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Purpose. To predict the oxidative stability of a sulfonamide-
containing 5,6-dihydro-4-hydroxy-2-pyrone in lipid-based delivery
systems, N-(3-{1[(3�,6R)-4-hydroxy-2-oxo-6-phenyl-6-propyl-
tetrahydro-2H-pyran-3-yl]propyl}phenyl)-5-(trifluoromethyl)-2-
pyridinylsulfonamide (DHP) was oxidized by peroxides and peroxyl
radicals in binary mixtures of water and organic cosolvents.
Methods. DHP was oxidized by hydrogen peroxide, t-
butylhydroperoxide, or peroxyl radicals derived from the thermal
decomposition of 2,2�-azobis(2-amidinopropane) dihydrochloride
(AAPH) in 40% (v/v) organic cosolvent and 5 mM buffer at or near
40°C. Interactions between DHP and ]propane sulfonic acid and im-
idazole) and DH− were assessed by 1H-NMR spectroscopy. The for-
mation of CO likely involves a free radical mechanism.
Results. The reaction of DHP with peroxides in 40% (v/v) acetoni-
trile yields epimeric monohydroxylation products, R-OH and S-OH,
at C-3 of the pyrone ring, and a keto-derivative (CO). Hydroxylation
rates depend on the protonation state of DHP, and the nature of
buffer and the organic cosolvent. Organonitriles accelerate the oxi-
dation through formation of peroxycarboximidic acid. Peroxyl radi-
cals do not yield significant amounts of R/S-OH or CO.
Conclusions. The hydrogen peroxide-induced degradation of DHP in
the presence of acetonitrile involves two reactions, hydroxylation and
carbonyl formatin. Hydroxylation proceeds via nucleophilic attack by
the monodeprotonated form of DHP (DH−) on peroxycarboximidic
acid. The oxidation rate is slowed by ion pairing between nitrogen-
containing buffers ([3-N-morpholino]propane sulfonic acid and imid-
azole) and DH−. The formation of CO likely involves a free radical
mechanism.
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INTRODUCTION

In the mid-1990s specific antiviral activities were re-
ported for warfarin-based molecules, such as 4-hydroxypyran-
2-ones (1–3), 4-hydroxy-2-pyrones (1,4) and 5,6-dihydro-4-
hydroxy-2-pyrones (5–7). Structure–activity-based design has
identified a sulfonamide-containing derivative with a chiral
center positioned at C6 of the dihydropyrone, N-(3-{1-[(3�,6R)-
4-hydroxy-2-oxo-6-phenyl-6-propyltetrahydro-2H-pyran-3-
yl]propyl}phenyl)-5-(trifluoromethyl)-2-pyridinylsulfonamide
(DHP) (Fig. 1), as an especially potent and efficacious drug
candidate (5,8). DHP has a low intrinsic solubility, estimated

at 0.1 �g/mL (8) and has two ionizable sites, the 4-hydroxy
group of the dihydropyrone (pKa,1 � 5.4) (8) and the sulfon-
amide group (pKa,2 � 8.1) (8). The fully protonated and
monodeprotonated forms of the drug, DH2 and DH−, respec-
tively, tautomerize between the enol/enolate and diketo/
carbanion forms.

As with many hydrophobic drugs, lipid-based delivery
systems accommodate hydrophobicity and appropriate drug
loads. However, some components of such systems (i.e., sur-
factants, lipids, and organic cosolvents) are prone to autoxi-
dation [e.g., lipids, for a review on lipid peroxidation see Por-
ter (9)], and such reactions may trigger oxidative reactions of
drugs as well. Weak C-H bonds, such as the C-H bond � to C3
in DHP, are the targets of hydrogen abstraction, a common
propagation step of autoxidation. The complexity of these
systems compromises any detailed elucidation of mechanisms
leading to oxidative drug degradation. To obtain meaningful
information that is relative to the physical and chemical pa-
rameters affecting drug degradation, mechanistic investiga-
tions and accelerated stability studies must be performed in
simple binary aqueous-organic cosolvent systems, which en-
sure drug solubility. For example, accelerated stability sys-
tems for drugs, such as DHP, are commonly performed in
aqueous acetonitrile; however, such aqueous cosolvent mix-
tures always must be tested carefully with regard to any po-
tential direct effect of the organic cosolvent on drug oxida-
tion.

