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0.832 mmol) in pentane (20 mL) cooled to —120°C. The resulting dark
brown suspension was stirred for 48 h at — 78 °C during which time it turned
dark green. The NMR spectrum recorded for the dark green solution
obtained after the reaction mixture had been allowed to warm to room
temperature and the solvent pentane had been exchanged for CiDg
revealed in addition to small amounts of rBu;SiH (hydrolysis product of
Bu,SiNa; identification by comparison with an authentic samplel),
R¥In—InR¥ (identification by comparison with an authentic samplel*)
and 3 in a molar ratio of about 1:1. After removal of insoluble products
(Cp*Na) from the original solution in pentane by filtration, removal of all
volatile components under an oil pump vacuum (tBu;SiH, pentane), and
dissolution of the dark green residue in benzene (10 mL), 3 (0.072 g,
0.034 mmol, 32 %) crystallized as dark green parallelpipeds in the course of
7 d at room temperature. '"H NMR (C¢Dy, TMS internal): 6 =1.362 (s; 6
SirBuy); BC{'H} NMR (C¢D4, TMS internal): 6 =29.29/33.09 (18 CMe,/18
CMe;); ¥Si NMR (C¢Dg, TMS external): ¢ =80.95 (6 SifBuy).
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Terthienyl-Based Redox-Switchable
Hemilabile Ligands: Transition Metal
Polymeric Complexes with Electrochemically
Tunable or Switchable Coordination
Environments ?**

Dana A. Weinberger, Thomas B. Higgins,
Chad A. Mirkin,* Louise M. Liable-Sands, and
Arnold L. Rheingold

Herein we report the synthesis and characterization of the
first transition metal complexes (4a,b) formed from redox-
switchable terthienyl-based hemilabile ligands (1a,b)
(Scheme 1). These ligands were designed to possess several
key features. First, they are hemilabile when bound to Ru!!
centers in a x? fashion by virtue of their phosphane and
terthienyl moieties.! Second, the redox-active terthienyl
group in 4b can be electrochemically polymerized at an
oxidation potential lower than that of the Ru!' centers,
allowing the generation of an electroactive film of poly-4b
with the metal centers still intact. Terthienyl-based polymers
can be reversibly oxidized, thereby providing electrochemical
control over the binding constant of the polymeric ligand in
poly-4b for transition metal centers dispersed along its thienyl
backbone. Although others have grafted metal centers onto
the backbone of preformed conducting polymers to form
substitutionally inert linkages®*®! or polymerized metal-con-
taining monomers,>* 4b is the first isolable, polymerizable
monomer suitable for forming a polymeric metal ligand
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Scheme 1. Schematic diagram of the synthesis of metal complexes 4a,b.
Cp = cyclopentadienyl.

complex with an electrochemically controllable coordination
center. Although the concept of a “redox-switchable hemi-
labile ligand (RHL)” for electrochemically controlling tran-
sition metal reactivity is now well established,’! previous
studies have focused almost exclusively on metallocene
moieties as the redox-active group that provides control over
ligand lability. Therefore, poly-4b and non-polymerizable,
methyl-capped model complex 4a give entry into a new class
of terthienyl-based RHLs and provide an initial opportunity
to study this class of ligand in the context of a conducting
polymer.

Complexes 2a,b were synthesized from the new ligands
1a,b by a modification of literature procedures for synthe-
sizing analogous, isoelectronic complexes (see Supporting
Information) (Scheme 1). Compounds 3a,b were prepared by
stirring 2a,b in CH,Cl, with AgBF, at room temperature. The
B(3,5-(CF;),C¢Hs), and B(C¢Fs), salts (4a,b) were prepared
from 3a,b by metathesis with appropriate alkali metal salts
(Scheme 1). Each salt has advantages with respect to crystal-
lization, solubility, or spectroelectrochemistry, and thus the
use of a particular salt reflects the best balance of these
properties. The solution spectroscopic data for 3a,b and 4a,b
are consistent with their proposed structures. In addition, an
X-ray diffraction study performed on a single crystal of 4al’!
shows that in the solid state the thienyl ring closest to the
methylene group is bound to the Ru!! center in an #'-fashion
and that the absolute diastereomeric configuration of the
complex is RugS¢/Ru Sz (Figure 1). Although #'-I%7dl and
n>-thienyl’*d and #’-terthienyl® complexes have been
reported, this is the first structurally characterized #!-
terthienyl metal complex.

