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Synthesis of texaphyrin conjugates*

Darren J. Magda', Zhong Wang', Nikolay Gerasimchuk?,
Wenhao Wei?, Pavel Anzenbacher, Jr.2, and Jonathan L. Sessler®+

’Pharmacyclics Incorporated, 995 East Arques Avenue, Sunnyvale, CA
94085-4593 USA, °Department of Chemistry & Biochemistry, 1 University Station —
A5300, The University of Texas at Austin, Austin, TX 78712-0165, USA

Abstract: This paper summarizes recent synthetic efforts devoted to the generation of new,
second-generation texaphyrin-type drugs, specifically species that involve known or poten-
tial anticancer agents covalently attached to a tumor-localizing texaphyrin core. Particular
emphasis will be placed on the strategies needed to prepare such systems, as well as on the
choice of active group being subject to attachment.

INTRODUCTION

In spite of considerable progress in recent years, cancer remains the second leading cause of death in
the United States [1]. Finding new ways to diagnose and treat cancer thus remains a formidable chal-
lenge of great current concern. Among the various conceivable approaches for developing improved
cancer therapies, one that is particularly appealing involves using a cancer-targeting small molecule as
a carrier to deliver in a tumor-specific manner various known, or promising, chemotherapeutic agents.
Such a strategy, in turn, would allow these latter agents to be more effective, at least in many cases. At
present, there are a substantial number of approved pharmaceutical agents in the oncology area whose
therapeutic ratio is known to be less than ideal. However, these same agents could be made more po-
tent were they to be brought directly to tumors in greater local concentration. Likewise, they could be
rendered less toxic were they modified so as to promote clearance from the body through different ex-
cretion pathways. Attaching these species to site-localizing small molecules might allow both these ob-
jectives to be attained; it would provide hybrid systems, so-called conjugates, with unique cancer up-
take and whole body clearance properties. While this idea is not new, implementing it in a clinically
effective way has proved challenging. Not only must care be given to the choice of putative anticancer
agent and the specifics of the linking groups used to tether it covalently to the site-directing small mol-
ecule, one must actually find a system or systems that can function in the latter capacity, i.e., act as a
cancer-localizing carrier in a safe and effective manner. Here, it is thought, the texaphyrins could have
a useful role to play.

The texaphyrins are pentaaza Schiff-base derived expanded porphyrins that are known to form
stable 1:1 complexes with many metal cations, including those of the trivalent lanthanide series. The
gadolinium(II) complex of one particular texaphyrin derivative, motexafin gadolinium (MGd;
chtrin®; 1), has been extensively studied as a potential MRI detectable enhancer of X-ray cancer ther-
apy [2-9]. Clinical studies have confirmed that this agent is taken up into and retained in tumors with
high specificity (cf., e.g., Fig. 1) [6-9]. They have also served to establish that this agent could be ad-
ministered safely to cancer patients at the 5 mg/kg dose level over the course of a two-week dosing reg-
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imen [9]. Various supporting studies revealed a clearance pathway that was predominantly hepatic [3]
and provided support for a very novel mechanism of action. This latter, manifest in terms of increased
apoptosis [10,11], is believed to involve redox modulation processes that take place outside of the nu-
cleus [12]. The fact that this particular texaphyrin-type species was known to localize in tumors, cou-
pled with the fact that it was believed to act via a mechanism that was “orthogonal” to those of standard
cancer chemotherapeutics, led to the consideration that MGd, 1, could provide the tumor-localizing,
biocompatible core needed to generate cancer-seeking conjugates. In this paper, initial synthetic efforts
targeting the production of such conjugates are reviewed.

Fig. 1 T1-weighted brain MRI scans of a patient with non—small-cell lung cancer: Left, noncontrast scan at
baseline; right, noncontrast scan after the 1ot daily administration of motexafin gadolinium (MGd) at a dose level
of 5 mg/kg/day. The enhanced brightening seen in the image on the right is due to localization of texaphyrin agent
in various cancerous lesions. This figure was reproduced with permission from ref. [8] to which the reader is
referred for further details. Copyright 2002 American Society for Clinical Oncology.

