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Tripyrrindione as a Redox-Active Ligand: Palladium(II) Coordination

in Three Redox States
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Abstract: The tripyrrin-1,14-dione scaffold of urinary pigment
uroerythrin coordinates divalent palladium as a planar triden-
tate ligand. Spectroscopic, structural and computational inves-
tigations reveal that the tripyrrindione ligand binds as a di-
anionic radical, and the resulting complex is stable at room
temperature. One-electron oxidation and reduction reactions
do not alter the planar coordination sphere of palladium(II)
and lead to the isolation of two additional complexes present-
ing different redox states of the ligand framework. Unaffected
by stability problems common to tripyrrolic fragments, the
tripyrrindione ligand offers a robust platform for ligand-based
redox chemistry.

Redox-active (or redox non-innocent) ligands in coordina-
tion compounds can act as electron reservoirs, thereby
extending opportunities for multi-electron transformations
beyond the redox chemistry of the metal center(s). The design
and study of such ligands is key to the engineering of new
catalytic systems featuring additional pathways for redox
reactivity.'™! Within biological catalysts, the storage and
release of redox equivalents on tetrapyrrolic ligands is critical
in numerous heme enzymes including catalases and cyto-
chrome P450 monooxygenases. Synthetic tetrapyrroles, such
as porphyrins,® corroles,*® and bilins,*' as well as
expanded porphyrin macrocycles'™ and tetradentate
bis(phenolate)-dipyrrins,'® display rich ligand-based redox
chemistry. In contrast, the stabilization of unpaired electrons
is not well documented for smaller dipyrrolic and tripyrrolic
fragments. Herein, we describe the one-electron redox
chemistry of a stable tripyrrindione framework in palladium-
(IT) complexes.

Conjugated tripyrroles are attractive ligand platforms,
likely inheriting the exquisite electronic tunability of por-
phyrins while allowing access to the metal center for addi-
tional coordination in the plane of the ligand. The coordina-
tion chemistry of tripyrroles, however, suffers from limited
stability of the ligands and complicated redox chemistry in the
presence of transition metals (often leading to ligand
deterioration)."”! For instance, tripyrrins (Scheme 1) are
typically stable as protonated salts in neat trifluoroacetic
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Scheme 1. Examples of naturally occurring and synthetic tripyrrolic
scaffolds.

acid, but decompose rapidly in the presence of nucleo-
philes."® In addition, tripyrrane”” and tripyrrin-1-one™”
scaffolds, as well as pyrrolyldipyrrin  prodigiosin®?
(Scheme 1), undergo oxidative ligand degradation in the
presence of Cu" ions.

A tripyrrolic motif is found in the structure of ubiquitous
urinary pigment uroerythrin (Scheme 1), which was first
isolated in 1975 from the pool of pigments excreted in human
urine and generically known as urochrome.*?! We reasoned
that the tripyrrin-1,14-dione scaffold of this physiological
product of heme degradation could serve as a stable platform
for metal coordination. In addition, the ability of tetrapyrrolic
bilindione (i.e., an analog of heme metabolite biliverdin) to
stabilize ligand-based radicals’®* prompted us to consider
tripyrrindiones as potential redox-active ligands.

The most stable syn-Z configuration® (shown in
Scheme 1) of the extended m system of tripyrrindione appears
well suited for metal binding, and a color change upon Zn"
addition was recorded for both natural uroerythrin®! and
synthetic hexaethyl tripyrrindione H;TD1;?” nevertheless,
the only reported complexes of these ligands are fluorescent
difluorylboryl (BODIPY-type) compounds.””’ We observed
that addition of palladium(II) acetate (1.2 equiv) to a solution
of H;TD1 in tetrahydrofuran under ambient conditions led to
a gradual change in color from deep red to dark blue.
Crystallization and analysis of the product confirmed the
coordination of a palladium center.
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Figure 1. Crystal structure (top and side views) of [Pd(TD1°) (H,O)]
showing a partial atom labeling scheme and hydrogen-bonding inter-
actions (dashed lines). Carbon-bound hydrogen atoms in calculated
positions are omitted for clarity. In the side view, peripheral ethyl
groups are not shown. Thermal displacement ellipsoids are set at the
50% probability level (CCDC 1400990).

