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ABSTRACT: A combination of high-performance liquid chromatography (HPLC)-mass spectrometfy-aavii

13C NMR spectroscopy was utilized to characterize the photodecay products of droloxifene, a potent new estrogen
receptor agonist. Structurally similar to tamoxifen, droloxifene demonstrates a complex and unique decay scheme,
including the formation of two naphthalene derivatives which were unexpected decay products and previously
unreported for this class of compound. Elucidation of the decay products was assisted by the use of computational
chemistry, namely by correlating simulated UV spectra and agueous solvation free energies with actual UV spectra
and HPLC retention data. In addition to describing the photodecay scheme of droloxifene, the present work demon-
strates the utility of computational chemistry in providing support for the identification of unknown compounds.
Copyrightd 1999 John Wiley & Sons, Ltd.
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INTRODUCTION phenanthrenes has been clearly matiédowever, the
complete photodegradation profile of droloxifene or any

Droloxifene (Fig. 1, R=0H) is a potent new estrogen other triphenylethylene compound has not been formally

receptor agonist which is targeted for the treatment of reported. The purpose of this study was to elucidate the

osteoporosis. It is a derivative of triphenylethylene, and photodegradation pathways of droloxifene and provide

similar in structure to the commercially available drug identification of the degradation products therein.

tamoxifen (R =H). Stability studies of droloxifene in

solution have revealed the compound to be extremely

unstable in the presence of light. Furthermore, the decayEXPERIMENTAL

scheme in light is complex, with the appearance of 4-6

major decay products over time, depending upon pH. Materials

Photochemical conversion of tamoxifen and droloxifene

to phenanthrene derivatives to increase sensitivity for Droloxifene, as the citrate salt, and its corresponding

fluorescence-based serum assays has been repdied. geometricZ-isomer were obtained from Klinge Pharma

the case of tamoxifen, structural identity of these GmbH (Munich, Germany). Based on the attached group
priorities on the aromatic rings of the molecule,
droloxifene carries theE stereochemical designation.

AN __/_O Acetonitrile, methanol (J.T. Baker, Phillipsburgh, NJ,
/N USA) and trifluoroacetic acid (Sigma Chemical, St Louis,
MO, USA) were of high-performance liquid chromato-

graphy (HPLC) grade. Hydrochloric and phosphoric acid

= (J.T. Baker) were of reagent grade. High-purity water
was obtained from a Milli-Q water system (Millipore,
Bedford, MA, USA)

droloxifene, R = OH
R tamoxifen, R=H Sample preparation and storage

Figure 1. Structure of droloxifene and tamoxifen N, .
For assessment of stability in light, solutions of
*Correspondence toA. M. Campeta, Pfizer Inc., Central Research droloxifene were prepared in 0.86 hydrochloric acid

Division, Groton, Connecticut 06340, USA. (pH 1.5) and 0.021 sodium phosphate—sodium acetate
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buffer (pH 3.0, 5.0 and 7.0). Acetonitrile was addedto
thesesolutions(20%, v/v) to allow a droloxifene con-
centrationof 75ug ml~* throughouthe pH range These
solutionswere storedin clear glassvials (1.5ml) and
sealedwith Teflon-linedplasticscrewcaps.Photodegra-
dationwascarriedout by storingthevialsin an840foot-
candle fluorescentlight cabinet constructedin-house,
maintainedat30°C. Vials wereperiodicallyremovedand
assayedy HPLC.

To generatemilligram quantitiesof two late-eluting
droloxifenedegradantfor NMR analysis,a 10mgml—*
solution of droloxifenein buffer at pH 3.0 (with 20%
acetonitrile)wassubjectedo storagen light asabovefor
8 months.Most of the two desireddegradantshat were
formed precipitated from this solution. The resulting
suspensiomwasfiltered. The retainedsolid was washed
with several portions of water, then dissolvedin a
minimum amount of acetonitrile—water(80:20). This
solution was injected into the semi-preparativeHPLC
systemdescribedbelow. Fractionsof each pure com-
poundwerecollectedand pooledafter eachinjection.