Figure 2 is designed to illustrate the texaphyrin-based approach to anticancer conjugate prepara-
tion. As can be seen from inspection of this figure, two key design aspects can be considered above and
beyond the predicative selection of texaphyrin as the localizing core. These involve, respectively, the
choice of (1) the linking subunit and (2) the active agent to be attached. From a synthetic perspective,
therefore, the problem of designing and preparing texaphyrin anticancer agent conjugates, hereafter re-
ferred to as “conjugates”, boiled down to developing appropriate, and hopefully generalizable, linking
strategies and choosing known or potential chemotherapeutic agents whose efficacy could be expected

© 2004 IUPAC, Pure and Applied Chemistry 76, 365-374
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Fig. 2 Schematic illustration of the texaphyrin conjugate concept.

to benefit from being appended to a biolocalizing texaphyrin core. A further question involved the mat-
ter of whether a given conjugate system would benefit from the presence of a so-called fusible linker,
specifically a tethering construct that would be labile in intracellular milieus. Naturally, the initial
choice of synthetic targets, as reported here, reflected an interplay of all such considerations.

CONJUGATES BASED ON REDOX ACTIVE GROUPS

As implied above, considerable effort has been devoted to elucidating possible mechanisms of action
for Xcytrin (MGd, 1). As the result of these investigations, it is now believed that this gadolinium(III)
texaphyrin complex mediates its radiation therapy enhancing effect in whole or in part by acting as a
redox cycling agent [10]. In particular, as shown schematically in Fig. 3, it is proposed that MGd serves
to capture electrons from reducing metabolites, such as ascorbate anion, and transfers them to dioxygen
in a one-electron process to produce superoxide [13] that, in vivo, is quickly converted to hydrogen per-
oxide. The result of this action is the production of a reactive oxygen species, peroxide, that is a known

ascorbate H,0, = hydroxyl —<—— XRT

\_/ radical /

superOX|de ascorbate superoxide <——= metabolism

radical
superoxide
) & dismutase gucose
catalase H,0 + O, l
/ pyruvate

Hy0p ———= 2 H,0

ascorbate dehydroascorbate 2 glutathione l
. peroxidase
vitamin E \/ reduced \\4/, Krebs
GSSG = glutathione - GSSG cycle
(GSH)
@ m (NAD* kinase) ,/
H,0, 0, NADP* "eC3e  NADPH ———> NADH
pentose
Hzoz cycle ~  glucose

Fig. 3 Mechanistic rationale for the metabolism-based effects produced by motexaﬁn gadolinium (Xcytrin; MGd),
a gadolinium(III) texaphyrin complex, under conditions of XRT sensitization. This figure is a modification of one
that first appeared in ref. [10].
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apoptosis triggering agent [14], as well as the loss of reducing metabolites, including both ascorbate and
glutathione, that serve to mitigate the effects of both ionizing radiation and oxidative stress. Specific
support for this mechanism comes from the finding that adding ascorbate to the medium enhances the
direct cytotoxic potency of MGd in cell culture, as does L-buthionine-S,R-sulfoximine (BSO) [10]. BSO
is an irreversible inhibitor of an enzyme involved in glutathione biosynthesis (y-glutamylcysteine syn-
thetase) [15]. Widely used in biochemical studies, work with BSO has helped underscore the role of
glutathione in preventing oxidative damage by reactive oxygen species. Presumably as a consequence,
BSO has also been found to provide a radiation-enhancing effect in vitro, especially when used in con-
junction with other sensitizing agents [16-20]. Unfortunately, BSO lacks the safety and efficacy pro-
files needed to make it attractive as a drug candidate. On the other hand, the combination of apparent
mechanistic synergy (i.e., enhancing the in vitro efficacy of MGd) and potential independent utility
were its therapeutic ratio of efficacy to toxicity improved made it an ideal candidate for conjugation to
a texaphyrin core.

