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The radiation sensitizer gadolinium(lll) texaphy@n(XYTRIN; PCI-0120; Gd-Tex**) and several other

water soluble metallotexaphyrin complexes were prepared and studied using pulse radiolysis. All of the
metallotexaphyrins were found to react with solvated electrons and hydroxyl radicals, yielding the corresponding
one-electron reduced and oxidized metallotexaphyrins, respectively. The rates of the reduction processes range
from 3.7 x 10'°to0 6.8 x 10 M~* s71 (£10%), while those involving oxidation range from 2510° to 7.4

x 1® M~1s1(£10%). The spectral characteristics of the transformed metallotexaphyrins produced by these
reactions, e.g., a broad absorption band with,g centered around 830 nm, are consistent with ligand-
centered redox processes. Reaction of the metallotexaphyrins with solvated electrons affords species which
exhibit metal dependent behavior. In the absence of hydroxyl radicals, the decay of the reduced
metallotexaphyrins produced by reaction with electrons involves an initial protonation event followed by
either a dimerization process or a disproportionation step. These latter transformations are followed by a
second protonation event.

Introduction radiation sensitizers continues. Ideally, such improved sensitiz-
ing systems should demonstrate low inherent toxicity, should

An estimated 1.4 million American patients were diagnosed operate via a mechanism that does not require oxygen, and

with cancer for the first time in 19970f these, more than 60% P S
. . . o y hould not require incorporation into DNA.
will receive some kind of radiation treatmertUnfortunately, should not require incorporatio °

the side effects associated with radiation treatment can be severeprgnlf] g?nnﬂ):é:;sspggt Z gsriiatledzalegf ﬁgsrt) : g: : nf OT/:Sr a(;f a
and a large number of patients treated in this manner will not g ’ gie ag P

be cured of their disease. It is believed that the often-limited radiation sensitizer in the United States. In fact, to the best of

therapeutic gain of X-ray radiation therapy (XRT) arises from our knowledge, the gadolinium(lll)_di4acetate complex of the
the presence of hypoxic cells within the tunfddypoxic cells pentadentate macrocycle texaphyfiri* (2, XYTRIN; PCI-

. 2+) 45 i in-li
are typically 2.5-3 times less sensitive to radiation than 0120; Gd-Tex*),™ is the only porphyrin or porphyrin-like

- . molecule undergoing XRT-related human clinical trials in either
oxygenated cells Not surprisingly, therefore, several different . 47 T . .
. - . - the United States or Europ&?’ This experimental drug is
approaches to overcoming the radioresistance of hypoxic cells, . . . .
L : . L . - currently undergoing a Phase Il clinical trial for brain me-
e.g., radiation fractionation, administration of hyperbaric oxygen

etc.578 have been pursued. ' tastases. . .
. . . - There are two critical features of the metallotexaphyrins that
A different approach involves using externally administered

o . . led to the consideration that they could function as radiation
agents, so-called radiation sensitizers, to enhance the radiosen:

2 . 11 - sensitizers. First, this class of molecules, like the porphyrins, is
Z'Itr']\ggl_olfs tgr? dtutrr]::rn(i:tkr]gﬂli(ﬂljc;l églgearglggrfgfte?hgygg;t known to localize with high selectivity in cancerous tisstfes.
. . . 9 .. Second, the metallotexaphyrins are known to contain a low-
extensively studied of the various small molecule radiation

sensitizers tested to dat&1°However, neither has lived up to gr']r(;% I;L:]'\Oﬂlg SInegi%r:pt?]réso;réihﬂgrsgyngzsant?) rne];tj; eci';her
initial expectations. For instance, the radiation-sensitizing ef- 9 P ey y y

ficacy of the halogenated pyrimidines has been shown to be 0.08 V' vs NHE; aqueous, pH 7)%“/Taken together, these
y genated pyrim . ; two facts led to the proposal that the water-soluble, MRI-
dependent upon the efficiency with which they are incorporated . . .
. 3132 o A S detectable gadolinium(lll) texaphyrin could function as a good
into DNA.31:32This, in turn, has limited their clinical utility, in o ™
. : radiation sensitizet®
part because many cancers have a low fraction of cells in the

so-called S phase (i.e., actively replicating DNfA)For the In '.[his paper we report the results of pulse radiolysis
nitroimidazoles, both central and peripheral neurotoxicity and experiments carried out withand several analogous lanthanide

low levels of into-tumor localization have served to restrict their (3=7) and nonlanthanide8{-10) metallotexaphyrins, focusing

utility as radiation sensitize®.Thus, the search for improved on the selective generation_of their c_)ne-electron reduced and
' oxidized states. These studies, predicated on the use of pulse

T Universit of Texas radiolysis, have allowed us to probe the effect of metal size
"Universig of Notre Dame. and spin upon metallotexaphyrin reactivity and to assess the
8 Pharmacyclics, Inc. stability of the resulting redox products. Such studies were
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deemed of particular importance in view of the recent finding mixture was heated to reflux while left exposed to“aiRuring

that the analogous lutetium texaphyrin compl@x (UTRIN; the course of the reaction, air was periodically bubbled directly
PCI-0123; Lu-Tex?") is not appreciably active as a radiation into the reaction vessel using a dispersion tube. The progress
sensitizer in vivo under the same conditions where-Gex?" of the reaction was monitored by UV/vis spectroscopy and TLC.
(2) is found to be effectivé? After the reaction was deemed complete, the deep green solution
was cooled to room temperature, filtered through a pad of Celite,
Experimental Section and stripped of solvent under reduced pressure. The resulting

