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Purpose. The rapid oxidation of rofecoxib under alkaline conditions has been previously reported. The
oxidation was reported to involve y-lactone ring opening to an alcohol, which further oxidized to a
dicarboxyclic acid. The oxidation was suspected to be mediated by peroxy radicals. This work further
investigates the mechanism of oxidation under the alkaline solution conditions.

Methods. The pH dependence of the oxidation reaction was determined in 50% acetonitrile/50%
aqueous phosphate buffer (pH 9-12). The oxidation reaction products were also examined at early
timepoints (from 40 s to several minutes) with only 5% water content. The evolution of hydrogen
peroxide by the oxidation reaction was quantitatively followed by reaction with triphenylphosphine
(TPP) and high-pressure liquid chromatography determination of the resultant triphenylphosphine
oxide formed. Rofecoxib was exposed to the alkaline pH conditions in the presence of formaldehyde,
and the primary reaction product was isolated and characterized by liquid chromatography-mass
spectrometry and proton 1D, heteronuclear multiple quantum coherence (HMQC), gradient hetero-
nuclear multiple bond correlation (gHMBC), and carbon 1D nuclear magnetic resonance techniques.
Transient reaction products were examined for hydroperoxide groups by reaction with TPP.

Results. The oxidation reaction occurs only near pH 11 and above. In the presence of excess
formaldehyde, oxidation products are no longer observed but a new product is observed in which two
formaldehyde molecules have added to the methylene carbon atom of the y-lactone ring. The evolution
of hydrogen peroxide corresponds quantitatively to the molar amount of the (minor) aldehyde oxidation
product formed. It is demonstrated that the rofecoxib anhydride species is actually the primary product
of the oxidation reaction. The existence of a transient hydroperoxide species is shown by reaction with
TPP and concomitant conversion to a previously identified alcohol.

Conclusions. The oxidation of rofecoxib under these high pH conditions is mediated by rofecoxib
enolate ion formation. The enolate ion reacts with either formaldehyde or dissolved oxygen at the Cs
position. In the case of oxygen, a transient hydroperoxide species is formed. The major and minor
products of the oxidation derive from competitive routes of decomposition of this hydroperoxide. The
major route involves a second enolate ion formation, which decomposes with heterolytic cleavage of the
RO-OH bond to give the rofeocoxib anhydride and hydroxide ion. The anhydride is rapidly hydrolyzed
under the alkaline conditions to give the observed rofecoxib dicarboxylate product. The minor hydroxy-
furanone product is formed from hydroxide ion attack on the hydroperoxide intermediate.

KEY WORDS: base-catalyzed; enolate ion; mechanism; oxidation; rofecoxib; stability.

INTRODUCTION

During early development of an active pharmaceutical
ingredient, it may become evident that oxidation of the
compound is an issue. In such cases, achieving a complete
mechanistic understanding of the relevant oxidative degra-
dation pathways poses a considerable challenge for the
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pharmaceutical scientist. The challenge derives from the
potential complexity and types of oxidative degradation
mechanisms possible, which have been reviewed (1-3).
Oxidative decomposition of pharmaceuticals involving the
formation of new carbon—oxygen bonds often involves free
radical chain processes. These reactions require initiation
events that may involve heat, light, or metal ions. Formation
of N oxides and sulfoxide degradates often involves direct
“two-electron” reactions of the sulfur and nitrogen atoms
with trace levels of hydroperoxides and thus may not involve
free radicals (1,4,5). Base catalyzed oxidation (2,6) and
oxidation by singlet oxygen have also been reported (7,8).
A mechanistic understanding of the operating oxidative
pathway at hand is important as it facilitates the intelligent
design of appropriate inhibition strategies. A thorough under-
standing of the potential oxidative processes is thus of fun-
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damental importance. It is in this context that we became
interested in the mechanism of the rapid oxidation of
rofecoxib under alkaline pH conditions as reported by Mao
et al. (9) in 2002.

The oxidation previously reported is shown in Scheme 1
(adapted from Mao et al.). Although the authors focused
largely on determining the structure of the oxidation
products, the need for both oxygen and high pH conditions
was demonstrated. A general mechanism for the oxidation
was suggested which required an initial opening of the
rofecoxib y-lactone ring; this is shown in Scheme 1.

Ring opening produces the alcohol (2) that the authors
speculate undergoes air oxidation to hydroxy-furanone (3)
(minor product) and dicarboxyclic acid (4) (major product).
Oxidation from the alcohol to the hydroxy-furanone (3) and
further to the dicarboxylic acid was noted to be consistent
with free radical chain oxidation mediated by peroxy radicals,
ROO" (1-3).

