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The oxidation of drugs using metalloporphyrins has been the subject of several studies in recent years.
Diclofenac, one of the most frequently used anti-inflammatory drugs, is metabolized in humans by
cytochrome P450 (CYP) enzymes to hydroxy-derivatives and to some metabolites resulting from
oxidative decarboxylation. In this paper, the in vitro formation of several new diclofenac derivatives,
initially resulting from oxidative decarboxylation, similar to what happens in vivo, is revealed. Chloro
[5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinato]manganese(iil), [Mn(TDCPP)CI], and chloro
[5,10,15,20-tetrakis(pentafluorophenyl)porphyrinatojmanganese(1ir), [Mn(TPFPP)CI], are tested in
the presence of hydrogen peroxide at room temperature. The new products obtained are fully
characterized, three of them being characterized in the solid state using X-ray diffraction studies.

Introduction

Diclofenac, 2-[(2,6-dichlorophenyl)amino]benzeneacetic acid (1),
one of the most frequently used anti-inflammatory drugs, is
metabolized in humans by cytochrome P450 (CYP) enzymes to
hydroxyl-derivatives, among which 4’-hydroxydiclofenac, the
major metabolite, and 5-hydroxydiclofenac were isolated and
characterized.'> Some metabolites resulting from oxidative
decarboxylation of diclofenac mediated by CYP enzymes have
also been reported.”

Pharmaceuticals, as potential environmental contaminants,
have received increasing scientific and public attention in the last
years.” In particular, diclofenac (1) and its metabolites are
recurrently detected in many environmental matrices and much
effort has been made to remove these compounds from the
environment, usually by oxidative processes.®!'® Synthetic
models are helpful, not only for understanding the behaviour
of pharmaceuticals in the environment, but also in the prediction
of drugs’ mechanism of action. Thus, biomimetic models may
allow the production of metabolites or metabolite candidates,
and even the isolation and identification of unstable in vivo
intermediates.!! Metalloporphyrins (MPs) are recognized as
excellent catalysts able to mimic the oxidation reactions
catalyzed by CYP enzymes, including epoxidation or hydroxyla-
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tion.!""!* Some authors have reported the hydroxylation of
diclofenac catalyzed by MPs with ammonium acetate as co-
catalyst and hydrogen peroxide or f-butyl hydroperoxide as
oxidants."*'® Moreover, in the presence of oxidants such as
periodates, iodosylbenzene, N-oxides or hydrogen peroxide,
metalloporphyrins have shown to be good catalysts for the
oxidative decarboxylation of carboxylic acids and some anti-
inflammatory drugs having a carboxyl moiety.!” >

Our group was able to build up a line of research in the field of
biomimetic oxidation of organic compounds using H>O», a cheap
and waste-avoiding oxidant, and Mn(111) or Fe(ll1) porphyrins as
catalysts.>** In this paper, our recent studies on the oxidation of
diclofenac (1) using hydrogen peroxide as oxidant and manganese
(111) porphyrins as catalysts are presented. Chloro [5,10,15,20-
tetrakis(2,6-dichlorophenyl)porphyrinatojmanganese(Iir), [Mn
(TDCPP)CI1] (CAT-1), chloro [5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrinatolmanganese(1i1), [Mn(TPFPP)CI] (CAT-2)
(Fig. 1) and three different co-catalysts were used, namely
ammonium acetate, sodium acetate/acetic acid (1:1) and
imidazole. Several products have been observed, mainly resulting
from an initial oxidative decarboxylation process (Fig. 2).
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Fig. 1 Structures of the catalysts used in the present study.
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Fig. 2 Structures of diclofenac and diclofenac derivatives.

Results and discussion

The oxidation reactions of diclofenac (1) using the selected
manganese(I1T) porphyrins as catalysts (Fig. 1) were performed
with progressive additions of diluted H,O,, under normal
atmosphere, in a mixture of acetonitrile/water at 30 °C. The
reactions were monitored both by TLC and by reverse-phase
HPLC and the conversion of 1 was determined by HPLC using
p-chloroacetophenone as internal standard. The addition of
H,0, was stopped when no further conversion of 1 was observed
after two successive HPLC analyses. Compounds 3-9 (Fig. 2)
were isolated by TLC and fully characterized by mass spectro-
metry, 1D and 2D NMR studies. The structures of compounds
4, 6 and 7 were unambiguously elucidated by X-ray crystal-
lography (see details below). The structural details of compound
4 have recently been described.™

The quantification of the products obtained under the
different catalytic conditions studied (Table 1) was based on
the analysis of the NMR spectra of the final reaction mixtures;
the ratio between products 3-9 was determined using selected

diagnostic signals for each derivative (vide infra). These analyses
were performed after passing the reaction mixtures through a
column to remove the paramagnetic manganese catalyst.

Under the present conditions, besides the aromatic ring (A)
hydroxylation and subsequent quinone-imine formation, the
main products result from the oxidative decarboxylation of
diclofenac; this then leads to the formation of several ester (5 and
6) and geminal diester (7-9) derivatives.

The analysis of Table 1 shows that the best conversions (59—
78%) of 1 were achieved when [Mn(TDCPP)CI] was used as
catalyst. The formation and the relative proportions of the
products seem to be related with the co-catalyst used. Compound
4 was only observed in the presence of ammonium acetate. The
presence of the amino group in the structure of this compound
let us to conclude that its formation results from the reaction
with ammonium acetate. Therefore, in order to avoid this side
product, further reactions using a sodium acetate/acetic acid
mixture (1 : 1) as co-catalyst were performed.’® Under these
conditions the absence of compound 4 was accompanied by an
increase in the amount of compound 3 (48% vs. 6%). However,
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Table 1 Oxidation of diclofenac with H,O, catalyzed by CAT-1 and CAT-2¢

Ratio (%)°

Catalyst Co-catalyst H»0; (equiv.) Time (h) Conv. (%)" 3 4 5 6 7 8 9
CAT-1 Ammonium acetate 16 8 78 6 23 11 25 7 18 10
Sodium acetate/acetic acid (1 : 1) 16 8 59 48 0 4 10 8 18 12
Imidazole 16 8 64 13 0 44 0 0 42
CAT-2 Ammonium acetate 6 3 22 12 12 3 17 3 18 35
Without Ammonium acetate 8 4 0 — — — — — — —

“ Reaction conditions: 0.1 mmol of diclofenac, 1.33 x 102 mmol of catalyst (a solution in CH;CN) and 0.2 mmol of ammonium acetate, or 0.2
mmol imidazole, or sodium acetate/acetic acid mixture (0.1 mmol + 0.1 mmol) in CH3;CN:H,O (10 : 1), for a total volume of 2.0 mL, under
normal atmoss)here at 30 °C; the oxidant used was 30% H,O, (w/w) diluted (1 : 5) in CH;CN and 0.05 mmol were added to the reaction mixtures

every 15 min.