Electrochemical measurements were performed using aCCMPlex was then purified using the following procedure: (1)
Bioanalytic Systems Inc. (BAS) CV-50W Version 2 MF 9093 acetone trituration, (2) removal of free metal by zeolite
voltammetric_analyzer. Solutions of either 0.1 M tetrabutyl- €Xtraction, (3) counterion exchange by acetic acid washed
ammonium perchlorate in DMF or 0.1 tetrabutylammonium Ambersep 900 resin, and (4) crystallization using mixed solvent

tetrafluoroborate in 2-propanol were used in these studies. TheseYStems ethanaifheptane (1:3 v/v) or ethanol/isopropyl alcohol
were purged with argon prior to each measurement. The (99:5 V/V), as described further below.
concentration of M-Tex2t was approximately 0.9 mM. The The crude metallotexaphyrin product, a dark green solid, was
working electrode was a platinum disk of 1.6 mm diameter, a suspended in acetone (25 mL/g of starting nonaromatic
platinum wire was used as the auxiliary electrode, and the macrocycle), stirred for 30 min at room temperature, and then
reference electrode consisted of an Ag/AgCI couple. filtered to wash away the red/brown impurities (incomplete
Pulse radiolysis experiments were performed utilizing 50 ns 0xidation products and excess triethylamine). The resulting green
pulses of 8 MeV electrons from a Model TB-8/16-1S electron solid was dried in vacuo. A weighed quantity of this material
linear accelerator (Notre Dame Radiation Laboratory). A was then dissolved into MeOH using 35 mL of solvent/g of
complete description of the instrumentation and techniques hascrude metallotexaphyrin complex, and the solution was stirred
been reported previous§51 The dose per pulse was determined for ~30 min and then filtered through Celite @nta 1 L
by potassium thiocyanate dosimetry to be approximately 14 Gy, Erlenmeyer flask. Deionized water (3.5 mL/g of crude complex)
yielding total radical concentrations between 2 and/\a. was added to the flask along with LZY-54 zeolite that had been
Sample solutions contained ca. 15 or 200 M—Tex2" in 2.0 prewashed with acetic acid (5 g zeolite/g of crude complex).
mM aqueous phosphate buffer. Reducing and oxidizing condi- The resulting mixture was agitated or shaken fer3lh and
tions were obtained by addition of 2 vol %ért-butyl alcohol/ then filtered through Celite to remove the zeolite. This latter
purging with N, or by purging with oxygen free )0, procedure, which constitutes a free metal extraction, was
respectively. Differential absorptiodOD) spectra of both the ~ performed twice in order to ensure that the residual levels of
reduced and oxidized species from 500 to 900 nm were free metal were low (i.e.<0.2 wt %). Once this process was
measured point-by-point without correcting for the consumption complete, the filtrate was loaded onto a column (30 cm length
of the parent texaphyrin. A confirming experiment under x 2.5 cm diameter for a reaction run on the-3 g scale) of
oxidizing conditions was performed using ad¢purged aque-  Ambersep 900 anion-exchange resin (pretreated so as to be in
ous NaCl (10 mM) solution at pH= 3.2 with texaphyrin the acetate form) and eluted with MeOH. The eluent containing
concentrations ranging from 0 to 4/M. All experiments were the bis-acetate complex was collected, concentrated to dryness

conducted at room temperature (212 °C). under reduced pressure, and recrystallized from either anhydrous
ethanolh-heptane (1:3 v/v) at 68C or boiling ethanol/isopropyl

Synthetic Experimental Section alcohol (95:5 v/v). The final product was collected by filtration
on a fritted glass funnel and dried in vacuo at41% °C for

General Information. Electronic spectra were recorded on 24-48 h
a Hitachi-U3000 spectrophotometer in methanol or 96% methanol/ ) ) ) )
4% acetic acid (v/v). All low- and high-resolution and electro- ~ HPLC Analysis. The purity of all new metallotexaphyrins
spray mass spectra were obtained from the University of €mployed in this study (e.g2—10) was checked using HPLC
California Mass Spectrometry Laboratory, Berkeley, CA. All analysis (i.e.>90% relative purity). The system employed was

elemental analyses were performed by Schwarzkopf Microana-from Waters/Millipore and was composed of a 600E Systems
lytical Laboratory, Woodside, NY. Controller with a 510 pump, a 717 Autosampler, and a 996

Materials. All solvents were of reagent grade quality and Photodiode array detector. The detector monitored the elution

purchased commercially. Metal salts were purchased from Alfa Profile from 250 to 800 nm. A g reversed-phase column was
AESAR (Ward Hill, MA). LZY-54 zeolite was purchased from ~€mployed (Inertsil ODSZ m particle, from GL Science, Japan;
UOP (Des Plaines, IL). Ambersep 900 (OH) anion-exchange packed by Metachem; th_e final column.d|men3|ons were 150
resin was purchased from Rohm and Haas Co. (Philadelphia, MM x 4.6 mm). All mobile phase media were HPLC grade
PA). Thin-layer chromatography (TLC) of the metallotexaphyrin and obtained from Baxter. The mobile phase consisted of a 100
complexes was carried out using a 4:1:2 v/v/v mixture of MM ammonium acetate buffer (pH adjusted to 4.3 with glacial