In the present work, we performed a mechanistic inves-
tigation of the oxidative degradation of DHP in binary mix-
tures of water and organic cosolvents using peroxides [hydro-
gen peroxide, H2O2, and t-butylhydroperoxide, t-buOOH]
and peroxyl radicals from 2,2�-azobis(2-amidinopropane) di-
hydrochloride (AAPH) as oxidants. These two classes of oxi-
dants represent the most prominent oxidizing species that can
be expected in potentially autoxidizing lipid formulations.
Peroxides can react via homolytic O-O bond cleavage or oxy-
gen transfer reactions. AAPH (R-N�N-R, where R �
-C(CH3)2-C(NH)NH2• HCl) generates peroxyl radicals
(ROO•) via Reactions 1 and 2 (10), respectively, which react
by H-atom abstraction, addition to alkenes or oxygen transfer
(11).

R−N=N−R →
hv��

2R• + N2�g� (1)

R• + O2 → ROO• (2)

EXPERIMENTAL

Materials

DHP was provided by Pharmacia & Upjohn (now Phar-
macia; Kalamazoo, MI). Unless specifically stated, chemicals
were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher
Scientific (Pittsburgh, PA) at the highest commercially avail-
able grade. AAPH was purchased from Kodak Fine Chemi-
cals (Rochester, NY). Deuterated solvents and imidazole
were purchased from Cambridge Isotope Laboratories (An-
dover, MA) and Chelex-100 mesh resin from Bio-Rad (Her-
cules, CA). Water was deionized and filtered with a Water
Pro™ PS purification system (Labconco; Kansas City, MO).
Positioning rods and ultem susceptibility plugs for use in 1H-
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NMR experiments were purchased from Wilmad Glass
(Buena, NJ). Although organic cosolvents were of the highest
commercially available grade, they were distilled before ex-
perimentation to eliminate peroxide contamination. The con-
centrations of H2O2 were assessed by iodimetric titration (12)
and UV spectroscopy (�240 � 39.4 M−1cm−1) (13), and that of
t-buOOH by iodimetric titration (12). The concentration of
alkyl radicals (R•), thermally derived from AAPH (Reaction
1), was calculated using the known rate constant for AAPH
decomposition at 37°C, 1.36 × 10−6 s−1 (10). Subsequent for-
mation of ROO• (Reaction 2) is diffusion controlled (10).).

Reaction Conditions

Reactions were performed in 500 �L of solutions that
were placed in clear 1.5-mL dram vials capped with teflon-
lined lids (Kimble Glass, Inc.; Vineland, NJ). Most reactions
contained 41.5 �M DHP, 40% (v/v) acetonitrile (ACN), 5
mM phosphate (adjusted to yield the desired pH*; see next
section), and various concentrations of the oxidant. Reactions
using the above conditions and 1.66 mM H2O2 are hereby
referred to as “standard reaction conditions.” The order of
addition was DHP, ACN, water, phosphate and, after a 10-
min mixing phase, the oxidant. Peroxide reactions were per-
formed at 40°C and AAPH reactions at 37°C. Stock solutions
of DHP, buffer, and oxidant were prepared freshly before
experimentation. For some experiments, 100 �M diethyl-
eneaminepentaacetic acid (DTPA) was added, and in other
experiments the buffers were treated with Chelex-100, a che-
lating resin. Values of pH and pH* were determined as de-
scribed below.

Measurement of pH and pH*

The presence of organic cosolvent affects the measure-
ment of pH with a glass electrode (14). To account for this,
aqueous buffer was preadjusted to pH 7.8. After addition of
drug and organic cosolvent, the pH* in these mixtures was
measured with an Orion 420A pH meter (Orion Research,
Inc.; Beverly, MA). The final mixtures contained 41.5 �M
DHP, 40% (v/v) organic cosolvent and 5 mM buffer. The pH*
values measured in the presence of organic cosolvents were
monitored for 2 h and were stable. The magnitude of a co-
solvent-dependent pH shift, �pH, was determined according
to Eq. 1. The �pH value for a specific buffer and cosolvent
was used to adjust the buffer to the pH that was necessary to
yield a specific pH* value. For example, �pH for 40% (v/v)
A C N w a s + 0 . 8 f o r p h o s p h a t e , + 0 . 1 f o r [ 3 - N -
morpholino]propane sulfonic acid (MOPS), and −0.4 for im-
idazole.