Determined by reverse phase HPLC. ¢ Determined by 'H NMR.

products 5, 7 and 8 resulting from esterification with the acetic
acid present in the reaction medium were still obtained. In order
to avoid the plethora of products due to the esterification
pathway with acetic acid, imidazole was used as the co-catalyst.
Under these conditions the formation of aldehyde 3 was
accompanied by the formation of only the monoester 6 and of
the geminal diester 9, both resulting from the esterification with
diclofenac.

The oxidation of diclofenac in the presence of [Mn(TPFPP)Cl]
and ammonium acetate showed to be much less efficient. The
conversion of diclofenac (22%) stopped after 3 h of reaction.
This result can be related to the well known degradation of
metalloporphyrin catalysts, namely when H,O, is used as
oxidant.*”* The absence of the typical Soret band in the UV-
vis spectrum of the reaction mixture after 3 h of reaction seems
to corroborate the degradation of the catalyst as the chief reason
for the lower efficiency of this catalyst when compared with
[Mn(TDCPP)CI]. Blank experiments were performed, without
catalyst, and no diclofenac conversion was registered using
HPLC.

Mechanistic considerations

Scheme 1 illustrates two putative mechanistic proposals for the
formation of the obtained diclofenac derivatives 2-9. Mansuy
and collaborators have isolated the quinone-imine intermediate
10 in the oxidation of diclofenac with metalloporphyrins and
obtained 2 by the reduction of 10 with NaBH,.'® In the present
work, compound 2 was observed using HPLC at the beginning
of the oxidation reactions, almost disappearing during the
oxidation process. However, we were able to isolate a small
amount of compound 2 using HPLC and to obtain its mass
spectrum, which is in accordance with the literature data.'® This
let us to suggest that diclofenac derivatives may result from a
pathway involving the formation of intermediate 2 that can be
oxidized to the quinone-imine intermediate 10, which after
decarboxylation affords intermediate 11 (Scheme 1 - pathway a).
The oxidation of 11 originates alcohol 12, the putative precursor
of monoesters 5 and 6, through esterification with acetic acid or
another molecule of diclofenac, respectively. Further oxidation
of 12 can afford aldehyde 13 or the geminal diol 14, potential
precursor of the symmetric geminal diesters (also known as
acylals) 7 and 9 and of the asymmetric geminal diester 8 obtained
by esterification with the acids present, namely diclofenac and
acetic acid. One possibility is the formation of geminal diol 14

during the oxidation process,***° being rapidly quenched by the
acidic components present in the reaction medium. Geminal
diesters are usually prepared from aldehydes and acid anhydrides
using strong protic acids, a different approach being presented
here.*!#?

The second mechanistic proposal is based on the formation
and isolation of aldehyde 3 (Scheme 1 - pathway b), supporting
the possibility of a decarboxylation process to occur before the
hydroxylation of ring A, affording intermediate 15. The
oxidation of 15 into 11 and/or 16 can justify, after further
oxidation, the formation of 12, the precursor of the monoesters.
Similarly, both the oxidation of 16 and/or 12 can justify the
formation of geminal diol 14, the precursor of the geminal
diesters. The formation of compound 4 can be justified through a
Michael addition reaction between 13 and NH; from ammonium
acetate present in the reaction medium. So, compound 3 should
result from the decarboxylation of 1 followed by oxidation, as
already described in the literature for diclofenac, in vivo,* and for
other carboxylic acids, using a supported manganese(III)
porphyrin.?

Structural elucidation

The structures of the new products 4-9 were established based on
a careful analysis of their '"H and '>*C NMR spectra and their
molecular formulae were confirmed by HRMS. 2D NMR studies
(COSY, HMBC and HSQC) were also carried out in order to
unequivocally identify the proton and carbon resonances that
support the proposed structures. In addition, the structures of
compounds 4, 6 and 7 were unambiguously established from
single crystal X-ray crystallography (see discussion below).

The MS data obtained for 2 is in agreement with the
literature.'® In fact, an electrospray (ESI) mass spectrum (MS)
of 2 showed the [M+H]" ion at m/z 312 and the corresponding
sodium adduct [M+Na]" ion at m/z 334. The formation of both
ions confirmed the presence of a molecular species with 311 of
molecular weight (compound 2). The MS/MS spectrum of the
[M+H]" showed the product ions at m/z 294 (due to loss of
H>0), at m/z 266 (due to loss of HCOOH, confirming the
presence of a carboxylic group) and at m/z 231 and 230, due to
loss of CI" and HCI, the latter ones confirming the presence of
chlorine atoms in the molecule. In order to confirm the proposed
structure based on the fragmentation pathways, and since the
sample was very pure, pseudo MS? spectra of ions at m/z 294 and
266 were acquired. These ions were formed in the source by
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Scheme 1 Putative mechanism for the formation of diclofenac (DCF) derivatives. The compounds between brackets are potential intermediates.

increasing the cone voltage to 40 V, producing in-source
fragmentation. This procedure gives similar information of
MS? spectra obtained in an ion trap mass spectrometer.** The
pseudo MS? spectrum of the ion at m/z 294 showed the product
ion at m/z 266 while the pseudo MS? spectrum of the ion m/z 266
showed the ion at m/z 231.

