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In humans, metabolism of the commonly used nonsteroidal antiinflammatory drug diclofenac
1 yields principally the 4′-hydroxy 2, 5-hydroxy 3, and acyl glucuronide 4 metabolites. All three
metabolites have been implicated in rare idiosyncratic adverse reactions associated with this
widely used drug. Therefore, for mechanistic toxicological studies of 1, substantial quantities
of 2-4 are required and their syntheses and characterization are described here. Key steps
were a convenient two-step preparation of aniline 5 from phenol, efficient and selective
6-iodination of amide 18, and high-yielding Ullmann couplings to generate diarylamines 11
and 21. The acyl glucuronide 4 was obtained by Mitsunobu reaction of 1 (free acid) with allyl
glucuronate 23 followed by Pd(0) deprotection, using a modification of a published procedure.
We report full characterization of 4 and note that this important metabolite has been made
available pure and in quantity for the first time. We report also the metabolic fates of the
synthetic metabolites: 2 and 3 were glucuronidated in rats, but only 3 formed glutathione
adducts in vivo and by enzymatic synthesis via a quinoneimine intermediate. A previously
undescribed glutathione adduct of 3 was obtained by enzymatic synthesis. Compound 4 formed
an imine-linked protein conjugate as evinced by sodium cyanoborohydride trapping.

Introduction

Diclofenac 11 (Voltaren) has long been widely used
for its antipyretic, analgesic, and antiinflammatory
activities. The mechanism of action of 1 is by inhibition
of the arachidonic acid cascade at the level of cyclooxy-
genase-2:2 the angle of twist between the aryl rings is
critical for activity.

In general, 1 has proved to be a highly effective and
safe product. Nevertheless, various adverse reactions
have been reported, including hepatotoxicity.3 It has
been suggested that the toxicity observed is due at least
in part to one or more of the metabolites of 1 and
especially the 4′- and 5-hydroxy derivatives, their puta-
tive quinoneimine intermediates, and the drug’s acyl
glucuronide (Figure 1). The acute cytotoxicity of 1
toward isolated rat hepatocytes has been ascribed to the
combined actions of the parent compound and its
hydroxylated metabolites on mitochondria and to redox
cycling between 5-hydroxy and N,5-dihydroxy deriva-
tives.4 It has been postulated that acyl glucuronides may
cause immune-mediated adverse drug reactions in man
by covalent modification of endogenous proteins.5 How-
ever, direct evidence for the immunogenicity of the acyl
glucuronide metabolite is lacking. In humans and rats,
the principal metabolites are 4′-hydroxydiclofenac 2,

5-hydroxydiclofenac 3, and the acyl glucuronide 4. Trace
amounts of mercapturates of 2 and 3, thought to be
derived from quinoneimine intermediates via glu-
tathione adducts, have been found in rat and human
urine.6 In connection with a program of toxicological
evaluations of 1 and its metabolites, we set out to
establish robust syntheses of each of these compounds.
A number of other groups have studied diclofenac
metabolism and its toxicological consequences.4-12

The synthesis of 4 has not been reported in detail
previously. Both 2 and 3 were described in the definitive
structure-activity paper1a of analogues of 1 but without
details of the preparation of key intermediates. In
addition, a confounding conflict between tabular num-
bers and the numbers in the Experimental Section
regarding 3 and its synthetic intermediates is evident
in ref 1a. Other preparations of 2 and 3 have been
reported6-8 without experimental detail, and Water-
house13 has described a synthesis of deuterated 2; a
preparation of 2 using microbial hydroxylation has also
been described.14 It is vital for both toxicological evalu-
ation and mechanistic studies that the important me-
tabolites 2-4 should be made available in quantity and
characterized rigorously prior to biological investigation.
We now present detailed syntheses of 2-4 and sum-
marize their metabolic fates in vivo together with the
protein binding behavior of 4.

Chemistry

4′-Hydroxydiclofenac 2. The key intermediate here
is 2,6-dichloro-4-methoxyaniline 5 (Scheme 1). This
compound has been made from the expensive 3,5-
dichlorophenol in four steps and 12% overall yield13,15
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or by the very low-yielding chlorination of 4-methoxy-
aniline.16 We made use of a reported17,18 two-step
synthesis from phenol 6 commencing with nitrosation,19

which afforded benzoquinone monoxime 7 in 77% yield.
Our initial attempts to convert 7 into 5 by reaction with
gaseous HCl in dioxan-methanol or methanol-ether
afforded mainly 2-chloro-4,6-dimethoxyaniline 8, noted
as a byproduct by Goldschmidt.18 After considerable
experimentation, we found that dropwise addition of a
solution of 7 into methanol, through which HCl was

passed continuously, and maintaining an external tem-
perature of -5 to 0 °C afforded 5 in quite satisfactory
yield (45%) following basification and extraction, now
free of 8.

Standard conversion of 2-iodophenylacetic acid to its
N,N-dimethylamide 920 via the acid chloride (80%) was
followed by Ullmann coupling of 5 and 9 using activated
Cu powder. This was one of the general methods used
by the Ciba-Geigy group1a and delivered diarylamine
10 in 82% yield. It proved more expedient to effect
O-demethylation at this stage; treatment of 10 with
BBr3 proceeded smoothly at 20 °C to give free phenol
11 (81%). Rather surprisingly, this method was reported
to fail on a closely related indolone derivative.13 The
final hydrolysis step required very carefully controlled
conditions to avoid excessive degradation; eventually,
heating an ethanol solution of 11 with 1 M NaOH (8
equiv) at gentle reflux under nitrogen13 was found to
give a satisfactory yield (47%) of 2. Undoubtedly, the
free phenolic group is the source of the problem; base
hydrolysis of 10 proceeded smoothly, but BBr3 treat-
ment of the product gave cyclization to the indolone
together with O-demethylation. We found later that as
in the 5-hydroxy series (vide infra) the use of a Schlenk
tube, with rigorous exclusion of oxygen, led to a signifi-
cant increase in the hydrolysis yield (80%) and a purer
product.

5-Hydroxydiclofenac 3. We initially attempted to
prepare this derivative via an intramolecular Friedel-
Crafts reaction (Scheme 2), another reaction used in the
structure-activity relationship study.1a Palladium-

Figure 1. Selected pathways of the in vivo metabolism of 1. “Conjugates” include glucuronides and sulfate esters but are not all
fully characterized. CYP and UGT isozymes are those operative in human liver.

Scheme 1a

a Reagents and conditions: (i) NaNO2, H2SO4, 20 °C; (ii) HCl,
MeOH-Et2O, -5 to 0 °C; (iii) 9, act. Cu, CuI, K2CO3, toluene, 110
°C; (iv) BBr3, DCM, 20 °C; (v) NaOH, aqueous EtOH, 80 °C, N2.
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mediated coupling of 4-iodoanisole 12 and 2,6-dichlo-
roaniline 13 under Buchwald-Hartwig conditions21,22

afforded a fair (59%) yield of diarylamine 14 after
careful chromatography. Following acylation with chlo-
roacetyl chloride, we studied the AlCl3-catalyzed cy-
clization of the product 15.23 At 150 °C, O-demethylation
without cyclization was observed; after chromatography,
the phenol 16 was isolated in low yield (17%) ac-
companied by much degradation. When 16 was resub-
mitted to AlCl3 at 200-210 °C, cyclization was ob-
served23 and the indolone 17 was isolated in 38% yield
after chromatography. This could have been hydrolyzed
to 3, but the low yields and extensive chromatography
led us to employ a route similar to that employed for 2.