We have used a methyl-capped complex, 4a, to determine
the maximum “RHL effect” or thermodynamic perturbation
one can expect for this class of compound as a function of
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Figure 1. ORTEP diagram of 4a (counterion and hydrogen atoms are
omitted for clarity; thermal ellipsoids are drawn at 30% probability).
Selected bond lengths [A] and bond angles [°]: Ru—Cy,, 1.894(4), Ru—S1
2.3903(9), Ru—P1 2.3424(9), Ru—C1 1.889(4); S1-Ru-P1 92.40(3), P1-Ru-
C1 91.00(13), C1-Ru-C,, 124.0(2); C.n-Ru-S1 122.5(12); C,, =ring
centroid of Cp ring.

ligand-centered oxidation. The cyclic voltammetry of 4a in
CH,Cl,/0.1m NaBAr, exhibits a chemically reversible, one-
electron, terthienyl-based oxidation/reduction wave at E,, =
735 mV vs. FcH/FcH* (confirmed by rotating disk electrode
experiments, see Supporting Information) followed by an
irreversible, Ru-centered oxidation at 1180 mV. The assign-
ment is based upon the observation that a model complex,
[Cp(CO){P(CH,CH;)Ph,}Ru(CH;CN) |BF,, which does not
possess a terthienyl ligand is irreversibly oxidized at 1270 mV
vs. FcH/FcH™' in 1/1 CH;CN/CH,Cl,. Significantly, if CH;CN
(4 equiv) is added to 4a, the complex is converted to a CH;CN
adduct [Cp(CH;CN)RuCO{3'-(2-diphenylphosphinoethyl)-
5,5"-dimethyl-2,2": 5’ ,2"-terthiophene}|B{3,5-(CF;),CsHs}, (5)
by displacement of the #'-terthienyl moiety from the Ru
center. The E,, of 5 is 535 mV vs. FcH/FcH* and allows one
to quantify the increase in Ru" binding constant (K) for
CH;CN upon oxidation of the terthienyl ligand (AE,,=
(RT/nF)In(K /K eq); Kox/Kieq=2 % 10%). Alternatively, this
ratio may be viewed as an inverse measure of the decrease
in Ru'-terthienyl RHL binding constant that accompanies
ligand-based oxidation.

Spectroelectrochemical FT-IR experiments of 4a in
CH,Cl,/0.1m NaBAr} provide insight into the influence of
terthienyl oxidation state on the electronic properties of the
bound Ru'! center. Terthienyl-centered oxidation/reduction of
4a results in a reversible increase in its CO stretching
frequency of 19 cm~! (from 1992 to 2011 cm~! in IR difference
spectrum) (Figure 2). The magnitude of this shift is substantial
considering that direct spectroelectrochemical oxidation of
the Ru"' center in [Cp(CO){P(CH,CH;)Ph,}JRuCl] results in a
90 cm™! shift in 7o (Feo: [Ru"]=1955cm™!; [Ru]=
2045 cm™!), suggesting that terthienyl-based oxidation in 4a
is worth approximately 1/5 of an electron at the Ru center in
terms of electronic change.

