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Summary

Dextrose, sucrose, sorbitol, and mannitol accelerate the hydrolysis of simple p-nitrophenyl esters in aqueous solution. These com-
pounds are polyhydric alcohols with pK, values in the range of 12 to 13, and were found to be nucleophilic in the reaction with simple
p-nitrophenyl esters in aqueous solutions buffered at neutral or slightly alkaline pH. The second-order rate constants for the nucleo-
philic reaction of dextrose, sucrose, sorbitol, and mannitol with p-nitrophenyl acetate were determined at 25°C and ionic strength 1.0
(KC). Based on the pH dependency of the catalytic rate constants, the reactivity of the polyhydric alcohols was attributed to the
anion derived from ionization of a hydroxy group in the polyhydric alcohol. The second-order rate constants (kro-) representing the
nucleophilic reactivity of the polyhydric alcohol anions were determined. A Brensted plot of log kro vs pK, of the polyhydric alcohols
showed slight downward deviations when compared to the analogous correlation with alcohols and phenols of lower pK.. The down-
ward deviations increased as the pK, increased. Similar deviations have been previously observed for other alcohols with pK, = 12,
and the deviations have been attributed to an exceptionally strong solvational energy barrier of these highly basic anions. Therefore,
it appears that the nucleophilic reactivity of dextrose, sucrose, sorbitol and mannitol is similar to other alcohols of comparable pK,.
The nucleophilic reactivity of dextrose (pK. = 12.38) with a series of alkyl substituted p-nitrophenyl esters was studied. The resulting
Hammett correlation, log kro vs oy, gave p; = 6.12 = 0.10. Similar p; values have been reported for the reaction of other alkoxides
with p-nitrophenyl esters.

Introduction carbohydrates including glucose, fructose, sucrose
and dextrans, and polyhydric alcohols such as sor-
bitol, mannitol and glycero! have also been shown
to be catalytically active in the hydrolysis of ce-
phalosporins in aqueous solution (Bundgaard et
al., 1983). The rate-accelerating effect of the poly-
hydric compounds was attributed to a nucleophilic
reaction mechanism involving opening of the B-
lactam moiety by an alkoxide ion derived from
proton ionization of one of the hydroxyl groups
generating an intermediate ester, which under-

Numerous studies have shown that dextrose cat-
alyzes the hydrolysis of B-lactam antibiotics in in-
travenous solutions (e.g. 5% dextrose in water,
D5W) at neutral or alkaline pH values (Lynn et
al., 1972; Landersjo et al., 1974, 1977, Bundgaard
et al., 1978, 1979, 1983; Larsen et al., 1978;
Stjernstrom et al., 1978; Stella 1986). Other
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goes further hydrolysis. Since the pK, values of
most carbohydrates and polyhydric alcohols are
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approximately 12 to 13, it is surprising that the re-
action mechanism is attributed to the nucleophilic
reaction of the anion. In fact, the concentration of
the anion is extremely small at pH 7 for an alcohol
with pK, of 12 to 13. However, it must be realized
that an alkoxide is a strong nucleophile, and is ca-
pable of nucleophilic reactions even when present
at very low concentrations.

In order to better understand the nucleophili-
city of carbohydrates and polyhydric alcohols, the
reactivities of dextrose, sucrose, sorbitol, and
mannitol with a few simple p-nitrophenyl esters
were studied. The reactivity of many nucleophiles,
including alkoxides and phenoxides with p-nitro-
phenyl acetate has been well documented (Jencks
et al., 1982). Therefore, the reactivities of dex-
trose, sucrose, sorbitol, and mannitol to the reac-
tivity of other alkoxide nucleophiles, according to
a linear free energy relationship, were compared.
To our knowledge, the reactivity of dextrose, suc-
rose, sorbitol, and mannitol with simple esters has
not been reported. It should be noted that these
materials are frequently used in various pharma-
ceutical formulations (Osol et al., 1980).

Experimental

The kinetics were monitored spectrophotome-
trically using a Cary 118 spectrophotometer with
the cell compartment equilibrated at 25°C using a
Forma Scientific 2095 circulating water bath.

Dextrose (Fisher), sucrose (Fisher), sorbitol
(Aldrich), mannitol (Fisher), and KCI (Aldrich)
were reagent grade chemicals and were used
without further purification. The water used was
deionized and glass distilled (Mega-Pure system
model MP-1, Corning).

Solutions. Dextrose, sucrose, sorbitol, or
mannitol was dissolved at various concentrations
in either 0.10 M Tris or 0.05 M phosphate aqueous
buffer solutions at various pH values, and the sol-
utions were maintained at a constant ionic
strength of 1.0 with KCI and buffer concentration.
A 0.05 M stock solution of the ester substrate was
prepared in acetonitrile.

