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Abstract

HPLC–NMR, HPLC–MS, and HPLC–UV were used to characterize the predominant solution autoxidation and
photodegradation products of ethynylestradiol (1). A hydroperoxide (2) and a series of isomeric dimeric oxidation
products (3–7), were identified. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ethynylestradiol (1;(17a)-19-norpregna-1,3,5-
(10)-trien-20-yne-3,17-diol) is a synthetic estro-
genic steroid that has therapeutic uses (e.g. oral
contraception). The degradation chemistry of this
compound has not been extensively studied. The
autoxidation of 1 in the solid state was reported
to give a product mixture that included D6-dehy-
droethynylestradiol, 6-ketoethynylestradiol, and
6-hydroxyethynylestradiol [1]. Photodegradation
in the solid state was also observed but products
were not identified [2]. The photosensitized de-

gradation of 1 in solution gave a hydroperoxide
derivative [3]. This report describes a further
investigation of the autoxidation and photodegra-
dation chemistry of ethynylestradiol in solution.

The structural elucidation of individual com-
pounds in complex mixtures, such as those
derived from the degradation of steroids, has
traditionally involved the time-consuming isola-
tion of each compound to be addressed. Recently,
an alternative approach that does not require
isolation has gained favor [4–19]. This approach
is based upon a combination of multiple on-
line hyphenated techniques including HPLC–
NMR and has been used for structural assign-
ments in areas such as drug impurities
[7,11,17,19], drug degradation products [14], drug
metabolites [13,18], and natural product chemistry
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[4,5,7,9,10,12,15]. Separate HPLC–MS and
HPLC–NMR analyses are often performed but
directly coupled HPLC–NMR–MS is an alterna-
tive. Practical considerations for the use of the
directly coupled technique have been presented
[16]. This study used the on-line approach with
separate HPLC–UV–MS and HPLC–UV–
NMR experiments.

2. Materials and methods

2.1. Reagents and chemicals

Ethynylestradiol was obtained from the United
States Pharmacopeia (USP, Rockville, MD) and
Diosynth (Oss, Netherlands). Trifluoroacetic acid
and HPLC grade water were from J.T. Baker
(Phillipsburg, NJ). Acetonitrile was obtained from
Burdick and Jackson (Muskegon, MI) or EM
Science (Gibbstown, NJ; used exclusively for the
NMR studies). Deuterated acetonitrile was ob-
tained from Isotec (Miamisburg, OH). Deuterium
oxide (99.9%) was from Cambridge Isotope Labo-
ratories (Andover, MA). 2,2%-Azobisisobutyroni-
trile (AIBN), propylene glycol, and ammonium
acetate were obtained from Aldrich (Milwaukee,
WI). The oxygen was extra dry grade from Air
Products (Allentown, PA).

2.2. Autoxidation reaction procedure

In a typical reaction, ethynylestradiol (1.17 g,
3.93×10−3 mol) and AIBN (3.2 g, 1.97×10−2

mol) were placed into a 25-ml volumetric flask
and the flask was filled to the mark with acetoni-
trile (concentration of 1=46.8 mg/ml). Approxi-
mately 10 ml of this solution was set aside (initial
sample). The remaining solution was transferred
to a scintillation vial which was capped loosely
with aluminum foil and placed into a 450-ml
glass-lined stainless-steel reactor (Parr Instru-
ments, Moline, IL). The reactor was pressurized
with oxygen (300 psi) and then placed into an
oven at 5091°C for 6 h. The vial was removed
from the reactor, capped, and placed into a refrig-
erator prior to HPLC analysis.

A second reaction was conducted in a similar
manner with a 10-fold more dilute solution pre-
pared by adding ethynylestradiol (206.89 mg,
6.99×10−4 mol) and AIBN (0.57 g, 3.50×10−3

mol) to a 50-ml volumetric flask and diluting to
the mark with acetonitrile (concentration of 1=
4.1 mg/ml).