We agree with Mao et al. that peroxy radicals mediate
most oxidative degradation processes observed in phar-
maceutical dosage forms and solutions. However, peroxy
radical oxidation is relatively slow due to the rate limiting
step of hydrogen atom abstraction by the peroxy radical
(1-3). Oxidation of the alcohol (2) to the carboxylic acid (4)
by peroxy radicals would require two C-H bond hydrogen
atom abstractions. Our laboratory has investigated simple
peroxy radical model systems and has examined relative
reaction rates of numerous drug substance C-H bonds with
peroxy radicals (P. A. Harmon, K. Kosuda, E. Nelson, M.
Mowery, and R. A. Reed, A novel peroxy radical based
oxidative stressing system, manuscript in review). The
rofecoxib oxidation reported by Mao et al. seems to proceed
nearly 2 orders of magnitude faster than any C-H bond
abstraction we have seen in our peroxy radical model
systems. Given this unusually rapid reaction rate, as well
as lack of obvious source of peroxy radicals under the
rofecoxib reaction conditions, this work attempts to eluci-
date the mechanistic details of the oxidation shown in
Scheme 1.
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MATERIALS AND METHODS
Materials

High-pressure liquid chromatography (HPLC)-grade
solvents were obtained from Sigma-Aldrich (St. Louis, MO,
USA). triphenylphosphine (TPP, 99%) and triphenylphos-
phine oxide (TPO, 99%) were obtained from ACROS
Organics Corporation (Geel, Belgium). Formaldehyde
(37%) was obtained from Sigma. Deuterated acetonitrile
(99.96 at.% D) for the nuclear magnetic resonance (NMR)
characterization was obtained from Cambridge Isotope Labs
(Andover, MA, USA). Tetramethylsilane (TMS) was
obtained from Sigma-Aldrich. Rofecoxib was supplied by
Merck (Rahway, NJ, USA).

Methods

Alkaline pH Oxidation of Rofecoxib and Monitoring
by HPLC

The alkaline oxidation experiments were carried out in
50% acetonitrile/50% 20 mM phosphate buffer at pH 11.0 or
12.0 as noted below. Three milliliters of a 0.1 or a 0.2 mg/mL
solution of rofecoxib in 100% acetonitrile was mixed with
3 mL of the alkaline phosphate buffer to initiate the re-
action; the 6-mL reaction mixture was stirred in a closed
system with 15 mL of headspace. At each timepoint, an
HPLC vial was filled and the sample injected immediately.
The experiments in which the aqueous content was varied
were carried out in HPLC vials by appropriate volumetric
addition of phosphate buffer to a known volume of rofecoxib
in 100% acetonitrile. The reactions in the presence of for-
maldehyde were also done similarly in HPLC vials by vol-
umetric addition of 37% formaldehyde or dilutions thereof.
The reaction mixtures were injected directly without any
neutralization unless otherwise noted.

An Agilent 1100 series HPLC equipped with a quater-
nary pump, vacuum degasser, diode array detector and

Ph

Ph

di-carboxylate (4)

Scheme 1. General mechanism for rofecoxib oxidation at high pH from Mao et al. (9).
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autosampler (at ambient temperature) (Agilent Technolo-
gies, USA) was utilized. The chromatographic conditions
were taken from Mao er al. (9) and modified for our
purposes. The chromatographic conditions used were as
follows: column, Waters Symmetry C18 (15 cmx3.9 mm, 5
pm packing); column temperature, 40°C; flow rate, 1.5 mL/
min; injection volume, 5 pl; detection wavelength, 220 nm.
The mobile phase components were acetonitrile and 10 mM
phosphate buffer (NaH,PO4°H,0) at an ambient pH of 4.6.
The linear gradient conditions were as follows: at initial, 75%
phosphate buffer, 25% acetonitrile, to 70% phosphate, 30%
acetonitrile over 4 min; then to 49% phosphate buffer,
51% acetonitrile over the next 9 min. The mobile phase com-
position was then returned to the initial conditions over a
1.0-min period and reequilibrated for 5 min.

Determination of Liberated Hydrogen Peroxide Using TPP

Triphenylphosphine (TPP) was used for determining the
hydrogen peroxide or organic hydroperoxide (ROOH)
content of solutions. A 2.0-mL portion of the oxidation
reaction solution was taken as a function of time and
quenched with 2.0 mL of a 50% acetonitrile/50% 20 mM
phosphate (pH 2.3) solution. A 1.0-mL portion of the
quenched sample solution was then added to a 4.0-mL
aliquot of a TPP stock solution. The TPP stock solution was
0.10 mg/mL TPP in 100% methanol. The sample was then
allowed to react for 15 min. The amount of triphenylphos-
phine oxide (TPO) formed by the reaction of hydrogen
peroxide with the TPP was then determined by HPLC.
Chromatographic conditions: column, 5 cmx4.6 mm Synergi
Polar-RP; column temperature, 40°C; flow rate, 1.0 mL/min;
injection volume, 10 pL; detection wavelength, 203 nm; and
an isocratic mobile phase composition of 75% methanol/25%
water. Rofecoxib eluted at 1.4 min and was resolved from
TPO which eluted near 1.8 min, whereas TPP eluted near 6.0
min. The concentration (mol/L) of the TPO present was
determined by injection of a bracketing TPP standard
solution of 0.08 mg/mL.