Kinetics. The reactions of dextrose, sucrose,
sorbitol, or mannitol (ROH) with p-nitrophenyl
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Fig. 1 Reaction of dextrose with p-nitrophenyl acetate at pH

8.32, at 25°C, ionic strength 1.0 (KCl). Kinetics of reaction

monitored spectrophotometrically at 351 nm. The kinetics

were run under pseudo first-order conditions with [p-nitro-
phenyl acetate}o 0f 8.33 x 1075 M.

esters were conducted under pseudo first-order
conditions with [ROH] >> [ester]. The kinetics of
reaction were monitored spectrophotometrically
at 351 nm, representing the appearance of p-nitro-
phenol. The temperature was 25°C, and the ionic
strength was maintained at 1.0 with KCl.

Typically, 3 ml of a buffered dextrose solution
was equilibrated at 25°C for 10 min. The reactions
were initiated by adding 5ul of a 0.05 M stock sol-
ution of the ester, and the kinetics were monitored
continuously at 351 nm. Plots of In (A. — A)/(Ax
~ Ag) vs time were linear for at least three half-
lives, where A is the absorbance at time ¢, Agis the
absorbance at time zero, and A.. is the absorbance
at infinity (Moore et al., 1982). Representative
plots are shown in Fig. 1 for the reaction of dex-
trose with p-nitrophenyl acetate at pH 8.32.

Results

The reaction of a polyhydric alcohol (ROH) and
polyhydric alcohol anion (RO™) with a typical p-



nitrophenyl ester (S) is shown in Scheme 1.

The rate law for the reaction shown in Scheme 1
is defined by Eqn 1, where kron is the second-
order rate constant representing the nucleophilic
reaction of the neutral polyhydric alcohol (ROH)
with the ester, kro- is the second-order rate con-
stant representing the nucleophilic reaction of the
ionized polyhydric aicohol (RO™) with the ester,
and knyq is the spontaneous hydrolytic rate con-
stant in the absence of the polyhydric alcohol.

_d_[sl—kRo— [RO7][S]+krou[ROH][S]+ knya[S]

dr
(1)

In principle, knyq is a function of pH and buffer
concentration, however, these effects were not ev-
aluated in our experiments. However, kyyg was de-
termined independently by studying the hydrolysis
in the absence of added polyhydric alcohol. Using
dextrose as an example, the concentration of dex-
trose anion, [RO™], and the concentration of dex-
trose, [ROH], is related to the total concentration
of dextrose [ROH]q1a according to Egns 2 and 3,
where K, is the acid dissociation constant of dex-
trose.

K, K.
[RO ] - Ka + aH+[ROH]wm] -~ an+ [ROH]total
(2
+
[ROH] = ﬁmomm ~ [ROHoi  (3)

The approximations are valid when pH << pK,
(au+ >> K,). Eqn 1 simplifies to Eqn 4 under
pseudo first-order conditions, i.e., [ROH}iopa >>
[S] with kops defined by Eqn 5.

Q kroH[ROH] + kpo {RO] o
XCH,C—OAr XCH,C—OR + ArQ~
[ P

Kkhyd
¢
XCH,C—O  + ArO
X = H, Ph, EtO, CI P

ArO = p-NO,-CeH,

Scheme 1.
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_dis]
dt

d[p]

= kobs[S] = dt

(4)

Ka
ay+t

Kobs = ( kro- + kROH) [ROH}iotat + knya (5)

The kinetics of substrate disappearance (—d[S]/dr)
may be conveniently monitored spectrophotome-
trically by measuring the rate of p-nitrophenol ap-
pearance (d[P)/dr).

Experimentally, kops was determined as a func-
tion of total dextrose concentration at constant
pH, buffer concentration, and ionic strength.
Plots of kobs Vs [ROH]otal for the reaction of dex-
trose with p-nitrophenyl acetate are shown in Fig.
2 at various pH values according to Eqn 5. Inter-
cept values corresponded well with ky,q deter-
mined independently in the absence of dextrose.
Fig. 3 shows a plot of the slopes generated from
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Fig. 2 Reaction of dextrose with p-nitrophenyl acetate at 25°C
and ionic strength 1.0 (KCl). Plot of k. vs concentration of
dextrose at various pH values according to Eqn 5.
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linear fits to Eqn 5 vs 1/ay+ for the reaction of dex-
trose with p-nitrophenyl acetate. The intercept of
Fig. 3 is indistinguishable from zero, indicating
that the relative contribution to kous coming from
the nucleophilic reaction of dextrose (krowu) is
negligible compared to the contribution coming
from the nucleophilicity of dextrose anion (kro-).
Since K, for dextrose is known (Wolley et al.,
1982), the value of the second-order rate constant
(kro-) for the nucleophilicity of dextrose anion
may be determined from the slope (Kykro ™) of
Fig. 3.