2.3. Photodegradation reaction procedure

Ethynylestradiol (215.88 mg) was placed into a
50-ml volumetric flask and the flask was filled to
the mark with acetonitrile (concentration of 1=
4.3 mg/ml). Approximately 3 ml of this solution
was set aside (initial sample). The remaining solu-
tion was transferred to a quartz vessel (8.5×13×
3.2 cm; liquid height was approximately 4 mm).
The vessel was tightly capped and placed into a
Suntest™ CPS light box (Atlas, Chicago, IL) that
was equipped with a xenon lamp and a window
glass filter (310 nm cutoff). The bottom plate
temperature was ca. 34°C and the chamber tem-
perature was ca. 42°C. The irradiance was 765
W/m2. After 8.7 h, the reaction solution was
removed and stored in a refrigerator prior to
HPLC analysis.

2.4. HPLC–UV procedure

Gradient reversed-phase HPLC was conducted
on a Hewlett–Packard (Wilmington, DE) Series
1100 instrument at 50°C with a 250×4.6 mm
Luna™ C18(2) column (5-mm particles; Phe-
nomenex, Torrance, CA). The flow rate was 1.2
ml/min. Mobile phase A was water with 0.05%
(v/v; 4 mM) trifluoroacetic acid. Mobile phase B
was acetonitrile with 0.05% (v/v; 4 mM) trifl-
uoroacetic acid. The solvent program began at
A:B (95:5, v/v), proceeded to A:B (25:75, v/v)
over 70 min, and then to A:B (0:100, v/v) over 15
min. The primary detection wavelength was 220
nm and UV spectra of each peak were collected.
USP reference standard solutions of 1 were pre-
pared at concentrations of ca. 0.3 mg/ml. Reac-
tion solutions were diluted as required to ca. 0.3
mg/ml. The injection volume was 25 ml. The trifl-
uoroacetic acid was added to the mobile phases to
suppress formation of dimeric oxidation products
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(3–7) on the HPLC column. Peaks corresponding
to these compounds sometimes appeared during
the reversed-phase HPLC analysis of some sam-
ples of 1.

2.5. HPLC–MS procedure

Mass spectral data were obtained with an
HPLC–MS instrument that consisted of a
Perkin–Elmer (Norwalk, CT) Series 200 HPLC
coupled to a Finnigan MAT900 mass spectrome-
ter (Bremen, GR).

Positive ion mass spectral data were obtained in
the atmospheric chemical ionization (APCI)
mode. The vaporizer temperature was 450°C, the
discharge current was 4 mA, and the scanned m/z
range was 150–1000 Da. Nitrogen was used as
the sheath gas (40 psi) and the auxiliary gas (20
arbitrary units). The typical HPLC conditions
were described above. High resolution mass spec-
tral data were acquired by electric voltage scan in
the high resolution centroid mode. A mass range
of 550–625 Da was scanned at a rate of 9 s per
decade (0.5-s cycle time). The spectrometer resolu-
tion at m/z 558 was 3400 (10% valley definition).
A polypropylene glycol reference solution was
added after the column by a syringe pump (10
ml/min). This reference solution contained 1×
10−6 M polypropylene glycol (average molecular
weight=425) and 10-mM ammonium acetate in
water. In each mass spectral scan, the ions of
interest were bracketed by ions of the reference
compound. The data were processed with Finni-
gan ICIS software and the exact mass reported
for each compound was the average of a mini-
mum of 15 separate measurements.

Negative ion mass spectral data were obtained
in the electrospray (ESI) mode. The electrospray
voltage was 2.5 keV. The scanned m/z range was
150–1000 Da. Sheath and auxiliary gas condi-
tions were the same as for the APCI analysis. The
HPLC conditions were the same as those de-
scribed above except that the trifluoroacetic acid
was omitted. The numbers of exchangeable pro-
tons were determined (in the negative ionization
mode) in HPLC–MS experiments with D2O
rather than H2O in mobile phase A.