For NMR analysis.eachof the abovecompoundsas
extracted from solution with either diethyl ether or
carbon tetrachloride. The solvent solutions were then
driedwith magnesiunsulfate,filtered andevaporatedo
drynessEachdegradansolid wasdissolvedin 0.6 ml of
deuteratedhcetonitrilefor NMR analysis.The extraction
procedurewasrepeatedwith blank solventandrun asa
control.

HPLC analysis

Degradationof droloxifene was monitored using an
HPLC method which was developedto permit the
separationof droloxifene from all of its light-induced
decayproducts.This chromatographisystemutilized a
ThermoSeparatiorProductConstaMetric3200isocratic
pump and an Applied BiosystemsModel 785 program-
mable-wavelengtiUV detectorsetat 230nm. Samples
were injected using a Bio-Rad AS-100 autoinjector
equippedvith a20 ul injectionloop. Datawerecollected
andtabulatedutilizing a TurboChrom(P.E.Nelson)data
acquisition software platform (version4). The column
was a Beckman UltrasphereC,g with dimensionsof
250 x 4.6mmi.d., maintainedat 30°C with a Bioanaly-
tical SystemsLC-22C column heater. The isocratic
mobile phaseconsistebf water—-methanol-acetdrile—
trifluoroaceticacid (47:30:23:0.1v/v adjustedto pH 3
with ammoniumhydroxidesolution)andwasdeliveredat
1.5ml min~'. The mobile phase was filtered and
degassedrior to use. UV spectrawere obtained for
decay products with a similarly instrumentedHPLC
systemasdescribedbovewith anidenticalmobile phase
except that it was equipped with a Bio-Rad Bio-
DimensionScanningUV-visible diode-arraydetector.
Two late-eluting droloxifene degradantswere col-
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lectedfrom multiple HPLC injectionsfor NMR analysis,
usingthe sameHPLC equipmentas aboveand a semi-
preparativecolumn from the samemanufacturethaving
dimensionsf 250 x 10mm i.d. A mobile phaseratio of

45:25:20:0.1(v/v) (solventsas above)was utilized and
deliveredat 5ml min~*. Injectedsamplevolumeswere
typically 300ul. Targeteddegradantsvererecoveredas
describedabove.

HPLC-mass spectrometric (MS) analysis

Atmospheric pressurechemical ionization (APCI) ex-

periments were performed on a Fisons Instruments
Quattrotriple-quadrupolemassspectrometerusing the

HPLC separatiorsystemdescribedaboveon a Hewlett-

Packardviodel 1050quaternanHPLC system Staticand

dynamicmassspectrometecalibrationswere performed
in the electronionizationmodeagainstperfluorotributyl-
amine,andcheckedn the APCI modewith a solutionof

polyethyleneglycol. APCI interfaceand massspectro-
metertuning parametersvere optimizedfor droloxifene
by repeatedflow injections. For MS—-MS collision-

induced decomposition(CID) studies,argon was used
in the collision cell.

'H and "*C NMR analysis

One- and two-dimensioml NMR experiments were
performed to identify the structuresof two of the
droloxifene degradantswvhich could not be intuitively

discernedrom massspectrabndUV spectrabnalysisA

Bruker DMX500 instrumentwith z-gradientsusing a
5mm broadbandinverse probe was used to acquire
proton, carbon, DEPT (distortionlessenhancemenby
polarizationtransfer),gradientCOSY (correlationspec-
troscopy), gradient HMQC (heteronuclear multiple
quantumcorrelationspectroscopy)long-rangegradient
HMQC, and NOE (nuclearOverhauseeffect) dat& at
25°C. The long-rangegradientHMQC experimentwas
optimizedfor 6 Hz, which is the average] couplingfor

three bonds[J(C,C,C,H)] in aromaticsystemsand two

bonds[J(C,C,H)] in aliphaticsystems.

Computational methods

Computedaqueoussolvationfree energiedAG®,,) were
calculatedor correlationwith HPLC retentiondatausing
the Cramer—TruhlaiSM2 solvationmodel,implemented
in the SPARTAN software packagé. For the phenan-
threned, Il andlll thesolvationenergywascomputedn
the neutral molecule, althoughthe side-chainnitrogen
atomwould be protonatedunderthe elution conditions.
This is a reasonablesimplification, as the side-chainis
likely to exertthe sameeffect on the capacityfactor for

J. Phys.Org. Chem.12, 881-889(1999)



IDENTIFICATION OF PHOTODEGRADANTSOF DROLOXIFENE 883

eachcompound,and not to influencethe interactionof

the aromaticportion of the moleculewith the stationary
phasein a significantly different way for any of the

isomers.