1-butanol, acetic acid, and water, respectively, on Whatman K6F acetic acid) and acetonitrile. The column was first eluted with
silica gel plates. Merck-Type 60 (23@00 mesh) silica gel was ~ 72% 100 mM ammonium acetate buffer and 28% acetonitrile

used for column chromatography. for 28 min. A linear gradient was then applied over the next 10
Synthesis. General Procedure for the Synthesis of Water- ~ Min to reach 20% 100 mM ammonium acetate buffer and 80%
Soluble Texaphyrin Complexes of 4,5-Diethyl-10,23-di-  acetonitrile. The flow rate was 1.5 mL/min with the column
methyl-9,24-bis(3-hydroxypropyl)-16,17-bis[2-[2-(2-methoxy- ~ temperature set at 4.
ethoxy)ethoxy]ethoxy]pentaazapentacyclo[20.2.1.13,6.18,- Gadolinium(lll) Complex 2. The nonaromatic macrocycle

11.014,19]heptacosa-1,3,5,7,9,11(27),12,14,16,18,20,22(25),23-tri- 11 (31 g, 33.9 mmol), Gd(OAg}4H,0O (15.8 g, 38.9 mmol)
decaene (1)One equivalent of the hydrochloride salt of the and triethylamine (34.3 g, 339 mmol) were mixed together in
macrocyclic ligand 11,2 1.0-1.5 equiv of the relevant  methanol (1 L), and the mixture was heated to reflux in the air.
M(OAC)n+1-XxH20 salt, and 10 equiv of triethylamine were mixed  Using the general procedure described above, the reaction was
together in methanol (25200 mL/g of macrocycle), and the  deemed complete after 7 h. After workup and recrystallization
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from ethanolf-heptane as described above, 27.3 g (7099 of 20Ac]™: m/z 1046; HRMS, [M— 20Ac ] m/z1044.4183
was obtained in the form of a dark green microcrystalline solid. (calcd for [CigHss!72YbNsO10)%", 1044.4174). Anal. Calcd for
UVNVIS [(Amax NM, in MeOH) (loge)]: 350 (4.33), 414 (4.67),  [CagHeeYbNsO1gJ(OAC)2(H:0): C, 52.83; H, 6.31; N, 5.92; Yb,
473 (5.06), 739 (4.59). FAB MS, [M- 20Ac ]*: m/z 1030. 14.64. Found: C, 52.74; H, 6.07; N, 5.89; Yb, 15.00.

HRMS, [M — 20Ac]*: m/z 1027.4016 (calcd for [gHes Lutetium(Ill) Complex 7. The synthesis of this complex
155G dNsO40] %", 1027.4036). Anal. Calcd for [fgHeeGdNsO10]- has been previously described in detail; see ref 42.
(OAC)(H20)y/2: C, 53.96; H, 6.36; N, 6.05; Gd, 13.59. Found: Yttrium(ll) Complex 8. The hydrochloride salt of macro-
C, 53.96; H, 6.34; N, 6.11; Gd, 13.68. cyclel1 (4.4 g, 4.8 mmol), Y(OAcr4H,0 (1.95 g, 6.0 mmol),

Europium(lil) Complex 3. The hydrochloride salt of mac- ~ and triethylamine (4.9 g, 48.4 mmol) were mixed together in
rocycle11 (1.5 g, 1.64 mmol), Eu(OAg4H,O (0.72 g, 1.80 methanol (300 mL), and the mixture was heated to reflux in
mmol) and triethylamine (1.66 g, 16.4 mmol) were mixed the air. Using the general procedure described above, the
together in methanol (100 mL) and heated to reflux in the air. reaction was deemed complete after 5.5 h. After workup and
Using the general procedure described above, the reaction wagecrystallization from ethanal/heptane as described above, 3.8
deemed complete after 5 h. After workup and recrystallization 9 (73%) of 8 was obtained in the form of a dark green
from ethanoli-heptane as described abotey (53%) of3was ~ Microcrystalline solid. UV/Vis fmax nm for Soret-type absorp-
obtained in the form of a dark green microcrystalline solid. Uv/ tion band, in 96% MeOH/4% acetic acid) (lag]: 475 nm
Vis [(Amax NM for Soret-type and Q-type absorption bands, in (5-10) FAB MS, [M — 20Ac]": mz 962. HRMS, [M —

96% MeOH/4% acetic acid) (log)]: 474 nm (5.08), 740 nm  20Ac’]": m/z961.3840 (calcd for [HesYN5O10]*", 961.3868).
(4.61). FAB MS, [M — 20Ac]*: m/z 1025. HRMS, [M — Anal. Calcd for [GgHesYN5O10(OAC)2(H20)12: C, 57.35; H,
20Ac]*: miz 1023.3997 (calcd for [GHesEUNsO1g2t, 6.76; N, 6.43; Y, 8.16. Found: C, 57.41; H, 6.35; N, 6.52; Y,
1023.4008). Anal. Calcd for [8HesEUNsO10](OAC)2(H20)12: 8.11.
C, 54.21: H, 6.39: N, 6.08: Eu, 13.19. Found: C, 54.03; H, Cadmium(ll) Complex 9. The hydrochloride salt of mac-
6.55: N, 6.15; Eu, 13.45. rocycle 11 (2.0 g, 2.2 mmol), Cd(OAg)2H,O (0.70 g, 2.6
mmol), and triethylamine (2.2 g, 22 mmol) were mixed together
in methanol (400 mL), and the mixture was heated to reflux in
d the air. Using the general procedure described above, the
reaction was deemed complete after 16 h. The solvent was
removed under reduced pressure, and the solids were dried in
vacuo. The crude complex was chromatographed on normal
phase silica gel using as the eluent first neat chloroform and
then increasing concentrations of methanol in chloroform up
microcrystalline solid. UV/vis [{max nm for Soret-type and to neat methanol. The green complex was cc_)llect_ed,.solvent
Q-type absorption bands, in 96% MeOH/4% acetic acid) (log removed under roeduced pressure, and the solid dried in vacuo
O 474 nm (5.08), 736 nm (4.61) FAB MS, [M 20Ac- + to yle_ld 1.0 g (44%) o as a dark green mlcrocrystall_lne solid.
H]*: m/z1037. HRMS, [M— 20Ac ]*: m/z1036.4110 (calcd O V/ViS [{Amax nm for Soret-type and Q-type absorption bands,
for [CasHesDyNsO1g]2, 1036.4102). Anal. Calcd for [GHee- in 96% M(—_:‘OH/4/o acetic aC|d)7 (Ifg)]. 464.nm (5.07) and
DyNsO1q](OAc)»(H;0): C, 53.31: H, 6.37; N, 5.98; Dy, 14.09. gf (4.61); FAB MS, [M= OAC]": m/z 986’1'1"02'\"5’ M~
Found: C, 53.16; H, 6.23; N, 5.93; Dy, 13.85. 1" m/z 982.3844 (calcd for [GHes"CdNOsq ",
982.3840). Anal. Calcd for [HgsCdNsO10](OAC): C, 57.49;