�pH = pH* − pH (Equation 1)

HPLC Analysis

Reaction mixtures were analyzed on a Luna C-8 5� col-
umn (250 × 4.6 mm id) (Phenomenex; Torrence, CA) using a
binary gradient consisting of mobile phase A, 65% methanol
(MeOH)/35% formate (50 mM, pH 4), and mobile phase B,
98% MeOH/2% formate, with UV detection at 254 nm. The
reverse-phase high-performance liquid chromatography sys-
tem consisted of two Shimadzu LC-10AS pumps and a Shi-
madzu SPD-10AV UV/vis detector (Shimadzu; Columbia,

MD). Data are reported as the ratio of average peak area of
analyte at time × to the average peak area of DHP at time 0
according to Eq. (2).

Fraction of analyte = �peak area�t=x��DHP area�t=0

(Equation 2)

Spectral Analyses

Ultraviolet (UV) Spectroscopy

UV spectroscopy was used to determine the extent of
DHP ionization in various aqueous cosolvent mixtures. The
wavelength of maximal absorption, �max, for DHP was moni-
tored with a Shimadzu UV-160 UV-vis Recording Spectro-
photometer. Samples consisted of 33 �M drug in 40% (v/v)
ACN or MeOH and 5 mM buffer adjusted to various pH*
values (see section “Measurement of pH and pH*”). Plots of
�max vs. pH* were fit to the Boltzman distribution with the
Microcal™ Origin™ 5.0 software (Microcal Software, Inc.;
Northampton, MA). The fraction of monoionized drug, fDH−,
was determined by normalizing �max to the difference in �max

values for DH2 and DH− (255 and 281.5 nm, respectively)
using Eq. (3). There was no difference in �max between DH−

and the fully deprotonated species, D2−.

fDH− = �max − �max, DH2
�(�max, DH− − �max, DH2

�

Equation (3)

1H-NMR Sspectroscopy

1H-NMR spectroscopy was used to monitor DHP ioniza-
tion and the interaction between DHP and buffer. 1-D, HO-
HAHA, and COSY 1H-NMR experiments were performed
on a 500-MHz Bruker Avance spectrometer (Bruker Instru-
ments, Inc.; Billerica, MD). DHP (500 �M) was analyzed in
40% (v/v) ACN-d3 or MeOH-d4 and either 5 mM phosphate,
MOPS, or imidazole-d4 in deuterium oxide (D2O). Reactions
were adjusted to the pD* necessary to yield the desired frac-
tion of ionized drug, fDH-. Mixtures of 5 mM buffer and 40%
(v/v) ACN-d3 form concentration gradients, which lead to
non-homogeneous magnetic susceptibility and, subsequently,
artifactual chemical shifts and splittings. Ultem susceptibility
plugs were used to decrease the sample volume and compress
the concentration gradient, thus, minimizing non-
homogeneity. Interestingly, data acquired in buffer/D2O con-
taining 40% (v/v) MeOH-d4 did not encounter the same prob-
lems.

Mass Spectrometry

Sample identification was performed by positive FAB-
MS on a ZAB HS mass spectrometer (VG Analytical Ltd,
Manchester, UK) equipped with a 11/250 data system. FAB-
MS experiments were performed using a Xenon gun operated
at 8 keV energy and 0.8 mA emission. The sample was dis-
solved in methylene chloride, dried and placed in a nitroben-
zyl alcohol matrix. Matrix and matrix/potassium adduct ions
served as bracketing calibrant ions.

Atomic Emission Spectroscopy

Chelex treated buffer samples and controls were submit-
ted for inductively coupled plasma (ICP) optical atomic emis-
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sion spectroscopy. Analysis was performed on a Jarrell Ash
975 ICP optical emission spectrometer (Jarrell Ash; Franklin,
MA).