Using the Sybyl ForceFieldcomputation,as imple-
mentedin the Sybyl softwarepackagé (version6.3), a
systematic conformational search was performed on
diastereomer$ and 7. The dihedralangle of the bond
connectingthe carbonyl to the olefinic carbonswas
incrementedyy 180 (s-cisor s{rang), while thetorsional
anglesof the remainingbonds(the bond connectingthe
naphthalen¢o the phenolicring andthebondconnecting
the naphthalendo the olefinic carbon)were searched
using15°® incrementsAn energywindowof 3 kcalmol™*
(1 kcal=4.184kJ) was usedto filter out high energy
conformers. The resulting structureswere then parti-
tioned into families using the dihedral angle valuesas
criteria, and the lowest energy conformer from each
family was selectedout and minimized. This procedure
resulted in eight representativecompoundsfor each
diastereomer.These representativecompounds were
subsequentlymported into CaChe® and were usedto
computesimulated UV spectra(gas phase)using the
ZINDO molecularorbital package.

RESULTS AND DISCUSSION
Photostability and kinetics
Figure 2 showsa typical HPLC trace for droloxifene

degradedin light in a pH 3 solution. This solution
representsabout 85% decompositionof droloxifene,
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Figure 2. HPLC trace for the pH 3 droloxifene solution
exposed to light for 1 week. 1=Droloxifene; 2 =phen-
anthrene [; 3 =droloxifene Z-isomer; 4 = phenanthrene II;
5 =phenanthrene Ill; 6 =Z-naphthalene derivative; 7 = E-
naphthalene derivative. See text for explanation of structural
and peak assignments)
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Figure 3. Apparent first-order decay of droloxifene () in
light-exposed (840 foot-candle) pH 1.5 solution at 30°C and
formation of degradants, 2 (O), 3 (@), 4 ((0) and 5 (V).
Compounds 6 and 7 precipitated from solution during the
study and are not shown

whichelutesat17.8min in theassayAs shown thereare
six major decayproductswhich appearover time. The

rate of appearanceof the two most highly retained
degradants.eluting at approximately 43 and 56 min,

diminishedasthe pH of the solutionincreasedintil they
were no longer producedin pH 7 solution. The rate of

decay was generally very fast, following an apparent
overallfirst-orderprocessasshownin Fig. 3. Thetypical

half-life for droloxifenedecaywas36h in pH 1.5 solu-

tion and60h in pH 3, 5 and7 solutions.

Mass spectrometric behavior of droloxifene

The APCI mass spectrum of droloxifene showed a
prominent[M + H]™" ion at m/z 388 with no other sig-
nificant features.MS—MS CID of droloxifene did not
producevery informative production spectra.The only
reliably abundantfragmentappearedat m/z 72, which
correspondgo the N,N-dimethylaminoethly side-chain.
This behavior is identical with that reported for
tamoxifen? A numberof different collision energyand
collisiongasdensityconditionswereexploredin asearch
for moreuseful CID conditions,without success.

Identification of decay products 2-5

LC-MS was used as the primary method for initial

structuralidentification of the degradantsMuch of the

photochemistryexpectedfor tamoxifenand droloxifene
parallelsthat for stilbenederivatives,which havebeen
extensivelystudied'® Uponexposurdo light, it hasbeen
shown that tamoxifen isomerizesto its corresponding
geometricisomer, with eachisomer capableof under-
goinga cyclizationreactionwith alossof two hydrogen

J. Phys.Org. Chem.12, 881-889(1999)
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Figure 4. Proposed formation of phenanthrenes from droloxifene photodegradation

atomsto form a correspondinghenanthrenanalog? A
similar behaviorwasalsoexpectedor droloxifene.

