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Abstract: The hydrolysis reactions of four 2-deoxyb-glucopyranosyl pyridinium salts exhibit first-order
rate constants that are independent of pH in the range 6fl9.4 pH units. Derived second-order rate constants
for the hydrolysis reactions of 2-deoxyb-glucopyranosyl 4bromoisoquinolinium tetrafluoroboratéd)
conducted in the presence of nucleophilic monoanigrs .0) including AcO, ClI—, Br—, and Ny~ exhibit

a Swain-Scott parameters| of 0.03+ 0.10, indicating that these reactions show no sensitivity to the nature
of the anion. In the presence of azide ion, a substantial quantity of the 2-degkycopyranosyl
4'-bromoisoquinolinium salt hydrolysis product results from a post rate-limiting reaction of a cationic
intermediate with azide. Analysis of the hydrolysis product ratios indicates that the 2-deoxyglucosyl
oxocarbenium ion is not solvent-equilibrated in water. Furthermore, the reaction of solvent occurs about 2-fold
faster with the cationic intermediate that is formed during solvolysis offHamomeric salt than with the
corresponding intermediate produced from the reactions ofitheomer4d.

Introduction N | Gil-py

There continues to be interest in the intimate mechanistic (SSIP:M)

details of nucleophilic substitution reactions at carband
because of their biological significance at acetal and ketal
centers. Specific acid-catalyzed hydrolysis of glycopyranosides
is generally considered to occur with unassisted, rate-limiting,
exocyclic C-0 bond cleavage of the protonated glycoside to
generate a cyclic oxocarbenium ion intermediate and a neutral
alcohol®# In a recent study, the rate for the hydrolysis of
2-deoxy$-p-glucopyranosyl 4bromoisoquinolinium bromide
(1), a stable model for an O-protonated glycoside, showed no
sensitivity to the addition of nucleophilic monoaniong-ur-
thermore, it was reported that the majority of the product formed
from 1 with azide ion had an inverted anomeric configuration
and that this product resulted from a post rate-limiting reaction.
Based on these results, Huagtpl ® proposed that the reactions
of 1 follow a stepwise R * An® mechanism, and the first-

is that reaction of a solvent-equilibrated oxocarbenium ion in
aqueous solution with azide ion will not produce thezide
as the predominant produttThere is some evidence that more
stable six-membered oxocarbenium ions display an enhanced
reactivity of theo-face relative to the3-face! Specifically,
Perrin and Engler measured the rate constants for methanol
capture of the dioxocarbenium ioR to generate the two
diastereomer8aand3e’ These authors observed a 9-fold axial
selectivity (to give3a) for the reactions o2 with methanol in
methanol/chloroform solution’s.In contrast, Jencks and Sinnott
observed that solvolyses in mixtures of ethanol and trifluoro-
ethanol of several glucopyranosyl derivatives gave products that
depended on both the leaving group and the anomeric config-
uration of the starting materiél. These results were interpreted
. ! ) . o to indicate that leaving group departure is facilitated by the
formed intermediate is _a solvent separated ion-pair-molecule solvent and that no solvent-equilibrated intermediates are formed
encounter t?omplexS{SIP.M). ) S in these reactions. Recently, a semiempirical approach was used
From their data, Huanet al. estimated a lifetime in aqueous 1 calculate the kinetic and thermodynamic stabilities of
solutions of greater than 2.6 10712 s for the glucopyranosyl pyranosyl oxocarbenium ions generated from pyridirfiamd
oxocarbenium iof. A critical assumption made in the analysis protonated methyl glycosidé8. In this study, Buckley and
Oppenheimer compared their semiempirical results to those from
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equilibrated, and, to this end, results are presented from kineticadded to precipitate the produtd. This procedure was repeated twice,

and product studies on the reactions of four 2-deexy-
glucopyranosyl pyridinium saltglé—d) in the presence of added
anionic nucleophiles. In addition, to determine if nucleophilic
attack by the solvent occurs with equal propensity on the two
diastereotopic faces of the proposed reaction interme@&t>(

M), the reactions of and4d were conducted in 20% aqueous
methanol, and the resulting product distributions were deter-
mined.

Materials and Methods

The buffers 244-morpholino)ethanesulfonic acid (MES), BH(
morpholino)propanesulfonic acid (MOPSN-tris(hydroxymethyl)-
methyl-3-aminopropanesulfonic acid (TAPS),R-€yclohexylamino)-
ethanesulfonic acid (CHES), and B-¢yclohexylamino)propanesulfonic
acid (CAPS) as well as sodium azide (SigmaUltra) were purchased
from Sigma and used without further purification. All other salts used
in the hydrolysis studies were of “Analar” grade and were used without
further purification. Milli-Q water (18.2 M2 cm™1) was used for the
kinetic experiments. The NMR spectra were acquired on a Bruker
AMX-400 spectrometer. Melting points are reported as uncorrected
values. Full experimental details for the synthesigtaf4b, 4c, and
8 (3C-labeled4d) are given in the Supporting Information.