The mass spectrum of 3 was obtained by GC-MS and is in
accordance to the literature.** Moreover, the '"H NMR spectrum
of 3 shows, besides the singlets at 6 9.99 and 9.79 ppm identified
as the CHO and NH protons, respectively, a triplet at 6 7.19 ppm
and a doublet at 6 7.43 ppm corresponding, respectively, to the
proton resonances of 4’-H and 3’,5'-H of the chlorinated B ring.
The signals due to the A ring of 3 appear as a broad doublet at &
6.35 ppm (3-H), a double triplet at 6 6.90 ppm (5-H), a double
doublet of doublets at 6 7.35 ppm (4-H), and a double doublet at
0 7.62 ppm (6-H). This pattern is in agreement with that
observed for diclofenac in the aromatic region and confirms that
both aryl units A and B of 3 are intact.

The "H NMR spectrum of aldehyde 4 presents a singlet at o
10.69 ppm corresponding to the resonance of the CHO proton,
and two doublets at 6 6.59 and 6.70 ppm corresponding to 4-H
and 5-H, respectively. The resonances of the NH, protons
appear as two broad singlets at ¢ 6.49 and 9.70 ppm due to the
different intramolecular N—H---O hydrogen bonds. The signals
of ring B of 4 maintain the characteristic pattern already
described for aldehyde 3.

The 'H NMR spectra of the more complex compounds 5-9
are consistent with the presence of the quinone-imine ring A

showing resonances attributed to the protons 2-H, 4-H and 5-H
between 6 6.4 and 6.7 ppm. The characteristic pattern of the B
ring is maintained in all these derivatives confirming that the
oxidation did not occur in this unit. In addition, the multiplicity
of 2-H at ring A, due to the long-range coupling with the CH,
protons in derivatives 5 and 6, or with the CH proton in
derivatives 7-9 directly linked to ring A can be used as a
fingerprint tool to confirm the structure of these derivatives as an
ester (5 and 6) or a diester (7-9).

In particular, the '"H NMR spectrum of compound 5 shows
the resonances of methylene protons as a doublet (/ = 1.9 Hz)
at 6 5.33 ppm and the resonance of protons 2-H as a double
triplet (J = 1.9 and J = 2.1 Hz), since it is also coupled with
4-H, at ¢ 6.70 ppm. The resonances of protons 4-H and 5-H
appear as a double doublet and as a doublet at 6 6.47 and 6.65
ppm. The proton resonance of the methyl group of 5 appears
as a singlet at 6 2.20 ppm. The 'H NMR spectrum of
compound 6 shows the proton resonances of rings A (2-H, 4-H
and 5-H) and B (3’'-H, 4’-H and 5'-H) and of the methylene
protons with a similar pattern to that described for compound
5. In the aliphatic region, the '"H NMR spectrum of 6 presents
a singlet at 6 3.95 ppm assigned to the methylene protons of the
extra diclofenac unit (CH, linked to ring A’). Based on the 2D
NMR studies, COSY, HSQC and HMBC spectra (Fig. 3
presents the main HMBC correlations), it was possible to
identify all the proton and carbon resonances of 6, namely the
signals of the two different 2,6-dichlorophenyl units (rings B
and B’).
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Fig. 3 Main connectivities in the HMBC spectra of compounds 6 and 8.

Considering the "H NMR spectra of diesters 7-9, the proton
resonance of the geminal linkage was identified as the doublet
occurring at 6 8.07 ppm for 7, at 6 8.16 ppm for 8 and at 6 8.22
ppm for 9 due to the long-range coupling with 2-H of ring A.
The resonance of proton 2-H of the quinone-imine ring A
appears as a double doublet at § 6.86 ppm for 7, at 0 6.79 ppm
for 8 and at 6 6.68 ppm for 9, due to the long-range coupling
with the methynic proton of the geminal linkage and with 4-H
from ring A.

For the symmetric diester 7, the signal in the aliphatic region
at 0 2.17 ppm integrating for six protons was attributed to the
methyl protons of the acetate group. Considering the same
region from the spectrum of the asymmetric diester 8, in addition
to the singlet at 6 2.16 ppm also attributed to the acetate group,
an AB spin system at ¢ 3.91 and 3.89 ppm were observed, which
were assigned to the diastereotopic methylene protons of the
extra diclofenac unit. A similar feature was observed for the
methylenic protons of the two extra diclofenac units of diester 9.
The resonances of these four aliphatic protons also appear as an
AB spin system at ¢ 3.88 and 3.94 ppm.

Although the 'H and '*C NMR spectra of diesters 8 and 9
present a complex pattern in the aromatic region due to the extra
diclofenac units, the assignment of the signals was possible based
on correlations observed in the COSY and HSQC spectra, but
the HMBC correlations were the most important ones to
establish the connectivities between the moieties of these
molecules, as exemplified for diester 8 in Fig. 3.

The most important features in the '*C NMR spectra of the
new compounds are the carbon resonances assigned to: i) the
imino (6 158.2-159.3 ppm) and keto-carbonyl groups (¢ 182.3—
186.8 ppm) of the quinone-imine moiety for compounds 4-9; ii)
the ester groups (0 167.9-171.6 ppm) for compounds 5-9; iii) the
methyne carbon of the geminal linkage (6 85.0-88.6 ppm) for
compounds 7-9; iv) the methylenic carbon directly linked to ring
A (0 60.8 and 61.6 ppm) for the monoesters 5 and 6; v) the
aldehyde group (6 193.5 ppm) for compound 4.

The signals used for the quantification of compounds 3-9 by
"H NMR were those of the aldehyde protons at 8 9.99 ppm for 3
and at 6 10.69 ppm for 4, those of the methylene protons at
5.33 ppm for 5 and at ¢ 5.40 ppm for 6, those of the methyne
protons at ¢ 8.07 ppm for 7, at ¢ 8.16 ppm for 8 and at § 8.22
ppm for 9.