Scheme 1 summarizes the procedure used to prepare a first, prototypical MGd-BSO conjugate
(2). Specifically, the BSO amino functionality was first protected as the Fmoc (9-fluorenylmethoxy-
carbonyl) derivative to produce a functionalized carboxylic acid derivative suitable for coupling to the
hydroxyl groups present in 1. While in principle, this latter coupling step could be carried out in a num-
ber of ways, it was found that the use of a Mitsunobu-type procedure (DEAD-Ph;P activation) was ex-
tremely efficient; it produced the desired product (2) in 36 % yield after Fmoc deprotection. This yield
was considered to be quite good in light of the fact that a statistical mixture of products (unreacted
MGd, doubly functionalized MGd, and singly functionalized MGd) was produced during the key cou-

pling step.

e
Q
S/\/\
o NH
A . 1. MGd; DEADPhP; A —( /OAc

o NHg Fmoc-OSu / Et;N o) fiHFmoc DMSO-CHZCl N /
/\/\§/\/\C0é _ /\/\$/\/\COQH B - {

NH CHaCN-H0 NH 2. Piperidine / DMSO

Scheme 1 Synthesis of BSO texaphryin conjugate 2. Here, DEAD = diethyl azodicarboxylate and Fmoc =
9-fluorenylmethoxycarbonyl.

One of the reasons the Mitsunobu coupling methodology was considered so attractive was that it
would provide a general means of producing a broad range of conjugates directly from nucleophiles
bearing acidic protons. As a test of this proposal, the bis-nitroimidazole derivative 3 was prepared as
shown in Scheme 2. Likewise, a dimethoxytrityl (DMT) protected, monoamine substituted version of
MGd (5) was also prepared in ca. 35 % yield via the corresponding phthalimide derivative (Scheme 3);
in this case, the starting material was the mono-DMT texaphyrin 4 produced by reacting MGd with
DMT chloride under statistical conditions.

The rationale behind the synthesis of the amine derivatives is that they would provide MGd de-
rivatives equipped with a nucleophilic site to which a range of electrophiles could be attached via, e.g.,
acylation. By contrast, the rationale for producing conjugate 2 is that it could produce a more effective
radiation-sensitizing system. Nitroimidazoles have long been recognized for their potential as radiation
sensitizers [21]. These species, known to be effective antifungal agents, are easy to reduce (electron
affinic in the parlance of the radiation-sensitizing community) and have been used off-label as adjuvants
for radiation therapy for some time. However, their lack of tumor-localizing specificity and the high sys-
temic toxicity they display have tended to limit their wide spread clinical use [21-23]. Similar consid-

© 2004 IUPAC, Pure and Applied Chemistry 76, 365-374
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Scheme 3 Synthesis of the dimethoxytrityl (DMT) protected monoamine MGd derivative, 5.

erations have also precluded their being approved by the FDA as radiation sensitizers. On the other
hand, coupling nitroimidazole subunits to a texaphyrin core could serve to enhance their biolocalization
properties while, possibly, reducing their systemic toxicity. To the extent this proved true, it would
likely increase their clinical utility.

CONJUGATES BASED ON KNOWN CHEMOTHERAPEUTIC AGENTS

The desire to produce a conjugate containing a redox-active subunit that was also a known cytotoxin in-
spired the synthesis of the doxorubicin conjugate 6. Doxorubicin (adriamycin) is one of the most im-
portant chemotherapeutic agents currently in use. While its mode of action is not thought to be related
to electron-transfer processes per se, the fact that it contains easy-to-reduce quinone functionality, could
be important in terms of its dose-limiting cardiomyopathy; capture of an electron by this subunit (from,
e.g., NAD(P)H) followed by production of reactive oxygen species may trigger a cytotoxic reaction at
sites other than within the cancerous tissues [24—34]. The possibility that this kind of chemical process
could occur, led to studies wherein doxorubicin was administered in conjunction with MGd, 1 [35]. The
fact that an enhanced effect was noted in these in vivo experiments made doxorubicin of particular in-
terest as a potential “active agent” for attachment to a texaphyrin. Augmenting the interest in such sys-
tems was the possibility that the resulting conjugate might localize in tumors and display a redox-based
mechanism of action that is enhanced relative to that illustrated in Fig. 2.