5,5-Dimethyl-2-thiono-(3,4,6,-tri-O-acetyl-2-deoxypg-p-arabino-
hexopyranosylthio)-1,3,2-dioxaphosphorinane (6) Sodium hydride
(0.18 g, 60% in mineral oil) and 5,5-dimethyl-2-thiolo-2-thiono-1,3,2-
dioxaphosphorinane (0.89%)were mixed in anhydrous THF (2 mL)
at—15°C, under an inert atmosphere. When hydrogen evolution was
complete, a solution of 3,4,6-t@-acetyl-2-deoxya-p-arabino-hexo-
pyranosyl bromide(1.03 g) in THF (1 mL) was added to the solution
and stirred for an additional 10 min atl5°C. After removal of the
solvent by reduced pressure, the residue was dissolved i€igtb0
mL), and this solution was then washed withQH(50 mL), dried
(MgSQy), and filtered. Volatile components were removed under

reduced pressure, and the resulting syrup (90% crude yield) was then

crystallized from EtOAc/hexane to give a colorless solid, 31—
133°C. H NMR (400 MHz; CDC}) 6 0.91 (s, 3 H), 1.26 (s, 3 H),
1.96-2.09 (m, 1 H, H-2a), 2.03 (s 3 H), 2.04 (s, 3 H), 2.07 (s, 3 H),
2.54 (ddd 1 H,]lge 2 HZ \]2a2e 13 HZ 3293— 5 HZ H- 26) 3.69
(ddd, 1 H,Js6a= 5.5 Hz,J56b = 2 HZz, J45 = 9.5 Hz, H-5), 3.854.00
(m, 2 H), 4.04 (dd, 1 HJsaen= 12 Hz, H-6b), 4.12-4.30 (m, 2 H),
4.31 (dd, 1 H, H-6a), 4.98 (t, 1 Hg 4 + Jas= 19 Hz, H-4), 5.06 (ddd,
1 H, Joa3= 11 Hz,Je 3= 5 Hz, H-3), 5.18 (ddd, 1 HJ; .= 13 Hz,
2Jup= 12 Hz, H-1). Anal. Calcd for GH,7O0,PS: C, 43.40; H, 5.78.
Found: C, 43.48; H, 5.82.
3,4,6-Tri-O-acetyl-2-deoxye-D-arabino-hexopyranosyl 4-Bro-
moisoquinolinium Tetrafluoroborate (7d). Silver tetrafluoroborate
(0.23 g, 1.18 mmol) and 4-bromoisoquinoline (1.09 g, 5.23 mmol) were
added in one portion, with stirring, to an ice-cold solution of
dioxaphosphorinan@ (0.55 g, 1.17 mmol) in dichloromethane (1 mL).
Stirring of the solution was continued for 120 min, at which point
addition of methanol (100 mL) induced precipitation of silver salts.
After the precipitate had been removed by filtration, the volatiles were

and the final white powder was crystallized frora®ito give colorless
crystals of7d (0.43 g, 65%). Mp: 8691 °C. *H NMR (400 MHz,
D;0): 6 2.10 (s, 3 H, CH), 2.12 (s, 3 H, Ch), 2.17 (s, 3 H, CH),
2.73 (ddd, 1 H,st';]_: 4.2 HZ,J25,2R= 15 HZ,J25'3= 7.0 HZ, H-ZS),
2.99 (ddd, 1 HJxr 1= 6.9 Hz,Jsr 3= 3.9 Hz, H-2R), 4.29-4.35 (m,
2 H, H-5, H-6a), 4.61 (dd, 1 Hlsp5= 6.9, Hz,Jspsa= 13 Hz, H-6b),
5.13 (t, 1 H,ds3+ Jas = 12 Hz, H-4), 5.30 (m, 1 H, H-3), 6.59 (dd,
1H, H-1), 8.12 (m, 1 H, Ar-H), 8.37 (bd, 1 H, Ar-H), 8.48 (bd, 1 H,
Ar—H), 8.52 (m, 1 H, Ar-H), 9.05 (d, 1 H, ArH), 9.91 (bs, 1 H,
Ar—H).

2-Deoxy-a-D-arabino-hexopyranosyl 4-Bromoisoquinolinium Tet-
rafluoroborate (4d). The acetylated saftd (0.14 g, 0.25 mmol) was
dissolved in cold methanol (3 mk;16 °C), and following the dropwise
addition of tetrafluoroboric acid (54% wi/v in ether, 2 mL), the resulting
solution was kept at aroune20 °C in a freezer. After 10 days an
analytically pure sample &fd had crystallized from the acidic solution
(0.09 g, 82%). Mp: 9597 °C. H NMR (400 MHz, D,O): ¢ 2.54
(ddd, 1 H,\]25,1: 4.9 HZ:\JZS,ZR: 16 HZ,JZSI3: 11 HZ, H-ZS), 3.13
(ddd 1H J2R1— 4.1 Hz, J253— 3.2 Hz, H- ZR) 3.49 (ddd 1 H]54
=8.4 Hz,J56a= 3.2 HZ,J5 6= 5.4 Hz H-5), 3.69 (dd, 1 Hls3=9.1
Hz, H-4), 3.86-3.97 (m, 3 H, H-3, H-6a, H-6b), 6.51 (bt, 1 H, H-1),
8.12 (m, 1 H, Ar-H), 8.37 (m, 1 H, Ar-H), 8.50 (m, 1 H, Ar-H),

8.54 (m, 1 H, Ar-H), 9.08 (bs, 1 H, Ar-H), 9.92 (bs, 1 H, ArH).
Anal. Calcd for GsH1/BBrFsNOs: C, 40.76; H, 3.88; N. 3.17.
Found: C, 40.65; H, 3.74; N, 3.16.