Referringto Fig. 2, analysisof compound3 demon-
stratedamassspectrumanda UV spectrunidenticalwith
thoseof droloxifene.Ultimately confirmedby HPLC co-
elutionwith anauthenticsample 3 wasidentifiedastheZ
geometricisomerof droloxifene(seeFig. 4).

APCI massspectraof thechromatographipeakdor 2,
4 and5 showeda prominentm/z 386 speciestwo mass
units below that of droloxifene, and the expected
[M + H]* for a phenanthren@analog.The massspectra
of the three chromatographicallyseparateccompounds
were indistinguishablefrom eachother. Unlike tamox-
ifen, whereonly two phenanthreneompoundsnayform
on exposureto light, structuralexaminationof drolox-
ifene suggestedhatthe formationof threephenanthrene
compoundswas possible. Droloxifene itself should
producephenanthrendl, shownin Fig. 4, whererings
A andB havebeenfusedinto the phenanthrenaucleus.
The formation of the additionaltwo phenanthrenefirst
requiresisomerizationof droloxifene to its Z-isomer.
Theselatter two phenanthrenethen originate from the
factthat, prior to ring fusion,ring C is freeto rotateabout
its bondto the centralolefin. Theasymmetrycreateddue
to themetapositioningof the hydroxylgrouponthisring
leads to two possible positional isomers, shown as
phenanthrenelsandlll in Fig. 4. Formationof positional
phenanthrengésomersin this mannerhasbeendemon-
strated for other asymmetrically substituted stilbene
derivatives'* As mentioned,LC-MS alone could not
distinguishwhich of the chromatographigeakscorre-
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spondedto each of the three phenanthreneanalogs.
Assignmentswere achieved through the use of the
computationathemistrymethodsdescribedbelow.

Assignment of phenanthrene isomers

As shownin Fig. 3, the extentof formation of the three
phenanthrenelegradantdypically followed the order 4

>5> 2. Sinceit wasproducedin greatesabundance4

was proposedintuitively to originate from the starting
droloxifene isomer (E-isomer), and the other two

phenanthrenedrom the droloxifene Z-isomer. This

notion was supported kinetically by the fact that

photodegradationf droloxifeneZ-isomerasthe starting
materialresultedin the formationof significantlyhigher
levelsof 5 and2 relativeto 4. By analogywith someof

the physicaland chemical propertiesof tamoxifenand
relatedphenanthreneompoundpresentn theliterature,
some evidencewas available to supporttheseassign-
ments. Coupled with the use of computational ap-

proaches,particularly the use of computed aqueous
solvation free energies(AG°,,) as a measureof each
compound’srelative polarity, consistentevidencewas
obtainedultimatelyto providehighly confidentstructural
assignments.

TheUV spectreof 2, 4 and5 areshownin Fig. 5. Each
compound displayed a prominent absorption band
between250 and 260nm, with the overall UV profile
consistenwith hydroxylatedphenanthrené$ andthose
phenanthrenegerivedfrom tamoxifen? As a potentially

J. Phys.Org. Chem.12, 881-889(1999)
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Figure 5. UV Spectra for compounds 2 (---), 4 (—) and 5 (- -)

useful first approachthe UV spectraof the three pro-

posedphenanthrenetructureswere calculatedthrough
computer modeling, then comparedwith the actual
spectraof the proposedphenanthreneompounds2, 4

and5. The modelingof phenanthrenstructured, Il and
Il accuratelyproducedspectrawith A,y Valueswithin

4 nmof experimentavaluesonaveragewhichsupported
their structural assignment.However, owing to the
structuralsimilarities of the threephenanthrenésomers
and the resulting closenesof their experimental\nax
values (Fig. 5), differentiation using the computed
spectrawas difficult. In addition, some of the more
subtle absorptionbandsin the actual spectrawere not
capturedoy thesimulatedspectrawhich madeit difficult

to ‘fingerprint’ the threecompoundsHencethe spectral
simulations, although fairly accuratein modeling the
experimental spectra, could not be used to assign
definitively the structuresof eachisomer.

