarbenium lon Lifetime. It is likely that the
sialosyl oxacarbenium ior8) possesses a lifetime close to that

calculated §, value of this equatorial carboxylic acid is 1.58
(Table 1), a value that is 1.27 units more acidic than the
corresponding ionization associated with the axiabB@roup

required for a cationic intermediate to become solvent- in 5.22 A similar trend in acidity constants has been reported
equilibrated for the following reasons: (1) both anomers for the cis- and trans-isomers of tért-butyl cyclohexane-

solvolyze in 100% ethanol to give very similar products (Table Carboxylic acid, where in 50% aqueous ethanol, the equatorial
2), thus suggesting that these reactions proceed via similarcarboxylic acid (trans) is more acidic than the axial isomer by

oxacarbenium ion-like intermediates; and (2) more inverted 0.46 [Ka unit

s40

product is obtained during the agueous methanolysis of CMP  The second-order rate consta+, which refers to the acid-

B-p-N-acetylneuraminide 1),%425 a compound in which the

leaving group is more basic than 4-nitrophenoxide. It is well-

catalyzed hydrolysis of the neutr&l-acetylneuraminide, is
approximately 17-fold larger for the reactions®than for the

known that reactions of glycosides in which the leaving group corresponding reactions @& (Table 1). Of note, this ratio of

is a nondelocalized anion, fluoridé*2are more prone to react

second-order rate constants is larger than that normally associ-

via an AyDy (Sw2) mechanism than are the corresponding ated with the specific acid-catalyzed hydrolysis of glycosides,
spontaneous reactions when the leaving group is a resonance@n observation that is consistent with relief of additional steric

stabilized anion, such as 2,4-nitrophenoxiée.

Given that intramolecular nucleophilic participation by the
anomeric carboxylate group has been ruled out, thenhwalues
obtained for the solvolyses afa and 5 (—0.04 and+0.23,

respectively) are consistent with the occurrence of charge
delocalization at their individual zwitterionic transition states.

Indeed, the interaction between positive and negative charge
at the zwitterionic transition states is the probable origin for

the observed lown values?* which are much lower than the

(41) Banait, N. S.; Jencks, W. B. Am. Chem. Sod 991, 113 7951-7958.

(42) Zhang, Y.; Bommuswamy, J.; Sinnott, M.L.Am. Chem. S04994 116,
7557-7563.

(43) Namchuk, M. N.; McCarter, J. D.; Becalski, A.; Andrews, T.; Withers, S.
G. J. Am. Chem. So200Q 122, 1270-1277.

(44) Them values obtained in fits again¥brs for the solvolyses ofta and5
are—0.02 and+0.11, respectively.
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crowding of the axial carboxylic acid group in tleeanomer
(vide supra).

The kinetic proces¥kg, Table 1) that is associated with either
the acid-catalyzed reaction of the carboxylate form or the kinetic
equivalent the spontaneous reaction of the neutral molecule is
calculated to be faster for the.anomer. However, in the pH
rate profiles for bothd4a and 5, it is evident that for both
compounds, only small deviations from linearity are discernible,
and this observation makes a thorough mechanistic analysis of
this difference impracticable.

Biological Implications. Clearly, the natural leaving group
for sialyl transferases, cytidine monophosphate (CMP), is a good

(45) Ahmad, I. A.; Birkby, S. L.; Bullen, C. A.; Groves, P. D.; Lankau, T.;
Lee, W. H.; Maskill, H.; Miatt, P. C.; Menneer, |. D.; Shaw, &. Phys.
Org. Chem2004 17, 560-566.

(46) Hengge, A. CJ. Am. Chem. S0d.992 114, 2747-2748.
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leaving group. Given the above analysis, one would expect CMP acetylneuraminide given above, it can be calculated that CMP
a-D-N-acetylneuraminide to react about 100-fold faster than the -b-N-acetylneuraminide would be expected to hydrolyze about
natural substrate CMPB-b-N-acetylneuraminidel), a com- 8—10-fold faster thala. The discrepancy between the experi-
pound for which the pseudo-first-order rate constant for hy- mental and the calculated values likely results from an elec-
drolysis (nyq) at pH values of 5.0, 6.0, and 7.0 is calculated to trostatic destabilization of the CMB-b-N-acetylneuraminide

be 1.51x 104 2.48 x 1075 and 1.15x 10°° s, respec- ground state that is induced by the close proximity of two
tively.2* Therefore, assuming a factor of 100 for the increased negative charges.

reactivity of the a-anomer relative to that of the natural

B-anomer, the expected half-timeéy4) for the spontaneous Acknowledgment. The authors are grateful to the Natural
hydrolysis of CMPa-p-N-acetylneuraminide at pH values of Sciences and Engineering Research Council of Canada for
5.0, 6.0, and 7.0 are around 0.75, 4.5, and 10 min, respectively.financial support. In addition, we thank the three anonymous
This time interval is likely too short to allow for efficient referees for their thorough critical reviews of this manuscript
transport of CMRx-p-N-acetylneuraminide from where it would ~ @nd for their many helpful comments.

be synthesized, if it were the donor sugar instead gf-asomer,

(nucleus) to the site where sialyl transfer occurs (gdii). Supporting Information Available: Experimental details for

" ._the synthesis of ary$-p-N-acetylneuraminides: 3-nitrophenyl

In addition, the rate constant for the spontaneous hydrolysis (4b), 4-chlorophenyl 40), 3-chlorophenyl 4d), phenyl @)

of CMP §-o-N-acetyineuraminidelj at 37°C is 1 1075712 4-m;athylphenyl 41), ancyj 3-methylphenyl 4((51). Tables c;f

a value that is approxmately 270 times Iar_ggr than that observed rate constants for the solvolysis reactions of 4-nitro-
extrapolated for 4-nitropheny-p-N-acetylneuraminided@) of phenyl a- and B-o-N-acetylneuraminide 5 and 44). Also

81 i 8
3r;7 x 10—| S f Onr:he basis of thelﬂhfc;r CIMP of ?'43 alzd included are tables of observed rate constants for the hydrolysis
the fig value for the spontaneous hydrolyses of afyb-N- reactions of the seven aryl-b-N-acetylneuraminides at pH

values of 1.00 and 8.08. This material is available free of charge

(47) Murrell, M. F.; Yarema, K. J.; Levchenko, AZhemBioChen2004 5,

1334-1347. via the Internet at http://pubs.acs.org.
(48) Chen, H. M.; Parkinson, J. A.; Morris, R. E.; Sadler, PJ.JAm. Chem.
S0c.2003 125 173-186. JA042280E
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