Kinetics. Hydrolysis of4d (~ 0.2 mM)2 at 65°C was monitored
by following the rate of decrease in absorbance at 346 nm using a
Cary3E UV~vis spectrophotometer equipped with the Cary six-cell
Peltier constant-temperature accessory. The reaction was initiated by
the injection of an aqueous stock solution of the glucoside(1060
mM) into a 1-cm quartz cuvette that contained 3.0 mL of the required
buffer which had been preequilibrated for 5 min at 85. Clean
isosbestic points were observed at 262, 295, 300, and 327 nm, and the
rate constant for hydrolysis was calculated by performing a standard
nonlinear least-squares fit of the absorbance (346 nm) versus time data.
The hydrolyses ofa—c were monitored in an analogous fashion, except
that the reactions were initiated by injection of an aqueous stock solution
of the glucoside (6.2L, 30 mM) into a 1-cm quartz cuvette containing
1.0 mL of buffer solution. For the reactions in which the pH was greater
than 6.0 the change in absorbance was monitored at 261, 260, and 338
nm for4a—c, respectively, whereas at a pH value of 4.42, the hydrolysis
reactions were monitored at 270, 264, and 280 nm 4ar-c,
respectively.

The solvolysis studies in the presence of added anions were all
performed in 0.01 M (1:1 N&PO,;:NaH,PQy) phosphate buffer at a
pH of around 6.8 (i.e., in the pH independent region of the hydrolysis
reaction).

Product Studies. The UV-vis spectrum (246380 nm) of a
completely hydrolyzedX10 half-lives) sample oftd (2.00 x 10*

M) in 0.01 M phosphate bufferu(= 0.02, NaClQ) at 65 °C was
identical within 0.038 AUs (maximum absorbanee0.95 AU) of a
spectrum of 4-bromoisoquinoline (2.00 1074 M). Identification of

(12) Initial kinetic measurements et were performed with a sample

evaporated under reduced pressure. The resulting residue was dissolveghat contained about 4% of thanomer {). However, since the rate of

in a minimum amount of methanol, and diethyl ether (250 mL) was

(11) Edmundson, R. STetrahedron1965 21, 2379-2387.

hydrolysis forl is approximately 9-fold less than that4d (ref 5), following
four-half-times for hydrolysis of4d, approximately 1% of the total
hydrolyzed material originated frorh
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Figure 1. Plots of logkey Vversus pH for the hydrolysis of four
2-deoxye-p-glucopyranosy! pyridinium saltsT = 65 °C, 0.01 M
phosphate buffer (1:1 NaROy:NaHPQy), 4« = 2.0 (NaClQ): O, 4a;
@, 4b; W, 4c, andO, 4d. Error limits are encompassed within the symbol
diameter.
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the hydrolysis products that resulted from the carbohydrate portion of
4d was performed by*3C-NMR analysis of the products from the
reactions of 1*°C-labeled4d (8) using a previously published proce-
duré (see Supporting Information for the complete experimental
details).

Results

Synthesis of the thermodynamically less stafal@anomers
of the 2-deoxyglucopyranosyl pyridinium salts proved prob-
lematic. Many different synthetic routes, including that utilized
by Lemieux and Morgan for the synthesis of the pares-
glucosyl compound%® gave mixtures, enriched in the more
stable f-compound, from which the-anomer could not be
purified. Eventually, the preparation of the desired compounds

J. Am. Chem. Soc., Vol. 120, No. 16, 13889
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Figure 2. Plots ofkepsversus added salt concentration faf, T = 65
°C, 0.01 M phosphate buffer (1:1 NaPOy:NaHPOy), ¢ = 2.0
(NaClQy): @, NaCl; m, NaOAc; and®, NaNs. Error limits are
encompassed within the symbol diameter.

Table 1. Calculated Second-Order Rate Constants for the
Reaction of4d with Various Anions at 65C, in 0.01 M Phosphate
Buffer, u = 2.2

salt 10 x kfacd (M~1s7Y) n (MeBr in H0)°
NaNG; 2.74+ 0.15 1.0
NaOAc 4.74+ 0.07 2.7
NaCl 2.66+ 0.13 3.0
NaBr 2.11+0.12 3.9
NaN; 115+ 1.0 4.0
NaSCN 2.74+ 0.15 4.77

a Linear fit of the data from Table S2, with [Na>§ 0.500 M; ionic
strength maintained with NaCkO Mean value of three kinetic runs;
quoted erroe= on-1. © Swain—Scott parameter for reactions of methyl
bromide in watef

hydrolysis rate constant data féd is given in Table S2 of the
Supporting Information. The effect of added salts on the rates
of hydrolysis of4d was investigated under conditions in which
the ionic strength was maintained at 2.0 M with NaglO
enabling a comparison of the results with that of the published
hydrolysis data for both 2-deox§-D-glucopyranosyl pyridinium
salt® and for a-p-glucopyranosyl fluoride hydrolysis. Plots
of the experimentally determined relationship betwkgpand
the salt concentration for three of the six monoanionic nucleo-
philes are presented in Figure 2. A complete record of the
experimental data obtained for the hydrolysisddf(x = 2.0;
NaClQy) is given in Table S3 of the Supporting Information.
The second-order rate constants for the hydrolysigcbin