Kinetically equivalent terms to kro-{RO7][S]
such as krou[ROH][S]a-ou cannot be distingui-
shed from the present data. However, Bundgaard
et al. (1978, 1979, 1983) and Jencks et al. (1982)
assume the kinetic scheme proposed here, i.e., the
catalytic effect of phenols, alcohols and polyhydric
alcohols in ester and amide hydrolysis involves nu-
cleophilic attack by the alcohol anion on the ester
or amide rather than a mechanism involving the al-
cohol facilitating hydroxide attack on the ester or
a concerted hydroxide ion abstraction of a proton
during nucleophilic attack by the alcohol on the
ester.
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Fig. 3 Plot of the slope of data fit to Eqn 5 vs 1/ag+ for the reac-
tion of dextrose with p-nitrophenyl acetate.
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Scheme 2.

The reaction of p-nitrophenyl glycinate is slight-
ly more complicated since the neutral ester (S) is
in equilibrium with its protonated form (SH™), as
shown in Scheme 2.

The rate constants corresponding to the reac-
tion of the two glycinate species in the absence of
the polyhydric alcohols were excluded from
Scheme 2 for clarity. In the derivation of the rate
law for the reaction shown in Scheme 2, the contri-
bution to ko resulting from the nucleophilicity of
dextrose {kron) was considered to be negligible
compared to the nucleophilicity of dextrose anion
(kro-) as observed previously for the other ester
substrates. The rate law for the reaction shown in
Scheme 2 is defined by Eqn 6, where kro- and
k’'ro— are the second-order rate constants for the
reaction of dextrose anion with SH* and S, respec-
tively.

B 4o ROIS] +Kro-[RO(SH"]
+ khyd[S]total (6)
where

[Show = [SH] + [S]
and

N — [S] au+

‘T sH)
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Fig. 4 Plot of the slope according to Eqn 7 vs 1/ay~+ for the re-
action of dextrose with p-nitrophenyl glycinate.

Eqn 6 may be simplified under pseudo first-order
conditions, i.e., [ROH]iotal >> [S], with kgbs de-
fined according to Eqn 7.

{aH+kRO_ + Kglk,RO_}
kobs = N
K3 + ag+
Ka
X [ROH]total + khyd (7)
ay+

Plots of kobs vs [ROH]io1a Were linear (data not
shown). Fig. 4 shows that a plot of the slope ac-
cording to Eqn 7 vs 1/ay+ is curvilinear with an in-
tercept of zero upon extrapolation of 1/ay+ to
zero. The solid line in Fig. 4 was generated as-
suming values of kro- of 2.6 x 10 M~! min !,
k'ro- of 3 X 10* M ' min~!, and a pK.~ value of
7.6.

Bronsted plot

Table 1 summarizes the second-order rate con-
stants kro- and pK, values for the reaction of dex-
trose, sucrose, sorbitol, and mannitol. In order to
assess the catalytic activity of these nucleo-
philes, a Brgnsted plot of log kro— vs pK, was
made for a series of oxyanion nucleophiles, as
shown in Fig. 5. The solid line represents the
Brgnsted equation
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TABLE 1

Summary of second-order rate constants kro- and pK, values
for the reaction of dextrose, sucrose, mannitol, and sorbitol with
p-nitrophenyl acetate at 25°C and ionic strength 1.0 (KCl)

Polyhydric alcohol pK.? kro-(=SD)
(M™'min™")
Dextrose 12.38 1.45(£0.07) x 10°
Sucrose 12.75 1.26(£0.06) x 10°
Mannitol 13.47 2.24(x0.11)x 10?
Sorbitol 13.60 2.78(=0.14) x 10*

“Wolley et al. (1972); Merck Index, 10th Edn, p. 818 (manni-
tol) and p. 1248 (sorbitol).

lngRo* = 071[)1<dl —5.08 (8)

The data points for phenoxides and alkoxides
were taken from the literature (Jencks et al.,
1982). The simple alkoxides and polyhydric alkox-
ides (pK, > 12) deviate downward from the linear
Bregnsted correlation observed for phenoxides
(pK, < 12). This phenomenon has been previously
described for strongly basic alkoxides (pK, > 12),
and was attributed to an exceptionally strong sol-
vational energy barrier (Hupe et al., 1977; Jencks
et al., 1982). The data points for the alkoxides are