The UV spectraof the phenanthreneglentified from
the photodecompositiof tamoxifenand its geometric
isomef had distinguishing characteristicswhich were
verysimilarto thespectraof 4 and5, respectivelyOwing
to structuralsimilaritiesbetweerdroloxifeneandtamox-
ifen, their respectivephenanthrenelegradantsvould be
expectedo havevery similarUV spectraln addition,the
phenanthrenderivedfrom tamoxifenis morepolarthan
thatderivedfrom its geometridsomerbaseddnreversed-
phaseHPLC retention? which correspondgo 4 being
more polar than 5 (Fig. 2). Taken togetherand con-
sideringthe kinetic data,thesecorrelationssupport4 as
beingthe phenanthreneriginatingdirectly from drolox-
ifene, i.e. phenanthrendl in Fig. 4, and 5 and 2 as
originatingfrom the droloxifeneZ-isomer.

Owing to the relative uniqguenessof droloxifene in
producingthree phenanthrenelegradantsno literature
evidence was available to differentiate directly the
phenanthreneslerived from the droloxifene Z-isomer,
namely 2 and 5. This was accomplishedthrough an

CopyrightO 1999JohnWiley & Sons,Ltd.

examinatiorof therelativepolaritiesof thetwo proposed
structuresThe moleculeswvereexpectedo differ only in
thepositionof aring hydroxyl groupat eitherthe 2- or 4-
position(Fig. 4). Thehydroxylatthe2-positionshouldbe
moresolventaccessibleHencethis compoundshouldbe
more polar and lessretainedon reversed-phaselPLC.
Indeed, this has been demonstratedfor a series of
hydroxyphenanthreneswhere 2-hydroxyphenatirene
wasshownto elute muchearlierthan4-hydroxyphenan-
threneon C,5 reversed-phaseolumns*? Compound? is
significantly more polar than 5, as shown in Fig. 2,
suggestinghatthe formeris the 2-hydroxyphenanthrene
derivative and the latter the 4-hydroxy derivative
(phenanthrenesandlll, respectivelyFig. 4).

Computermodelingwasthen usedto lend supportto
theaboveargumentsin anattemptto differentiatefurther
theselattertwo phenanthrenderivatives.The computed
agueousolvationfreeenergyof eachproposedtructure,
ameasureof their relative polarities,wascalculatedand
compared with the HPLC retention order of each
phenanthrenepeak. As can be surmised from their
relatively large differencein HPLC retention (Fig. 2),
phenanthrened and Il must differ significantly in
polarity. Calculatedsolvationfree energiegAG°,,) were
thereforeexpectedo be largely different and predictive
of their relative HPLC retentiontimes. The calculated
solvationfree energywas indeedsignificantly different
for phenanthrenebk and lll, with valuesof —10.20and
—8.85kcalmol™, respectively.This suggeststhat the
better solvated structure (more negative value) is
phenanthreng, and this compoundwould be expected
to belessretainedonareversed-phaddPLC column.On
the other hand, phenanthrenél elutesmore closely to
phenanthrené andit wasthoughtto be moredifficult to
‘separateby meansof its solvationfree energyfrom the
otherphenanthrenesandlll. Phenanthreni showedo
difference from | in solvation free energy, with a
computedvalue of —10.20kcalmol~. However,on the
basis of the kinetic observationsand the mechanistic
argumentproposedthedistinctionbetweerl andlll can
be made and allows the assignmentof all three
phenanthreneso the chromatographigeaks.Inciden-
tally, the commonlyusedCLogP"® and SRC LogKow*
predictionpackagesould notdistinguishbetweerany of
the phenanthrenesas might be expectedfrom the
fragmentalnatureof mostof thosecalculationmethods.
Thus,takenwith the kinetic dataandall othersupportive
argumentsthat have been discussedthe decay com-
pounds 2, 4 and 5 can be assignedas the three
phenanthrenederivatives I, 1l and lll, respectively,
shownin Fig. 4.