Single-crystal X-ray diffraction studies

Compounds 2-amino-6-(2,6-dichlorophenylimino)-3-oxocyclo-
hexa-1,4-dienecarbaldehyde (4), [6-(2,6-dichlorophenylimino)-3-
oxocyclohexa-1,4-dien-1-yljmethyl 2-[2-(2,6-dichlorophenylami-
no)phenyl]acetate (6) and [6-(2,6-dichlorophenylimino)-3-oxocy-
clohexa-1,4-dien-1-yljmethylene diacetate (7) were successfully
recrystallized as small single-crystals and their crystal structures
unequivocally elucidated using X-ray diffraction. The structural
details of compound 4 have recently been described and we refer
the reader to this previous publication for a detailed structural
description of its crystal features.®

Compound 6 crystallizes in the centrosymmetric P2,/n
monoclinic space group with the asymmetric unit being
composed of a whole molecular unit as depicted in Fig. 4.
Despite the ability of the molecule to permit rotational move-
ments around the central ester group, the combination of a
strong intramolecular N—H---O hydrogen bond (between the
amine group and the adjacent carbonyl moiety) [internuclear
distance of 2.833(5) A], and the presence of two peripheral bulky
2,6-dichlorobenzene substituents, leads to a robust molecular
unit which close packs in the solid state driven by the need to
effectively fill the available space (Fig. 5). Indeed, the existence of
two chloride atoms in each peripheral section of the molecule
induces, on the one hand, a rotation of the 2,6-dichlorobenzene
substituents with respect to the neighbouring six-membered rings
so order to minimize steric repulsion between such adjacent
bulky moieties: the C16—C21 ring subtends an angle of ca. 64°
with the C22—C27 ring, while the analogous angle between the
C1—C6 and C7—C12 rings is of ca. 75°. On the other hand, due
to the same steric hindrance effects, rotation is thus severely
limited, hence leading to the aforementioned structural robust-
ness of the molecular unit. We note the remarkable absence of n—
7 contacts in the crystal structure, most likely also due to the
significantly twisted nature of the molecular unit. The close
packing of individual molecules of 6 also leads to the
concomitant formation of a relatively small number of weak
C—H:--O hydrogen bonding interactions. Worth of note is the
C9—H9---O1 interaction which is rather strong [dp..n of
3.357(6) A] and directional [£(DHA) greater than 160°],
ultimately establishing an effective bridge between adjacent
molecular units of 6 (thus forming pseudo-dimers) via the

This journal is © The Royal Society of Chemistry 2012
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Intra-molecular N-H:--O
hydrogen bonding
[ interaction

Fig. 4 Schematic representation of the asymmetric unit of compound 6 which is composed by a whole molecular unit. Non-hydrogen atoms are
represented as thermal ellipsoids drawn at the 50% probability level and hydrogen atoms as small spheres with arbitrary radius. The atomic labelling of
all non-hydrogen atoms is provided. Intramolecular hydrogen bonding interactions are represented as dashed violet lines. For geometrical details on the

represented supramolecular interactions see Table 2.

Fig. 5 Ball-and-stick representation of the crystal packing of compound 6 viewed in perspective along the [010] direction of the unit cell.
Supramolecular interactions (both intra- and intermolecular) have been omitted for clarity. For geometrical details on these supramolecular

interactions see Table 2.

creation of a R3(8) graph set motif (not shown).* Additional
C—H---O supramolecular contacts in conjunction with a weak
Cl--m contact interconnect adjacent pseudo-dimers (Table 2)
yielding the crystal structure of 6.

Compound 7 crystallizes in the triclinic P1 space group with
the asymmetric unit being instead composed of two whole
crystallographically independent molecular units as shown in
Fig. 6a. As depicted in the overlay representation (Fig. 6b), the
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Table 2 Supramolecular contacts present in compound 6. Distances are
given in A and interaction angles in degrees.*’

D-H--A d(D-+-A) Z(DHA)
N2—H2:--03 2.833(5) 127
C9—HY9---01' 3.357(6) 167
CI13—HI3A---01" 3.360(6) 135
C15—HI15B---01 3.397(6) 154
Cl---m Contacts d(Cl---m) /(CCln)
C27—Cl3:-- Cg, 3.962(3) 77.04(14)

“ Symmetry transformations used to generate equivalent atoms: (i) 1 —
X, 2=y, —z@ 1l —x 1 -y —z (i) x, =1 +y, z b Centres of
gravity (Cg) (see Fig. 4): Cg; = C7, C8, C9, C10, Cl11 and C12.

distinction between the two moieties concerns solely a rotation
about the C—C bond of the tertiary carbon while the remaining
portion of the molecules remains approximately unaltered: the
C—H bond is, thus, in opposite sites of the plane defined by the
nitrogen atom and the oxocyclohexa-1,4-dien-1-yl ring six-
membered ring, leading to +syn-clinal and -syn-clinal conforma-
tions which correspond to torsion angles of ca. 58 and —55°,
respectively. These two crystallographically independent moi-
eties are at the genesis of two independent supramolecular one-
dimensional chains which close pack in the ab plane of the unit
cell in a typical brick-wall-like fashion to yield the structure of 7
(Fig. 7). Each chain is assembled by a combination of strong
onset m-m contacts between symmetry-related 2,6-dichloroben-
zene substituents [inter-centroid distances ranging from 3.464(4)
to 3.620(4) — Fig. 7b] and weak C—H---O supramolecular
contacts involving, mainly, the terminal —~CHj3 groups and
adjacent carbonyl moieties (not shown). Despite the low
directionality of these latter interactions [all Z(DHA) interaction
angles are smaller than 139° - Table 3] they induce nevertheless a
close proximity between donor and acceptor [dp...5 ranging from
3.217(10) to 3.413(8) A], hence being of decisive importance in
the supramolecular assembly of the crystal structure of 7.
Connections between adjacent chains are mainly of the Cl--'n
type and, remarkably, involve only one chloride atom: while the
moiety on the right of Fig. 6a interacts via CI2 with the
neighbouring C24—C29 ring, the moiety on the left is instead
interacting with the C7—C12 ring via the chloride atom CI3 (see
Table 3 for additional geometric details). A note worth
mentioning concerns the fact that these Cl---w interactions only
occur with the oxocyclohexa-1,4-dien-1-yl ring, in particular with
the localised double bonds belonging to the residue.