3-Methoxyphenyl-N,N-dimethylacetamide1824(Scheme
3; obtained from the corresponding acid via the acid
chloride as described for 9) was iodinated using a
recently described procedure,25 namely, heating with
N-iodosuccinimide in acetonitrile at reflux. This method
led regiospecifically to the crystalline 6-iodo derivative
1926 in very good yield (80% recrystallized). Ullmann
coupling of 19 and 13 then gave the crystalline diaryl-
amine 20, also in very good yield (91%). As in the 4′-
OH series, BBr3-mediated de-O-methylation of 20 pro-
ceeded smoothly to give 21 (90%). The final hydrolysis
proved even more troublesome than for 11, and for good
yields of 3, it was essential to rigorously exclude

oxygen: heating 21 at gentle reflux with 1 M NaOH (8
equiv) in EtOH for 37 h (Schlenk tube) then afforded a
80% yield of 3. Without this precaution, e.g., simply
employing a nitrogen balloon, the best yield of 3
obtained was 19%. The vital importance of excluding
oxygen in the hydrolysis steps of the syntheses of 2 and
3 was not previously noted1a and the above, we believe,
now represent the syntheses of choice for these impor-
tant metabolites.

Acyl Glucuronide Metabolite 4. Acyl glucuronides
are notoriously unstable compounds, being subject to
facile hydrolysis and acyl migration at either acidic or
basic pH. No one method has yet emerged as a general
synthesis of this class of metabolites.27 We opted for a
minimal protection approach via conversion of glucu-
ronic acid 22 to the allyl ester 23,28 rather than a fully
protected derivative such as 24, which takes many steps
to prepare;29 the method is given in Scheme 4. This
method, i.e., via Mitsunobu coupling,28 has been previ-
ously reported for 4 without synthetic detail.30

Under the literature conditions [glucuronic acid, DBU,
and allyl bromide in dimethyl formamide (DMF)],28 we
found that the allyl ester 23 produced was contaminated
with significant amounts of DBU even after chroma-
tography. After we dissolved this material in CH2Cl2
and cooled it, the ester was deposited as a white solid
containing only traces (ca. 2%; 1H NMR) of DBU after
filtration, and this material, which was very largely the
R-anomer by 1H NMR, was successfully progressed.
Commercial 1 (Na salt) was converted into the free acid
form, and this was coupled to 23 under Mitsunobu
conditions.28 After conventional silica chromatography
(giving a mixture of R- and â-product anomers in 25%
yield), preparative high-performance liquid chromatog-
raphy (HPLC) afforded the single â-anomer 25 as a flaky
amorphous solid in 18% yield. The â-configuration is
confirmed by δ 5.68 (1 H, d, J ) 8.0 Hz) for the anomeric
proton; any traces of the R-anomer (still present after
the silica column, removed by preparative HPLC) are
distinguishable by δ 6.2 (1 H, d, J ) 3.5 Hz). Deallyla-
tion of 25 using fresh Pd(PPh3)4 was rapid at 0 °C, but
the purification of the product by chromatography was
unreliable when methanol was used. Methanol of AR
or HPLC grade is often contaminated with trace amounts
of amines, which in the presence of methanol leads to
catalytic amounts of methoxide and Zemplen deacyla-
tion of 4 on the column. Ethanol proved far superior,

Scheme 2a

a Reagents and conditions: (i) rac-BINAP, Pd(OAc)2, Cs2CO3,
PhMe, 100 °C, N2; (ii) ClCH2COCl, 105 °C; (iii) AlCl3, 150 °C; (iv)
AlCl3, 200-210 °C.

Scheme 3a

a Reagents and conditions: (i) N-Iodosuccinimide, MeCN, reflux;
(ii) 13, act. Cu, CuI, K2CO3, toluene, 110 °C; (iii) BBr3, DCM, 20
°C; (iv) NaOH, aqueous EtOH, 80 °C, N2.

Scheme 4a

a Reagents and conditions: (i) CH2dCH‚CH2Br, DBU, DMF, 20
°C; (ii) 1, Ph3P, PriO2C‚NdN‚CO2Pri, THF, DMF, -10 to +20 °C;
(iii) Pd(PPh3)4, pyrrolidine, THF.
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being both less nucleophilic per se and free of amine
contaminants. In this way, we obtained 4 in 90% yield;
no R-/â-scrambling was observed in the deprotection
step, as evinced by δ 5.44 (1 H, d, J ) 7.8 Hz) for the
anomeric proton with no trace of R-glucuronide. Thus,
4 is now available in multihundred milligram amounts
(we prepared up to 200 mg in one run) for the first time
and with authenticated chemical and anomeric purity.

Metabolic Evaluation

Metabolism of 1-4 in the Rat. Following the iv
administration of 14C-labeled 1 to bile duct-cannulated
rats, 4, identified by liquid chromatography-mass
spectrometry (LC-MS) [m/z 470 [M - 1]-; m/z 472 [M
+ 1]+, 296 [472 - C6H8O6]+ (100), 278, 250, 215] and
cochromatography with synthetic 4, was the predomi-
nant biliary metabolite (Figure 2). Glucuronides of 2 and
3 [m/z 486 [M - 1]-; m/z 488 [M + 1]+, 312 [472 -
C6O6H8]+ (100), 294, 266, 231] identified by chromato-
graphic comparison with the biliary metabolites ob-
tained when 2 and 3 were administered individually
were also major metabolites, although it was not pos-
sible to determine directly whether they were ester or
ether glucuronides; loss of dehydroglucuronic acid
(C6O6H8) was characteristic of O-glucuronides rather
than diagnostic of either ether or ester conjugates.
However, the multiplicity of peaks in the m/z 486 ion
current chromatogram (Figure 2C) when a bile sample
was acidified with orthophosphoric acid to only pH 6.5
suggested spontaneous rearrangement (internal acyl
migration) of acyl glucuronides.12 A small amount of a
glutathione adduct of a hydroxylated derivative of 1 (m/z
617/619, [M + 1]+) was eluted at 14 min, and a lesser
amount of an isomer was eluted at 17 min. Using
acetonitrile-formic acid as the HPLC eluent, they were
shown to cochromatograph with adducts 27 and 28,
respectively (Scheme 5), of the three glutathione con-
jugates of 3 prepared by enzymatic synthesis. The
principal metabolite and 27 yielded similar mass spectra
(Table 1). However, because a base peak at m/z 342 is
obtained from the C-3′ glutathione conjugate of 2 as well
as the C-4 conjugate of 3,31a it is possible that this
metabolite was a mixture of two regioisomeric thioet-
hers.