LC-MS Analysis of Oxidation Products
and Formaldehyde Adducts

For liquid chromatography-mass spectrometry (LC-MS),
the HPLC conditions were identical to that describe above
except for a change in the mobile phase components to aceto-
nitrile and 0.01% formic acid and a slight alteration of the
gradient profile: at initial, 75% 0.01 % formic acid/ 25% aceto-
nitrile, to 70% 0.01% formic acid, 30% acetonitrile over 4
min; then to 45% 0.01% formic acid, 55% acetonitrile over
the next 11 min. The mobile phase composition was then
restored to the initial conditions over a 1.0-min period and
reequilibrated for 5 min. An Agilent 1100 series HPLC (iden-
tical to that described above) sourced the MS instrument.

The alkaline samples were quenched with acid prior to
injection for the LC-MS experiments. A Thermo-Finnegan
LCQ Deca XP Plus MS system was used with APCI
ionization and positive ion mode detection. The capillary
temperature was 250°C, and the APCI vaporizer temperature
was 450°C. The source voltage and current were 4.5 kV and
5.0 pA, respectively.
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Isolation of bis-Formaldehyde Adduct of Rofecoxib
for NMR Analysis

A solution of Rofecoxib at 3 mg/mL in 50% acetonitrile/
50% phosphate buffer (pH 12.0) was prepared in the
presence of a threefold molar excess of formaldehyde and
allowed to react for 10 min. Five 100-uL injections of this
solution were made and the bis-formaldehyde species frac-
tionated, giving about 1 mg of product. For the fractionation,
the HPLC conditions were as follows: column, 25 cmx4.6
mm Waters X-Terra C18; column temperature, 40°C; iso-
cratic mobile phase consisting of 75% water and 25%
acetonitrile. Solvent was removed by rotoevaporation using
vacuum and an ambient temperature water bath.

NMR Analysis of bis-Formaldehyde Adduct of Rofecoxib

The ~1 mg of the bis-formaldehyde product was dis-
solved in 0.65 mL CD;CN. Tetramethylsilane was added as an
internal chemical shift reference. Proton 1D, heteronuclear
multiple quantum coherence (HMQC), and gradient hetero-
nuclear multiple bond correlation (gHMBC) spectra were
recorded using standard pulse sequences on a Varian Unity
Inova 600 NMR spectrometer equipped with a triple reso-
nance indirect detection probe (HCN). An "H-decoupled *C-
observe spectrum was acquired on a Varian Unity Inova 500
NMR spectrometer equipped with a CHF triple resonance
probe. The sample temperature was held at 25°C.

RESULTS

Time Evolution and pH Dependence
of the Rofecoxib Oxidation

Figure 1 shows an overlay of chromatograms from the
oxidation of 0.1 mg/mL rofecoxib in 50% acetontrile/50% 20
mM phosphate buffer (pH 11.0). Relative yields, relative
retention times, and LC-MS data confirm that the major
product species eluting near 0.8 min is the dicarboxyclic acid
4, whereas the minor product eluting near 6.1 min is the
hydroxy-furanone 3, as reported by Mao et al. Figure 2 plots
the loss of rofecoxib peak area and concomitant gain in peak
area of the major and minor products over a 4-h period.

295
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195 initial
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45 *di—ﬁrboxylate furanone
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Fig. 1. Direct injections of rofecoxib oxidation reaction (50%
acetonitrile/5S0% phosphate buffer, pH 11.0) as a function of time.
Initial, 1, 2, and 3 h (top to bottom). Major product is early eluting
dicarboxylate (4) with minor furanone product (3) near 6.1 min.
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Fig. 2. Plot of peak area of rofecoxib (1) (circles), dicarboxylate
(4) (squares), and furanone (3) (triangles) over 4 h reaction time.
Conditions as in Fig. 1.

30.0 1
25.0 A
20.0 A

15.0 -1

10.0 -1

%reacted in 5 min

o
o
1

o
o
!

11.0 12.0

N
o

8.0 9.0 10.0
pH of 50% aqueous
Fig. 3. Plot of percentage rofecoxib (1) reacted during the first 5 min

of reaction time vs. the pH of the 50% aqueous component of the
reaction mixture.

Reaction conditions are given in Fig. 1. Figure 2 shows that,
over a 4-h period, about 50% of the rofecoxib is consumed.
Note the similar increase in the major and minor product
total peak areas over the same period. It is important to point
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out that even after the rofecoxib has been completely
consumed, the furanone species persists. That is, the hy-
droxy-furanone 3 is not further oxidized to the dicarboxylic
acid 4 under the reaction conditions. This observation is not
consistent with oxidation mediated by peroxy radicals, in
which rofecoxib would first be oxidized to the hydroxy-
furanone, which would then be oxidized in a second step to
the dicarboxylic acid 4 (1-3).

There is a marked pH dependence to the reaction rate.
Figure 3 plots the % rofecoxib consumed during the first 5
min of the oxidation, as a function of the pH of the aqueous
component of the reaction medium. Figure 3 shows that the
reaction is negligible at pH 9 and 10, but rapidly accelerates
near pH 11 and higher. At pH 12, all the rofecoxib is
consumed within 25 min of the initiation of the oxidation.