RESULTS

Products

The reaction of DHP with peroxides in 40% (v/v) ACN
yields three major products, 5,6-dihydro-3(R)-hydroxypyran-
2,4-dione (R-OH), 5,6-dihydro-3(S)-hydroxypyran-2,4-dione
(S-OH), through hydroxylation at C-3 of the pyrone ring, and
a keto-derivative (CO) through oxidative cleavage between
the pyrone and the sulfonamide system (for structures, see
Fig. 1). The identification of all three products was confirmed
by comparison to authentic standards (provided by Pharma-
cia & Upjohn), where relative retention time and relative

response factor are 0.91 and 0.29, respectively, for R-OH, and
0.86 and 0.32, respectively, for S-OH. The identity of CO
(molecular weight � 358.4) was confirmed by positive FAB-
MS (359.4 m/z, MH+). Under standard reaction conditions,
these products accounted for nearly 100% of the drug lost
within the first 30 min of reaction, which is within the first
half-life. Therefore, our mechanistic studies focused entirely
on the formation of these three products. A representative
series of chromatograms, obtained over a 120-min period un-
der standard reaction conditions, is shown in Fig. 1. Impor-
tantly, DHP oxidation was significantly more efficient with
H2O2 than with t-buOOH. This is especially evident from a
comparison of the yields of R-OH and S-OH obtained after
two hours reaction with 1.66 mM H2O2 and 218 mM t-
buOOH (Table I).

Although the exposure of DHP to 10 mM AAPH in 40%
(v/v) ACN resulted in an ∼94% loss of DHP within 2 h, only
negligible yields of R-OH, S-OH, and CO formed over the
whole time period (data not shown). The majority of the
products were not separable from AAPH-related peaks,
which eluted near the solvent front, making the product dis-
tribution unfit for further study.

Effect of pH*

The deprotonation of the 4-hydroxy group of the pyrone
is expected to have a profound influence on the oxidation
kinetics of DHP, but the deprotonation of the sulfonamide
function will likely be without significant consequences as the
sulfonamide function is located remote from the reaction cen-
ter. Hence, the fractions of DH2 and DH− had to be quanti-
fied over the pH* region where oxidation was studied. We
used UV spectroscopy to monitor the red shift of �max from
255 nm (DH2) to 281.5 nm (DH−). The fraction of DH−, fDH−,
was determined using Equation 3. Titrations were performed
in the presence of phosphate, MOPS, and imidazole buffer
and fit to Boltzman distributions (Fig. 2). From the sigmoidal
fits, we calculated pKa,1* in the respective cosolvent systems.
(The sigmoidal fits slightly overestimate fDH- below pH* 7.0
for ACN and 6.2 for MeOH, respectively). The value of
pKa,1* is 7.2 in 40% (v/v) ACN, which is 1.8 units above the
value estimated for aqueous solution (8), and 6.2 in 40% (v/v)

Fig. 2. The ionization of DHP using phosphate (� ), MOPS (� ), and
imidazole (� ) buffers in 40% (v/v) ACN or phosphate buffer in 40%
(v/v) MeOH (�) to adjust pH*. Data for each buffer were fit to a
Boltzman distribution (	2 
 10−3) and error bars (SD) may be cov-
ered by the symbol.

Fig. 1. Upper panel: The chromatographic time course of the reac-
tion between 41.5 �M DHP and 1.66 mM H2O2 in 40% (v/v) ACN
and 5 mM phosphate (pH* 8.6; fDH- 1.00) from 0 to 120 min. Lower
panel: structures of DHP, R-OH, S-OH, and CO.
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MeOH (titrated only in phosphate buffer). The pKa,1* in
MeOH is closer to the reported aqueous value, 5.4, because of
the water-like, protic nature of MeOH, as opposed to the
aprotic nature of ACN (14). The fact that in 40% (v/v) ACN
the fDH- values are independent of the buffer attests to the
validity of our method for pH* correction (see section “Mea-
surement of pH and pH*”). Incidentally, titrations performed
in mixtures containing 20% (v/v) ACN and 20% (v/v) MeOH,
were identical to those in 40% (v/v) MeOH (data not shown).