Following iv administration of 4, some of the acyl
glucuronide was excreted unchanged in bile, but there
was evidence of hydrolysis to aglycone 1 and further
metabolism as the glucuronides of 2 and 3 (m/z 486/
488, [M + 1]+) were present at low levels; direct
cytochrome P450-mediated hydroxylation of 4 is un-
likely to occur in rats.30

Metabolite 2 was excreted in bile as a glucuronide.
There was no evidence for a glutathione conjugate. On
the other hand, 3 was excreted as a glucuronide [m/z
486 [M - 1]-; m/z 488 [M + 1]+, 312 [472 - C6O6H8]+

(100), 294, 266, 231] and also as major and minor
glutathione conjugates (Figure 3), which cochromato-
graphed with 27 and 28, respectively; the principal
metabolite and 27 yielded similar positive ion mass
spectra (Table 1).

Enzymatic Generation of Glutathione Adducts.
Using horseradish peroxidase and H2O2 to oxidize the
hydroxyl derivatives of 1 in the presence of reduced
glutathione, 3 yielded glutathione conjugates and un-

reacted quinoneimine [m/z 310/312, [M + 1]+, 292, 264,
231 (100), 201, 194, 166]. Under the same conditions, 2
was not turned over. Unlike 2, 3 is susceptible to
autoxidation in solution.31 Compound 3 formed all three

Figure 2. (A) HPLC radiochromatogram of the biliary
metabolites of [14C]-labeled 1 (2.12 µmol/kg; 0-1 h collection)
in rats where III represents a glucuronide of 2, IV represents
a glucuronide of 3, and VI represents the glucuronide 4. (B)
Negative ion ES mass chromatogram for m/z 470 correspond-
ing to 4. The maximum absolute signal intensity within this
chromatogram was 3.57e3. (C) Negative ion ES mass chro-
matogram for m/z 486 corresponding to glucuronides of 2 and
3; the multiplicity of m/z 486 peaks in bile that was acidified
to only pH 6.5 suggests spontaneous rearrangement (internal
acyl migration) of acyl glucuronides; the relative areas of the
three prominent peaks corresponding to [14C]metabolites III
and IV were 1:1.3:0.5. The maximum absolute signal intensity
within this chromatogram was 3.31e3. (D) Negative ion ES
mass chromatogram for m/z 486 in bile collected before
administration of [14C]-labeled 1. Metabolites were resolved
with a gradient of acetonitrile in ammonium acetate.

Scheme 5
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of the thioether conjugates (26-28) that can be derived
from its quinoneimine (Figure 1 and Table 1); the
proportions of the thioether products, estimated from
areas of HPLC-UV chromatographic peaks (λ ) 254
nm), were 0.27:1.0:0.84, respectively. Interestingly, only
two of the glutathione conjugates derivable from 3 have
been prepared chemically and found in the bile of rats
administered 1: in order of elution from a reversed
phase HPLC column, 5-OH-4-S-glutathionyl- and 5-OH-
6-S-glutathionyl-diclofenac.31a Their electrospray (ES)
mass spectra are distinguished by a marked disparity
in the ratio of the relative intensities of fragments at
m/z 324 and m/z 342 (0.19 vs 1.7, respectively).31a

Compound 28 is thereby identifiable as 5-OH-6-S-
glutathionyl-diclofenac because of its base peak at m/z
324 and late elution. The other enzymatic products both
yielded mass spectra with relative intensities of m/z 324
and m/z 342 that were similar to those obtained by Tang
et al. from 5-OH-4-S-glutathionyl-diclofenac (Table 1).
It is proposed that either 26 or 27 is the hitherto
unreported 5-OH-3-S-glutathionyl-diclofenac conjugate.

Protein Adduct Trapping Experiment. The rear-
rangement of 1â-acyl glucuronides via internal acyl
migration is known to give positional isomers capable
of covalently modifying proteins by either transacylation
or glycation mechanisms.32 Acyl glucuronides are com-
monly observed to be unstablesboth in terms of acyl
migration and hydrolysissat physiological pH, while
being more stable under acidic conditions.12 Thus, 4

underwent rearrangement and hydrolysis quite readily
at pH 7.4, whereas at pH 5.0 it was essentially stable
for several hours (Figure 4). The identities of the
glucuronide isomers were confirmed by LC-MS (m/z 470
[M - 1]-, 294 [470 - C6H8O6]-). Studies on other
instances of acyl migration in 1â-acyl glucuronides have
shown that the order of isomer elution from reversed
phase HPLC columns is 4-, 1R-, 1â-, 3-, and 2-acyl
isomer.12 Upon incubation with human serum albumin,
4, but neither 1, 2, nor 3, was found to bind covalently
to the protein as detected by Western blotting using an
anti-diclofenac antibody (Figure 5).33 The detection of
this adduct was dependent on the inclusion of sodium
cyanoborohydride. For the stability, and hence detec-
tion, of the protein adduct of 4 to be dependent on
reduction, it must have been formed via an imine
intermediate of the glycation mechanism, which incor-
porates glucuronic acid in the adduct. The results of
earlier work on the isomerization of 4 in aqueous
solutions indicate that the glucuronide will have un-
dergone approximately 70% acyl migration during the
2 h incubation, favoring maximum protein binding
through glycation.34,35 However, all of the published
mechanistic studies on the formation of covalent protein
adducts from diclofenac acyl glucuronide used either
microsomally generated conjugate without prior isola-
tion and analysis35,36 or conjugate isolated from rat bile
that could not be obtained in quantities sufficient for
verification of composition by 1H NMR.34 We have now
confirmed using a synthetic glucuronide that 4 can react
with soluble protein by the same imine mechanism
previously found to operate in liver microsomes,36 when
the intermediate was stabilized as an R-aminonitrile by
reversible addition of CN- rather than as an amine by
irreversible reduction. The lack of detectable diclofenac
haptens on HSA in the absence of coincubated cy-
anoborohydride contrasts with the finding that 3.8% of
[14C]diclofenac acyl glucuronide incubated for 1 h with
a 150-fold molar excess of HSAsrather than the 0.048
molar fraction used heresunderwent irreversible bind-
ing, albeit the adducts were unstable.34 Neither 2 nor 3
was oxidized by horseradish peroxidase and H2O2 to
reactive species, which yielded protein adducts detect-
able with the available anti-diclofenac antibody. How-
ever, this antibody was raised against 1 coupled to a
carrier protein through an amide linkage;33 conse-
quently, it might not recognize 1 that is bound via one
of its phenyl rings to human serum albumin as a
consequence of the protein reacting with a quinoneimine
derivative of the drug.