2.6. HPLC–NMR procedure

NMR data were obtained with a Varian (Wal-
nut Creek, CA) HPLC system coupled to a
Varian UnityPlus 500 NMR instrument (500
MHz) or a Varian UnityInova 500 NMR instru-
ment (500 MHz). The NMR instruments were
fitted with a Varian flow probe with a 60-ml flow
cell. The HPLC conditions were the same as those
described above except for the use of deuterated
solvents in the mobile phases. The majority of the
experiments were conducted with D2O/CH3CN
but some experiments were conducted with D2O/
CD3CN. Furthermore, to maximize sensitivity,
the injection amount was increased by injecting 50
ml of a 46.8 mg/ml product mixture. Several injec-
tions were made to acquire the complete NMR
data set. The data were acquired in stopped-flow
mode with suppression of the acetonitrile and
deuterium oxide signals. The solvent suppression
was carried out by using the WET pulse sequence
[20]. A composite 90° read pulse was used in all
experiments. All free induction decay (FID) data
were processed with solvent subtraction for fur-
ther suppression of the acetonitrile. All spectra
were referenced to acetonitrile at 1.95 ppm. One-
dimensional proton spectra were acquired for all
chromatographic peaks. COSY and NOESY data
were acquired for 2, 3a, and 6. NOESY data for
6 were collected with D2O/CD3CN in the HPLC
mobile phase since useful data were not obtained
with D2O/CH3CN.

3. Results

3.1. Autoxidation

The autoxidation of ethynylestradiol (1) in so-
lution required rigorous conditions. Reactions
were conducted in acetonitrile under oxygen (300
psi) at 50°C. 2,2%-Azobisisobutyronitrile (AIBN)
was used as a free radical initiator since little
reaction occurred in the absence of this initiator.
After 6 h, approximately 20–23% of the original
ethynylestradiol had degraded (Table 1). The
HPLC profiles of the resulting reaction solutions
showed numerous products. However, seven
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products appeared to predominate (2–7; Figs. 1
and 2). Reactions conducted with initial
ethynylestradiol concentrations of 4.1 and 46.8
mg/ml showed similar profiles (Table 1). Thus an
11-fold variation in the initial ethynylestradiol
concentration did not appear to have a major
effect upon the levels of the dimeric degradation
products (3–7).

On-line HPLC–NMR, HPLC–MS, and
HPLC–UV data were acquired for the autoxida-
tion product mixture (Fig. 2) and used to assign
structures to the predominant products (2–7).
Selected data for these products along with the
corresponding data for ethynylestradiol are pre-
sented in Tables 2 and 3 and Fig. 3. Deuterated
solvents were substituted for non-deuterated sol-
vents in the HPLC mobile phase for HPLC–
NMR experiments but this substitution did not
make a significant difference in the chromatogra-
phy. Mobile phase with D2O was also used in one
HPLC–MS experiment to determine the number
of exchangeable protons in products 3–7. To
maximize the quality of the NMR data, the
amount of material injected for HPLC–NMR
analyses was up to 300-fold more than the
amount used for the HPLC–UV analyses. This
increased loading caused some slight degradation
in the chromatographic separation but not
enough to interfere with the collection of NMR
data for the individual mixture components.

3.1.1. Product 2
The 9-hydroperoxide 2 was identified in the

autoxidation product mixture (Fig. 2). The
HPLC–UV spectrum of the product was very

similar to the HPLC–UV spectrum of 1 and
therefore the original aromatic A-ring was intact.
High resolution HPLC–MS data supported a
structure that consisted of an ethynylestradiol
molecule plus two oxygen atoms (Table 2). 1H
NMR, COSY, and NOESY data were also col-
lected by HPLC–NMR in the stopped-flow mode
(Table 3 and Fig. 3). In the NOESY experiment,
an NOE was observed between the H-4 proton
and the two H-6 protons. These data indicated
that the benzylic C-6 carbon was unaltered (i.e. no
oxygens were attached). Furthermore, no NOE
was observed between H-1 and an H-11 proton as
in the case of 1. The lack of this NOE indicated
that oxygen atoms had been attached to the other
benzylic carbon (at C-9) and these atoms elimi-
nated the NOE between the H-1 and H-11 pro-
tons. The aromatic signals (between 6.4 and 6.7
ppm) observed for the product were consistent
with the reported signals for the aromatic protons
of the 9a- and 9b-hydroperoxides of estradiol [21].
The product was therefore assigned as 2. The
stereochemistry at C-9 was not determined.