Evidence of Base Catalyzed Enolate Ion Formation Under
the Reaction Conditions

Rofecoxib (1) has a y-lactone ring with a methylene
carbon atom (designated as the Cs position). The marked pH
dependence shown in Fig. 3 led us to suspect that the
oxidation reaction was being mediated by the rofecoxib
enolate ion. At pH values near 11, hydroxide ion can remove
a proton from one of the C—H bonds at the Cs position to
give the rofecoxib enolate ion. This reaction and the resulting
resonance structures for the enolate ion (5) are shown in the
upper portion of Scheme 2. Formaldehyde, a well-known
electrophile, was added to the reaction mixture to probe for
the presence of enolate ion (5). The resonance structures of 5
in Scheme 2 suggest that an addition reaction with formal-
dehyde might occur at either the Cs or C; positions.

The upper chromatogram in Fig. 4 reflects 25 min of
reaction time of 0.1 mg/mL rofecoxib in 50% acetonitrile/
50% buffer (pH 11.0), to which one molar equivalent of
formaldehyde was added. Two new species are formed

0 0 o~
Ph Ph Ph 9 Ph
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OH Z
| O —_— P 0O -=—> < O -=—> @]
H* - -
R R~ R R
H H H H

enolate ion (5)

H o ?
\( Ph
2nd enolate ion _H o 0
formation

R

OH

OH
bis-formaldehyde
adduct (7)
RT 3.1 min

Scheme 2. Reaction of rofecoxib and formaldehyde at high pH.
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Fig. 4. Reaction conditions as in Fig. 1, except for the presence of
formaldehyde at a 1:1 molar ratio with rofecoxib (upper) and a 10:1
molar ratio (lower). Chromatograms after 25 min reaction time. Note
the new formaldehyde products species 6 and 7 at 3.1 and 4.8 min,
respectively.

eluting near 3.1 and 4.8 min. When more formaldehyde is
added, the species at 4.8 min disappears and only the species
eluting at 3.1 min remains. The lower chromatogram in Fig. 4
is from a similar 25 min reaction time, except that a tenfold
molar excess of formaldehyde was added. The species at 3.1
min dominates and the 4.8 min species is minor. Thus, rapid
reaction with formaldehyde is demonstrated. The reaction
with formaldehyde shows a similar pH dependence as that
shown in Fig. 3. LC-MS analysis of the species eluting at 3.1
and 4.8 min indicates that these species have molecular
weights which are 60 mass units and 30 mass units greater
than rofecoxib, respectively. Each 30 mass unit gain is
consistent with an addition reaction with formaldehyde.
However, the location of each formaldehyde addition reac-
tion could not be determined by LC-MS.

The species eluting near 3.1 min was therefore isolated
and characterized by NMR. Based on the NMR analysis
(proton 1D, HMQC, gHMBC, carbon 1D), 2 mol of
formaldehyde had added to the Cs position of the lactone
ring, as shown in Fig. 5. The methylene was replaced with a
quaternary carbon bearing two degenerate CH,OH groups.
The identity of the CH,OH fragments was evident from the
61.9-ppm chemical shift of the carbon, the geminally coupled
methylene protons (12.4 Hz between the resonances at 3.85
and 3.68 ppm) and the vicinally coupled (7.0 and 5.3 Hz),
exchangeable proton at 3.36 ppm. The quaternary carbon was
found to resonate at 93.4 ppm, 21.5 ppm downfield of the
methylene carbon in rofecoxib. A downfield shift of this
magnitude is within expectation for the added substituents.
The methylene protons exhibited two-bond correlations to
the 93.4-ppm carbon and three-bond correlations to the
other, degenerate CH,OH fragment. This is only possible
when the two CH,OH fragments are bonded to a common
carbon as in the proposed structure. The location of the
added CH,OH fragments was further corroborated by three-
bond correlations between each of the methylene protons
(3.85, 3.68 ppm) and the lactone ring carbon at 159.7 ppm.
The only carbon that was not observed via the long-range
proton—carbon correlations of the gHMBC experiment was
the lactone carbonyl carbon. It was necessary to run a direct
observed carbon spectrum to obtain its chemical shift. All
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Fig. 5. Rofecoxib bis-formaldehyde adduct (7) structure as deter-
mined by NMR. Chemical shift assignments (CD;CN; 25°C) are
shown on the structure (carbon in bold, proton in normal font).
Select proton—proton couplings (Hz) are given in parentheses. Braces
denote carbon shifts that may be interchanged.

other carbon—proton correlations observed in the gHMBC
experiment were found to be fully consistent with the
structure and assignments shown in Fig. 5.

Thus, the structure determined in Fig. 5 shows that the
Cs position is uniquely favored in terms of reaction with an
electrophile such as formaldehyde. Scheme 2 thus depicts our
view of the formaldehyde product formation under the
reaction conditions. Two sequential enolate ions form; in
both cases, the addition reaction is favored at the Cs position.