Table 1. ES Mass Spectra of S-Glutathione Conjugated Derivatives of 1 and 3 Formed by Enzymatic Synthesis and in Vivoa

conjugate mass spectrum

26b m/z 617 ([M + 1]+, 27), 542 ([617 - Gly], 18), 488 ([617 - Glu], 41), 385
([617 - Glu - Cys], 29), 342 ([617 - GS + S], 100), 324 ([342 - H2O], 11)

27b m/z 617 (24), 542 (16), 488 (35), 385 (26), 342 (100), 324 (12)
28b (5-OH-6-S-glutathionyl-diclofenac)c m/z 617 (28), 542 (50), 488 (71), 385 (19), 342 (77), 324 (100)
biliary metabolite of 1d m/z 617 (94), 542 (16), 488 (23), 385 (24), 342 (100), 324 (9)
biliary metabolite of 3d m/z 617 (45), 542 (10), 488 (16), 385 (13), 342 (100), 324 (2)
5-OH-4-S-glutathionyl-diclofenace m/z 617 (5), 542 (7), 488 (7), 385 (9), 342 (100), 324 (19)
5-OH-6-S-glutathionyl-diclofenace m/z 617 (8), 542 (31), 488 (17), 385 (9), 342 (60), 324 (100)

a Analyzed by LC-MS using an acetonitrile-formic acid eluent. b Generated from 3 by enzymatic synthesis: horseradish peroxidase/
H2O2. c Identified by comparison with mass spectrum of the synthetic conjugate;31a HPLC retention times: 26, 17.6 min; 27, 20.9 min;
and 28, 23.6 min. d Major component of biliary m/z 617/619 mass chromatograms, corresponding chromatographically to enzymatic product
27. e Taken from spectra in ref 31a.

Figure 3. Negative ion ES mass chromatograms for (A) the
glutathione conjugates (m/z 615/617; 14 and 17 min) and (B)
the glucuronide (m/z 486/488; 23 min) of 3 (661 µg/kg)
eliminated in the bile of rats (0-1 h collection). Metabolites
were resolved with a gradient of acetonitrile in ammonium
acetate.
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Summary
We have developed robust syntheses of the 4′- hydroxy

2, 5-hydroxy 3, and acyl glucuronide 4 metabolites of 1
suitable for the preparation of several hundred mil-
ligrams of each. For what would appear to be the first
time, the covalent binding of a haptenating acyl glucu-
ronide (4) to protein through a reductively stabilized
imine linkage has been demonstrated in vitro using a
fully characterized synthetic â-1-O-acyl glucuronide of
a drug. All three compounds are metabolized in vivo.
Again, by use of synthetic material, formation of glu-
tathione conjugates of 3 in rats, presumably through a
quinoneimine intermediate, has been confirmed. The
full set of three thioether derivatives of this quinon-
eimine was obtained by peroxidase-catalyzed synthesis.
Interestingly, 4′-hydroxydiclofenac 2 under comparable
conditions is not oxidized to a quinoneimine. This is
consistent with the easier autoxidation of 3 as compared
to 2 as expected from the known effect of chlorine
substitution on redox potentials of quinonoid sub-
stances.37 The 4′-hydroxy derivative 2 was not metabo-
lized to a thioether conjugate in rats; notwithstanding,
it is known to be metabolized to a glutathione conjugate
by liver microsomes and is evidently an intermediate
of the conjugate’s synthesis from 1 in rats and hu-
mans;31 this possibly indicates that the rate of glucu-
ronidation of exogenous 2 by rats is faster than oxida-
tion to the corresponding quinoneimine. The availability
of these synthetic metabolites will facilitate further

studies of the relationship between the metabolism and
the toxicity of diclofenac.

Experimental Section
Chemistry. Ether refers to diethyl ether. Organic solutions

were finally washed with saturated brine and dried over
anhydrous Na2SO4 prior to evaporation under reduced pres-
sure at <40 °C unless otherwise stated. Analytical thin-layer
chromatography (TLC) was performed using Merck Kieselgel
60 F 254 silica plates. Preparative column chromatography
was performed on Merck 938S silica gel. 1H NMR spectra were
recorded on Bruker 250 and 400 MHz instruments, as noted,
using the solvents indicated, with tetramethylsilane as the
internal standard. Mass spectra were obtained in the electron
impact (EI) or chemical ionization (CI) mode using a Fisons
Trio 1000 instrument, but using a VG7070E instrument for
high-resolution spectra, or in the electrospray (ES) mode using
a Micromass LCT mass spectrometer. Standard abbreviations
are used for solvents; in addition, DIAD ) di-isopropylazodi-
carboxylate.

4-Benzoquinone Monoxime (6). This compound was
prepared according to a literature procedure19 on a 0.1 M scale;
yield, 9.47 g (77%); mp 139-141 °C (lit.19 mp 137-138 °C). 1H
NMR (250 MHz, CDCl3): δ 6.52 (2 H, dd, J ) 10.4 and 2.0
Hz, H-2 + H-6), 7.22 (1 H, dd, J ) 10.5 and 2.8 Hz, H-5), 7.77
(1 H, dd, J ) 10.8 and 2.2 Hz, H-3), and 8.86 (1 H, br s, OH).

2,6-Dichloro-4-methoxyaniline (5). Dry HCl gas was
passed into methanol (60 mL), which was stirred at 0 °C until
saturation had been achieved. The internal temperature was
then lowered to -10 °C (ice-MeOH bath), and a solution of
benzoquinone monoxime 6 (5.98 g, 49 mmol) in MeOH (20 mL)
and ether (40 mL) was added dropwise with continued HCl
passage into the MeOH solution at a rate sufficient to keep

Figure 4. UV-HPLC chromatograms (λ ) 254 nm) depicting the pH-dependent rearrangement of 4 in 0.1 M sodium phosphate
buffer at 25 °C. (A) pH 7.4 over 1 h, (B) pH 7.4 over 6 h, and (C) pH 5 over 6.5 h. The peak at 13 min is 4, and that at 17 min is
1 liberated from its acyl glucuronides by spontaneous hydrolysis. Compounds were resolved on a Zorbax 5 µm C-18 column with
acetonitrile in ammonium acetate. Products were identified by LC-MS. Horizontal axis, time in min; vertical axis, response in
mV.
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the temperature below 0 °C. The HCl passage was continued
for 1 h after addition was complete, and then, the solid formed
was filtered off and washed with ice-cold MeOH. The solid was
partitioned between 10% aqueous Na2CO3 (50 mL) and ether
(2 × 30 mL), and then, the combined organic phases were dried
and evaporated to give crude product, which was chromato-
graphed, eluting with 10% EtOAc-hexane, to afford the amine
5 (2.70 g, 29%); mp 69 °C (lit.18 mp 71 °C). 1H NMR (250 MHz,
CDCl3): δ 3.72 (3 H, s, OCH3), 4.08 (2 H, br s, NH2), and 6.82
(2 H, s, ArH). Processing of the mother liquors by concentration
and then partition between 10% aqueous Na2CO3 and ether
followed by chromatography as above afforded further product
(1.49 g) of equal purity, giving a total of 4.19 g (45%). The
byproduct 8 was readily distinguished by 1H NMR (250 MHz,
CDCl3): δ 3.72 (3 H, s, CH3O), 3.77 (2 H, br s, NH2), 3.82 (3
H, s, CH3O), 6.36 (1 H, d, J ) 2.6 Hz, H-3), and 6.45 (1 H, d,
J ) 2.6 Hz, H-5).