Thulium(ll) Complex 5. The hydrochloride salt of mac- |} s 56: N 6.70: Cd. 10.76. Found: C.57.26: H. 6.79: N. 6.65-
rocycle11(2.0 g, 2.2 mmol), Tm(OAg)4H;0 (1.29,2.9mmol)  ~4 1048 T e e

and triethylamine (2.3 g, 23 mmol) were mixed together in ,qjum(111) Complex 10. The hydrochloride salt of macro-
methanol (400 mL), and the mixture heated to reflux in the air. cycle 11 (1.5 g, 1.64 mmol), In(OA@)xH,0 (0.72 g, 1.97
Using the general procedure described above, the reaction WaS$ymol), and triethylamine (1.7 g, 16.4 mmol) were mixed
deemed complete after 7 h. After workup and recrystallization together in methanol (300 mL), and the mixture was heated to
from ethanol/isopropyl alcohol as described above, 1.8 g (71%) refiyy in the air. Using the general procedure described above,

of 5 was obtained in the form of a dark green microcrystalline o reaction was deemed complete after 6 h. After workup and

solid. UV/VIS [(Amax nm for Soret-type and Q-type absorption  oqystaliization from ethanaitheptane as described above, 0.9
bands, in 96% MeOH/4% acetic acid) (leg: 475 nm (5.12), g (50%) of 10 was obtained in the form of a dark green

733 nm (4'5352.' FAB MS, [M- 20Ac]™: m/z 1042. HR'\LS' microcrystalline solid. UV/Vis [imax, nm for Soret-type and
[M —20Ac]™: m/z1041.4170 (calcd for [43HssTMNsO1q *", Q-type absorption bands, in 96% MeOH/4% acetic acid) (log
1041.4152). Anal. Calcd for [dHesTMNsO10l(OAC)(H2Ohrz )1 470 nm (5.10), 730 nm (4.54). FAB MS, [M 20Ac ]+

C, 53.42; H, 6.29; N, 5.99; Tm, 14.45. Found: C, 53.44; H, .y, 9g7. HRMS, [M — 20Ac]*: miz 987.3843 (calcd for

6.26; N, 5.76; Tm, 14.70. [CagHes 19INNsO1]2*, 987.3848). Anal. Calcd for [GHee
Ytterbium(lll) Complex 6. The hydrochloride salt of INN50;0](OAC)2(H20): C, 55.57; H, 6.64; N, 6.23; In, 10.22.

macrocyclell (2.1 g, 2.3 mmol), Yb(OA@yxH:0 (1.2 9,29  Found: C, 55.67; H, 6.60; N, 6.31; In, 10.54.

mmol) and triethylamine (2.3 g, 23 mmol) were mixed together ] ]

in methanol (400 mL), and the mixture was heated to reflux in Results and Discussion

the air. Using the general procedure described above, the Cyclic Voltammetry. The lanthanide(oid) texaphyrin com-

reaction was deemed complete after 18 h. After workup and plexes 2, 3, 4, 7, and9) all display two quasi-reversible one-

recrystallization from ethanol/isopropyl alcohol as described electron reductions at similar firdE{,,2 —270 mV vs Ag/AgCl)

above, 1.85 g (69%) dob was obtained in the form of a dark and secondH;;* —750 mV vs Ag/AgCl) potentials in deoxy-

green microcrystalline solid. UV/vis ffax nm for Soret-type genated DMF (Table 1). The unfavorably high reduction

and Q-type absorption bands, in 96% MeOH/4% acetic acid) potentials for the lanthanide M(I11)/M(Il) coupléslead to the

(log €)]: 475 nm (5.11), 732 nm (4.65). FAB MS, [M- assumption that the reduction occurs on the texaphyrin ligand,

Dysprosium(lll) Complex 4. The hydrochloride salt of
macrocyclell (4.0 g, 4.38 mmol), Dy(OAg)4H,O (2.25 g,
5.47 mmol), and triethylamine (4.4 g, 43.8 mmol) were mixe
together in methanol (100 mL), and the mixture was heated to
reflux in the air. Using the general procedure described above,
the reaction was deemed complete after 3.5 h. After workup
and recrystallization from ethanntheptane as described above,
3.2 g (63%) of4 was obtained in the form of a dark green
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TABLE 1: Electrochemical Potentials (vs Ag/AgCl) for the
Cyclic Voltammetric Reduction of M—Tex™2* Complexes in
DMF (0.1 M Tetrabutylammonium Perchlorate, 200 mV/s)

compound reductiont,,, (MmV) reduction l1Ey, (mV)
Gd—Tex?" —263 —757
Eu—Tex2" —267 —753
Dy—Tex+ —269 —748
Lu—Tex2" —266 —725
Y —-Text" —286 —746
Cd-Tex" 576 —982

rather than at the metal center. The metal independence of the

reduction potentials is considered consistent with this conclusion.
In this context, it should be noted that the reduction potential
of the Cd(ll) texaphyrin §) is cathodically shifted relative to
the lanthanide complexes. This shift in potential is believed to
reflect differences in the electrostatics of the metigland rather

than a reduction process occurring at the metal center (see Pulsg

Radiolysis section below).