Poly-4b has been electrochemically deposited onto an Au
electrode by electrochemically oxidizing 4b in CH,Cl,/0.1m
LiB(CFs),. The characteristic oxidative polymerization wave
for this terthienyl compound is observed at 765 mV vs. FcH/
FcH*, and the reversible oxidation/reduction wave for a
typical deposited polymer is E;,=540mV vs. FcH/FcH".
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Figure 2. Spectroelectrochemical (FT-IR) experiments. A): 0.01m 4a, 0.1M
NaBArj, CH,Cl,. Time elapsed difference spectra of 4a after its oxidation
with an Au working electrode held at 600 mV vs. Ag wire; the growth of the
oxidized complex 4a* is evidenced by the growth of the band at 2011 and
concomitant decrease of the band at 1992 cm~. Difference spectra are
obtained by subtracting the initial spectrum of 4a from the spectrum of 4a
recorded after being held at 600 mV for: 1 min (/), 3 min (2), 5 min (3),
7 min (4), and 9 min (5); FT-IR difference spectrum after completion of the
experiment and after holding the electrode at 0 V for 28 min (6). Almost
quantitative reformation of 4a is effected. Inset: FT-IR spectrum of
complex 4a (7o =1995 cm™'). B): FT-IR difference spectra of poly-4b on
an Au thin film electrode as function of oxidation. Difference spectra are
obtained by subtracting the initial spectrum of poly-4b from the spectrum
of poly-4b recorded at a desired potential for a specified period of time.
Film oxidized at 1200 mV vs. Ag/AgNO; for 1 min (7), at 0 mV for 1 min,
showing return of film to its unoxidized state (2), and at 1200 mV for 1 min
(3). Note: although the difference band for the polymer (1975 cm™!) differs
from that of the monomer (1992 cm™'), this change has been attributed to
inhomogeneity within the polymeric films. Inset: FT-IR spectrum of poly-
4b (700 =1993 cm™).

Specular reflectance FI-IR spectroscopy, energy dispersive
spectroscopy (EDS), and reactivity studies have been per-
formed on the resulting polymers to confirm that the basic
monomer fragment does not degrade during polymerization.
For example, the FT-IR spectrum of poly-4b exhibits a single
metal carbonyl band at 1993 cm~!, which is almost identical in
frequency to that of the monomer (1995 cm~!). EDS shows
within experimental error that the Ru:S ratio remains
constant before and after polymerization, suggesting that all
of the metal sites remain intact (i.e. no leaching occurs, see
Supporting Information). Due to its insolubility, the average
molecular weight of the polymer has not been determined.
Evidence that the poly-terthienyl backbone in poly-4b can
dissociate from the Ru centers was obtained by studying the
reactivity of poly-4b with fert-butylisocyanide. When poly-4b
is immersed in a 0.04 M solution of (CH;);CNC in CH,Cl,, the
resulting film exhibits a new IR band at 2175 cm™! in the metal
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isocyanide region of the spectrum. This band matches that
assigned to the isocyanide stretch in [Cp{(CH;);CNC}-
RuCO({3’-(2-diphenylphosphinoethyl)-2,2":  5'2"-terthiophe-
ne}]BF, (6), formed upon reaction of 3a and rBuNC
(2175 cm™).

Although methyl-capped 4a has only two stable electro-
chemically accessible oxidation states, poly-4b potentially has
many due to the terthienyl repeat unit along the backbone.
Significantly, spectroelectrochemical (FT-IR) experiments
performed on poly-4b show a decrease in the metal carbonyl
difference band at 1993 cm~' upon oxidation and a concom-
itant increase in a new difference band at 2011 cm~! (Fig-
ure 2B). This process, which can be electrochemically re-
versed, further confirms that the polyterthienyl backbone is
coordinated to and in electronic communication with the Ru
centers. Moreover, the spectroscopy is a measure of the
electronic perturbation at the Ru centers, which is significant
and compares quite well with the spectroscopy for model
complex 4a. Although several groups have suggested that
metal-conducting polymer complexes might give access to
systems with tunable electrochemical properties based on
extent of oxidation,? we do not observe gradual shifts in CO
stretching frequency to higher energy with poly-4b as it is
oxidized. Instead, only one quantized shift is observed with
continued growth of the difference band at 2011 cm™! as the
polymer is oxidized. It seems that the charged Ru fragment
causes the electron holes produced during oxidation of the
polymer backbone to remain localized on the uncomplexed
thienyl rings, at least on the timescale of the IR experiment.
Thus, upon oxidation of poly-4b, the maximum spectroelec-
trochemical shift is observed, consistent with that observed
for model complex 4a. This type of effect, although not
tuning, can be quite useful for modulating polymer metal
complex binding constants. Future work will focus on studying
the small molecule uptake and release properties of these
novel polymers as a function of polymer oxidation state.
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4-[3,5-Bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]-
benzoic Acid: A Novel Efficient and
Selective Iron(1) Complexing Agent**