Determination of the Amount of Hydrogen
Peroxide Liberated

Triphenylphosphine reacts rapidly and quantitatively
with HOOH or ROOH to give 1 mol TPO for each mole of
hydroperoxide reacted (10-12); an HPLC-based method for
determination of hydrogen peroxide using TPP has been
published previously (10). The HPLC methodology described
here was used to determine the molar amount of hydrogen
peroxide liberated during the oxidation reaction (conditions
as in Fig. 1) at 0.5, 1, 2, and 4 h. At the detection wavelength
of 203 nm, a simple preparation of TPO and TPP standard
solutions shows that the molar response factors of TPO and

180+

uM loss or formation

hours of reaction

Fig. 6. Plot of micromolar rofecoxib lost (circles), micromolar
furanone formed (triangles), and micromolar hydrogen peroxide gen-
erated (squares) over 4 h of the oxidation reaction time. Conditions
as in Fig. 1. Note within experimental errors, furanone (3) and hy-
drogen peroxide are produced in a 1:1 molar ratio.
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Scheme 3. Interconversion between anhydride (8) and dicar-
boxylate (4).

TPP are indistinguishable (data not shown). The TPO peak
area is thus converted to TPO concentration using the TPP
standard peak area and concentration. Figure 6 plots the
molar amount of the rofecoxib lost, the molar amount of
hydrogen peroxide detected, and the molar amount of the
furanone species formed over the same time interval. The
molar amount of rofecoxib lost is much greater than
the molar amount of hydrogen peroxide liberated. Thus,
the formation of the major dicarboxylate product (4) is not
accompanied by the generation of a molar equivalent of
hydrogen peroxide. In fact, Fig. 6 shows that the molar
amount of hydrogen peroxide formed actually agrees very
well with the molar amount of the minor hydroxy-furanone
(3) oxidation product formed.

Evidence that the Rofecoxib Anhydride Species is Actually
the Primary Oxidation Product

In the work of Mao er al, the rofecoxib anhydride
species was a significant peak in their chromatograms. It was
pointed out that the presence of anhydride was due only to
the fact that the samples were quenched with acid prior to
HPLC injection. It was shown that acid quenching facilitates
dicarboxylate ring closure to the anhydride prior to injection
as shown in Scheme 3.

Transient species 1
furanone
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The authors noted that in the alkaline reaction medium,
the ring-opened dicarboxylate (4) is the primary oxidation
product. Consistent with this, the samples are not acid
quenched in our work and there is no evidence of the
rofecoxib anhydride species (8) in the chromatograms
obtained under the typical reaction conditions (Fig. 1). If
samples are first acid-quenched, however, a new peak eluting
near 12.0 min appears. LC-MS data and a characteristic UV
maximum near 350 nm as observed by Mao et al. confirm this
species as anhydride (8).

When the water content of the oxidation reaction
mixture is reduced and early timepoints are examined, low
levels of the anhydride species (8) can be visualized in the
chromatogram without acid quenching of the sample. It is
worthwhile to note that the HPLC method conditions
described here have been modified from Mao et al. (9) to
optimize visualization of low levels of the anhydride (8). That
is, the HPLC method utilized by Mao et al. used 0.1%
phosphoric acid in the mobile phase, which leads to
significant on-column interconversion between the anhydride
(8) and the dicarboxylate (Scheme 3). The on-column
interconversion makes low levels of the anhydride (8) more
difficult to detect. We found that the rate of the inter-
conversion between the dicarboxylate and the anhydride
could be significantly decreased by changing the pH of the
aqueous portion of the mobile phase to that of ambient
NaH,PO,4°H,0 buffer (pH 4.6).

Figure 7 shows the 3- to 13-min elution region of three
chromatograms, none of which has been acid-quenched prior
to injection. With reaction conditions of 95% acetonitrile and
5% phosphate buffer at pH 12.0, the three chromatograms in
Fig. 7 derive from injections at 0.65, 1.2, and 2.5 min. Note
that Y-axis represents only 15 mAu compared to the 300
mAu scaling in Fig. 1. The rofecoxib anhydride (8) is clearly
seen at 12.0 min in the earliest chromatograms. The UV
spectrum and retention time match (compared to an acid-
quenched sample) confirms it is the anyhydride (8). The
intensity of the anhydride peak decreases as the amount of
rofecoxib remaining decreases. As soon as the rofecoxib is

anhydride

rofecoxib
— (8)

mAu
N
5 ¢
3
B

Retention Time (min.)

Fig. 7. Direct injections of oxidation reaction at 0.6, 1.2, and 2.5 min reaction
time. Solvent composition is 95% acetonitrile, 5% phosphate buffer at pH 12.0.
Note the presence of the rofecoxib anhydride (8) eluting near 12.0 min in earliest
chromatograms. Note peak labeled transient species 1 also diminishes at longer

times as rofecoxib is depleted.
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Fig. 8. Direct injections from oxidation reactions with 5, 10, 20, and 50%
phosphate buffer at pH 12.0 (top to bottom). Reaction times are 0.6, 1.0, 1.7, and
4.0 min, respectively (top to bottom). Note rofecoxib anhydride (8) diminishes as
phosphate buffer content is raised. Transient species 1 shows the same trend.

depleted, the anhydride (8) disappears from the chromato-
gram. These observations are consistent with the anhydride
species (8) being formed directly from the rofecoxib oxida-
tion, with subsequent rapid anhydride ring opening under the
alkaline conditions to give the dicarboxylate (4).