3.1.2. Products 3–7
The isomers 3–7 were likewise identified in the

autoxidation product mixture with similar tech-
niques. The HPLC–UV spectra for all of these
products (3–7) were similar to the HPLC–UV
spectrum of 1, which indicated that the aromatic
A-rings were intact. These products gave HPLC–
MS spectra that were similar to each other (Table
2). Negative ion HPLC–ESI–MS gave intense
[M�H]− molecular ions at m/z 589 while positive
ion HPLC–APCI–MS gave intense [M+H−

Table 1
Reaction dataa

2 5 7Compound number 63b43a1

1.00 1.541.531.351.321.310.59Relative retention time 1.25
1.0 77 2.7 1.6Autoxidation (initial concentration of 1=46.8 mg/ml; 6.0 h)b 1.8 1.8 1.5 1.6

Autoxidation (initial concentration of 1=4.1 mg/ml; 6.1 h)b 2.480 1.31.31.31.51.0 1.1
0.2Photodegradation (initial concentration of 1=4.3 mg/ml; 8.7 h)b,c 0.6 0.4 0.5 0.5 1.0 1.8104

a Percent of initial concentration (mg/ml) determined by HPLC–UV.
b HPLC response factors (weight basis) for products were assumed to be equal to the response factor (weight basis) for 1.
c Some solvent may have evaporated.
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Fig. 1. Structures for compounds.

H2O]+ ions at m/z 573. For comparison, the
parent compound (1) gave corresponding intense
[M�H]− molecular ions at m/z 295 in the negative
ion HPLC–ESI–MS and intense [M+H−
H2O]+ ions at m/z 279 in the positive ion HPLC–
APCI–MS. These data and high resolution data

(Table 2) for the individual [M+H−H2O]+ ions
were consistent with the formation of a series of
isomers (3–7) that consisted of two ethynylestra-
diol moieties less two hydrogen atoms.

Negative ion HPLC–ESI–MS experiments
with deuterated mobile phase (i.e. D2O in place of
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H2O) were used to determine the number of ex-
changeable protons in each of the dimeric prod-
ucts (3–7; Table 2). These data were used to
differentiate isomers with C�C joining bonds (2–
5) from isomers with C�O joining bonds (6–7).
Ethynylestradiol (1) gave intense [M�H]− molecu-
lar ions at m/z 295 with H2O in the HPLC mobile
phase (as noted above) and intense [M%�D]−

molecular ions at m/z 296 with D2O in the mobile
phase (where ‘%’ denotes a molecule with ex-
changed hydrogens). Presumably, deuterium ex-
change occurred at the 17-OH and the ArOH
groups of 1 in the deuterated HPLC mobile phase
and then D+ was lost in the ionization process to
give [M%�D]− molecular ions. Thus these data
showed the presence of two exchangeable protons
in 1 (one by the observation of the loss of D+ and
one by the observation of the addition of one
deuterium). Likewise, data were collected for the
dimeric products (3–7) in the same two experi-
ments with H2O and D2O mobile phases. In H2O
mobile phase, all dimeric products (3–7) showed
[M�H]− molecular ions at m/z 589 as indicated
above. However, in D2O mobile phase, some

products (3–5) showed [M%�D]− ions at m/z 592,
while other products (6–7) showed [M%�D]− ions
at m/z 591. By analogy to the interpretation of
the mass spectral data for 1, the number of ex-
changeable protons on the former products (3–5)
were deduced to be 4 while the number on the
latter products (6–7) were deduced to be only 3.