(4a—d) from the available starting material tet@acetyl-2- the presence of various anions were calculated using a standard
deoxy-a-bD-glucopyranosyl bromide(5) followed the route that linear regression and are compiled in Table 1. The data from
is outlined in Scheme 1. The anomeric configuration of the Table 1 were utilized to generate the Swa8cott plot presented
glycoside linkage was confirmed by the observed coupling in Figure 3. In addition, Figure 3 illustrates the calculated best
constants of the anomeric proton to the two protons on C-2 of line fit to the data obtained for these monoanions (ste203

4.1 and 4.9 Hz (see Materials and Methods). + 0.10).

Plots of the experimentally determined relationship between In order to compare the effect of added salts on the reaction
log(kobs and the solution pH for the four 2-deoxg-D- rates of4d to the previously reported hydrolysis rates for
glucopyranosyl pyridinium saltgté—d) are presented in Figure  a-xylopyranosyl 4-bromoisoquinolinium bromidéhydrolysis
1. A complete record of the experimental data obtained for rate constants fodd (kon9 Were also measured using 0.99 M
these hydrolysis reactions is given in Table S1 of the Supporting salt in 0.01 M phosphate buffep (= 1.01) at 65°C. The
Information. observed rate constants as well as with the Sw&icott

A nonlinear, negative salt effect similar to that reported for nucleophilic parameten for each anion studied are tabulated
15is exhibited by4d during its solvolysis in water. The relevant in Table 24

The aromatic product obtained from the reactiond@fvas
shown by UV~vis spectroscopy to be 4-bromoisoquinoline,
while the carbohydrate-based products were analyzed®y

(13) (a) Lemieux, R. U.; Morgan A. RCan. J. Chem1965 43, 2205
2213. (b) Hosie, L.; Marshall, P. J.; Sinnott, M. . Chem. Soc., Perkin
Trans. 21984 1121-1131.
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Table 2. Observed Rate Constantgdy) for the Hydrolysis of
2-Deoxy«a.-p-arabino-Hexopyranosyl 4Bromoisoquinolinium
Tetrafluoroborate with Added Salts (0.99 M) at 65@ in 0.01 M
Phosphate Buffer{= 1.01)

added salt 10x kopd (579) n (MeBr in H,O)°
NaClOy 1.75+0.01 G
NaNG; 2.26+0.01 1.0
NaF 2.99+0.01 2.0
NaOAc 2.81+0.01 2.7
NacCl 2.33£0.01 3.0
NaBr 2.14+ 0.01 3.9
NaN; 3.51+0.01 4.0
NaSCN 2.15+ 0.01 4.77
Nal 1.87+0.03 5.04

aMean value of three kinetic runs; quoted ertoro,-1. ® Swain-
Scott parameter for reactions of methyl bromide in w&ter Swain-
Scott constant for bD. ¢ Rate constant in the absence of added salts
=2.83+ 0.01x 103s! (u = 0.02).

NMR spectroscopy using BC-labeled4d (8) as the starting
material. Compoun8 was synthesized from the {f€)-labeled
isotopomer of hexopyranosyl bromide (Scheme 1}. The
observed3C-NMR resonances in the anomeric region of the
spectrum for the carbohydrate-based reaction produdgsirof
perchlorate- and acetate-containing buffers coincided with those
from an authentic sample of 2-deoxyglucose. Two additional
products that formed in the presence of azide ion were identified
as 2-deoxye- and 2-deoxys-b-glucopyranosyl azide9(and
10, respectively). The relative proportions of the anomeric azide
products were quantified by3C-NMR spectroscopy using
acquisition parameters that were selected so as to exclude NO
enhancements dfC-signal intensity. Table 3 presents the
relative peak heights observed in fi€-NMR spectra (between
85 and 105 ppm) of the water soluble products that were
obtained from the hydrolysis &in the presence of added salts.
Since 2-deoxy3-glucopyranosyl azidel(Q) undergoes a slow
Sn2 reaction with azide ion to form the-anomer 9), a small

Zhu and Bennet

Table 3. Relative Peak Heights from tHéC NMR Spectra (100
MHz; H,0:D,0 2:1) of the Carbohydrate-Based Products Obtained
from the Hydrolysis of8 in 0.01 M Phosphate Buffer, [NalN=

0.99 M, and [SaltfF 0.99 M at 65°C?

2-deoxy-  2-deoxy-

a-p-gluco- f-p-gluco-

2-deoxy- 2-deoxy- pyrano- pyrano-

f- D- o-D- sylazide  sylazide

entry salt glucose glucose 9 10 nP

1 NaN 0.18 0.16 0.09 1.00 4.0
2 KF 0.39 0.37 0.10 1.00 2.0
3  Kcl 0.38 0.37 0.11 1.00 3.0
4 NaCl 0.37 0.36 0.11 1.00 3.0
5 NaBr 0.38 0.39 0.09 1.00 3.9
6 NaOAc 0.37 0.35 0.10 1.00 2.7

aPeak heights are relative to that of 2-degkp-glucopyranosyl
azide 0). ® Swain—Scott parameter for the reaction of Bt in H,O
taken from ref 14b.