Experimental

General oxidation procedure

The oxidation reactions were carried out using 0.1 mmol of
diclofenac sodium salt, 1.33 x 10~ mmol of catalyst, the co-
catalyst (0.2 mmol of ammonium acetate, 0.2 mmol of imidazole
or 0.1 mmol of sodium acetate + 0.1 mmol of acetic acid), and
p-chloroacetophenone (I.S.; 0.23 mmol) in CH3CN:H,O (10 : 1)
in a total volume of 2.0 mL under normal atmosphere at 30 °C
and protected from light. The oxidant used was aqueous
hydrogen peroxide 30% (w/w) diluted (1 : 5) in CH5CN, and
0.05 mmol were added to the reaction mixture every 15 min.

Reactions were monitored by TLC using dichloromethane as
eluent and by HPLC, which was carried out using a Merck
model L-6200A instrument equipped with a L-4250 UV-Vis
Merck detector and a LiChrospher 100 RP-18.5 pum reversed-
phase column. The mobile phase consisted initially of 45%
solvent A [acetic acid in water (0.05M)] and 55% solvent B
[acetonitrile] for 20 min, followed by a 10 min linear gradient
going from 55% solvent B to 90% solvent B. This 10 : 90 (A:B)
ratio was kept for more 30 min, followed by a 10 min re-
equilibration to the initial conditions. The HPLC flow rate was
0.65 mL min "' and the detector was set to 4 = 276 nm. At the
end of the reactions, the mixtures were analyzed by UV-Vis
(Uvikon 922) to evaluate the catalyst degradation, extracted with
CH,Cl, and the organic compounds were separated by
preparative TLC using dichloromethane as eluent, and analyzed
by 'H and *C NMR (Bruker Avance 300 spectrometer at 300.13
and 75.47 MHz, respectively), using CDCl; as solvent and TMS
as the internal reference. Chemical shifts (0) are given in ppm
and coupling constants (J) are given in Hz. High resolution mass
spectral analyses (HRMS-ESI") were performed with a
microTOF (focus) mass spectrometer. Ions were generated with
an ApollolI (ESI) source. Ionization was achieved by electro-
spray, with the use of a voltage of 4500 V applied to the needle,
and a counter voltage between 100 and 150 V applied to the
capillary. Melting points were determined with a Biichi melting
point apparatus and are uncorrected.

The conversion of 1 was determined by HPLC using an
internal standard, and the ratio between the products 3-9 was
based on the '"H NMR spectra of the final reaction mixtures,
after column chromatography using dichloromethane with 5%
methanol as eluent. The GC-MS analysis of 3 was performed on
a Finnigan Trace GC-MS (Thermo Quest CE instruments)
using helium as the carrier gas (35 cm s~ '). The column used
was a silica capillary DB-5 type (30 m x 0.25 mm id, 0.25 um
film thickness). The chromatographic conditions were as
follows: split ratio: 1/40; initial temperature: 120 °C (2 min);
temperature rate: 10 °C min~'; final temperature: 260 °C (10
min); injector temperature: 270 °C; MS interface temperature:
270 °C.

A small amount of compound 2 was collected by HPLC,
dried under vacuum in a Speed-vac apparatus to remove the
acetonitrile and then analyzed by ESI-MS, after being taken in
methanol. Electrospray mass spectrometry (ESI-MS) and
tandem mass spectrometry (ESI-MS/MS) spectra in positive
ion mode were acquired in a Q-TOF 2 instrument (Micromass,
Manchester, UK). For the acquisition of mass spectra the
needle voltage was set at 3000 V with the ion source at 80 °C
and cone voltage at 15 V. Nitrogen was used as nebulizer gas
and argon as collision gas. Tandem mass spectra (MS/MS) of
molecular ions were performed by collision induced decom-
position using argon as the collision gas and by changing
collision energy between 15-20 eV. Pseudo MS® spectra was
obtained increasing the cone voltage to 40 V and MS/MS
spectra were obtained for the pseudo product ions obtained in
the source using the same experimental condition reported for
the MS>*® Data acquisition was carried out with a
Micromass Masslynx 4.0 data system.

All reagents were purchased from commercial sources unless
otherwise noted.
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Overlay of the two molecular units (b)

=== +syn-clinal
<(H13-C13-C12-C7) ca. 58°

=== -syn-clinal

<(H30-C30-C29-C24) ca. -55°

Fig. 6 (a) Schematic representation of the two whole molecular units composing the asymmetric unit of compound 7. Non-hydrogen atoms are
represented as thermal ellipsoids drawn at the 30% probability level and hydrogen atoms as small spheres with arbitrary radius. The atomic labelling of
all non-hydrogen atoms is provided. (b) Structural overlap of the two crystallographically independent molecular units emphasising the two distinct
conformations which arise from the rotation along the tertiary carbon atom. Structural drawing created using the software package Mercury.>’

Characterization

2-[2-(2,6-dichlorophenylamino)-5-hydroxyphenyllacetic acid or
S-hydroxydiclofenac (2): ESI-MS miz: 334.0 [M+Na]", 312.0
[M+H]* 1047

2-(2,6-Dichlorophenylamino)benzaldehyde (3): oy (300 MHz;
CDCls) 6.35 (1H, br d, J = 8.4 Hz, 3-H), 6.90 (1H, dt, /= 7.4 and
0.9 Hz, 5-H), 7.19 (1H, t, J = 8.1 Hz, 4’-H), 7.35 (1H, ddd, J =
8.4,7.4 and 1.5 Hz, 4-H), 7.43 (2H, d, J = 8.1 Hz, 3',5'-H), 7.62
(1H, dd, J = 7.4 and 1.5 Hz, 6-H), 9.79 (1H, br s, NH), 9.99 (1H,
s, CHO) ppm. MS (EI) m/z: 267 (38%), 266 (9), 265 (M*" , 60),
232 (18), 231 (10), 230 (56), 229 (9), 204 (11), 203 (11), 202 (33),

201 (20), 195 (13), 168 (14), 167 (100), 166 (29), 165 (8), 164 (11),
161 (8), 139 (9), 119 (15).**