Identification of acidic decay products 6 and 7

In acidicpH media,namelypH 1.5,3 and5 solutions two
additional highly retaineddecay productswere formed

J. Phys.Org. Chem.12, 881-889(1999)
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Figure 6. (a) Experimental and (b) simulated UV spectra of
compounds 6 (- -) and 7 (—). The simulated spectra were
performed on their proposed structures shown in Fig. 7

over time. These products were producedin nearly
similar quantities in the pH 1.5 and 3 solutions.
Approximatelyone-tenthlower levelswere producedn
thepH 5 solution. The productswerenot formedat all at
pH 7. Thetwo productswhenformedin eachrespective
solution, were producedin almostidentical abundance
over time. The UV spectraof these products were
significantly different from each other and completely
different to thoseof droloxifene and the phenanthrene
degradantsCompound6 showeda major absorption
band at 230nm and a shoulderat 280nm whereas?7
showeddistinct maximaat 223, 282 and 328nm [Fig.
6(a)]-

LC-MS analysisshoweda low-intensity massspec-
trumfor bothcompoundshutsuggestedan[M + H]* ion
atm/z317,correspondingo arelativemolecularmassof
316 for eachcompound,ndicating that the compounds
wereisomersLossof theN,N-dimethylaminoethlygroup
from droloxifene,to form the correspondingliphenolic
compound producesa specieswith the requiredrelative
molecularmassof 316. However,comparisonwith the
authentic compound showed significantly different
HPLC retentiontimesandmassspectralfragmentations.
NMR analysiswas utilized for final confirmationof the
two compoundstructures.

CopyrightO 1999JohnWiley & Sons,Ltd.

The proposedstructuredor 6 and7 areshownin Fig.
7. A count of the carbonsobservedin the **C NMR
spectrunof 7, thenumberof attachedrotonsseenin the
DEPT experimentthe exchangeablprotonsobservedn
the proton spectrumand a count of the oxygen atoms
indirectly observeda carbonyland eithera phenolicor
vinyloxy group)gavea molecularformula of Cy,H>00-
anda relativemolecularmassof 316, which agreedwith
the massspectraldata. The gradient COSY spectrum
showedfour spin systems[Figure 8(a)], three in the
aromaticregion.Onespin systemconsistingof a pair of
doubletsin the aromaticregion of the proton spectrum
hada couplingconstantof 16 Hz, which is indicative of
transvinyl protons.Thelong-rangegradientHMQC [Fig.
8(b)] andNOE [Fig. 8(c)] dataallowedplacemenbf the
non-protonated¢arbonsandsubstituent®n the naphtha-
lenering system.Finally, the exchangeabl@rotonwas
attachedo the phenoliccarbon resultingin the structure
proposedor 7. A lower concentratiorof 6 submittedfor
NMR analysispreventedasextensiveanidentity charac-
terizationaswith 7. However,acomparisorof the COSY
data showed the same four correlation patterns and
similar carbonshifts. Themaindifferenceobservedvasa
changen the couplingconstanbf thevinyl protonsfrom
16 to 12Hz, indicative of a changefrom E to Z con-
figurationof the vinyl group.Hencethe two compounds
areanE andZ isomerpair (Fig. 7), whichis supportedy
the massspectraldata.

The observedifferencesbetweerthe UV spectraof 6
and7 deservesomecomment.Thesetwo isomersdiffer,
as determined by NMR spectroscopy,only in the
configurationof their respectiveenonemoieties butthey
differ significantly in their UV spectral properties.A
computationalapproachwas usedto try to model their
UV spectraand, in doing so, lend support to the
assignmenof the proposedstructuresA conformational
searchperformedusing the Sybyl ForceFieldcomputa-
tion yieldedafamily of eightZ-isomerdor 6 andafamily
of eight E-isomersfor 7. Furtheroptimization of these
structuresin gas phase using the Sybyl ForceField
showedthatthe E-isomerscould generallyreacha much
higher degreeof coplanaritybetweenthe enonesystem
and the naphthaleneing, whereasthe Z-isomershad a
much more orthogonalpositioning of the enonesystem
with respect to the naphthalenering. It is worth
mentioningthat the structuresobtainedfor the E-isomer
are consistentwith the observed NOE between the
aromaticprotonandthe vinylic proton.The w; torsional
angle(Fig. 7) is alwaysnearlycoplanarfor the E-isomer
family of structures(closeto 30°), whereasit deviates
significantlyfrom coplanarityfor the Z-isomerfamily of
structureq50-110). Overalltheseresultsshowthatthe
observeddifferencesin the UV spectraof thesetwo
isomeric compoundsmay be rationalizedthrough this
computationabhpproach.