2-(2-Iodophenyl)-N,N-dimethylacetamide (9). Oxalyl
chloride (0.35 mL) was added dropwise to a solution of
2-iodophenylacetic acid (0.53 g, 1.98 mmol) in anhydrous DCM
(12 mL), which was stirred at 20 °C. DMF (1 drop) was added,
and the solution was stirred until effervescence ceased (ca. 2
h), then evaporated to dryness, and twice re-evaporated from
anhydrous DCM. The product was redissolved in anhydrous
DCM (5 mL) and added dropwise to a two-phase system of
40% w/w aqueous dimethylamine (12 mL) in water (35 mL)
and DCM (50 mL), which was stirred vigorously at 0 °C. After
1 h, the organic layer was separated, washed with 1 M HCl
(25 mL), 10% aqueous Na2CO3 (25 mL), and water, and then
evaporated to dryness. Purification by chromatography (elut-
ing with EtOAc:hexane, 1:3) afforded the amide 920 as a white
semisolid (0.46 g, 80%). 1H NMR (250 MHz, CDCl3): δ 3.00
and 3.03 (6 H,2 s, 2 × NCH3), 3.80 (2 H, s, ArCH2), 6.94 (1 H,
ddd, J ) 7.9, 7.4, and 1.6 Hz, H-5), 7.25 (1 H, dd, J ) 7.8 and

1.7 Hz, H-6), 7.30 (1 H, ddd, J ) 7.5, 7.2, and 1.6 Hz, H-4),
and 7.80 (1 H, dd, J ) 7.9 and 0.92 Hz, H-3).

2-[2-(2′,6′-Dichloro-4′-methoxyphenylamino)phenyl]-
N,N-dimethylacetamide (10). A mixture of amide 9 (0.24
g, 0.83 mmol), aniline 5 (0.37 g, 1.90 mmol), anhydrous K2-
CO3 (0.11 g, 0.76 mmol), CuI (0.011 g, 0.052 mmol), and freshly
activated Cu powder38 (0.035 g) was stirred and heated at
reflux in anhydrous toluene (5 mL) in a Dean-Stark apparatus
filled with 4 Å molecular sieves for 48 h. No amide 9 was then
visible by TLC analysis, so the mixture was cooled, filtered,
concentrated, and diluted with EtOAc (15 mL), then washed
with water, and evaporated. Chromatography, eluting with
EtOAc:hexane, 2:3, afforded the acetamide 10 (0.24 g, 82%);
mp 161 °C (from EtOAc). Found: C, 57.5; H, 5.2; N, 7.8.
C17H18O2N2Cl2 requires C, 57.8; H, 5.1; N, 7.9%. 1H NMR (250
MHz, CDCl3): δ 2.98, 3.19 (6 H, 2 s, 2 × NCH3), 3.80 (3 H, s,
OCH3), 3.84 (2 H, s, ArCH2), 6.36 (1 H, d, J ) 8.1 Hz, H-3),
6.82 (1 H, t, J ) 7.3 Hz, H-5), 6.94 (2 H, s, H-3′ and H-5′), 7.06
(1 H, t, J ) 7.6 Hz, H-4), 7.13 (1 H, d, J ) 7.3 Hz, H-6), and
7.46 (1 H, br s, NH). m/z (EI): 353, 355, and 357 (MH+ for
35Cl2, 35Cl + 37Cl, and 37Cl2, ca. 9:6:1). We later found that a
virtually identical yield could be obtained using just 1.5 equiv
of aniline 5.

2-[2-(2′,6′-Dichloro-4′-hydroxyphenylamino)phenyl]-
N,N-dimethylacetamide (11). A 1 M solution of BBr3 in CH2-
Cl2 (0.5 mL) was added dropwise at 20 °C to a solution of
methyl ether 10 (0.050 g, 0.14 mmol) in 1,2-dichloroethane (2
mL). After 1 h, the reaction mixture was added to half-
saturated aqueous NaHCO3 (10 mL) and extracted with EtOAc
(15 mL); then, the organic phase was separated, washed with
water, and evaporated to give phenol 11 as a pale mauve solid
(0.039 g, 81%); mp 237-238 °C (from EtOAc-hexane).
Found: C, 56.6; H, 4.8; N, 8.2. C17H18O2N2Cl2 requires C, 56.7;
H, 4.75: N, 8.3%. 1H NMR [250 MHz, (CD3)2CO]: δ 2.86, 3.20
(6 H, 2 s, 2 × NCH3), 3.81 (2 H, s, ArCH2CO), 6.17 (1 H, d,
ArH), 6.72 (1 h, t, ArH), 6.94 (2 H, s, 3′-H + 5′-H), 6.98 (1 H,
m, ArH), 7.15 (1 H, dd, ArH), 7.81 (1 H, br s, NH), and 10.05
(1 H, br s, OH). MS (CI, NH3): 339, 341, 343 (MH+ for 35Cl2,
35Cl37Cl, and 37Cl2, 100, 67, and 12%).

2-(2′,6′-Dichloro-4′-hydroxyphenylamino)phenylace-
tic Acid (4′-Hydroxydiclofenac) (2). A solution of amide 11
(0.164 g, 0.48 mmol) in EtOH (5 mL) was heated at reflux
under nitrogen with 1 M NaOH (4 mL) for 24 h. The orange
solution was cooled, washed with ether (2 × 10 mL), acidified
to pH 2 using 3 M HCl, and extracted with EtOAc (25 mL);
then, the organic extract was washed with water and evapo-
rated to an orange gum. Purification by partition between
ether:EtOAc, 1:1, and half-saturated aqueous NaHCO3 (3
portions), reacidification of the aqueous phase, and re-extrac-
tion with ether afforded a light orange solid, which was
chromatographed, eluting with a gradient from 25 to 70%
EtOAc-hexane; the product was applied to the column in 25%
EtOAc-hexane plus a trace of MeOH for solubility. Appropri-
ate fractions were evaporated to yield the product 2 (0.070 g,
47%); mp 173-175 °C (from EtOAc-hexane) (lit.13 mp 185-
189 °C). 1H NMR [400 MHz, (CD3)2SO]: δ 3.65 (2 H, s, ArCH2),
6.16 (1 H, d, ArH), 6.74 (1 H, approximately t, ArH), 6.82 (1
H, br s, NH), 6.91 (2 H, s, 3′-H + 5′-H), 7.00 (1 H, ap-
proximately t, ArH), 7.13 (1 H, d, ArH), and 10.10 (1 H, v br
s, OH). MS (EI): 311, 313, 315 (M+ for 35Cl2, 35Cl37Cl, and 37Cl2,
40, 27, and 5%). We found later that performing the reaction
in a Schlenk tube with rigorous exclusion of oxygen led to a
much improved yield (70%) as in the preparation of 3 from
21; in this case, the optimum reaction time was 12 h.