As the phosphate buffer content in the reaction mixture
is increased from 5 to 50%, the anhydride ring opening rate
accelerates, whereas the rate of rofecoxib loss slows some-
what. This makes the transient accumulation of the anhy-
dride increasingly difficult to detect in the chromatogram.
This is shown in Fig. 8, which overlays early chromatograms
from oxidation reactions at 5, 10, 20, and 50% phosphate
buffer (pH 12.0) compositions. The anhydride (8) becomes
progressively smaller at higher water levels. In the 20%
buffer case, the anhydride (8) is barely visible, whereas at the
standard conditions of 50% buffer the anhydride cannot be
seen (lower chromatogram in Fig. 8). Thus at the standard

50% water levels, anhydride ring opening is faster than the
rate at which the anhydride is being generated by the
oxidation reaction. After completion of the studies shown
in Figs. 7 and 8, the treatment of rofecoxib with n-butyl
lithium in THF solvent open to air was reported (13). The
primary product observed was the anhydride (8); no mech-
anistic investigation was reported (13). This finding is
consistent with our conclusions regarding the anhydride (8)
being the primary oxidation product in the acetonitrile/high
pH water solvent system studied here.

Transient Formation of a Hydroperoxide
of the Hydroxy-Furanone

Figures 7 and 8 also show the formation of a species
designated “transient species 1” eluting at 7.6 min just before
rofecoxib (1). This species has the same behavior as the

39 7
34 7 rofecoxib anhydride
«— l
29 transient species 1
24 - furanone \
s 95/5, acidified ~ A L
< 19 ;
14
+TPP <
9 -
4 PO —*
TPO control
-1 T T T T 1
3 5 7 9 1 13

Retention Time (min.)

Fig. 9. Reaction of transient species 1 with TPP to form the furanone (3). Upper,
acid quenched early reaction sample in 95% acetonitrile/5% phosphate buffer
(pH 12.0). Middle, same sample with TPP added. Transient species 1 peak area is
dramatically diminished, whereas furanone peak area is identically increased.
Lower, dilute TPO sample to confirm TPO elution near 10.7 min. Note the
anhydride (8) is more abundant here due to the acid quenching of the sample

prior to injection (Scheme 3).
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anhydride (8) in that it becomes smaller over time in Fig. 7,
and decreases in abundance as the water level is raised in Fig.
8. This species can be shown to be a hydroperoxide by its
reaction with TPP. Furthermore, after reaction with TPP,
transient species 1 is in fact converted to the hydroxy-
furanone (3). This is shown in Fig. 9. The upper chromato-
gram shows a sample similar to that described in the upper
chromatograms in Fig. 7 [40 s reaction time in 95%
acetonitrile/5% buffer (pH 12.0)], except that the sample
was quenched with acid prior to injection. This stops both
oxidation and any ring-opening hydrolytic reactions. All
species in Fig. 9 are relatively stable under the acid-quenched
conditions. Transient species 1 is noted and clearly evident in
the upper chromatogram. The middle chromatogram is
injected from the same quenched HPLC vial as the upper
chromatogram, except that 40 uL. of a 0.1 mg/mL solution of
TPP was added to the HPLC vial 15 min prior to injection.
Transient species 1 peak is dramatically reduced, whereas the
furanone peak is similarly increased in intensity. The peak
area gain of the hydroxy-furanone is quantitatively equal to
the peak area lost from transient species 1. triphenylphos-
phine reacts with organic hydroperoxides, R-OOH, convert-
ing them to the corresponding alcohol (R-OH) with retention
of stereochemistry at the carbon atom (11,12). The lower
chromatogram is from injection of a 40-uM solution of TPO.
This shows that the peak near 10.6 min is in fact the TPO
formed from the TPP reaction with Transient species 1 (TPP
does not elute in the retention time window shown in Fig. 9).
Figure 9 suggests the assignments shown in Scheme 4.

DISCUSSION
Reaction of Carbanions With Molecular Oxygen

The reaction of carbanions with molecular oxygen has
been studied in the context of base catalyzed oxidation and
has been reviewed (14). Treatment of substrates with weakly
acidic C-H bonds such as aliphatic nitro compounds (15),
triphenylmethane (16), ketones and esters (17), aryl propenes
(18), and nitriles (19) with alkoxide bases was found to yield
carbanions that could readily react with dissolved oxygen.
Scheme 5 depicts the ionization step and the subsequent
reaction with oxygen.