Table 4. Relative Peak Heights Measured from i€ NMR
Spectra (100 MHz; KD:D,O 2:1) of the Carbohydrate-Based
Products Obtained from the Reactions8&nd13in 20% Aqueous
Methanol with 0.01 M Phosphate Buffer Containing [NgMN- 0.99

S€€M and [NaOAc]= 0.99 M at 65°C

2-deoxy- 2-deoxy- methyl methyl
o-D- p-b-  2-deoxy- 2-deoxy-
gluco-  gluco- o-D- B-D-  2-deoxy- 2-deoxy-
sylazide sylazide glucoside glucoside f-b- o-D-
9 10 11 12 glucose glucose
alph& 0.08 1.00 0.04 0.06 0.26 0.25
alph&® 0.09 1.00 0.03 0.06 0.23 0.24
bet&d 1.00 0.08 0.18 NB 0.63 0.60
bet&cd  1.00 0.11 0.18 NB 0.66 0.52

aReaction time 15 min? Repeat measuremefitReaction time 120
min. ¢ Observed ratio 08:10:2-deoxy-p-glucose:2-deoxyxb-glucose
formed in the absence of methanol is 1.00:0.10:0.84:0.80, reflbt
detected,<0.02.

conditions (Table 3), every product molecule 1f resides in
the aqueous medium an average of almost 11nihherefore,
since a small quantity of0 (~1.5%}) reacts with azide ion
via an §2 (AnDy) reaction to form, an estimated 92% of the
initial azide product is formed with inversion of anomeric
configuration.

When the solvolysis medium contains methanol, both ano-
mers of methyl 2-deoxyglucopyranoside are potential products.
The presence of these isomers in the product mixture was
confirmed by a comparison of the observed signals with the
reported®C NMR chemical shifts ob = 89.8 andd = 89.4
for methyl 2-deoxye.-p-arabino-hexopyranosidé1 and methyl
2-deoxyp-p-arabino-hexopyranosidé2, respectivelyl® Tables
4 and 5 list the relative peak heights that are observed in the
13C NMR spectra obtained for the solvolysis &and 13 [(1-
13C)-labeled 15] in a 20% v/v aqueous methanol solution

ontaining 0.01 M phosphate buffer, 0.99 M Nal&nd either
.99 M NaOAc (Table 4) or 0.99 M NaClQTable 5).

Discussion

The derived rate constants for the hydrolysis reactions of
4a—d (Table S1, Supporting Information) were all independent
of pH between 4.4 and 10.5 pH units, indicating that these

correction to the observed product distribution (Table 3) is
required in order to calculate the intrinsic fraction of inverted
azide product. When4d is subjected for 15 min to the reaction

(14) Swain, C. G.; Scott, C. Bl. Am. Chem. S0d.953 75, 141-147.
Ibne-Rase, K. MJ. Chem. Educl967, 44, 89—94. Koivurinta, J.; Kyllmen,
A.; Leononen, L.; Valaste, K.; Koskikallio, Finn. Chem. Lett1974 239-
243.

(15) This is calculated by subtracting the average time before a molecule
of 3d reacts (i.e., )1 from the total time of the reaction.

(16) Wilkinson, F.Chemical Kinetics and Reaction Mechanisrisn
Nostrand Reinhold: New York, 1980; p 17.

(17) Whenl1 is reacted in the presence of 1.98 M Nafdr 2 h at 65
°C, the ratio 0f10:11 is 0.15:1.00

(18) Bock, K.; Pedersen, @&dv. Carbohyd. Chem. Biocherh983 41,
27—66.
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Table 5. Relative Peak Heights Measured from € NMR Scheme 2
Spectra (100 MHz; KD:D,O 2:1) of the Carbohydrate-Based p
Products Obtained from the Reactions8oind 13 in 20% Aqueous N oI == NgeGit M NG

Methanol with 0.01 M Phosphate Buffer Containing [NgMN- 0.99
M and [NaClQ] = 0.99 M at 65°C
2-deoxy- 2-deoxy- methyl methyl
o-D- p-D-  2-deoxy- 2-deoxy-