The oxidation of DHP by 1.66 mM H2O2 was performed
at pH* 8.6, 7.4, and 6.0 (fDH− 1.00, 0.65, and 0.07, respectively)
in 40% (v/v) ACN containing 5 mM phosphate. In general,
the rate of DHP degradation increased with increasing pH*.
For pH* � 8.6, drug loss obeyed first order kinetics (Fig. 3A).
However, for pH* 7.4 and 6.0 the kinetics of drug loss devi-
ated from first order, suggesting a more complex reaction
mechanism. First-order kinetics were also observed for the
formation of R-OH and S-OH at pH* 8.6 and 7.4, but not at
6.0 (Fig. 3, B and C). As a result of the larger error limits, we
were not able to extract formation kinetics of CO and their
dependence on pH* (Fig. 3D).

Variation of Buffer

The oxidation of DHP by 1.66 mM H2O2 in 40% (v/v)
ACN showed identical kinetics in the presence of 5 and 20
mM phosphate buffer, pH* 8.6, indicating that the buffer con-
centration had no effect on the reaction mechanism. How-
ever, there was a remarkable influence of the nature of the
buffer on the oxidation kinetics. Under conditions of fDH- �
1.0 (pH* > 8.0), the rate of DHP loss was fastest in phosphate
buffer but significantly slower in MOPS and imidazole, re-
spectively (Fig. 4A). These differences were also reflected in
the formation kinetics of R-OH (Fig. 4B; S-OH formation
paralleled R-OH formation and data have been omitted). In
contrast, meaningful differences in the formation kinetics of
CO could not be defined based on the experimental error of
the measurement (data not shown). Similar results were ob-
served when reactions in phosphate and imidazole buffer
were compared under conditions at fDH− � 0.76. A potential
rationale for the higher stability of DHP in MOPS and imid-
azole could be ion pairing with the protonated forms of the
buffer. This possibility was investigated by 1H-NMR spectros-
copy.

1H-NMR Analysis of DHP in the Presence of Buffers
1H-NMR analysis allowed us to compare the chemical

shifts of key protons of DHP at various pD* in phosphate,
MOPS, and imidazole-d4. Spectra were collected for 500 �M
DHP in 40% (v/v) ACN-d3 and 5 mM buffer. Proton identi-
ties were determined with HOHAHA and key protons have
been highlighted in the inset of Figure 5. Assuming that pD*
is related to pH* in the same fashion as pD is to pH (pD* �
0.4 + pH*) (15,16) fDH- was estimated from Figure 2. Inci-
dentally, the spectra collected with 5 mM phosphate (pD* >
8.0) in 40% (v/v) MeOH-d4 and 40% (v/v) ACN-d3 closely
matched, corroborating that these were spectra of the mono-
deprotonated form (DH−) form of DHP.

The C-5 methylene protons of the dihydropyrone, a1 and
a2 (apparent as a quartet), prove to be sensitive markers for
drug ionization and buffer-drug interaction (Fig. 5B). Ioniza-
tion of the C-4 hydroxyl group shifts a1 and a2 upfield. This is
evidenced by following the “a” protons from predominantly
unionized (i.e., DH2; bottom two spectra of Fig. 5B) to pre-
dominantly ionized DHP (i.e., DH−; top three spectra in Fig.
5B); however, the magnitude of the upfield shift is less in
MOPS and imidazole buffers (0.11 Hz) when compared to
phosphate buffer (0.22 Hz). The a1 proton overlaps with the
f protons in spectra for DH2 (overlap was confirmed with

Table I. Fractions of S-OH, B-OH, and DHP at 2 h for the Reaction of 41.5 �M DHP with Either H2O2

or t-buOOH in 5mM Phosphate (pH 8.6) and Various 40% (v/v) Organic Cosolvents

Cosolvent (% (v/v))a Oxidant S-OH (SD)b R-OH (D) DHP (SD)

40 ACN 218 mM t-buOOH 0.044 (0.001) 0.062 (0.002) 0.940 (0.025)
40 ACN 1.66 mM H2O2 0.191 (0.010) 0.286 (0.013) 0.121 (0.029)
40 MeOH 1.66 mM H2O2 0.0 0.0 0.982 (0.039)
38 MeOH/2 ACN 1.66 mM H2O2 0.041 (0.003) 0.072 (0.003) 0.851 (0.079)
30 MeOH/10 ACN 1.66 mM H2O2 0.119 ).003) 0.214 (0.005) 0.497 (0.023)
20 MeOH/20 ACN 1.66 mM H2O2 0.181 (0.010) 0.300 (0.015) 0.214 (0.014)
70 MeOH/10 BzCN 1.66 mM H2O2 0.125 (0.001) 0.221 (0.003) 0.327 (0.003)

a The makeup of these solutions to 100% is with water.
b SD � standard deviation.