Attempts to obtain a reproducible, across-the-lanthanide series

of reduction potentials in yO from cyclic voltammetric studies
proved unsuccessful under a variety of conditions. This lack of

success can be rationalized, at least in part, in terms of the high

instability of the redox products evolving from the one-electron
reduction processés.In particular, protonation of the singly
reduced texaphyrins could serve to shorten the lifetimes of the

one-electron reduced texaphyrins (see Pulse Radiolysis section
below). In light of such concerns, electrochemical measurements

were made in a solvent that largely precludes protonation,
namely isopropyl alcohol. Cyclic voltammograms obtained
under these conditions proved to be similar to those recorded
in DMF. However, the addition of water to the isopropyl alcohol
solutions acted to diminish the reversibility of the two redox
steps mentioned above.

Pulse RadiolysisPulse radiolytic analyses are often used to
model radiation therapy since it generates the same radical

species as are believed to be produced in cells undergoing

XRT.1 Furthermore, the time resolution and the possibility of
selectively forming either hydrated electrons (“reducing” condi-
tions) or hydroxyl radicals (“oxidizing” conditions) allows for
measurement of the reaction kinetics under conditions where
these two reactive intermediates exist to near excluibmder
the current experimental conditions the reactive radical species
*H, *OH, e (aq) are produced in addition to the following
molecular products: K H,O,, and H(aq) (see eq 1).

X-ray

H,0——"OH+ e (ag)+ H;0" +*H + H, + H,0, (1)
Addition of tert-butyl alcohol to a deoxygenated aqueous

solution leads to a quantitative conversiort@H radicals into

the redox-inert 2,2-dimethyl-2-hydroxyethyl radical (eq 2). This

leaves a higher relative concentration ofaq) that, inter alia,

can reduce the metallotexaphyrin (eq 3). On the other hand,

)
3

saturation with MO serves to scavenge the solvated electrons,
yielding a second crop of hydroxyl radicals (eq 4). These latter
species are then available to react with the texaphyrin to form,
presumably, an oxidized texaphyrin species (eq 5).

(CH5);COH + "OH — "CH,(CH,),COH + H,0

M-TexX" + e (aq)— M—Tex"

N,O + e (agq)+ H,O0— N, + ‘'OH+ OH 4)

M—Text" + *OH— M-Tex*" + "OH (5)

Sessler et al.

n+

n(OAc")

M=H;n=0
M=Gd;n=2
M=Eu;n=2
M=Dy;n=2
M=Tm;n=2
M=Yb;n=2
M=Lu;n=2
M=Y;n=2
M=Cd;n=1
10M=In;n=2
Figure 1. Structures of the complexes discussed in this report and the
metal-free reduced macrocyclic precursor from which they were derived.

ORI N AN =

Reduction Chemistry. Under anaerobic reducing conditions
(egs 2 and 3) all of the metallotexaphyrins tested=fVy (111)
8, Cd(Il) 9, In(Il) 10, Gd(lll) 2, Eu(lll) 3, Dy(lll) 4, Tm(llI)
5, Yb(lll) 6, and Lu(lll) 7] yielded similar differential absorption
spectra with intense ground-state bleaching in the region
corresponding to the Q-like band (ca. 730 nm) and broad
absorptions centered around 830 nm (see Table 2). Figure 2a
displays, for example, the differential absorption spectrum
observed upon reduction of Gd'ex?" in N,-saturated aqueous
NaHPO, buffer solution.

It is well documented that ligand-centered reduction of
porphyrins3®5¢porphycene8’->8and corrphycené&gives rise
to a broad absorption in the 76840 nm range. In contrast,
metal-centered reductions of these macrocyclic complexes lead
only to minor shifts in the associated Soret- and Q-b&h&%%°
Therefore, on the basis of this precedent the broad absorption
observed upon radiolysis of the metallotexaphyrins is ascribed
to a reduction process occurring on the texaphyrin ligand, and
not at the metal center. For the trivalent metal cation complexes,
this yields ther-radical cation, M-Tex™. This presumed ligand-
based reduction is supported by the metal independence of the
reduction potentials and the unfavorability of the M(l11)/M(II)
reduction process mentioned above.

The reaction dynamics of MTex?™ with e (aq) were
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TABLE 2: Rate Constants for the Reduction, Protonation, Dimerization, and Oxidation of Various M—Tex"2* and Absorption
Maxima for the Resulting Redox Products (M—Tex"*, Cd—Tex® and M—Tex3t, Cd—Tex?")?2

M 24t k(e'(aq))d ;Lmax k(‘OH)e Amax k(HJ’)f kdimerizatior%J
compound radius (Af3  (10°M-1sh) M-Text (nm) (A0PM~1s?) M—Tex3t (nm) (1M 1s?) (10'Mts?