(sSIp) ki (IP)

that the reaction odd in the presence of 1.98 M sodium azide

glucosyl- glucosyl- oD B-D-  2-deoxy- 2-deoxy- gives more azide-substituted product than does the correspond-
azide azide glucosideglucoside pS-b- a-b- ing reaction ofl (75% versus 50%).
9 10 1 12 glucose glucose The observed variation in the product ratios that are formed

alph&  0.07 1.00 0.04 0.06 0.25 0.23 during the reactions df and4d with azide could originate from
alph&® 0.05 1.00 0.05 0.07 0.19 0.19 two possible sources, namely the following: (1) the reaction
bet 1.00 0.07 021 0.03 0.56 0.45 of a-D-glucopyranosyl pyridinium salts with azide has aS
beté* 1.0 0.09 0.19 0.03 0.52 0.45 component or (2) the different intermediates formed in the

a Reaction time 15 min? Repeat measuremefitReaction time 120 reactions ofl and 4d have intrinsically different reactivities
min. (and selectivities). Although the possibility of anZScompo-

nent to the reaction is an attractive explanation given that azide

reactions are neither acid- nor base-catalyzed. Using the kineticdisplays a positive deviation from the SwaiBcott correlation
data from Table S1 and literature values for the leaving group (Figure 3), several other observations suggest that it is the
pKa's,'® a g value of 0.84+ 0.08 can be calculated for the jntrinsic reactivity differences of the two intermediates that
hydrolysis of 2-deoxye-glucopyranosyl pyridinium salts at 65 accounts for the variation in product composition.

°C. This value forfyg is derived from four data points and is The critical observations are as follows:
similar to the values reported for the hydrolysis of 2-degxy- (1) The relative rate ratios for the reaction4af with added
glucopyranosyl pyridinium salts (three data points, £.0.1, salts are similar to those reported forxylopyranosyl 4

65°C),° a-xylogyranosyl pyridinium ions (five data points, 1.28  ,romoisoquinolinium bromidé2! despite the presence in the
+0.08, 25°C), anda-D-gIlicopl);ranosyl pyridinium salts (four  |ater compound of a 2-hydroxyl group which should destabilize
data points, 1.0& 0.12, 25°C).™ All four of the above-listed 5y gxocarbenium ion intermedig. As a consequence, it
Big values are consistent with the occurrence in these hydrolysis,ouid be expected that the reactionswkylopyranosyl 4
reactions of “late” transition states that involve substantiaNC bromoisoquinolinium salts should display a greater positive

bond cleavage. deviation thamd in a Swain-Scott correlation.

Effe_ct. of the. C-2 Hydroxyl Gro_up anld3 Addeo! Salts on (2) In comparison td, the reactions ofid with azide give
Reactivity. Using the data of Hosiet al.,'* an estimated ratt  ore inverted product (70% fotd versus 50% forl)2 and
constant of 1.8< 10°>s* can be calculated for the hydrolysis 1,5 retained product (6% feid versus 2% fotl). However,

?f a-D-glucopyranosyl #bromoisoquinolinium bromide at 65 it yhe reactions ofa-p-glucopyranosy! pyridinium salts with
C. When poth this value and the corfespondlng rate constant,,iqe have an @ component, then less of the reaction would
for hydrolysis of4d (Table 2) are considered, a rate-retarding proceed via cationic intermediates and less retained product

effect of 97-fold at 65°C can be correlated to the presence of 14 he observed (see also the discussion on lifetimes given
the 2-OH group. This calculated value is lower than the reported below).

rate retardation factor of 680 that is caused by the 2-OH group
in the 2-deoxys-glucosyl pyridinium salt seri€s. The smaller
effect on the reaction rate of theanomer is probably a result

of steric destabilization of théS; skew-boat ground state
conformation caused by the 2-OH grotfp.Whereas, for the
B-pyridinium series which reside in the norm&C; chair
conformation, steric ground-state destabilization is absent. The
calculated value of 0.0% 0.10 ¢« = 2.0, NaClQ) for the
Swain—Scott sensitivity parametes)(shows that, in a medium

of approximately constant ionizing strength, the reaction rate
of 4d is insensitive to the nature of the added anion. Although
evaluation of the effect of either fluoride or iodide on the
reactivity of4d was unfeasible at high ionic strengths, the single
point determinations reported in Table 2 indicate thaiF~)

> kopdCI7) > kopdBr~) > kopdl 7). Consequently, the calculated
value of s would be reduced even further if points for both
fluoride and iodide were included on the graph shown in Figure
3.

Mechanism for the Hydrolysis of 2-Deoxye- and --
Glucosyl Pyridinium Salts. Since the two anomeric 2-deoxy-
glucopyranosyl 4bromoisoquinolinium salts give different
product ratios under identical conditions, these reactions cannot (20) Rounded to nearest 5%.
proceed through a common intermediate, thus reaffirming the (21) The rate ratiokx-/kcio, for the reactions ofd are 1.61, 1.71, 2.01,
conclusion that the 2-deoxyglucosyl oxocarbenium ion is not 3Hg3égﬂg§b%ﬁé?r?§)rg{oﬁTa?_ﬁ?igbg@rgk&r;‘f 'Z’_rbﬁgfnp;gg‘gﬂ%;c‘)’mﬂ;as
solvent-equilibrated in watér. The product distributions re-  promide (80°C) are 2.03, 1.95, 2.17, 1.54, and 1.50 (ref 4).
ported here fodd (Table 3) and for its3-anomer {)° show 79(()%2) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod989 111, 7888~

(29) Perrin, D. DDissociation Constants of Organic Bases in Aqueous (Zé) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.991, 113 7951~
Solution Butterworth: London, 1965. 7958.