The first product is a hydroperoxide anion. The simple
“one-step” addition of the carbanion to molecular oxygen to
directly give the hydroperoxide anion has been proposed
(17), but others point out that such a process would be a
violation of the spin conservation rule (15,16,18). The
bracketed or “caged” species in Scheme 5 addresses that
concern (in which oxygen is proposed to accept an electron

Ph Ph

O + TPP — » \ 0 + TPO

R R

H OOH H OH
transient hydroperoxide (9) furanone (3)

("transient species 1")

Scheme 4. Reaction of triphenylphosphine with transient species 1.
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Ionization:
RH+BH —> R + B
weakly o0 carbanion
acidic
Oxidation:
- 3 -
R + 02 — > Re 4+ 02 —» ROO
carbanion  oxygen radical superoxide hydroperoxide
radical anion

Scheme 5. Reaction of carbanions with molecular oxygen.

from the carbanion to form a carbon radical and superoxide
radical, followed by spin inversion and combination to give
the hydroperoxide anion product). In either case, the primary
product is the hydroperoxide anion. Thus, the new C-O bond
formation depicted in Scheme 5 can proceed rapidly, because
there is no C-H bond hydrogen atom abstraction by peroxy
radical, which is the rate limiting process in the free radical
chain oxidation pathway.

Mechanism for the High pH Rofecoxib Oxidation

Under the typical high pH reaction conditions, when
increasing levels of formaldehyde are added we observe that
the yields of the oxidation products 3 and 4 progressively
decrease as the formaldehyde addition products increase
(Figs. 1 and 4). Thus, it is clear both oxygen and formalde-
hyde are competing for the enolate ion (5). We propose that
the enolate ion (5) and its contributing resonance structures
(Scheme 2) provide sufficient “carbanion” character to
facilitate reaction with molecular oxygen, as shown in
Scheme 5. This type of reaction with oxygen would explain
the dramatic pH effect in Fig. 3 as well as the very rapid rate
of oxidation, because C-H bond abstraction by peroxy
radicals is not involved. In addition, any proposed mechanism
for the high pH oxidation of rofecoxib must also account for
five other important observations described as follows:

(1) Rofecoxib anhydride (8) is a primary product of the
oxidation reaction; hydrolysis of the anhydride to the
observed dicarboxylate (4) is a secondary reaction.

(2) Formation of 8 proceeds without the liberation of
hydrogen peroxide.

(3) The mechanistic routes to the hydroxy-furanone (3)
and the dicarboxylate (4) cannot be sequential, but rather
must be divergent to explain the fact that the hydroxy-
furanone (3), once formed, is stable under the reaction
conditions.

(4) The molar amount of hydrogen peroxide liberated
corresponds to the molar amount of the minor furanone (3)
product formed.

(5) There is transient formation of a hydroperoxide
analog of the hydroxy-furanone (3).

The mechanism we propose, which accounts for all these
observations, is shown in Scheme 6.

At pH values near 11, hydroxide ion facilitates forma-
tion of the enolate ion (5). The enolate ion (5) donates an
electron to molecular oxygen; the resulting rofecoxib radical
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and superoxide radical rapidly combine selectively at Cs to
form the new hydroperoxide anion group at that position.
Protonation of the hydroperoxide anion gives the transient
hydroperoxide (9) in Scheme 6. This species is “transient
species 1” in Figs. 7, 8, 9, and in Scheme 4. It is interesting
to note that the Cs position is favored for both the “two-
electron” formaldehyde addition reaction (Scheme 2), as well
as the combination reaction of the rofecoxib radical and
superoxide radical.

There are two distinct pathways available to the
transient hydroperoxide (9). The major pathway is the
formation of a second enolate ion, as was demonstrated in
the presence of formaldehyde. The second enolate ion
formation is shown in Scheme 6 as species 10. The enolate
ion (10) is proposed to undergo a decomposition in which the
electron density is drawn to the C-O bond of the hydroper-
oxide group, and creates a new carbon—oxygen double bond.
This requires the concomitant heterolytic cleavage of the
peroxide bond and the liberation of hydroxide ion. This
decomposition is depicted by the arrows shown in right-hand

& H

rofecoxib (1)

Harmon, Biffar, Pitzenberger, and Reed

enolate ion (10) structure in Scheme 6. A similar decompo-
sition has been proposed to explain the differences in product
distributions in base catalyzed oxidation of primary and
secondary nitriles (14,19). In Scheme 6, the product of this
unique decomposition is the rofecoxib anhydride (8). The
anhydride (8) is rapidly hydrolyzed under the alkaline
conditions to the observed dicaboxylate product (4).

A minor pathway for the transient hydroperoxide (9) is
ring opening by hydroxide ion, which leads to the unstable
species (11) in Scheme 6. Species 11 has both an alcohol and
a hydroperoxide group on Cs, which facilitates rapid rear-
rangement to the aldehyde and concomitant elimination of
hydrogen peroxide. This gives the hydroxy-furanone (3) in
the open form that would be in rapid equilibrium with the
closed ring form. We are not certain which form of 3
dominates under the alkaline pH conditions, but it does not
impact Scheme 6 in either case. Scheme 6 thus accounts for
all critical observations. The pathway to the furanone (3) and
the dicarboxylate (4) is not stepwise, in that they are two
different routes of decomposition of the transient hydroper-

0 0 0 0~
Ph Ph Ph ) Ph
- /
OH z
0] —_— ‘D O =—> J 0O -=-—>» O
Ht - -
R R~ R R
H H H

enolate ion (5)