Y—-Texttb 0.985 64 830 3.5 820 9.1 2.7
Eu-Tex?" ¢ 1.066 41 830 7.4 820 12 13
Gd—Text ¢ 1.053 63 820 4.8 810 10 5.9
Dy—Text ¢ 1.027 a7 830 5.7 820 8.5 4.0
Tm—Texet ¢ 0.994 68 820 3.8 830 4.7
Yb—Texe* ¢ 0.985 37 820 6.7 830 0.8 2.9
Lu—Tex+® 0.977 40 830 51 840 15 2.7
In—Tex2" P 0.92 56 840 2.5 830 0.4
Cd-Tex"® 1.10 44 830 6.3 850 0.3

2 4+10% overall error® Diamagnetic Paramagnetic! Rate constant for reaction with g, ¢ Rate constant for reaction witH. f Rate constant
of protonation of the one-electron reduced metallotexaphy#iRaite-constant for dimerization of the protonated species.

2000 Experiments carried out in 2-propanol, ethanol, and methanol
F yielded similar spectral features. This leads to the conclusion
1000 F that metallotexaphyrins are also reduced by {31@OH,
= F ///\\N CH3z*CHOH, and*CH,OH, even though the rates of reduction
_5 0F - with these radicals are slightly slower than with(&q)
5 E 1500 (k=52x 1° M tstandk = 3.8 x 10° M~1 571 for
£ -1000 | 2-propanol and methanol, respectively; errérs0%).
© . w S The singly reduced texaphyrin decays rapidly into one or
o 00 F x " more species that are different from the original texaphyrin. To
s o determine the decay pathway of the singly reduced texaphyrin,
-3000 b 5005t s, 3 measurements were made at various pH values and,@ D
4000 el et AITo, dose de@%e&cs ifxpe(r]:me:wts_ we(reHcgr;i)edhout._ |
n agqueous uffered solution (pH 8.7), the singly
600 650 700 WZEﬁeng[%O&m] 850 900 930 reduced texaphyrin exhibited a rapid decay with a lifetime of,
for example, 18.&s in the case of GdTex?". The differential
1.210° ‘ absorption spectrum of the resulting species, as depicted in
b 1 ‘ ¢ Figure 3, is, however, very similar to its precursor, namely the
3 one-electron reduced product. Variation of the proton concentra-
110° E tion, e.g., decreasing the pH, resulted in an increase in the rate
E of decay of the singly reduced texaphyrin. On the basis of this
oA E dependence, and in accord with earlier restfithjs process is
— 8 10° ascribed to protonation of the initially formed singly reduced
e F )y texaphyrin. Consistent with this assignment is the finding that
5 £ the proposed protonation is approximately a factor of 4 slower
610" in DO (with a half-life of 79.4us for Gd-Tex) relative to
H,O solutions (Figure 3b); this points to a relatively large
410° T isotope e_ffect. The prot_onation rates, collated in Table 2, vary
o 4 6 R 10 12 14 16 for the different metal ion complexes and range from %.0

Concentration [ptmol/l] 10° M1 st (£10%) for Gd-Tex*t to 1.5 x 1 M1 st

+10%) for Lu—Tex?t. The isotope effects also vary, bein
Figure 2. (a) Transient absorption spectrum of -Giex™ obtained ( 6) b y g

; ; 2+
upon pulse radiolytic treatment of a 10 10~ M solution of Gd- for mstanC(_a 2,_rather than 4’.'” th_e case oHIex™. .
Texe* in nitrogen-saturated aqueous N®Q, buffer (pH 8.7) (2 vol Protonation in neutral solutions is overshadowed, in part, by

% tert-butyl alcohol). Inset: Timeabsorption profile for the grow-in  the onset of another decay process that commences before the
of the transientAmax at 830 nm) ascribed to GeTex™. (b) Plot ofkops initial protonation is complete. Prior work with metalloporphy-
vs [Gd-Tex*"] at 720 nm (e(aq)) for the reduction of GdTex*", in rins°>% led us to consider, as working hypotheses, that these
deoxygenated aqueous solution (2 vokéfi-butyl alcohol) (intercept decay processes could involve reactions of the reduced proto-
= 2.3 x 10% slope= 6.3 x 10% r* = 0.99). nated species with unreduced-Mex* (e.g., “dimer” forma-
followed by monitoring the decay of the hydrated electron tion) and/or disproportionation, as illustrated in eqs 6 and 7,
absorption band around 720 nm and the growth of the reducedrespectively.

texaphyrin absorption at 830 nm. The observed rates were

linearly dependent upon the-Mr'ex2™ concentration in the range M—TexH2+ M_Teet, (M —Tex)ZH"H (6)
between 3.7 and 1BM (see Figure 2b). Linear least squares

iterations provided the pseudo-first-order rate constants. The ratey] —TexH?" 1™ p_TexH' + M—Text" + H™  (7)
constants for electron capture by all of the-WMex2™ complexes