The synthesis of the doxorubicin texaphyrin conjugate 6 is shown in Scheme 4. It relies on the
use of an acetate ester to protect one of the hydroxypropyl subunits present in MGd and use of di-
succinimidyl carbonate (DSC) to activate the other. This sequence of two steps gives intermediate 7 in
25 % yield. Further reaction with the amine group of doxorubicin then provides conjugate 6 in 24 %
yield. A noteworthy aspect of this system is that, even though doxorubicin is a strong chromophore in
its own right, the visible spectrum of 6 is virtually unchanged compared to that of 1 (dominant Soret-
like absorptions at 470 nm in both cases), except for the presence of relative weak bands at 558 and
596 nm that are ascribed to the doxorubicin moiety and a slight red-shift in the far-red Q-band (Amax =
748 nm for 6 vs. 740 nm for 1).

© 2004 IUPAC, Pure and Applied Chemistry 76, 365—-374
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1. Ac0, DMAP, Et;N
MGd ———
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OAc

Scheme 4 Synthesis of doxorubicin texaphyrin conjugate 6. Here, DMAP = dimethylaminopyridine and DSC =
N,N’-disuccinimidyl carbonate.

Another of the most prevalent of all anticancer agents is cisplatin. It and its two FDA-approved
analogs, carboplatin and oxaliplatin, have proved remarkably effective for a range of tumor types, in-
cluding most notably testicular cancer in the case of cisplatin. However, the high toxicity of these
species [36], particularly the nephrotoxicity displayed by cisplatin itself, leads to the consideration that
conjugation to texaphyrin, which might obviate the normal renal clearance pathways seen for this drug,
could lead to improved therapeutic agents. Here, the fact that the presence of a texaphyrin “core” is ex-
pected to impart a degree of tumor-specific localization is considered to represent a potentially ancil-
lary advantage. On the other hand, because cisplatin is thought to mediate its effect at the DNA level
[37-39], it was likewise recognized that for the cisplatin-texaphyrin conjugate strategy to prove effec-
tive, either the whole molecular ensemble would have to enter into the nucleus or release of an active
diamino platinum(II) center from the conjugate would have to occur. While the latter eventuality could
perhaps be engineered, through the construction of, e.g., a system containing a fusible linkage, the syn-
thetic difficulties associated with the “simple” construction of any cisplatin-texaphyrin conjugate led us
to focus first on the preparation of cisplatin-texaphyrin conjugates containing nonlabile linkages. As de-
scribed below, two such conjugates have now been prepared.

The synthesis of the first cisplatin-texaphyrin conjugate, 8, is shown in Scheme 5. Here, the key
intermediate is the doubly N-protected dinitrocatechol derivative 9. This species was prepared in four
steps and in 19 % overall yield from 2-[2-(2-chloroethoxy)ethoxylethanol (10) by converting it to its
corresponding N-benzyl derivative (11) by reaction with benzylamine. This N-benzylated species, a sec-
ondary amine, was treated with first 2-bromophthalimide and then methanesulfonyl chloride to give 12.
Reaction with the “monopegylated” dinitrocatechol derivative 13 [40] then produced 9. Hydrogenation
over Pearlman’s catalyst then provided the corresponding diamine.

Since this species proved unstable, it was used immediately; in particular, it was reacted with the
diformyl tripyrrane 14, to produce the “sp; form” of the desired texaphyrin, 15. Again, this species
proved unstable and so the crude product was metalated immediately to give the gadolinium(III) com-
plex 16 in roughly 90 % yield based on 9. N-deprotection, gave the intermediate 17 in 20 % yield, while
subsequent treatment with K,PtCl, then gave the desired Pt(Il) complex 8 in roughly 40 % yield.
Unfortunately, this species proved too insoluble (in both aqueous and nonaqueous media) to allow for
characterization by methods other than UV-vis spectroscopy and mass spectrometry.

© 2004 IUPAC, Pure and Applied Chemistry 76, 365-374
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Scheme 5 Synthesis of the diamine-based cis-Pt gadolinium(III) texaphyrin conjugate 8. Here, MsCl represents
methanesulfonyl chloride.