O, | 1) addition to dissolved O,
2) protonation of hydroperoxide anion

"OH / ring opening
minor path

)

Ph
|

R <O

(6]
Ph
O
R
H OOH
transient hydroperoxide (9)
“OH / second enolate ion RT 7.6 min
formation
MAJOR path
o 0

Ph Ph D
—

2 0O —=-— | ) 0
-

R K, R L—
OOH

=
L/OH hydroperoxide
enolate ion (10)

y o
Phﬁ Ph:¢
_ o
| O + OH ——>
o
R R
© 0

rofecoxib
anhydride (8)

di-carboxylate (4)
(major product)

H Co—gy

liberation of HOOH

(0] i o)
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o
‘ - o
H
R R
(open OH (closed
o H

form) form)

furanone (3)
(minor product)

Scheme 6. Mechanism of rofecoxib oxidation under high pH conditions.



Mechanism of the Solution Oxidation of Rofecoxib Under Alkaline Conditions

oxide (9). The major pathway yields the anhydride (8)
without liberation of hydrogen peroxide, whereas the minor
pathway that leads to the furanone (3) must liberate a molar
equivalent of hydrogen peroxide.

The stability of the hydroxy-furanone (3) under the
alkaline reaction conditions is worthy of comment. In the
closed ring form of the hydroxy-furanone (3), enolate ion
formation seems possible. We can only suggest that if the
enolate ion does form, the resulting “carbanion character” of
Cs must not be sufficient to give reaction with molecular
oxygen. In that context, it is interesting to note that there is
also no significant reaction of the hydroperoxide enolate ion
(10) with dissolved oxygen. Addition of 10 to oxygen (at the
Cs position) would result in a dihydroperoxide or related
decomposition product, for which we find no chromatographic
evidence. In both 10 and the enolate ion of the hydroxy-
furanone (3), there is an additional carbon—oxygen bond at Cs
compared to the enolate ion (5). We speculate this has the
net effect of decreasing the electron density at Cs compared
to 5.

In Scheme 6, there is no requirement for opening of the
y-lactone ring of rofecoxib (1) prior to the oxidation. In
Scheme 6, the y-lactone ring is opened only as a minor
pathway in species 9. In our view, the y-lactone ring of 1 is
relatively stable under the basic reaction conditions. Direct
injections of the alkaline reaction mixtures have never shown
any rofecoxib peak area shift or distortion to earlier retention
times, which would be expected from the presence of some
fraction of the alcohol (2). The bis-formaldehyde adduct (7)
peak shape also does not change over time in the alkaline
reaction medium, suggesting the lactone ring of this species is
similarly stable toward hydrolysis.

Potential for Base Catalyzed Oxidation During Forced
Degradation Studies

Rofecoxib serves as a case study highlighting that certain
structural classes of compounds may have the potential for an
“alternative” oxidation pathway at alkaline pH values. If a
compound can be ionized as in Scheme 5, then new C-O bond
formation may proceed as shown in Schemes 5 and 6. This type
of oxidation can proceed rapidly because hydrogen atom
abstraction by peroxy radicals is not involved. One scenario in
which the alkaline pH oxidation described here might be
encountered is during forced degradation studies. Forced
degradation studies often probe for hydrolytic instability by
dissolving the drug in solutions at pH values of 10-13 (20).
Under these conditions, rofecoxib (1) would rapidly degrade by
the subject oxidation, rather than by hydrolysis. Ketorolac
tromethamine was also shown to oxidize as in Scheme 5, in
solution at pH values above 8 (6). These cases serve as a
general reminder that for drug substances that show increasing
instability at more alkaline pH values, complete structural
characterization of all degradation products being formed may
be needed to distinguish hydrolytic degradation pathways from
the oxidative degradation pathway shown in Scheme 5.

CONCLUSIONS

The mechanism of the oxidation of rofecoxib under high
pH solution conditions was investigated. The primary prod-
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uct of the oxidation reaction was shown to be the rofecoxib
anhydride (8), which is rapidly hydrolyzed under the alkaline
reaction conditions to give the observed dicarboxylate (4) as
the major product. The reaction was shown to be a base
catalyzed oxidation, in which the rofecoxib enolate ion (5) is
formed as an intermediate. The enolate ion (5) undergoes an
anionic reaction with oxygen as shown in Scheme 5, in which
an electron is transferred to oxygen and the resulting radical
species combine selectively at Cs. This mechanism explains
the rapid oxidation rate and the observed pH dependence.
Peroxy radicals are not involved in the oxidation. The oxygen
reaction at Cs gives a key transient hydroperoxide (9), from
which there is a major and a minor reaction pathway. The
major pathway leads to the rofecoxib anhydride (8), and
proceeds through a second enolate ion formation and
subsequent decomposition in which the hydroperoxide bond
is heterolytically cleaved. The minor route of reaction of
hydroperoxide (9) involves hydrolysis of the y-lactone ring,
followed by facile liberation of hydrogen peroxide to yield
the hydroxy-furanone (3).
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