(3) Jencks and Banait showed that the reactionoai-
glucopyranosyl fluoride with pyridine does not yield gfip-
glucopyranosyl pyridinium salt, i.e., there is ng23component
in this reaction containing a neutral nucleophile and an anionic
leaving group’3

(4) A greater fraction of methyl glycoside product (Tables 4
and 5) is formed with inversion in the reactions of fhanomer
(1) rather than in the reactions of tlkeanomer 4d). Thus,
the face reactivity is opposite to what would be expected if the
reactions of4d have an §2 component, whereas this relative
face reactivity is in the same direction to that reported by Perrin
and Engler for attack on the dioxocarbenium @h

Unified Scheme. The hydrolysis reactions aof follow a
stepwise [ * An® mechanism, with the first formed intermedi-
ate being a solvent separated ion-pair:molecule com3&xR:
M).> Formation of azide substitution products requires the
conversion of a solvent-separated ion-@81P, either prior to
or following diffusional separation of the pyridine from the
complex, into an intimate ion-paitlP ), and collapse of this
ion-pair to yield a covalent adduct (Scheme 2).
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Scheme 3 0.8 5
Inverted GIuN3  Retained GluN3 ]
(SSIP) T ) 0.7 3
B-ROGIU + 0-GIUOR=— N [laid —= G [[N; E
0.6 3
(c)T E
o or B-GIUPY —= Na [Gid" Py~ Inverted GluNg E
(SSIP:M) 505 7
Gy |
(b) E
Inverted GIUOR 0.4 3 . [ ]
The procedure of Banait and Jen€ksan be used to estimate 0.3 E
a rate constankf, for collapse of the intimate ion-pair to give R
glucosyl azide of around 16-10'8 s71. Since this predicted
i 02
value .for Knuc IS mluc_h greater than the rate constant for o0 070 080 1o 30
dissociation of the intimate ion-paik{c), the slow step for fon/ i)
3

formation of azide product from the solvent-separated ion pair
lnvsotlj\r/]tzs;nlg n3 ?I?l;rs;:];?ergcm\éerfézﬁgﬁistic outline for the reaction of azide product divided by the fraction of azide g for the reactions
; . of @, 4d; andm, 1; in 0.01 M phosphate buffer (1:1 NaPiOs:Nax-
of the solvent-s_eparated |on-_pa|r:molecule compleX@sIp:  HPO; 1 = 2.0, NaClQ) at T = 65 °C. The lines shown are the least-
M) formed during the reactions of each of the anomeric squares fits to the data points.
2-deoxyglycopyranosyl pyridinium salts with azide ion.
The three pathways for evolution of the diastereomeric Scheme 4

Figure 4. Plot of the fraction of azide produdif,) versus the fraction

complexes produced during the reactionslofind 4d into . Ksony B-ROGIU + 0-GIUOR
products are labeled ag)( (b), and €) in Scheme 3 and a- or B-GIUP + X — s x'||G|J-Py/
involve: (a) formation of inverted azide product via initial { o NG (SSIP:M) i
. L . . . . el P* X Inverted GluNg
conversion to an intimate ion-paib)formation of an inverted v (X =Ng3)
solvolysis product by direct capture of the glucosyl-cation by Inverted GluN
solvent prior to the dissociation of the pyridine leaving group ) ] ]
from the complex; anddj diffusional separation of the pyridine = 0. Figure 4 shows a plot of the fraction of azide product

from the complex, which yields aBSIP, a process with arate  (fa) versusfy, divided byfy,- for the reactions ofid and1 in
constant of approximately 1bs~124 The newly formedSSIP 0.01 M phosphate buffep(= 2.0, NaClQ) at T = 65 °C.»
can then collapse to give both anomers of the solvolysis productAssuming that the rate constdgy is on the order of 18 s™*,
or, alternatively, inverted azide product. However, to yield a the derived estimates for the rate of reaction of solviest)
retained azide product, tf8SIP must first be transformed into ~ With the two oxocarbenium ion intermediates generated ftom
the diastereomeri8SIP. This transformation could occur either and4d are 1.4x 10" s™* and 7.3x 10" s7%, respectively.
via a free oxocarbenium ion followed by azide association or These calculated values for the rate of solvent Capture of the
via translocation of the intimate azide ion onto the opposite face cationic intermediates formed in the reactions of bibtnd4d
of the cation. provides further evidence that the majority of azide product
Nevertheless, since the majority of azide product formed in arises from a SSIP intermediate and not via a@ gaction,
these reactions is generated with inversion of stereochemistry,specifically. (1) If a large proportion of product in these reactions
it is likely that most of the azide reaction occurs via pathway Were formed via an & pathway ky,-) the y-axis intercept of
(a) shown in Scheme 3. Solvent reorganization is required for the calculated best-fit lines to eq 1 should not be equal to 1;
the conversion of the initial ion-pair intermediate to give an however, the computed intercepts are 1494.02 and 0.94+
intimate ion-pair IP). This process Kyc), which requires 0.02 f_or_the reactions a@fd andl, respectively. (2) In solutions
reorganization of the local solvation shell by the dielectric containing 1.98 M Nahlabout 6% of the total product formed
relaxation of solvent, is anticipated to occur at a rate of about in the reactions o#d is retained azide, while the corresponding
101! 57125 Therefore, if the approximation is made that the Value for retained azide in the reactionslofs approximately