(in 2.0 mM aqueous N&PQOy, pH 8.7) were, as illustrated in The lifetimes of all the M-TexH?"complexes suffered
Table 2, very similar and were found to range from »Q.0° remarkable reductions with increasing concentration. In our
M~1s1to 63 x 10° M~t s It should be noted that similar  present study the MTex2* concentration was varied over a
kinetic parameters were obtained whether it was the bleachingwide range [(2-100) x 10°% M], and the decay in question

or grow-in processes that were monitored over the course ofwas, in fact, found to involve a pseudo-first-order process at
the observed spectral region (56800 nm). high concentrations. This leads us to propose thaflexH2"
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3000 ¢ tionation and (2) reaction of GeTexH?2" with another ground-
2000 E a state Gd-Tex?™ species (egs 7 and 6, respectively), with the
3 latter pathway generally dominating.
~ 1000 _ In contrast to what is true for the Gd'ex?™ complex, the
'g F decay of the intermediate EuTexH?" species does not appear
il 0 F to vary appreciably with radiation dose. This lack of radiation
g2 _1000 B p dose dependence for HTex?" might reflect a preferential
< £ 25“33 decay via dimer formation (i.e., reaction with another unreduced
x 2000 ¢ Lu—Tex?") rather than a decay process occuring through a
© 3000 B combination of disproportionation and dimerization. Some
F support for this suggested decay pathway comes from the
-4000 £ observation that LaTex2" will aggregate, even in the ground
T T P B I I U S state?? o _
600 650 700 750 800 850 900 950 Further substantiation for the propqsal _that various protonated
Wavelength [nm] one-electron reduced MIexH?2" species, including the respec-
tive Gd-Tex?* and Lu-Tex2* complexes, react with ground-
2000 ; state M—Tex2™ emerges from reduction experiments carried out
L b “HO in micellar solutions. Introducing surfactants should ensure that
1800 b x V ><D20 the original ground-state texaphyrin is monomeric. Such mo-
P L 'ﬂ.‘-""“’-m%-.-_,\_ 2 nomerization, in turn, should decrease the assumed dimerization
g L e et LI rate. As it transpired, the lifetimes of GdexH?2* and Lu-
w1600 . TexH?2" were found to increase in the respective surfactant
g L N solutions. Interestingly, the use of micellar media also serves
-: 1400 & to slow the initial protonation process, yielding half-lives on
X r X the order of 75us for Gd-Tex™, rather than the 18.&s
o i x ‘ observed in homogeneous solution.
1200 |- . XWXWXWWWW Once formed, the presumed dim_er is considered susceptible
- to yet another decay process for which the relevant rate constants
o ) TS T P PN P PR FURE P are typically on the order of (4:89.8) x 1> M~1s1, Currently,
10 0 10 20 30 40 50 60 70 _the exact nature qf this follow-up de_cay remains recondite. It
Time [us] is tentatively ascribed to a protonation process, based on the
Figure 3. (a) One-electron reduction. Transient absorption spectrum fact that an increase in the decay _rate IS observed at lower pH.
of Gd—Tex* (2.5 us after the pulse) and its protonated form-Gd Oxidation Chemistry. Pulse radiolysis of M-Tex*" under

TexH?2* (5 us after the pulse) recorded in nitrogen-saturated aqueous strictly oxidizing conditions (see eqs 4 and 5) leads to a grow-
NaHPQ, buffer solution (pH 8.7) (2 vol %ert-butyl alcohol). (b) in of broad absorption features in the 78800 nm spectral
Isotope effect: time-absorption profile for the protonation process of region, as illustrated for GelTex2" in Figure 4a (see also Table
Gd—Tex™ (1.0 x 10°° M) in Hz0 and DO solutions, respectively.  5)"This spectral behavior bears analogy to what is seen in the
The arrows highlight the end points of protonation. 6 58
case of several porphyfn®¢and porphycerié->8analogues. In

these latter instances, ligand oxidation gives rise to broad
absorption features between 700 and 840 nm.

On the basis of the above analogy, it is hypothesized that,
upon reaction withOH (E1, = 2.7 V vs NHE (2.48 V vs Ag/

reacts with ground-state MTex?", at least under these latter
conditions; the bimolecular rate constants for this reaction, as
derived fromk = In 2/t vs [M—Tex2"] plots, range from 5.9

?e}(ﬁzl\f 's7tfor Gd-TexH?" t0 2.7 10"M~* s for Lu— AgCI) under acidic conditions anig;, = 1.8 V vs NHE (1.58
: . V vs Ag/AgCI) in neutral solution$! the texaphyrin ligand is

At lower M—Tex" concentrations{1 x 107°M) the decay  oxidized, forming ther-radical cation M-Tex3*. To confirm
kinetics became second order for most of the complexes. Furthefyat the observed spectral changes are indeed appropriately
evidence for this proposed second-order behavior and thus, inascribed to an oxidation event, rather than to, e.g., direct addition
turn, for a possible disproportionation reaction came from ot .oH to the macrocyclic texaphyrin periphery, an experiment
radiation dose dependence studies. The lifetime of the protonatedyas performed undeOH-free oxidizing conditions. Specifi-
singly reduced species at high 6Tlex*" concentration is, for ¢4y "CI- was added to the reaction media (pH3.2) so as to
instance, insignificantly impacted by a change in the radiation conyert any'OH to the strongly oxidizing species, £1 (Ey»
dose (1x 1074 M Gd—Tex*": t = 176us at 4.0x 10°M = 2.2V vs NHEF! (see eq 8). This species is considered much

radicals;t = 169 us at 8.0x 10°® M radicals). Only at low  |ogg likely to add to the texaphyrin periphéfy2
Gd—Tex?™ concentrations is the decay effectively influenced

b . o . : . o SO e
y change_s in the rad|at5|on dos;e F20+r example, at a given OH+ClI- — OH+ ClI cl 8)

concentration of 1.0« 10> M Gd—Tex?*, a lifetime of 860

us was observed at a radical concentration of 4.00°¢ M. In terms of experiment, the differential absorption spectrum

By contrast, at this same concentration of-Gax?", at value recorded with, for example, Gerex2t under Ch*~ oxidative

of 332us was recorded at a radical concentration of:8.00"° conditions was in excellent agreement with that obtained when