Finally, the HPLC–NMR data described below
were used to determine how the individual
ethynylestradiol moieties were joined in these iso-
mers (Fig. 3 and Table 3).

Product 3a showed only two types of aromatic
protons in the 1H NMR spectrum and these two
types of protons were coupled to each other.
Thus, there was a doublet at 6.65 ppm (J=8.6
Hz) for the H-2 and H-2% protons (where ‘%’
indicates an atom on the second ethynylestradiol
moiety) and a doublet at 7.12 ppm (J=8.4 Hz)
for the H-1 and H-1% protons (with coupling
between the H-1 and H-2 protons and between
the H-1% and H-2% protons). The H-4 and H-4%
protons were missing. These data suggested that
the aromatic rings of the two ethynylestradiol
moieties were joined between the C-4 and C-4%

Fig. 2. HPLC–UV chromatograms (220 nm), top, autoxidation product mixture after 6 h (initial concentration of 1=46.8 mg/ml).
The ‘*’ indicates peaks for AIBN-related species; bottom, photodegradation product mixture after 8.7 h.
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Fig. 3. Stop-flow 1H NMR spectra of 1–7 in an autoxidation product mixture after 6 h (initial concentration of 1=46.8 mg/ml).
The spectrum for 6 was acquired with CD3CN/D2O in the mobile phase. The ‘*’ indicates peaks due to methanol. The ‘**’ indicates
peaks due to column packing material.

carbons to form the symmetrical biphenyl com-
pound 3a. This structural assignment was confi-
rmed with COSY and NOESY experiments. In the
NOESY experiment, NOE’s were observed be-
tween the H-1 or H-1% proton and the correspond-
ing H-11a proton on the same ethynylestradiol
moiety. Additionally, NOE’s were observed be-
tween CH3 protons and the corresponding H-8,
H-15, and H-11b protons on the same ethynyl-
estradiol moiety. With this information, the chem-
ical shift of the H-6 and H-6% protons could be
determined (2.2 ppm). Thus, the H-6 and H-6%
protons were more shielded in the product than the
corresponding H-6 protons in ethynylestradiol
(2.68 ppm). This shielding was due to the non-pla-
narity of the biphenyl moiety of the molecule
which forced the H-6 and H-6% protons to be over

the plane of the opposite aromatic ring. This same
effect was reported for some related dimeric phe-
nols [22]. Further evidence for the non-planarity of
the aromatic rings was provided by the UV spec-
trum for 3. This UV spectrum was similar to the
UV spectrum of 1, which suggested that the inter-
planar angle between the two aromatic rings was
close to 90° [23]. Thus the data for the product
were consistent with the assigned structure (3a).
Furthermore, tetrasubstituted biphenyls such as 3a
are known to have hindered rotation about the
carbon–carbon bond joining the two aromatic
moieties (atropisomerism) [23]. A second rotamer
(rotational isomer) was also observed (3b, see
below). The absolute stereochemistries about the
C-4 to C-4% carbon–carbon bonds of the individual
symmetrical rotamers 3a and 3b were not assigned.
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Product 3b nearly coeluted with product 4, and
therefore, a composite 1H NMR spectrum was
obtained at the apex of the HPLC–NMR peak.
However, NMR data were also acquired across
the HPLC–NMR peak to allow the differentiation
of NMR signals for 4 from those of 3b. The 1H
NMR spectrum for 3b showed two doublets in the
aromatic region at 6.63 ppm (J=8.2 Hz) and 7.12
ppm (J=8.4 Hz). These data were almost identi-
cal to the data obtained for 3a, and therefore, the
structure was assigned as the rotamer 3b. As noted
above, the stereochemistries about the C-4 to C-4%
carbon–carbon bonds of the individual rotamers
3a and 3b were not determined.

Product 4 gave two singlets in the aromatic
region of the 1H NMR spectrum at 6.56 and 6.79
ppm which were ascribed to the H-4 and H-4%
protons and to the H-1 and H-1% protons, respec-
tively. These data indicated that the structure of
the degradation product was the symmetrical
biphenyl isomer 4 which was coupled at the C-2
and C-2% carbons.