fraction of reaction which generates an azide-contaiSi8{P:M 2%; (3) The maximal pseudo-first-order rate for the capture
(X = N3, Scheme 4) at constant ionic strength is directly related Of a free carbenium ion by 2.0 M azide to give a specific azide
to fraction of azide preserit,- = [N~ J/(IN5] + [X7]), i.e., product is around 5 10° s‘1:3° 4) Using the esymated values
the rate constant for formation of the complekody) is for kson the expected fractions of retained azide products are
. N 6 H
independent of the nature of X then eq 1 can be derived (26) Using the data from Table Rom(azide)kom(fluoride) = 1.17 and
from Scheme 4ky,~ = 0). kiorm(@zide)kiorm(acetate)= 1.25.
(27) Equation 1 is a slight modification from that utilized in the Jencks
faz kSOH “azide-clock” methodolog’? where the terny,- x [N3~] has been replaced
fo=1——+— Q) by the termfy,” x Kipc.
fN3— kipc (28) Richard, J. P.; Jencks, W. P.Am. Chem. S0d.982 104, 4689-

4691. Richard, J. P.; Rothenberg, M. E.; Jencks, Wl. ARm. Chem. Soc.
1984 106, 1361-1372. Richard, J. B. Am. Chem. S0d.989 111, 1455-

Given the approximation noted above, eq 1 should generate;,¢-
estimates for the solvent capture rate constakgs if there (29) Only shown are the data where the introduction of a second anion
are no {2 components in these substitution reactions,lt;\gf, does not effect the quantity of retained azide formed, specifically shown
are the three points: (1) 1.98 M azide; (2) 0.99 M azide containing 0.99 M
(24) Eigen, M.Angew. Chem., Int. Ed. Endl964 3, 1—19. acetate; and (3) 0.99 M azide containing 0.99 M fluoride.
(25) Giese, K.; Kaatze, U.; Pottel, R. Phys. Cheml197Q 74, 3718~ (30) Assuming that one-half of the attack by azide on a glucosyl

3725. Kaatze, UJ. Chem. Eng. Data989 34, 371-374. Kaatze, U.; Pottel, oxocarbenium ion gives the-azide product (the other one-half gives the
R.; Schumacher, AJ. Phys. Chem1992 96, 6017-6020. B-anomer), i.e.,, 5x 1P M 1s1 x 20Mx 0.5=5x 1P s™L
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3.4% and 6.4% for the reactions bfand4d, respectively (in that of any intermediate formed in the water reactioroes-
close agreement with the experimental values). (5) If there was glucopyranosyl fluoride, are very short, the pyranosyl ring
an S2 (AnDn) component to these reactions, the computed cannot become conformationally equilibrated before reaction
values forkson would be underestimated and thus, less retained with solvent occurs. Consequently, it cannot be ruled out that
azide product should have been formed. Consequently, thethe observed selectivities for the solvent reactionsoes-
fraction of retained azide product formed in these reactions is glucopyranosyl fluoride,1, and 4d originate from intrinsic
consistent with little or no reaction occurring via direct reactivity differences of various ring conformations of the
nucleophilic displacements on the starting pyridinium salts (i.e., carbenium ion intermediates.

kns~ & 0, Scheme 4).

Reaction with Solvent. Solvolysis of bothl and4d in 20% ) )
aqueous methanol yields appreciably quantities of methyl 1he work presented in this paper shows that the hydrolyses
glycosides, whereas Banait and Jencks reported that even irPf the 2-deoxye-glucopyranosyl 4bromoisoquinolinium salt
90% aqueous methanol the reaction @b-glucopyranosyl (4d) and the corresponding-anomer do not give a common
fluoride gave only glucose as the prod@&tThese markedly mtermedlate_. In addltlor_l, the dlastereotop|p mter_m_ec_iﬁ&l{’:
different results deserve comment, the reactions of glycosides™) formed in the reaction of the-anomeric pyridinium salt
with pyridine leaving groups display all of the features associ- (4d) has a longer lifetime%2.7 x 107!* s) than the corre-
ated with dissociative (&) reactions namely (a) independence SPonding intermediate formed during the reactiond ¢%1.4
of reaction rate on nucleophilicity; (b) a reaction ceriig- x 10711s). This co_nclusmn is alsq supported by the observation
kinetic isotope effect (KIE) in the range associated wittL S that agreater fraction pf both retqlned glycosyl azide and. methyl
reactions132and (c) capture by both components of a binary glycoside are formed in the reactions4af than in the reactions
solvent mixture (Tables 4 and 5). The reactions cob- of 1 (Tables 4-6). Hence, these data are conS|s_tent with thg
glucopyranosy! fluoride with water at 3€ have been analyzed rate of solvent reaction that occurs on the tw_o dlas_,tergomerlc
by Banait and Jencks as proceeding via afh Bansition state  faces of a 2-deoxyglucosyl cationic intermediate differing by
based on the measured value for the solvent deuterium KIE @Pproximately 2-fold, with attack occurring more rapidly on
(kn2o/ko20) of 0.9133 In contrast at the higher temperature of the a-face.

Conclusions
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