2′,6′-(Dichlorophenyl)-4-(methoxyphenyl)amine (14).
4-Iodoanisole 12 (0.38 g, 2.03 mmol), 2,6-dichloroaniline 13
(0.391 g, 2.41 mmol), rac-BINAP (0.0105 g, 0.017 mmol), and
Pd(OAc)2 (0.0133 g, 0.059 mmol) were added sequentially to
redistilled toluene (6 mL), which was stirred in a round-bottom
flask previously purged with N2 for 0.5 h. The resulting bright
orange solution was stirred for 10 min, and then, Cs2CO3

(0.913 g, 2.80 mmol) was added in one portion and the mixture
was again purged with N2 for 5 min and then heated at 100
°C (external) under N2 for 20 h. Ether (100 mL) was added,

Figure 5. Western blots obtained with anti-diclofenac anti-
body, showing (A-I) binding of 4 (DCF-AG) to HSA in the
presence of sodium cyanoborohydride (20 mM), with 20, 10,
and 5 µg of protein in lanes 2, 3, and 4, respectively, and no
binding of 1 to HSA (lanes 5-7) or binding of the antibody to
HSA (lanes 8-10); (A-II) hapten inhibition by 1 (50 µM)
preincubated with antibody of the binding of 4 to HSA; (B-I)
effect of sodium cyanoborohydride concentration (20, 10, 2, 1,
0.2, 0.1, and 0.02 mM for lanes 4-10, respectively) on binding
of 4 (1.5 mM) to HSA (5 mg/mL), with a positive control for
the binding of 4 to HSA in the presence of sodium cyanoboro-
hydride (20 mM) in lane 2 and sodium cyanoborohydride
omitted from lane 3; (B-II) hapten inhibition by 1 of the binding
shown in B-I.
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and the brown reaction mixture was washed with brine, dried
over K2CO3, and evaporated to a dark green oil. Chromatog-
raphy, eluting with 5% EtOAc-hexane, afforded the amine
1423 as a pale yellow oil (0.32 g, 59%). 1H NMR (250 MHz,
CDCl3): δ 3.77 (3 H, s, CH3O), 5.77 (1 H, br s, NH), 6.71-6.83
(4 H, 2 d, 2′-, 3′-, 5′- and 6′-Hs), 6.98 (1 H, t, 4-H), and 7.34 (2
H, d, 3- and 5-Hs). MS (EI): 267, 269, and 271 (M+ for 35Cl2,
35Cl37Cl, and 37Cl2, 84, 55, and 10%).

N-(Chloroacetyl)-2′,6′-(dichlorophenyl)-4-(methoxyphe-
nyl)amine (15). Amine 14 (1.32 g, 4.93 mmol) was dissolved
in chloroacetyl chloride (11.7 g, 8.25 mL), and the resulting
solution was heated at 105 °C for 1.5 h, whereupon TLC
indicated complete reaction. Solvent was removed under high
vacuum to afford crude amide 1523 (2.12 g), which was
progressed without purification. 1H NMR (250 MHz, CDCl3):
δ 3.79, 3.82 (2 s, 3 H, CH3O, restricted rotation), 3.97 and 4.17
(2 s, 2H, CH2Cl, restricted rotation), 6.83-6.93 (2 H, m, ArH),
and 7.19-7.57 (5H, m, ArH). MS (CI, NH3): 344, 346, and 348
(MH+ for 35Cl3, 35Cl2

37Cl, and 35Cl37Cl2, 100, 95, and 31%).
N-(Chloroacetyl)-2′,6′-(dichlorophenyl)-4-(hydroxyphe-

nyl)amine (16). An intimate mixture of chloroamide 15 (2.12
g, crude product prepared as above) and finely powdered AlCl3

(2.99 g, 22.4 mmol) was stirred and heated under N2 at an
external temperature of 150-155 °C (oil bath). After 0.5 h, a
viscous but sufficiently mobile liquid resulted, and after 1.5
h, reaction appeared complete by TLC; the mixture was cooled
and partitioned between EtOAc and 1 M HCl, and then, the
aqueous layer was extracted again with EtOAc. The combined
organic extracts were evaporated to give a brown oil, which
was subjected to chromatography, eluting with 20% EtOAc in
hexane, then 30%, to give the product 16 as a brown amor-
phous solid (0.35 g, 17%). 1H NMR [250 MHz, (CD3)2CO]: δ
4.05, 4.33 (2 H, 2 s, ClCH2, restricted rotation), 6.80-6.95 (2
H, 2 d, ArH), 7.20 (ca. 0.5 H, d, ArH), 7.40 (ca. 0.5 H, t, ArH),
7.50-7.60 (ca. 3.5 H, m, ArH), 7.67 (ca. 0.5 H, ArH), 8.44, and
8.75 (1 H, 2s, OH). All of the ArH signals are complicated by
restricted rotation. MS (CI, NH3): 330, 332, and 334 (MH+

for 35Cl3, 35Cl2
37Cl, and 35Cl37Cl2, 100, 96, and 33%).

1-(2′,6′-Dichlorophenyl)-1,3-dihydro-5-hydroxyindol-2-
one (17). The chloramide 16 (0.35 g, 1.06 mmol) was again
mixed with AlCl3 (0.5 g, 3.75 mmol) and heated under N2 in
an oil bath maintained at 200-220 °C for 4 h. Workup and
chromatographic purification (eluting with 30% EtOAc-hex-
ane) as described for 16 afforded the indolone 1723 (0.11 g, 38%)
as a brown amorphous solid. 1H NMR [250 MHz, (CD3)2CO]:
δ 3.71 (2 H, s, CH2Ar), 6.25 (1 H, d, J ) 8.3 Hz, 7-H), 6.68-
6.71 (1 H, dd, J ) 8.3 and 2.5 Hz, 6-H), 6.94 (1 H, d, J ) 2.5
Hz, 4-H), 7.57 (1 H, dd, 4′-H), 7.67 (2 H, approximately d, 3′-H
+ 5′-H), and 8.19 (1 H, s, OH). MS (CI, NH3): 294, 296, and
298 (MH+ for 35Cl2, 35Cl37Cl, and 37Cl2, 100, 77, and 18%).

(6-Iodo-3-methoxy)phenyl-N,N-dimethylacetamide (19).
3-Methoxyphenylacetic acid was converted to its N,N-di-
methylamide 1824 as described for 9. A solution of the product
(2.20 g, 11.4 mmol) and N-iodosuccinimide (5.90 g, 26.27 mmol)
in acetonitrile (15 mL) was heated at reflux for 12 h, when
the reaction appeared complete by TLC. The final solution was
filtered and evaporated, and then, the residue was redissolved
in ether (50 mL), washed with 10% aqueous Na2S2O3 and
water, and evaporated. Recrystallization from EtOAc-hexane
gave the iodo compound 19 (2.79 g, 80% in two crops); mp 82-
84 °C (lit.26 mp 86-89 °C). 1H NMR (250 MHz, CDCl3): δ 3.01,
3.03 (6 H, 2 s, 2 × NCH3), 3.77 (5 H, 2 s, OCH3 + ArCH2),
6.56 (1 H, dd, J ) 8.7 and 2.9 Hz, 4-H), 6.86 (1 H, d, J ) 2.9
Hz, 2-H), and 7.69 (1 H, d, J ) 8.7 Hz, 6-H).