Uwe Heinz, Kaspar Hegetschweiler,* Pierre Acklin,
Bernard Faller, René Lattmann, and
Hans Peter Schnebli

Clinical medicine recognizes several diseases which are due
to defects in iron homeostasis.'! Iron deficiency anaemia is
rather common but can be treated easily. By comparison, iron
overload is relatively rare but is associated with more severe
morbidity. Since man is unable to actively excrete iron, excess
iron, once taken up, deposits in tissues in the form of solid
FeOOH which then can lead to organ damage and ultimately
death. Frequent blood transfusions, as are necessary in the
treatment of haematological defects such as f-thalassaemia
major (more than 500000 patients world-wide), are a well
recognized cause of iron overload.”! Therapeutically useful
chelators can complex excess tissue Fe'l, thus transforming it
into a soluble, excretable form. Currently, the siderophore
desferrioxamine-B (Desferal) is by far the clinically most
widely used chelator. However, this compound has a very
short biological half-life and, in addition, cannot be admin-
istered orally. Because of this, there has evolved an intensive
search for new iron chelators in recent years.®l Clearly, in
addition to low toxicity, appropriate tissue distribution and
pharmacokinetics, the metal-binding properties, for example
high stability of the Fe'! complexes, and high selectivity with
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respect to other biologically important metals of such com-
pounds will be of central importance.

We herein report on the metal complexing properties of a
substituted 3,5-bis(ortho-hydroxyphenyl)-1,2,4-triazole in sol-
ution. Ryabukhin had already discovered that compounds of
this class tend to form complexes with divalent transition
metal ions in the form of insoluble polymers.! Our studies
have shown that the corresponding benzoic acid H;LP!
exhibits ideal properties for use in the treatment of iron

overload. Owing to the good
oral bioavailability, tolerance HOOC
in animal studies, and efficient \Q
excretion of iron, this ligand is N—N
a possible successor to Desfer- g
SHps
Free H;L reacts in solution
as a weak, triprotic acid, and in
the neutral pH range it is
present as the carboxylate ion
H,L". The nitrogen atoms of the five-membered heterocycle
cannot be protonated above pH 2. With Fe!! this ligand forms
a dark violet 1:1 complex and a deep red 1:2 complex.l The
peripheral carboxylate group does not participate in the
metal-complex formation; [FeL] can therefore be protonated
once, and [FeL,]*~ can be protonated twice. In accord with the
negative charge [FeL,]* is the slightly stronger base. Thus L3~
acts as a tridentate meridionally coordinating ligand,® where
binding of the metal center occurs through the two phenolate
groups and one of the nitrogen atoms of the heterocycle.
Consequently, the bis complex [FeL,]*~ adopts a trans-N,O,
coordination. With AI'' complex formation is so slow that
separate signals for the free ligand, the 1:1 complex, and the
1:2 complex are observable in the 'H NMR spectrum.”) The
individual protonation equilibria, however, exhibit time-
averaged signals with pD-dependent shifts. According to
these NMR spectroscopic studies, free H;L is exclusively
present below pD 2. In the range 2 <pD <4 [AI(HL)]" is
formed, which is subsequently deprotonated to [AIL]. The
formation of 1:2 complexes begins above pD 5.5, and at higher
pH the 1:1 complex disappears completely. The NMR spectra
for the 1:2 complexes show only ten signals for the aromatic
protons. Apparently the
two ligands are symmetry-
equivalent (C,), which is
consistent with the struc-
ture proposed for [ML,J*".
In strongly alkaline solu-
tions the complex decom-
poses to form [AI(OH),]",
and in 5moldm—> NaOD o
only the signals of free,
deprotonated L3~ are ob-
served. 7 )
The various protonation
and complex formation
equilibria could be eluci-
dated quantitatively by ex-
tensive potentiometric and
spectrophotometric meas-

~00C
[ML]3 (M = Al, Fe)
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