2-Amino-6-(2,6-dichlorophenylimino)-3-oxocyclohexa-1,4-diene-
carbaldehyde (4): m.p. 135-136 °C; oy (300 MHz; CDCl3) 6.49
(IH, br s, NH>), 6.59 (1H, d, J = 10.3 Hz, 4-H), 6.70 (1H, d, J =
10.3 Hz, 5-H), 7.03 (1H, dd, /= 8.3 and 7.7 Hz, 4'-H), 7.37 (2H, d,
J = 8.0 Hz, 3',5'-H), 9.70 (1H, br s, NH,), 10.69 (1H, s, CHO)
ppm. dc (75 MHz; CDCl3) 105.8 (C-1), 125.1 (C-4', C-2',6"), 128.2
(C-3",5"), 130.5 (C-5), 130.9 (C-4), 144.4 (C-1"), 146.4 (C-2), 158.2
(C-6), 182.3 (C-3), 193.5 (CHO) ppm. HRMS-ESI-TOF mz calcd
for C;3HyCLN,O, [M+H]" 295.0036, found 295.0035.
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(b) One-dimensional supramolecular chain

parallel to the [001] direction

Strong onset -1 contacts between
symmetry-related aromatic rings
Inter-centroid distance = 3.620(4) A

Fig. 7 (a) Ball-and-stick representation of the crystal packing of compound 7 viewed in perspective along the [001] direction of the unit cell,
emphasising the close packing in a brick-wall-like fashion of supramolecular one-dimensional chains parallel to the c-axis of the unit cell.
Supramolecular interactions have been omitted for clarity. (b) Detail view of one chain showing the close m—m contacts between aromatic rings
belonging to adjacent molecular units. For geometric details on the represented (and also omitted) supramolecular interactions see Table 3.

[6-(2,6-Dichlorophenylimino)-3-oxocyclohexa-1,4-dien-1-yllmethyl
acetate (5): m.p. 137-138 °C; éy (300 MHz; CDCl3) 2.20 (3H, s,
CH;), 5.33(2H,d, J=1.9Hz,CH,), 6.47 (1H, dd, J = 10.1 and 2.1
Hz, 4-H), 6.65 (1H, d, J = 10.1 Hz, 5-H), 6.70 (1H, dt, J = 2.1 and
1.9Hz, 2-H), 7.08 (1H, dd, J = 8.4 and 7.8 Hz, 4'-H), 7.38 (2H, d, J
= 8.1 Hz, 3',5'-H) ppm. oc (75 MHz; CDCls) 20.8 (CH3), 60.8
(CH»), 124.1 (C-2",6"), 126.0 (C-4"), 128.3 (C-3',5"), 128.8 (C-5),
129.3 (C-2), 133.1 (C-4), 143.7 (C-1"), 145.6 (C-1), 159.3 (C-6),
170.2 (CO,CH3), 186.8 (C-3) ppm. HRMS-ESI-TOF mz calcd for
CsH,CLNOs [M+H]" 324.0189, found 324.0187.

[6-(2,6-Dichlorophenylimino)-3-oxocyclohexa-1,4-dien-1-ylimethyl
2-[2-(2,6-dichlorophenylamino)phenyllacetate (6): m.p. 135-136 °C;
on (300 MHz; CDCls) 3.95 (2H, s, A’-CH,COOCH,-A), 5.40 (2H,
d, /= 1.7 Hz, A>-CH,COOCH>-A), 6.46 (1H, dd, J = 10.1 and 2.2
Hz, 4-H), 6.56 (1H, br d, J = 7.7 Hz, 3''-H), 6.63 (1H, d, J = 10.1
Hz, 5-H), 6.67 (1H, dt, J = 2.2 and 1.7 Hz, 2-H), 6.80 (1H, br s,

NH), 6.98 (1H, dd, J= 8.3 and 7.8 Hz, 4'"'-H), 6.99 (1H, dt, J = 7.7
and 1.0 Hz, 5"'-H), 7.05 (1H, dd, J = 8.2 and 8.1 Hz, 4’-H), 7.15
(IH,dt,J=7.7and 1.5Hz,4"'-H), 7.28 (1H, dd, /= 7.7 and 1.5 Hz,
6''-H), 7.33 (2H, d, J=8.1 Hz, 3""",5"""-H), 7.36 (2H, d, J = 8.1 Hz,
3'.5'-H) ppm. oc (75 MHz; CDCl;) 38.4 (A’-CH,COOCH,-A),
61.6 (A’-CH,COOCH>-A), 118.4 (C-3""), 122.2 (C-5""), 124.0 and
124.1 (C-2',6" and C-4'""), 126.0 (C-4"), 128.2 (C-4'"), 128.3 (C-
3'.,5"), 128.7 (C-5), 128.8 (C-3""",5"""), 129.5 (C-2""",6"""), 129.7 (C-
2), 130.9 (C-6""), 133.2 (C-4), 137.7 (C-1"""), 142.7 (C-2""), 143.7 (C-
1"), 145.2(C-1), 159.3 (C-6), 171.6 (A’-CH,CO,CH»-A), 186.7 (C-3)
ppm. HRMS-ESI-TOF mz calcd for Co;H,sCl,N,NaO; [M+Na]*
580.9964, found 580.9961.
[6-(2,6-Dichlorophenylimino)-3-oxocyclohexa-1,4-dien-1-yllmethy-
lene diacetate (7): m.p. 158-160 °C; 6y (300 MHz; CDCls) 2.17 (6H,
s, CH3), 6.52 (1H, dd, J = 10.2 and 2.2 Hz, 4-H), 6.68 (1H, d, J =
10.2 Hz, 5-H), 6.86 (1H, dd, /= 2.2 and 1.0 Hz, 2-H), 7.07 (1H, dd, J
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Table 3 Supramolecular contacts present in compound 7. Distances are
given in A and interaction angles in degrees™”

D-H-A d(D---A) /(DHA)
C15—H15C---03" 3.413(8) 152
C17-H17C---O1" 3.343(7) 139
C25-H25---05" 3.296(8) 132
C34—H34A---03" 3.217(10) 125
C34—H34B---06" 3.309(9) 132
Cl---n Contacts d(Cl--+m) /(CCln)
C5—-CI2:--Cgy 3.586(3) 121.4(2)
C22—ClI3-- Cgy" 3.591(3) 128.1(2)

n—n Contacts Inter-centroid distance

oy Cgy' 3.464(4)

Cgy-Cg™" 3.620(4)

¢ Symmetry transformations used to generate equivalent atoms: (i) 1 —
X, =y, l—z @)l —x, 1l =y, 1 =z @) x, 1 +y,z30v) -1 +x, 1+
v,z (V) —x,2 =y, —z(vi) l —x, 1 —y, —z (vi)) —x,2 — y, 1 — z
b Centres of gravity (Cg) (see Fig. 6):Cg, = C24, C25, C26, C27, C28
and C29;Cg, = C7, C8, C9, C10, C11 and C12;Cg; = Cl, C2, C3, C4,
C5 and C6;Cgy = C18, C19, C20, C21, C22 and C23.