2-[(2′,6′-Dichlorophenyl)amino)]-5-methoxyphenyl-N,N-
dimethylacetamide (20). A mixture of iodo compound 19
(0.785 g, 2.46 mmol), 2,6-dichloroaniline 13 (0.759 g, 4.68
mmol), anhydrous K2CO3 (0.263 g, 1.86 mmol), CuI (0.026 g),
and freshly activated Cu powder38 (0.086 g) was stirred and
heated at reflux in anhydrous toluene (5 mL) for 24 h. Workup
as for 10 afforded the product 20 as a crystalline solid (0.79 g,
91%); mp 102 °C (from EtOAc-hexane). Found: C, 57.7; H,
5.2; N, 7.95%. C17H18Cl2N2O2 requires C, 57.8; H, 5.1; N, 7.9%.
1H NMR (250 MHz, CDCl3): δ 3.00, 3.19 (6 H, 2 s, 2 × NCH3),

3.76 (3 H, s, OCH3), 3.82 (2 H, s, ArCH2), 6.53 (1 H, d, J ) 8.6
Hz, 3-H), 6.67 (1 H, dd, J ) 8.6 and 2.9 Hz, 4-H), 6.75 (1 H, d,
J ) 2.9 Hz, 6-H), 6.90 (1 H, t, 4′-H), 7.17 (1 H, br s, NH), and
7.30 (2 H, d, 3′-H + 5′-H). MS (CI, NH3): 353, 355, and 357
(M+ for 35Cl2, 35Cl + 37Cl, and 37Cl2, 100, 66, and 11%).

2-[(2′,6′-Dichlorophenyl)amino)]-5-hydroxyphenyl-N,N-
dimethylacetamide (21). The methoxyamide 20 was sub-
jected to BBr3-catalyzed de-O-methylation as described for the
preparation of 11. From 20 (0.353 g, 1 mmol) was obtained 21
(0.303 g, 90%); mp 188-191 °C. Found: C, 56.3; H, 4.7; N,
8.2. C16H16Cl2N2O2 requires C, 56.65; H, 4.75; N, 8.3%. 1H NMR
(250 MHz, CD3OD): δ 3.03, 3.52 (6 H, 2 s, 2 × NCH3), 3.87 (2
H, s, ArCH2), 6.41 (1 H, d, J ) 8.6 Hz, 3-H), 6.58 (1 H, dd, J
) 8.6 and 2.9 Hz, 4-H), 6.72 (1 H, d, J ) 2.9 Hz, 6-H), 7.00 (1
H, approximately t, 4′-H), and 7.38 (2 H, d, 3′-H + 5′-H). MS
(CI, NH3): 339, 341, and 343 (MH+ for 35Cl2, 35Cl37Cl, and 37Cl2,
100, 67, and 12%).

2-[(2′,6′-Dichlorophenyl)amino]-5-hydroxyphenylace-
tic Acid (3) (5-Hydroxydiclofenac). A solution of 1 M NaOH
(2.4 mL) was added to a suspension of amide 21 (0.1 g, 0.29
mmol) in EtOH (1 mL) in a Schlenk tube, and after it was
purged with nitrogen, the mixture was heated at 80 °C for 36
h. Workup as described for 2, but with no chromatography now
required, afforded the 5-OH compound 3 (0.071 g, 80%); mp
176-178 °C. Found: C, 53.7; H, 3.5; N, 4.4. C14H11Cl2NO3

requires C, 53.9; H, 3.55; N, 4.5%. 1H NMR [400 MHz, (CD3)2-
CO]: δ 3.80 (2 H, s, ArCH2), 6.46 (1H, d, J ) 8.5 Hz, 3-H),
6.67 (1 H, dd, J ) 8.5 and 2.8 Hz, 4-H), 6.75 (1 H, br s, NH),
6.86 (1 H, d, J ) 2.8 Hz, 6-H), 7.07 (1 H, t, 4′-H), 7.44 (2 H, d,
3′-H + 5′-H), and 8.04 (1 H, br s, OH). MS (CI, NH3): 312,
314, and 316 (MH+ for 35Cl2, 35Cl37Cl, and 37Cl2, 100, 67, and
12%).

Allyl r/â-D-Glucopyranuronate (23). This compound,
prepared according to the literature procedure,28 was contami-
nated with significant quantities of DBU (20 to 30 mol %)
following chromatography. Dissolution in DCM followed by
cooling to 0 °C afforded a sticky solid, which on filtration,
washing with cold DCM, and drying was suitable for progres-
sion (DBU content now ca. 2%); the material existed mainly
as the R-anomer, although R-/â-ratios were variable with
different batches, and the recovery was about 60%. 1H NMR
(250 MHz, CD3OD, R-anomer): δ 3.44 (1 H, dd, J ) 9.4 and
3.6 Hz, 2-H), 3.55 (1 H, t, 4-H), 3.72 (1 H, t, 3-H), 4.56 (1 H, d,
J ) 9.8 Hz, 5-H), 4.71 (2 H, m, OCH2CHdCH2), 5.16 (1 H, d,
J ) 3.6 Hz, 1-H), 5.26 and 5.39 (2 H, 2 m, OCH2CHdCH2),
and 5.96 (1 H, m, OCH2CHdCH2). About 5% of the â-anomer
was present. δ (inter alia): 3.21 (0.05 H, dd, J ) 9.2 and 7.8
Hz, 2-H), 3.90 (0.05 H, d, J ) 9.8 Hz, 5-H), and 4.52 (0.05 H,
d, J ) 7.8 Hz, 1-H).

Allyl 1-O-[2-[(2′,6′-Dichlorophenyl)amino)]phenylacetyl]
â-D-Glucopyranuronate (25). To a solution of free acid 1
(301.9 mg, 1.02 mmol) and PPh3 (270 mg, 1.02 mmol) in THF
(4 mL) and DMF (0.5 mL) at -10 °C was added DIAD (200
µL, 1.02 mmol). After 5 min, a solution of allyl glucuronate 23
(120 mg, 0.52 mmol) in THF (1 mL) and DMF (0.25 mL) was
added slowly over 10 min. The solution turned dark orange.
After 1 h at this temperature and when the reaction was
judged to be complete as monitored by TLC, the solvent was
removed under vacuum. The product was purified by chroma-
tography on silica gel, eluting with 5-20% EtOH in DCM.
Product-rich fractions (UV absorbing and anisaldehyde + ve)
were combined and evaporated to give 25 as an R-/â-mixture
(2:5; 25%) and purified by preparative HPLC (Phenomenex
Semi-Prep Zorbax C-18 250 mm × 10 mm, 2 mL/min, aceto-
nitrile 10-60%, 35 min H2O, retention time 27 min). This
yielded the desired product 25, solely as the â-anomer, as an
amorphous solid (47 mg, 18%). 1H NMR [400 MHz, (CD3)2CO]:
δ 3.52 (1 H, m), 3.61 (1 H, m) and 3.70 (1 H, m, 2′-H, 3′-H and
4′-H), 3.96 (2 H, AB qt, ArCH2CO), 4.07 (1 H, d, J ) 9.5 Hz,
5′-H), 4.65 (2 H, m, OCH2CHdCH2), 5.20 (1 H, dd, J ) 10.5
and 1.4 Hz) and 5.36 (1 H, dd, J ) 17.2 and 1.6 Hz, OCH2-
CHdCH2), 5.68 (1 H, d, J ) 8.0 Hz, 1′-H), 5.94 (1 H, m,
OCH2CHdCH2), 6.49 (1 H, d, J ) 8.0 Hz, ArH), 6.78 (1 H, br
s, NH), 6.96 (1 H, t, ArH), 7.16 (2 H, m, ArH), 7.31 (1 H, dd,
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ArH), and 7.49 (2 H, d, ArH). MS (ES + ve mode): 534 (MNa+,
100%, 35Cl2), 536 (MNa+, 65%, 35Cl/37Cl), and 538 (MNa+, 12%,
37Cl2). HRMS [MH+]: m/z calcd for C23H24

35Cl37ClNO8, 514.0849;
found, 514.0844.