Fig. 3. The kinetic course for the reaction between 41.5 �M DHP and
1.66 mM H2O2 in 40% ACN (v/v) and 5 mM phosphate at various
pH*: pH* 8.6 (�), 7.4 (�), and 6.0 (�). (A) Loss of DHP; (B) for-
mation of R-OH; (C) formation of S-OH; and (D) formation of CO.
Products are reported as the fraction of initial DHP area, as described
by Eq. (2) in the experimental section. Error bars (SD) may be cov-
ered by the symbol.
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COSY); whereas successive ionization to DH− results in the
increasing overlap of a2 with the f protons, except for fDH− �
1.00 in phosphate. The splitting (�v) of the “a” protons of
DH− varied between the nitrogen-containing buffers (MOPS
and imidazole), �v � 59.4 Hz, and phosphate, �v � 52.8 Hz;
however, �v of the “a” protons in DH− was independent of
the buffer, �v � 67.1 Hz. It should be noted that 2J, the
coupling constant for a1 and a2, remained constant under all
conditions.

In the aromatic region of the spectra, the o/q doublet, g/k
doublet, r singlet and p multiplet experienced decreased reso-
lution with increasing DHP ionization, which becomes evi-
dent by following these protons from the bottom (DH2) to the
top spectra (DH−) in Fig. 5A. The spectra for DH2 (bottom
two spectra in Fig. 5A), shared similar shifts and splittings
despite the presence of different buffers (imidazole and phos-
phate); however, for DH− (top three spectra in Fig. 5A) all
spectra showed buffer-dependent differences.

DH− specifically showed different spectral characteristics
in phosphate compared with MOPS and imidazole buffer.
These spectral differences were paralleled by buffer-

dependent differences in the oxidation kinetics and would be
consistent with drug-buffer ion pairing in MOPS and imidaz-
ole, eventually slowing the oxidation.

The Effect of Oxygen

Hydroxylation yields were identical for the standard re-
action conditions in oxygenated and N2-saturated solutions
(data not shown), indicating O2-independent product forma-
tion. Conversely, the formation of CO occurred in oxygen-
ated solution but was largely suppressed in N2-saturated so-
lutions (Fig. 4C), revealing an O2-dependent production of
CO. Hence, the hydroxylation products and CO appear to
form via distinctly different reactions.

Hydroxylation as a Function of Cosolvent Nature
and Concentration

To assess any cosolvent effect on DHP oxidation, reac-
tions were performed under standard conditions except that
the nature and concentration of cosolvent was varied (Table
I). In 40% (v/v) ACN, reactions were complete after 2 h,
whereas no hydroxylation products were detected in 40% (v/
v) MeOH. A similar lack of hydroxylation was noted after
two hours in 40% (v/v) acetone, DMSO and 2-propanol, re-
spectively. When ACN was added in small fractions to
MeOH, hydroxylation was again observed. Hydroxylation
was also accelerated by the addition of benzonitrile to MeOH,
indicating a role of the nitrile function in the hydroxylation
mechanism. In contrast to hydroxylation, there was no solvent
effect on the formation of the carbonyl product, CO, showing
similar yields in 40% (v/v) ACN and MeOH.

Effect of Transition Metals

Redox active transition metals can catalyze oxidation
and, therefore, any possible involvement of metals in DHP
oxidation must be assessed. The addition of 100 �M DTPA to
a standard reaction created a 40-min lag phase in the rate of
drug loss and hydroxylation (Fig. 4, D and E) and totally
inhibited CO formation (Fig. 4F). Independent on the pres-
ently unknown rate-determining step, these results suggest
that metals may participate in the oxidation mechanisms. A
common strategy to minimize transition metal contamination
in buffer is the exposure to Chelex-100 mesh resin. However,
treatment of the buffers with Chelex did not slow down, but
accelerated the degradation of DHP and formation of R-OH
and S-OH (Fig. 4, D and E). In contrast, the rate of formation
of CO was unaffected by Chelex treatment (Fig. 4F). These
data suggest that Chelex treatment of the buffers either led to
the contamination of the buffers with a redox-active transi-
tion metal or, alternatively, extracted an inhibitory compo-
nent from the buffers. Surprisingly, the analysis of Chelex-
treated buffer by ICP emission spectroscopy did not reveal
any significant increase in the concentrations of typical tran-
sition metals, such as Co, Cu, Cr, Fe, Mn, Mo, and Ni. Levels
of these metals were below the limits of quantitation (i.e., 10
× SD), which ranged from 150 nM for Co to 500 nM for Cr.
Addition of 10 nM of these various metals to the standard
reaction revealed that none of them was able to accelerate the
oxidation of DHP. In fact, Cr+3 was the only transition metal
which clearly accelerated DHP degradation, albeit at concen-
trations of 10 �M (Fig. 4, D and E).