The crystal structure of the coordination compound
(Figure 1) presents a neutral complex featuring an approx-
imately square planar geometry for the palladium center,
which is bound to three pyrrolic nitrogen atoms and one
adventitious water molecule. The hydrogen atoms on the
aqua ligand engage in hydrogen-bonding interactions with the
carbonyl groups of the tripyrrindione framework (O1-O3,
2552 A; 02-03, 2.574 A). The C-O distances (1.236-
1.242 A) on the pyrrolidone rings are consistent with double
bonds and similar to those reported for bis-lactam H;TD1,>
thereby excluding the formation of a tautomeric lactim. In
addition, the isolated tripyrrindione complex features Pd—N
bond distances that are similar to those reported for Pd"
complexes of other linear oligopyrroles.”*! We therefore
hypothesized the concomitant occurrence of metal coordina-
tion and one-electron oxidation of the ligand, which would
coordinate as a dianionic radical (formally TD1?™) rather
than a trianionic diamagnetic species (TD1*").

The hypothesis of a ligand-based radical was confirmed by
electron paramagnetic resonance (EPR) spectroscopy. The
continuous-wave EPR spectrum of the complex recorded in
toluene at room temperature (Figure 2) exhibits a single line
centered at g~2.003 (typical for organic radicals) and has
a width of 0.59 mT. The spin concentration for this signal was
quantified using the stable nitroxide radical 2,2,6,6-tetrame-
thylpiperidin-1-yl)oxyl (TEMPO) as a reference. Within
standard accuracy limits (estimated at & 15 %, see Supporting
Information (SI) for details),” the spin concentration was
found to be equivalent to the concentration of the dissolved
complex and therefore consistent with a stable radical of
formula [Pd"(TD1°)(H,0)].*"

Single-point DFT calculations at the PBEO/ECP-
(28MDF){Pd}q/def2-tzvp level of theory were performed
following geometry optimization of [Pd(TD1°)(H,O)] at the
BP86 level of theory. The calculated frontier molecular
orbitals (MOs) for the complex were found to be almost
exclusively ligand-based (Figure 3). The SOMO for
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Figure 2. EPR spectrum of T mm [Pd(TD1%) (H,0)] in liquid toluene
solution at 296 K. Experimental conditions: microwave (mw) frequency,
9.652 GHz; mw power, 200 uW; magnetic field modulation amplitude,
30 uT.
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Figure 3. Partial MO diagram for [Pd(TD1) (H,O)] with corresponding
isosurface plots (top) and spin density plot (bottom).

[PA(TD1)(H,0)] is best described as a ligand(s)-Pd(4d,,)
antibonding orbital with high ligand character and only 3.3 %
Pd character. Consistent with the observed EPR data, ca.
99% of the total unpaired spin density resides on the
tripyrrindione ligand system, primarily on the C—C m-system
of the two pyrrolidone rings (20.0 % on each) and the central
pyrrole (36.4 % ), with minor contributions from the carbonyl
O(2p,) AOs (9.5% on each) and the N(2p,) AO (3.1 %) trans
to the aqua ligand. All experimental and computational
findings therefore indicate that [Pd(TD1")(H,O)] is best
described as a Pd" complex with a TD1** m-radical ligand.

The cyclic voltammogram of [Pd(TD1)(H,0)] in CH,Cl,
(Figure 4) exhibits a reduction at —0.672 V and an oxidation
at —0.052 V relative to the ferrocene/ferrocenium couple (Fc/
Fc*). The AE, values (80 mV for both events) and the linear
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Figure 4. Cyclic voltammogram of [Pd(TD1°) (H,0)] at a glassy carbon
electrode in CH,Cl, with (nBu,N) (PFg) as a supporting electrolyte.
Data collected at a scan rate of 100 mVs™' using a Ag/AgCl pseudo-
reference electrode and a platinum wire auxiliary electrode.

relationship between measured current and square root of
scan rate (Figure S5, SI) indicate that both processes are
quasi-reversible one-electron events. By comparison, the
cyclic voltammogram of the free ligand (Figure S6, SI) is
complicated and presents at least three irreversible reduction
events at potentials lower than —1.6 V and several oxidations
above 0.1V, including a quasi-reversible event at approx-
imately 0.25 V.