=84 and 7.7 Hz, 4'-H), 7.37 (2H, d, J = 8.1 Hz, 3',5'-H), 8.07 [1H,
d, J = 1.0 Hz, CH(OACc),] ppm. dc (75 MHz; CDCl3) 20.7 (CH3),
84.6 (C-H), 123.9 (C-2',6"), 126.1 (C-4"), 128.3 (C-3',5"), 128.9 (C-5),
130.6 (C-2), 133.2 (C-4), 143.7 (C-1"), 144.1 (C-1), 158.4 (C-6), 168.0
(OCOCH3), 186.7 (C-3) ppm. HRMS-ESI-TOF mz caled for
C,7H3C1LNNaOs [M+Na]" 404.0063, found 404.0061.
{Acetoxy[6-(2,6-dichlorophenylimino)-3-oxocyclohexa-1,4-dien-
1-yllymethyl  2-[2-(2,6-dichlorophenylamino)phenyllacetate  (8):
m.p. 78-80 °C; éy (300 MHz; CDCls) 2.16 (3H, s, CH3), 3.89
and 3.96 (2H, AB spin system, J = 15.5 Hz, CH>»), 6.40 (1H, brs,
NH), 6.50 (1H, dd, J = 10.2 and 2.2 Hz, 4-H), 6.54 (1H, br d, J =
7.7 Hz, 3''-H), 6.65 (1H, d, J = 10.2 Hz, 5-H), 6.79 (1H, dd, J =
2.2 and 1.0 Hz, 2-H), 6.95 (1H, t, J = 8.0 Hz, 4""'-H), 6.95-7.00
(1H, m, 5"'-H), 6.98 (1H, t, J = 8.1 Hz, 4’-H), 7.14 (1H, dt, J =
7.7 and 1.6 Hz, 4''-H), 7.23 (1H, dd, J= 7.7 and 1.6 Hz, 6''-H),
7.25-7.28 (1H, m, 3'-H or 5'-H), 7.28 (2H, d, J = 8.0 Hz,
3'"".5"""-H), 7.30 (1H, dd, J = 8.1 and 1.2 Hz, 3'-H or 5'-H), 8.16
(1H, d, J = 1.0 Hz, CHO,) ppm. Jc (75 MHz; CDCl;) 20.7
(CH3), 38.1 (CH,), 85.0 (CHO,), 118.9 (C-3""), 122.5 (C-5""),
123.7 (C-1""), 123.87 (C-4'""), 123.93 (C-2',6), 126.0 (C-4"),
128.2 (C-3',5"), 128.3 (C-4""), 128.7 (C-3""",C-5"""), 128.9 (C-5),
129.3 (C-2""",6"""), 130.7 (C-2), 133.2 (C-4), 137.9 (C-1'""), 142.7
(C-2""), 143.5 (C-1), 143.8 (C-1"), 158.4 (C-6), 167.9 (CO,-CH3;),
169.4 (CO,CH,), 186.5 (C-3) ppm. HRMS-ESI-TOF mz calcd
for CoH,oCI4N>NaOs [M+Na]* 639.0018, found 639.0016.
[6-(2.6-Dichlorophenylimino)-3-oxocyclohexa-14-dien-1-ylimethy-
lene bis{2-[2-(2,6-dichlorophenylamino)phenyllacetate} (9): m.p. 73—
75 °C; 6 (300 MHz; CDCl5) 3.88 and 3.94 (4H, AB spin system, J
=15.4Hz, CH,), 6.38 (2H, br s, NH), 6.47 (1H, dd, /= 10.2 and 2.1
Hz, 4-H), 6.53 2H, br d, J = 7.8 Hz, 3''-H), 6.63 (1H, d, J = 10.2
Hz, 5-H), 6.68 (1H, dd, J = 2.1 and 0.96 Hz, 2-H), 6.89-6.97 (5H, m,
4'-H, 4""'-H and 5''-H), 7.12 (2H, dt, J = 7.8 and 1.5 Hz, 4"'-H),
7.21 2H, dd, J = 7.4 and 1.5 Hz, 6''-H), 7.23 (2H, d, J = 8.1 Hz,
3',5'-H), 7.28 (4H, d, J = 8.0 Hz, 3'"",5""'-H), 8.22 (1H, d, J = 0.96
Hz, CHO,) ppm. dc (75 MHz; CDCls) 38.0 (CH,), 85.4 (CHO,),
118.9 (C-3""), 122.5(C-5""), 123.76 (C-1""), 123.78 (C-4'""), 123.9 (C-
2',6"), 125.9 (C-4"), 128.1 (C-3',5"), 128.3 (C-4""), 128.7 (C-3""",5"""),

128.8 (C-5), 129.3 (C-2""",6"""), 130.8 (C-2), 130.9 (C-6""), 133.3 (C-
4), 137.8 (C-1"""), 142.7 (C-2""), 143.4 (C-1 and C-1"), 158.4 (C-6),
169.3 (CO,CH>-), 186.3 (C-3) ppm. HRMS-ESI-TOF mz calcd for
C41H,,ClgN3NaOs [M+Na]" 873.9974, found 873.9965.