M. *OH was used as the sole reactive species. In faet; @hd

To the extent that disproportionation constitutes the sole *OH were both found to give rise to absorption maxima at 830
pathway for Gad-TexH?2" decay, a 4-fold change in lifetime is  nm with intensities ofG x e of 960 and 1000, respectively.
expected upon a 2-fold lowering of the radiation dose. This leads This supports the above assumption i@ radical acts only
to the conclusion that the overall deactivation process is as an electron-transfer oxidant in its reactions with this particular
governed by two competing reactions, namely (1) dispropor- metallotexaphyrin.
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2000 Eu(lll) cations are situated approximately 0.6 A above the
g a macrocyclic N plane3®38 By contrast, for the same ancillary
1000 | ligand set, the smaller Lu(lll) cation is found to be located out
-,; . /('.\\"""N of the plane by only ca. 0.27 &:38The texaphyrin ligand itself
- 0 F = is also found to be less distorted from planarity in the case of
g - 3500 the lutetium(lll) complex than in the case of the europium(lll)
£ -1000 F . ; and gadolinium(lll) complexes.
W . w o : For the diamagnetic complexes, it can, for example, be seen
X -2000 o : that the protonation rate is rather slow for+liex?t, but fast
© - for Y —Tex2". For the paramagnetic species, the protonation is
-3000 - 500 Time [us] 20 generally very fast. To the extent that the data set of paramag-
4000 Ly netic ar_ld diamagnetic c_:o_mplexes is large enough to allqw
600 650 700 750 800 850 900 950 conclusmns to be drawn, it is easy to see that_ no clear correlat_lon
Wavelength [nm] exists between the spin state of the coordinated metal cation
and the susceptibility of the singly reduced texaphyrins toward
510° protonation.
E b Since the observed trend hinders a meaningful correlation
= with the spin state, a comparison with the metal size was
410° E undertaken. Table 2, although comprising a limited data set,
E shows that the reduced forms of the complexes that contain large
A o trivalent lanthanides (i.e., Gd(lIl) and Eu(lll)) protonate rapidly,
3 10° E whereas the reduced forms of those complexes containing small
e : trivalent lanthanides (i.e., Lu(lll) and Yb(lIl)) are protonated
3 almost one order of magnitude slower than the congeneric
210° complexes containing a larger cati&hOut of plane displace-
F ment of the larger metal ions cause the texaphyrin core to pucker
|10 / R T to a larger extent than is true for the smaller analog&dais

distortion, which would necessarily be reflected in a weakened
m-delocalization and greater susceptibility toward reaction with
an electrophile, is expected to facilitate protonation of the
M~—Tex™ species.

20 30 40 50 60 70 80 90 100
Concentration [umol/l]

Figure 4. (a) One-electron oxidation. Transient absorption spectrum
of Gd—Tex?3* obtained upon pulse radiolytic treatment of a X.A0™°

M solution of Gd-Tex?* in N,O-saturated aqueous MPO, buffer Th9 aboye results., and in _partiCUIar the one ordgr of
(pH 8.7). Inset: time-absorption profile for the grow-in of the transient  Magnitude difference in protonation rate, may help explain the
(Amaxat 810 nm) ascribed to Gelex3*. (b) Plot Ofkess Vs [Gd—Tex2t] difference in radiation sensitizing observed when-Gex**

at 830 nm for the oxidation of GeTex?* by *OH, in N,O-saturated and Lu-Tex2" are studied under identical biological conditions.
aqueous solution (intercept 9.5 x 10%; slope= 4.8 x 10, r? = 0.99). Indeed, the present results lead us to suggest that one explanation

for why Gd—Tex2" is more efficacious than LuTex2" is that

Relevant to the above conclusion is the finding that adding the singly reduced form of the gadolinium complex is protonated
the carbon centered radic&H,(CHz)>COH to Gd-Tex?*, in too rapidly to allow for further follow-up reaction with hydroxyl
the absence of €I and*OH, failed to produce the characteristic  radicals. By contrast, the singly reduced product produced from
Spectral features described above. In particular, no maximumthe Starting lutetium Comp|ex may be |0ng_|ived enough to react
around 830 nm was observed under these particular experimentalyith the hydroxyl radicals. This latter species, but not-Gd
conditions (NO saturated aqueous solutions containing 2 vol Tex2*, would thus act to decrease the effective concentration
% tert-butyl alcohol). This negative control lends credence to of *OH. Since*OH is implicated as being a major cytotoxin

the idea thatOH and C}*~ act as pure oxidants. responsible for the therapeutic effect of radiation therapy, the
The pseudo-first-order rate constants for reaction efléx** fact that less would be available in the case of-liex2* could

with *OH were determined in a manner similar to that used to account for why it is a less effective sensitizer than-Gex2+

obtain the rate constants for reaction ofHVlex?" with e~ (aq), in vivo. Studies designed to confirm or refute the chemical

i.e., from the grow-in kinetics of the 830 nm absorption feature viability of this proposed explanation are currently underway.
(Figure 4b). Interestingly, as illustrated in Table 2, all of the
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Origin of Reductive Differences. The difference in the
stability of the singly reduced metallotexaphyrins could be due
to several factors. Two of the more obvious with which we were
primarily concerned involve the spin of the metals (paramagnetic
vs diamagnetic) and the size of metal cation (ranging from 0.977
A for Lu(lll) to 1.10 A for Cd(11)).83 The magnetism of the
central metal could influence the reactivity of the singly reduce
texaphyrin. Likewise, it is also feasible that the metal size
governs the stability and, in turn, the reactivity of the singly
reduced species. Prior X-ray crystallographic analysis of Gd References and Notes
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