" AT
~ A
c = 4
€ * a OH
s L]
re °
c Bruc = 0.71
X
[2]
i}
0
o Phenoxides
A Alkoxides

e Carbohydrates

pKa

Fig. 5 Brensted plot of log kro- (M™' min™!) vs pK, at 25°C

and ionic strength 1.0 (KCl) for the nucleophilic reaction of

phenoxides, alkoxides, and carbohydrates with p-nitrophenyl

acetate. The solid line represents the Brgnsted equation log

kro- = 0.71 pK, — 5.08. The dashed line drawn through the
points for the carbohydrates has a slope of 0.25.
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TABLE 2

Summary of second-order rate constants kro- and oy values for
the reaction of dextrose with various alkyl substituted p-nitro-
phenyl esters at 25°C and ionic strength 1.0 (KCl)

Ester or* kro-(£SD)
(M™'min™")
CH3;COOATr 0 1.45(x0.07)x 10°
PhCH,COOATr 0.12 4.79(=0.24) x 10
H,NCH>COOATr 0.12 3.00(x0.15)yx10°
EtOCH.COOATr 0.29 3.72(=0.19) x 10*
CICH,COOATr 0.47 5.71(x£0.29) x 10°
CH;3(NH;")CHCOOAr  0.55 4.93(£0.25)x 10°
*HiNCH,COOAr 0.60 2.60(=0.13) x 10°

Ar = p-NO,-C¢Hs,.
*Hammett (1970).

somewhat scattered, but in general show similar
downward deviations from the Brgnsted line. The
dashed line in Fig. 5 has a slope of 0.25, and fits the
data for the polyhydric alcohols.

Hammett Plot

The reactivity of dextrose anion with various
substituted p-nitrophenyl esters depends on the
ester substituent. Table 2 summarizes the second-
order rate constants kro- and oy values (Ham-
mett, 1970). Fig. 6 shows a Hammett plot of log
kro- vs o1 (Hammett, 1970). A linear correlation
was observed, and the data fits the Hammett equa-
tion

log kro~ = 6.12 (+0.10)0y + 2.94 9)

The value of py = 6.12 = 0.1 is characteristic of an
alkoxide nucleophile (Holmquist et al., 1969), and
is consistent with the nucleophilic reactivity of
dextrose anion.

Conclusion

The polyhydric alcohols dextrose, sucrose, sor-
bitol, and mannitol react with simple p-nitrophen-
yl esters by an apparent nucleophilic mechanism in
neutral to alkaline aqueous solution. The kinetic
parameters for the reaction of these polyhydric al-

log ko' = 6.12 (£0.10) o, + 2.94

Ala

log ko (M 'mint)

0.2 0.0 0.2 0.4 0.6 0.8
01

Fig. 6 Hammett plot of log kro~ (M ™! min~!) representing se-

cond-order rate constants for the nucleophilic reaction of dex-

trose anion with various substituted esters XCH,COOCsH.-p-

NO; (X = H, Ph, EtO, Cl, H;N, and H3N"), vs oy at 25°C and
ionic strength 1.0 (KCl).

cohols were evaluated. It was found that the reac-
tivity can be attributed to the alkoxide derived
from ionization of a hydroxyl group (Haines,
1976) in the polyhydric alcohol. The log kro-
values for the nucleophilic reaction of the poly-
hydric alcohols with p-nitrophenyl acetate were
correlated with the pK, of the alcohol. The re-
sulting Brgnsted plot showed that the log kro- va-
lues for the polyhydric alcohols deviated slightly
below the line for the correlation of phenoxides.
The deviations became stronger as the pK, of the
alcohol increased. A similar phenomenon has
been reported for alkoxides with pK, > 12, and
was attributed to an additional energy barrier re-
sulting from strong solvation of the alkoxide
(Hupe et al., 1977; Jencks et al., 1982).

The reactivity of dextrose with various substi-
tuted p-nitrophenyl esters was studied by variation
of the alkyl substituent on the ester substrate. The
log kro- values for the reaction of dextrose with
the various substituted p-nitrophenyl esters was
correlated with oy. The resulting Hammett plot (p;
= 6.12 % 0.10) is characteristic of alkoxide nucleo-
philes, and is consistent with the reactivity of dex-
trose anion resulting from ionization of a hydroxy
group with pK, of 12.38.

It can be concluded that the polyhydric alco-



hols, dextrose, sucrose, sorbitol, and mannitol dis-
play nucleophilic reactivity with simple activated
esters in aqueous solution buffered at neutral to
alkaline pH, and that the nucleophilic reactivity
may be attributed to the anion resulting from ioni-
zation of a hydroxy group. The data supports the
previously published observations that dextrose
and other carbohydrates react with activated am-
ides such as the B-lactam antibiotics in intravenous
solutions buffered at neutral to alkaline pH
values. These results should be considered when a
drug that contains an ester or amide functional
group, especially an activated ester or amide, is
formulated in an aqueous solvent that contains a
polyhydric alcohol as an additive.
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