Fig. 4. Kinetic profiles for the loss of DHP and the formation of
R-OH and CO with variations of the standard reaction [41.5 �M
DHP and 1.66 mM H2O2 in 40% (v/v) ACN as well as 5 mM phos-
phate buffer (pH* 8.6)]. (A and B) The effect of buffer variation on
the standard reaction: phosphate (� ), MOPS (� ), and imidazole (�

). (A) Loss of DHP; (B) formation of R-OH. (C) The effect of per-
forming the standard reaction under atmospheric (� ) or N2-
saturated (�) conditions on CO formation. (D–F) Comparison of the
standard reaction performed without buffer treatment or metal ad-
dition (**Instruction to Composition: insert correct symbol**), with
100 �M DTPA (� ), with Chelex treatment (�) or with 10 �M Cr+3

(�). (D) Loss of DHP; E) formation of R-OH; and, F) formation of
CO. Products are reported as the fraction of initial DHP area, as
described by Equation 2 in the experimental section. Error bars (SD)
may be covered by the symbol.
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DISCUSSION

To predict oxidation pathways of DHP in a lipid-based
formulation, we used simple binary aqueous-organic cosol-
vent mixtures with added ROO•, ROOH, and H2O2. AAPH-
derived ROO• failed to generate a satisfactory product dis-
tribution and was not further investigated. The bulk of our
mechanistic studies involved standard reaction conditions
consisting of 41.5 �M DHP, 1.66 mM H2O2, 40% (v/v) ACN,
and 5 mM phosphate buffer (pH* 8.6). DHP oxidation with
peroxides generated epimeric hydroxylation products, R-OH
and S-OH, and a carbonyl-containing product, CO (Fig. 1).

Formation of R-OH and S-OH

The hydroxylation yields and kinetics of DHP in aque-
ous-organic cosolvent systems by peroxides were governed by
the pH*, the nature of the buffer and cosolvent, as well as the
presence of metals. At pH* 5.2, where DHP was fully proto-
nated, fDH− � 0, hydroxylation did not occur at measurable
rates (Fig. 3, B and C). With increasing pH*, increasing hy-
droxylation rates were observed. However, for phosphate
buffer there was no further acceleration on going from pH*
� 7.4 (fDH− � 0.65) to 8.6 (fDH− � 1.00) (Fig. 3, B and C),
indicating that deprotonation of DHP may not be the only
pH*-dependent parameter affecting DHP hydroxylation. A
significant decrease of the hydroxylation rate was observed
on going from phosphate to MOPS and imidazole buffers
(Fig. 4B). 1H-NMR spectroscopy revealed evidence for ion
pair formation between monodeprotonated DHP (DH−) and
MOPS or imidazole (Fig. 5, A and B). Ion pairing between
DH− and a protonated buffer could mask the ionic character
of DH− and/or afford steric protection from oxidant attack.

Although the exact conformations for [MOPS-DH−] and [im-
idazole-DH−] are unknown, they likely differ, as evidenced by
1H-NMR spectral differences in the aromatic region (Fig.
5A). DHP hydroxylation proceeded significantly faster in the
presence of nitrile-containing cosolvents as compared to
MeOH, acetone, DMSO or 2-propanol (Table I). The hy-
droxylation rates in MeOH were accelerated by the addition
of small amounts of ACN, underlining the importance of the
nitrile function. These observations can be rationalized by the
known tendency of H2O2 and organic nitriles (RCN) to form
peroxycarboximidic acid, RCH(NH)OOH, under neutral to
alkaline conditions (Reaction 3) (17,18).