Product 5 showed two doublets and two singlets
in the aromatic region of the 1H NMR spectrum.
Data collected across the HPLC–NMR peak indi-
cated that this peak represented only one degrada-
tion product. The structure was assigned as a
non-symmetrical dimeric oxidation product 5 with
a bond between the C-2 carbon of one steroid
moiety and the C-4% carbon of the second steroid
moiety.

Product 6 showed five signals (four doublets
and a singlet) in the aromatic region of the 1H
NMR spectrum. These data were consistent with a
dimeric oxidation product (6) with a bond between
the C-4% carbon of one steroid moiety and the
phenol oxygen of the second steroid moiety. Alter-
natively, the joining bond might have been be-
tween the C-4% carbon of one steroid moiety and a
non-aromatic carbon (e.g. C-9) of the second
steroid moiety. However, this latter structural pos-
sibility was eliminated by the MS data since four
exchangeable protons would have been required
but only three were observed (see above and Table
3). Further evidence for the structure 6 was ob-
tained from the COSY and NOESY data which
were used to assign the H-6 and H-6% protons of
the product. The two H-6 protons (on the moiety

with three aromatic protons) had chemical shifts
(2.67 ppm) that were similar to the corresponding
protons of ethynylestradiol (2.68 ppm). One of the
H-6% protons (on the moiety with only two aro-
matic protons) likewise had a similar chemical
shift (2.61 ppm) but the second H-6% proton was
more shielded (2.34 ppm). These data were com-
pared with 3a where all four H-6 and H-6% protons
were shielded (2.2 ppm) by aromatic rings. The
data for 6 were thus consistent with the position-
ing of an oxygen atom between the rings that
reduced the shielding effects to only one of the
four H-6-type protons.

Product 7 gave a 1H NMR spectrum that
showed five signals (two doublets and three sin-
glets) in the aromatic region. These data were
consistent with a dimeric oxidation product (7)
with a bond between the C-2% carbon of one
steroid moiety and the phenol oxygen of the
second steroid moiety. Alternatively, the ring-join-
ing bond might have been between the C-2% carbon
of one steroid moiety and a non-aromatic carbon
(e.g. C-9) of the second steroid moiety but again
this latter possibility was eliminated by the obser-
vation of only three exchangeable protons (Table
3). Thus structure 7 was assigned to the product.

3.2. Photodegradation

The photodegradation of ethynylestradiol in
acetonitrile in an air atmosphere gave a product
distribution that was remarkably similar to the
autoxidation product distribution (Fig. 2 and
Table 1). HPLC–MS and HPLC–UV were used
to confirm the identities of the same predominant
products (2–7).

4. Discussion

The observed autoxidation products probably
resulted from free radical pathways that involved
peroxyl (ROO�) and aryloxyl (ArO�) radicals [24–
29]. The formation of the 9-hydroperoxide 2 as a
predominant product was expected since the 9-po-
sition was a tertiary benzylic site [24]. The coupling
of aryloxyl radicals to give dimeric products such
as 3–7 via intermolecular C�C and C�O bond
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formation is well known [25–29]. The predominant
dimeric products (3–7) were derived exclusively
from ortho–ortho C�C and ortho C�O coupling.
Discussions of the coupling process appear else-
where [25–29].

The photodegradation product mixture was very
similar to the autoxidation product mixture and,
therefore, some common mechanistic features were
likely. Peroxyl radicals were presumably involved
since the 9-hydroperoxide (2) was observed. Also,
aryloxyl radicals were assumed to have been in-
volved in the photochemical formation of the
dimeric products 3–7 since these types of radicals
are known to be involved in the photodegradation
of other phenols [30,31].

5. Conclusions

The autoxidation and photodegradation of 1
gave a hydroperoxide and dimeric products that
have not been reported previously. The structural
assignments were readily achieved with hyphenated
on-line techniques without the need to perform
time-consuming isolations of the individual com-
pounds.
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