The second conjugate was designed to provide a species with improved solubility characteristics.
Toward this end, conjugate 18 was prepared as shown in Scheme 6. Again, the key intermediate was the
elaborated dinitrocatechol derivative 19. It was prepared in 16 % yield (based on 20) by reacting the
solubilized piperazine derivative 21 with tosylate 22. Once this species was in hand, reduction to the di-
amine, followed by immediate reaction with the same diformyl tripyrrane used to prepare 15 (i.e., 14),
gave 23 in 87 % yield. Treatment with gadolinium acetate under standard oxidative insertion conditions
provided texaphyrin 24 in ca. 30 % yield. This species was then converted into the corresponding plat-
inum complex 18 in ca. 40 % yield by reacting with potassium tetrachloroplatinate in water.

© 2004 IUPAC, Pure and Applied Chemistry 76, 365—-374
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Scheme 6 Synthesis of the piperazine-based cis-Pt gadolinium(III) texaphyrin conjugate 18.

Unfortunately, like its congener 8, complex 18 proved too insoluble to permit analysis by any means
other than UV-vis spectroscopy and mass spectrometry.

Recently, a set of water-soluble texaphyrin conjugates has been prepared. They rely on the use of
methotrexate, 25, rather than cis-Pt, as the active chemotherapeutic group. Methotrexate is a cell cycle
inhibitor that has a well-recognized role in oncology and is an agent that is used widely in conjunction
with other cancer drugs [41-43]. Thus, potentiation of methotrexate by MGd might be anticipated, and
has indeed been reported in in vitro models [44]. Further, because methotrexate bears diacid function-
ality and is thus inherently water-soluble, it was thought that it could be used to construct conjugates
that retain some degree of water solubility. In accord with such thinking, the ester and amide linked con-
jugates 26 and 27 were prepared in 18 % and 10 % yield, respectively. They were obtained by subject-
ing the DMT-protected alcohol and amine 4 and 5 to reaction with methotrexate in the presence of EDC
[1-ethyl-3-(3- dimethylaminopropyl)carbodiimide hydrochloride] and diisopropylethylamine/dimethyl-
formide and then subsequently deprotecting by treatment with acetic acid in dichloromethane. In both
cases, a small amount of the isomeric product, resulting from reaction at the other carboxylic acid site,
was obtained. While displaying spectral characteristics analogous to those of 26 and 27, these isomeric
materials displayed different retention times on HPLC and could be isolated by such means. Such iso-
lation was specifically performed in the case of 27. Nonetheless, for the purposes of initial biological
testing such separations were not deemed necessary. Rather, it was thought that 26 and 27, by virtue of
being chemically pure (if not necessarily isomerically pure) and, in contrast to 8 and 18, appreciably
water soluble, would permit cell studies to be carried out.

FUTURE PROSPECTS

Currently, in vitro tests of 26 and 27 are in progress. Although, the results of these analyses are not yet
known, the availability of two different kinds of methotrexate-gadolinium(III) texaphyrin conjugates is
considered significant. It should allow, at least in principle, one to address the critical question of
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whether a labile or nonlabile linkage is preferred. For instance, studies of 26 are expected to provide in-
sights into whether the benefit of a labile linkage, namely a presumed increased intracellular release of
methotrexate, is overshadowed by a decrease in serum stability. Meanwhile, the amide-linked system
27 is expected to act as a “positive control” as regards the latter issue and provide a system that is quite
stable in both extra- and intracellular loci. In experiments that could complement those designed to
probe potency, cell uptake studies with 26 and 27 might make it possible to ascertain whether small
changes in linkage polarity (i.e., amide vs. ester) lead to appreciable changes in cell uptake. Finally,
more advanced in vivo studies might provide important insights into how, if at all, the choice of tethers
modifies the tumor-targeting and clearance properties of a texaphyrin core. In any event, to the extent
that differences are observed between these two conjugates, it would set the stage for the rational de-
sign of additional, yet-improved systems.
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