RCN + H2O2⇀↽
HO−

R−C(NH)−O−O−H
�+�−

(3)

R−C(NH)−O−O−H + CH2=CH2 → R−C(O)NH2+ (4)

This oxidant is extremely unstable and has only recently
been identified by FT-Raman and ATR/FTIR spectroscopy
(19). Peroxycarboximidic acid is known to epoxidize alkenes
(Reaction 4) (17). The ability of peroxycarboximidic acid to
transfer an oxygen atom is due to an enhanced electrophilic
character of the oxygen distal to the carboximidic moiety,
similar to peroxy acids (RC(O)OOH) (20). The oxidation of
alkanes by trifluoroperoxyacetic acid (21) and of tertiary
amines by peroxycarboximidic acid (22) have recently been
reported. The electrophilic oxygen enables nucleophilic at-
tack by electron rich centers such as the double bond in the
enolate form (Scheme I; Reactions 5 and 6) or the C3 car-
banion in the �-dicarbonylanion of DH− (Reactions 7 and 8).
Both mechanisms would benefit from more alkaline pH by
promoting the deprotonation of DHP as well as the formation
of the peroxycarboximidic acid. The fact that in phosphate

Fig. 5. 1HNMR spectra of 500 �M DHP in 40% (v/v) ACN-d3 and 5 mM phosphate (Pi), MOPS (M), and imidazole (im) at various pH*. Inset:
structure of DHP with key protons labeled. 1HNMR spectral overlay of proton signals in the (A) aromatic and (B) aliphatic regions of spectra.
Proton identity was confirmed by HOHAHA 1H-NMR for fully deprotonated DHP in Pi; however, for clarity, the labels for some protons are
located in the bottom spectra. *The signal for M has been amplified by a factor of 10.
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buffer an increase from pH* 7.4 and 8.6 did not result in
further acceleration of hydroxylation may be rationalized by
an increased electrostatic repulsion between DH− and depro-
tonated peroxycarboximidic acid, RC(NH)OO−. The mecha-
nisms in Scheme I do not account for any dependence of
hydroxylation on transition metals (Fig. 4E), suggested by the
effect of DTPA. Mechanistically, metals would fit well into
the mechanism proposed in Scheme I as it is known that they
are able to catalyze epoxidation (24–26) and hydroxylation
(26) reactions by peroxides and peroxyacids. However, none
of the common redox-active transition metals (Co, Cu, Cr, Fe,
Mn, Mo, and Ni) was present even in chelexed phosphate
buffer at detectable concentrations. Hence, the nature of the
metal remains to be identified. Chelex-treatment either intro-
duces a presently unknown catalytic metal or extracts an in-
hibitor of DHP oxidation, a possibility that warrants further
investigation. In an attempt to identify the catalytic metal(s),
we added several of the aforementioned metals to the stan-
dard reaction. However, only 10 �M Cr+3 enhanced hydrox-
ylation and drug loss to the extent of Chelex treatment (Fig.
4D–E). Even the Fenton reagents (23), Cu+2 and Fe+3, did not
accelerate hydroxylation.

Formation of CO

Contrary to the mechanism of hydroxylation, the mecha-
nism of carbonyl formation is rather insensitive to pH*, and
the nature of the buffer and cosolvent. In fact, only two con-
ditions affected (suppressed) CO formation: N2-saturation
and DTPA addition. These observations can be rationalized
by a free radical mechanism, involving hydrogen abstraction
at C1-H of the 3-propyl group in R3 (see Scheme II), followed
by the addition of oxygen and classic peroxyl radical chemis-
try (11) (Scheme II; Reactions 9–14). The reaction of transi-
tion metals with peroxides is known to generate reactive oxy-
gen species with hydrogen abstracting capabilities. When
complexed to substrate (here, DHP) such metal-bound reac-
tive species will react predominantly with the substrate even
in organic solvents (27).

CONCLUSION

During stability testing in water/organic cosolvent mix-
tures, attention must be given to potential participation of the
organic cosolvent in drug degradation. Here, an example is
provided for acetonitrile in an oxidative process, and without
knowledge of such effects data obtained in binary mixtures
may not be representative for lipid-based formulations.
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