The electrochemical profile of [Pd"(TD1")(H,0)]
prompted us to pursue its one-electron transformations
(both reductive and oxidative) by chemical methods and to
characterize the other oxidation states of the redox-active
ligand platform. Following one-electron oxidation of [Pd"-
(TD1)(H,0)] by stoichiometric AgBF,, we isolated a species
comprising the cationic complex [Pd(TD1)(H,O)]" and the
[BF,]” counter ion (Figure5, top panel). The 'H NMR
spectrum of this diamagnetic species shows the expected
downfield shifts of resonances in comparison with the free
ligand H;TD1 (Figure S1, SI). Conversely, addition of 1 equiv
of reductant CoCp*, (Cp* =pentamethylcyclopentadienyl)
to a solution of [Pd"(TD1%)(H,0)] at room temperature under
an inert atmosphere afforded a one-electron reduction
product featuring the anionic tripyrrindione complex [Pd-
(TD1)(H,0)]™ and the cobaltocenium counter ion [CoCp*,]*
(Figure 5, bottom panel). Both one-electron redox events can
be monitored by UV-vis spectrophotometry as they are
accompanied by a shift of the main absorption features of
[Pd"(TD1°)(H,0)] in the 550-650 nm region and by complete
disappearance of two near-infrared bands at 826 and 933 nm
(Figure S2, SI).

Consistent with the electrochemical data (Figure 4), the
tripyrrindione ligand undergoes two changes in oxidation
state with no significant changes in the planar geometry or
bond distances of the Pd" primary coordination sphere. As
expected for ligand-based redox events, the largest alterations
in bond distances (up to 4 0.04 A) are observed on the ligand
scaffold (Table S2, SI). In particular, the one-electron oxida-
tion and reduction of [Pd"(TD1)(H,0)] have opposite effects
on bond distances (i.e., in bonds for which oxidation causes
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Figure 5. Crystal structure of complexes [Pd(TD1) (H,0)][BF,] (top) and
[CoCp*,][Pd(TD1) (H,O)] (bottom). Carbon-bound hydrogen atoms in
calculated positions are omitted for clarity. Thermal displacement
ellipsoids are set at the 50% probability level (top: CCDC 1400991,
bottom: CCDC 1400989).

lengthening, reduction causes shortening). DFT computa-
tional analyses (see SI for details) support closed-shell
configurations for both oxidized and reduced complexes.
Specifically, for the [Pd(TD1)(H,O)]” complex, the singlet
state is approximately 1.3 eV lower in energy when compared
to the triplet state, and the doubly filled HOMO is a ligand-
(m)-Pd(4d,,) antibonding orbital with low Pd character
(3.9%). Experimental and computational findings on the
products of one-electron redox reactions are hence consistent
with loss or gain of one electron from the same type of ligand-
based MO.

This unique series of Pd" complexes allows comparison of
the hydrogen bonding interactions between the aqua ligand
and the TD1 ligand system in three different redox states. The
donor-acceptor distances decrease from the longest value
(2579 A) in the cationic complex to the shortest one
(2.521 A) in the anionic complex (Table S3, SI). Conversely,
the hydrogen-bonding angles (O-H---O) increase from a mini-
mum of 143.49° in [Pd(TD1)(H,0)]" to a maximum of 160.11°
in [Pd(TD1)(H,O)] . In both cases the parameters of the
neutral complex lie in between those of the charged ones. The
crystallographic parameters®!! therefore indicate that the
hydrogen-bonding strength increases with the number of
electrons on the tripyrrindione framework and hence is
modulated by the redox state of the acceptor system.
Electronic structure calculations are consistent with this
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assessment. As [Pd"(TD1)(H,0)]" is reduced to [Pd"(TD1")-
(H,0)] and then [Pd"(TD1)(H,0)] ", the calculated strength
of the hydrogen bond increases by ~2 kcalmol ' for each
one-electron reduction (Figure S10, SI).

One-electron oxidations of tetrapyrrolic bilindione have
been observed upon coordination of several divalent tran-
sition metals, including Cu", Ni" and Pd",”*! which resulted
in helical complexes featuring ligand-based radicals. Notably,
the marked redox non-innocence of biliverdine analogs has
been in part associated with the sterics of their curved m
systems.” Our findings show that the smaller tripyrrindione
scaffold not only stabilizes an unpaired electron at room
temperature on its planar st system, but also offers a tridentate
geometry suitable for access to the metal center for an
additional in-plane ligand (i.e., H,O in the case of [Pd"-
(TD1")(H,0)]). The influence on reactivity of the identity of
the metal center and of the hydrogen-bonding interactions to
the pyrrolidone carbonyl groups will be the focus of upcoming
studies.

Known as a urinary pigment emerging from physiological
pathways of heme degradation, the tripyrrindione fragment
provides a stable platform for transition metal coordination
and one-electron ligand-based redox chemistry. This pincer-
type ligand, which we characterized in three different
oxidation states, could offer the advantages of oligopyrroles
(e.g., electron-rich scaffold, highly tunable redox properties)
to modern catalytic applications employing redox non-
innocent ligands.
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