Single-crystal X-ray diffraction studies. Single-crystals of [6-
(2,6-dichlorophenylimino)-3-oxocyclohexa-1,4-dien-1-yljmethyl
2-[2-(2,6-dichlorophenylamino)phenyl]acetate (6) and [6-(2,6-
dichlorophenylimino)-3-oxocyclohexa-1,4-dien-1-yljmethylene
diacetate (7) were manually harvested from the crystallization
vials and mounted on a Hampton Research CryoLoops using
FOMBLIN Y perfluoropolyether vacuum oil (LVAC 25/6)
purchased from Aldrich*® with the help of a Stemi 2000 stereo-
microscope equipped with Carl Zeiss lenses. Data were collected
at either 150(2) or 180(2) K on a Bruker X8 Kappa APEX II
charge-coupled device (CCD) area-detector diffractometer (Mo-
K, graphite-monochromated radiation, 2 = 0.71073 A) controlled
by the APEX2 software package,*® and equipped with an Oxford
Cryosystems Series 700 cryostream monitored remotely using the
software interface Cryopad.>® Images were processed using the
software package SAINT+' and data were corrected for
absorption by the multi-scan semi-empirical method implemented
in SADABS.”

The available crystals of 6 and 7 for the structural analysis
were composed of very thin plates or blocks (the maximum
dimension was of 0.09 mm — see Table 4) which systematically
diffracted very poorly at high angles, in particular for resolutions
higher than 1.0 A, even when long X-ray exposures for the
individual frames were employed. In addition, the large unit cell
axes lengths (see, for example, the parameters for compound 6)
in combination with the sole presence of very light atoms, proved
to be detrimental factors concerning reflection intensity at high
angles. As a consequence, even though data integration up to a
resolution of about 0.83 A produced complete data sets for both
structures (data completeness of 99.6 and 98.3% for 6 and 7,
respectively), the overall mean 7 > o(I) was less than to 2.2, hence
the high R;,, values for both structures. Nevertheless, both
structures could be unequivocally solved using the integrated and
scaled data set and by employing the direct methods implemen-
ted in SHELXS-97.°*>* This strategy allowed the immediate
location of the vast majority of the atoms. All the remaining
non-hydrogen atoms were directly located from difference
Fourier maps calculated from successive full-matrix least squares
refinement cycles on F> using SHELXL-97.*% All non-
hydrogen atoms have been successfully refined using anisotropic
displacement parameters.

Hydrogen atoms bound to nitrogen and carbon were placed at
their idealised positions using appropriate HFIX instructions in
SHELXL: 43 for the aromatic carbon atoms and N-H moieties,
13 for the tertiary carbons, 23 for the methylene moieties (-CH,-)
and 137 for the terminal methyl groups (-CH3). These atoms have
been included in subsequent refinement cycles in riding-motion
approximation with isotropic thermal displacements parameters
(Uso) fixed at 1.2 (for the three former families of hydrogen
atoms) or 1.5 x Ugq (only for the methyl groups) of the nitrogen
or carbon atom to which they are attached, respectively.

The last difference Fourier map synthesis showed: for 6, the
highest peak (0.256 eA™>) and deepest hole (—0.381 eA™?)
located at 2.07 A and 0.88 A from H3 and CI2, respectively; for
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Table 4 Crystal and structure refinement data for compounds 6 and 7

6 7
Formula C27H18C14N203 C17H13C12NO5
Formula weight 560.23 382.18
TIK 180(2) 150(2)
Crystal system Monoclinic Triclinic
Space group P2,/n Pi
alA 12.923(4) 10.851(2)
blA 8.679(3) 10.951(2)
c/A 23.217(7) 14.929(3)
o (%) — 87.827(12)
I X@) 102.312(11) 84.530(11)
v (%) — 80.818(11)
Volume/A® 2544.0(13) 1742.6(6)
4 4 4
DJg cm™? 1.463 1.457
(Mo-K.,)/mm ! 0.498 0.400
F(000) 1144 784

Crystal size/mm
Crystal type

0.09 x 0.05 x 0.01
Orange plates

0.08 x 0.06 x 0.03

Colourless blocks

0 range 3.55 to 25.35 3.52 to 25.35
Index ranges -15<h <15 13 <h<12
-9< k<10 -13<k <12
-27<1<27 -17<1<17
Reflections collected 25989 21 445
Independent reflections 4645 (R = 0.1442) 6267 (Rin = 0.1184)
Data completeness 99.6% 98.3%
Data/parameters 4645/325 6267/455
Final R indices [I > 2a()]** R1 =0.0583 R1 = 0.0956
wR2 = 0.1032 wR2 = 0.2254
Final R indices (all data)™® R1 =0.1766 R1 = 0.1683
wR2 = 0.1374 wR2 = 0.2686
Weighting scheme® m = 0.0498 m = 0.1436
n=20 n=20.0

Largest diff. peak and hole

0.256 and —0.381 eA 3

0.681 and —0.865 eA 3

“ Rl = S||Fy| — |FIISIF,) b sz:\/z [W(Fg—Fgﬂ / T {W(Fg)ﬂ W= 1[oX(F2) + (mP) + nP| where P = (F% + 2F2)/3

7, the highest peak (0.681 ¢A~>) and deepest hole (—0.865 eA %)
located at 1.09 A and 0.84 A from CI3 and Cl4, respectively.
Information concerning crystallographic data collection and
structure refinement details is summarized in Table 4.
Geometrical details concerning the various supramolecular
contacts present in the crystal structures of 6 and 7, namely,
D-H:--A weak and strong hydrogen bonding interactions, Cl---1t
and - contacts are summarized in Tables 2 and 3,
respectively. Structural drawings have been created using the
software package Crystal Impact Diamond.”®

Crystallographic data (including structure factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication Nos. CCDC-862153 and -862154 for 6 and 7,
respectively. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 2EZ,
UK. FAX: (+44) 1223 336033. E-mail: deposit@ccdc.cam.ac.uk.

Conclusions

The in vitro formation of several new diclofenac derivatives,
initially resulting from oxidative decarboxylation, similar to
what happens in vivo, is revealed. Manganese(lll) porphyrins,
namely [Mn(TDCPP)CI] and [Mn(TPFPP)CI], were tested at
room temperature in the presence of hydrogen peroxide, a safe
and environmentally friendly oxidant. Two potential mechanistic

proposals for the formation of diclofenac derivatives 2-9 are
presented. The formation of monoesters 5 and 6 and geminal
diesters 7-9 suggest that alcohol 12 and geminal diol 14 are key
intermediates in the oxidation process. The new diclofenac
derivatives obtained are fully characterized, three of them being
characterized in the solid state using X-ray diffraction.
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