1-O-[2-[(2′,6′-Dichlorophenyl)amino)]phenylacetyl]-â-
D-glucopyranuronic Acid (4) (Diclofenac Acyl Glucu-
ronide). To a solution of allyl ester 25 (0.100 g, 0.24 mmol)
in THF (1 mL) at 0 °C was added Pd(PPh3)4 (0.028 g, 0.024
mmol) followed by pyrrolidine (19 µL, 0.23 mmol). The mixture
was stirred for 30 min at this temperature, and when the
reaction was judged to be complete as monitored by TLC, the
solvent was removed under vacuum. The product was purified
by chromatography on silica gel eluting with 20% EtOH-DCM
containing 0.1% acetic acid. This yielded the acyl glucuronide
of diclofenac 4 as a flaky amorphous solid (90 mg, 98%). 1H
NMR [400 MHz, (CD3)2SO]: δ 3.33 (3 H, m, after D2O exch.,
2′-H + 3′-H + 4′-H), 3.63 (1 H, m, 5′-H), 3.88 (2 H, ABqt,
ArCH2CO), 5.12 and 5.29 (2 H, 2 m, D2O exch., OHs), 5.44 (1
H, d, J ) 7.8 Hz, 1′-H), 6.26 (1 H, d, J ) 7.9 Hz, ArH), 6.86 (1
H, t, ArH), 6.97 (1 H, br s, D2O exch., NH), 7.07 (1 H, m, ArH),
7.21 (2 H, m, ArH), and 7.53 (2 H, d, J ) 8.1 Hz, ArH). MS
(ES + ve mode): 472 (MH+, 65%, 35Cl2), 474 (MH+, 40%, 35Cl/
37Cl), and 476 (MH+, 7%, 37Cl2). HRMS [MH+]: m/z calcd for
C20H20

35Cl2NO8, 472.0566; found, 472.0561.
Metabolism of 1-4 in the Rat. Adult male Wistar rats

(250 g body weight, n ) 4 per group) were anaesthetized with
urethane (1.4 g/mL in isotonic saline; 1.0 mL/kg, ip) and
cannulated via the trachea, jugular vein, and the common bile
duct. Drug blank bile was collected for approximately 20 min
before treatment. [14C]Diclofenac sodium salt 1 (2.12 µmol/kg,
674 µg/kg, 7 µCi/kg), 4 (1 mg/kg), 2 (661 µg/kg), and 3 (661
µg/kg) were dissolved in dimethyl sulfoxide-0.15 M saline (1:
4, v/v) immediately before their administration and injected
intravenously over 5 min. Bile was collected every hour for 5
h into plastic vials containing 10 µL of orthophosphoric acid
(17% v/v; pH 1.8), cooled with ice, and stored at -80°C. It was
analyzed by LC-MS. Aliquots of bile (10 µL) were mixed with
4 mL of scintillant for determination of radioactivity.

Enzymatic Generation of Quinoneimines and Glu-
tathione Adducts. Hydroxy derivatives 2 and 3 (1.5 mM)
were incubated with horseradish peroxidase (Sigma-Aldrich;
20 units/mL) and H2O2 (10 µM) in Hanks balanced salt solution
containing reduced glutathione (1 mM) at 37 °C for 2 h. The
solutions were analyzed by LC-MS.

Stability of 4 in Aqueous Solution. A solution of 4 (1
mg/mL) in 0.1 M sodium phosphate buffer (pH 5.0 or 7.4) was
incubated at 25 °C for 6.5 h. The reaction was monitored
periodically by removing aliquots (100 µL) for UV-HPLC
analysis.

HPLC and LC-MS Analyses. Samples were eluted from
either a Columbus 5 µm C-8 or a Zorbax 5 µm C-18 (for
monitoring of 4 in solution) HPLC column (25 cm × 0.46 cm;
Phenomenex) with a gradient of acetonitrile (10-50% over 40
min) in 5 mM NH4OAc, pH 6.9, at 0.9 mL/min. For analysis
of glutathione adducts only, a gradient of acetonitrile (15-
45% over 30 min; 45-65% over 10 min) in 0.1% formic acid
was also used. The eluate was monitored at 254 nm. Split-
flow eluate (ca. 50 µL/min) was transferred to the LC-MS
interface of a Micromass Quattro II mass spectrometer. The
ES source was operated at 80 °C using N2 as nebulizing and
drying gas. Analyte fragmentation was achieved at a cone
voltage of 50 V. Radiolabeled metabolites were detected by
passing the eluate through a Packard Radiomatic Flow-One
âeta A250 counter after mixing with Ultima-Flo AP scintillant
(Packard Bioscience BV, Groningen, Netherlands) at 1 mL/
min.

Covalent Binding of 1-4 to Human Serum Albumin.
The ability of 1-4 (1.5 mM) to bind covalently to protein was
investigated by incubation with human serum albumin (HSA;
Fraction V, Sigma Chemical Co.; 5 mg/mL, 72 µM) in phos-
phate buffer (0.1 M, pH 7.4) in the presence or absence of
sodium cyanoborohydride (0.02-20 mM) for 2 h at 37 °C.
Control incubations were HSA in the absence of drug. Ad-
ditionally, 2 and 3 were incubated with HSA (5 mg/mL) in the

presence of horseradish peroxidase (20 units/mL) and H2O2

(10 µM) to assess the extent to which quinoneimines might
contribute to protein adduct formation. On completion of the
incubation, samples were diluted to 4 mg/mL protein and
analyzed by Western blotting.

Western Blotting. Protein (5-20 µg protein/well) was
electrophoresed in a 10% resolving gel for approximately 45
min,39 blotted onto a nitrocellulose membrane for 1 h at 70 V
and 4 °C, and stained with Ponceau Red to assess transfer.
The membrane was immersed overnight in a blocking buffer
comprised of 5% powdered milk in 100 mM phosphate buffered
saline containing 0.25% Tween-20 (T-PBS) and thereafter
washed with T-PBS (1 × 15 min, 2 × 5 min). It was then
incubated for 1 h with rabbit anti-diclofenac antibody33 diluted
1:2000 in blocking buffer. Unbound antibody was removed by
washing in T-PBS as before. The membrane was incubated
finally for 1 h with horseradish peroxidase-conjugated anti-
rabbit IgG (1:5000, Amersham Life Technologies). Blots were
washed in T-PBS, and immune complexes were visualized
using an enhanced chemiluminescence detection system (Am-
ersham Life Technologies). Drug specific antibody recognition
was confirmed by hapten inhibition when the anti-diclofenac
antibody was preincubated with 1 (50 µM) for 30 min.
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