Referringto Fig. 6, the spectralimulationsperformed
on eachisomerindicatedthat, for the Z family of isomers

J. Phys.Org. Chem.12, 881-889(1999)
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Figure 7. Proposed mechanism for the formation of naphthalene derivatives

(6), the275-325nmregioneithershowedhe presencef
a poorly defined shoulder, as in the experimental
spectrum,or the observedmaximumin that regionwas
relativelybroad.Furthermoreafairly highintensityratio

betweerthe maximumin the220-240nmregionandthat
in the 275-3251m regionwasinvariably observedlt is
realized,of course,that no single gas-phasesimulated
spectrumcan be expectedto reproducean observed

N

(@)

Figure 8. NMR correlations observed in the E-naphthalene isomer:
(c) NOE correlations

CopyrightO 1999JohnWiley & Sons,Ltd.

(b)

(a) COSY connectivities; (b) long-range C to H connectivities;
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solutionspectrumaccurately which would be the result
of the absorptionof severalconformers.However,the
agreementis fairly good betweenthe computedand
observedspectrajn the regionsdescribed.

Conversely,the E family of isomers(7) showeda
consistentiflower intensityratio betweerthe absorption
maximumin the 220-240hm region,anda well defined
maximumobservedn the 275-325nm regionasin the
experimentalspectra.Overall, both simulated spectra
provide good backingfor the structuralassignment$or
thesecompounds.

A possiblepathwayfor the formationof 6 and 7 must
explainthe experimentabbservationshat (i) 6 and7 are
not formed at neutral or alkaline pH, even upon
irradiation of the solution, and (i) 6 and 7 are not
formedat acidic pH in the absencef light.

The proposednechanisnfor the formationof 6 and?,
the Z- andE-naphthalenésomersrespectivelyjs shown
in Fig. 7. The ring closure,to generatgphenanthrendl
(4), is awell knownoccurrencdor stilbenesystemsipon
irradiation. The initial dihydrophenanthrenis the result
of aconrotatoryelectrocyclicring closurewhich converts
a 1,3,5-hexatrieneinto a cyclohexadiene.This inter-
mediatehas beenisolatedfor diethylstilbestrof:> This
step, followed by removal of hydrogen atoms by
dissolvedmolecularoxygen(or otherhydrogeracceptors
which might be presentin the system), yields the
phenanthrenderivative.Thistransformatioris generally
fairly rapidand,asmentionedhasservedasthe basisfor
post-columnderivatizationin the quantitationof tamox-
ifen andits derivativesin biological matrices:

Referring to Fig. 7, dihydrophenanthrenév could
undergo sequential [1,5]-sigmatropic shifts to yield
dihydrophenathrene VI. Such a processwould be
thermally allowed as a suprafacialshift.® Thesesteps
are probablynot too high in energyfor cyclic systems,
andtheyhaveindeedbeenreportedat roomtemperature
for cyclopentadienylsystems-’*® The last step of the
sequenceleadingto vinyl etherVIl, is an electrocyclic
ring opening from a 1,3-cyclohexadieneto a 1,3,5-
hexatrieneSimilar rearrangementsavebeenreportedo
occurin steroidsystemsuponirradiation®

Thepresencef anacidicenvironmenis crucialto the
sequencef eventsdescribedasthetrappingof thevinyl
ethermustplay a fundamentatole in the formationof 6
and?7. This processlowsdownaspH increase$rom 1.5
to 5, andit is notobservedat pH 7. Indeed theformation
of 6 (Z-isomer) would result from an acid-catalyzed
hydrolysis of VII, with concomitantloss of the alkyl
chain.Finally, 7 would beformedby rapidisomerization
of 6 induced by light. This is consistentwith the
experimentalobservation.Thus the acidic environment
is ultimately driving the reactionsequencéeadingto 6
and?7 from theinitial dihydrophenanthrene.

All the stepsdescribedabove, after the initial ring
closureleadingto 1V, appearlikely to occurunderthe
experimentakonditionsemployed.In the absencef an
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efficient hydrolysis step for VII, however, the latter
intermediatanayrevertbackto dihydrophenathreneVl,
which presumablywould thenrevertto IV. This initial
dihydrophenanthreneould then exclusively undergoa
facile dehydrogenationto the correspondingphenan-
threnederivativeandthe naphthalenealerivativeswould
not be observedIt alsowould intuitively appeathatthis
phenanthreneould be formed from any of the dihy-
drophenanthrenéntermediatesunder the experimental
conditions.

CONCLUSION

An investigationinto the photodecompositionf drolox-
ifene was conducted.The results showeddecayto be
rapid, with the formation of its Z-isomer, several
phenanthreneproducts and, in acidic media, two
naphthalenederivatives. LC-MS was useful for the
initial identification of the phenanthrenederivatives.
Computationalmethods and comparisonof chemical
propertiesto structurally similar tamoxifen and related
phenanthreneswere used ultimately to assign the
structureof eachphenanthren@roduct. Detailed NMR
analysisvasnecessario assigrandconfirmstructureof
thetwo naphthalenelerivatives which wereunexpected
photodecayproducts of droloxifene. Their structural
assignmentsalso correlatewith propertiespredictedby
computationalmethods.In addition to describingthe
photodecaymechanismand productsof droloxifene,the
presentwork also demonstratedhe utility of computa-
tional methodsin providing supportfor the structural
elucidationof unknowndecayproducts.

Acknowledgements

The authorsthank Dr Sally Gut for assistancavith the
interpretation of droloxifene decay mechanisms,Dr
Frank DiCapuafor assistancevith someof the calcula-
tions and Dr EugeneFiesefor very helpful discussions
throughoutthis work.

REFERENCES

1. NiederM, JaegeH, J. Chromatogr.1987;413 207-217.

2. JankP, Kern D, Huber HJ, Stanislaus-. In Proceedingsof 3rd
EuropeanCongresson Biopharmacologyand Pharmacokinetics
vol. 1.1987;511-520.

3. Wilson S, RuenitzPC,J. Pharm.Sci. 1993;82: 571-574.

4. Salamoun J, MackaM, NechvatalM, MatousekM, KneselL, J.
Chromatog. 1990;514 179-187.

5. Ernst R, BodenhausenG, Wokaun A, Principles of Nuclear
MagneticResonanceén One and Two Dimensions pp. 400-489.
ClarendonPress:Oxford, 1987.

6. SPARTANMVolecular ModelingSoftware Version5.1. Wavefunc-
tion, Irvine, CA. URL http://www.wavefun.com/

7. Sybyl Molecular Modeling Software, Version 6.3 Tripos, St.
Louis, MO. URL http://www.tripos.com/

J. Phys.Org. Chem.12, 881-889(1999)



10.
11.

12.
13.

IDENTIFICATION OF PHOTODEGRADANTSOF DROLOXIFENE

. CaChe Molecular Modeling Software, Release 4.0. Oxford

Molecular, Beaverton OR. URL http://www.oxmol.com/

. Poon GK, Bisset GMF, Mistry P, J. Am. Soc. Mass Spectrom.

1993;4: 588-595.

Mallory FB, Mallory CW, Org. React.(N.Y.)1984;30: 1-456.
Mallory FB, Mallory CW, J. Am. Chem.Soc.1972; 94: 6041—
6048.

BaoZ, Yang SK, J. Chromatogr.1991;536 245-249.
CLogP,MedchenProject,Version3.55Usingthe 1996Parameter
set PomonaCA. URL http://www.biobyte.com/

Copyright0 1999JohnWiley & Sons,Ltd.

14.
15.
16.
17.

18.
19.

889

LogKowwin Version 1.57. SRC, Syracuse,NY. URL http:/
esc_plaza.syrres.com/

Doyle TD, BensonWR, FilipescuN, J. Am.Chem.Soc.1976;98:
3262-3267.

Woodward RB, Hoffman R, The Conservation of Orbital
Symmetry Verlag Chemie; Weinheim/Bergstrassel970; 114—
140.

McLeanS, HaynesP, Tetrahedron 1965;21: 2329-2342.
Childs RF, Tetrahedron1982;38: 567—608.

DaubenwG, FonkenGJ,J. Am.Chem.Soc.1959;81: 4060—4068.

J. Phys.Org. Chem.12, 881-889(1999)



