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ABSTRACT: Titanium and zirconium complexes carry-
ing two 2,6-bis(pyrrolyl)pyridine ligands have been
synthesized and characterized. The neutral complexes
Ti(M*PDP), and Zr(™PDP), (MPDP = 2,6-bis(5-methyl-
3-phenyl-1H-pyrrol-2-yl)pyridine) show intense ligand-to-
metal charge-transfer bands in the visible region and
undergo multiple reversible redox events under highly
reducing conditions. Zr(M*PDP), exhibits photolumines-
cent behavior and its excited state can be quenched by
mild reductants to generate a powerful electron transfer
reagent with a ground state potential of —2.16 V vs Fc*/°.
This reactivity was utilized to facilitate dehalogenation
reactions, the reduction of electron-poor olefins, and the
reductive coupling of benzyl bromide via photoredox
catalysis. In these reactions, the earth-abundant metal
complex Zr(M®PDP), acts as a substitute for the precious
metal photosensitizer [Ru(bpy),]*".

hotoluminescent transition metal complexes have received

considerable attention due to their importance in photo-
voltaic devices," solar fuel production,” and photoredox
catalysis.” A common design element of many popular, metal-
based molecular photosensitizers is the combination of an
electron-rich metal center with strong m-acceptor ligands. In
these complexes, initial charge separation occurs via metal-to-
ligand charge-transfer (MLCT) transitions often followed by
intersystem crossing (ISC) leading to long-lived excited states.”
The light energy stored in the luminescent excited state alters the
redox-potentials of the photosensitizer and enables facile single-
electron transfer (SET) reactions. Prominent examples for this
type of photosensitizer are [Ru"(bpy);]** (d% bpy =2,2'-
bipyridine),” [Ir'(ppy);] (d°, ppy =2,2'-phenylpyridine),® and
[Cu(dmp),]** (d"°, dmp = 2,9-dimethyl-1,10-phenanthroline)”
as well as the more recently reported complexes W'(C=NAr),
(dS, Ar = 2,6-dimethylphenyl)® and [Pt"(terpy) (C=CR)]"* (d,
terpy = 2,2';6',2"-terpyridine).” A notable exception are
cerium(III) amide and guanidinate complexes recently reported
by Schelter et al., in which the strong luminescence originates
from Sd—4f transitions.'’

Ligand-to-metal charge transfer (LMCT) presents an
alternative strategy for the design of photoactive transition
metal compounds. Among the most well-studied examples are
cyclopentadienyl complexes of d° metal ions."' However, most of
these complexes require excitation with UV rather than visible
light. Luminescent LMCT states from visible light excitation
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have been observed in group S and 6 complexes carrying a single
oxo or imido ligand.”” Electron rich metal complexes with
luminescent LMCT states have been reported for Re and Tc
using bidentate phosphine ligands.'” Our interest in this type of
mechanism was sparked by the potential to develop molecular
photosensitizers based on group 4 transition metals. The high
earth-abundance and the resulting low cost of titanium and
zirconium as the second and fourth most-abundant transition
metals in the earth’s crust, respectively,14 makes these metals
attractive candidates for large-scale solar energy applications.'®
Herein, we present a new molecular photosensitizer based on the
electron-deficient early transition metal Zr(IV) and a z-donating
pyridine dipyrrolide, PDP, ligand and demonstrate its utility in
photoredox catalysis.

Transition metal complexes using a pincer-type 2,6-bis-
(pyrrolyl)épyridine ligand framework were only recently
reported.’® This ligand architecture exhibits a number of
attractive features for the design of LMCT photosensitizers:
(a) Pyrrolide ligands are 7-donors due to the amide character of
the nitrogen atom and the 2,2’-connectivity between the
pyrrolide and pyridine rings confers amide character to the
pyridine nitrogen via conjugation; (b) the extended z-system
allows for facile charge delocalization and the ligand was shown
to be readily oxidized by up to two electrons;'®” (c) the pincer-
type backbone provides a rigid framework for the synthesis of
coordinatively saturated octahedral complexes and its modular
synthesis allows for straightforward tuning of the steric and
electronic properties of the ligand. For the purpose of this study,
we focused on 2,6-bis(5-methyl-3-phenyl-1H-pyrrol-2-yl)-
pyridine, H,*PDP, which was synthesized from commercially
available 2,6-pyridinedicarbaldhyde and benzylideneacetone via
a straightforward two step/one pot protocol.'”

Addition of two equivalents of n-BuLi to H,M*PDP resulted in
clean deprotonation yielding Li,*PDP. Treatment of ZrCl, with
two equivalents of Li,PDP at room temperature provided
Zr(M*PDP), in 69% yield (Scheme 1). A similar protocol using
TiCl,(thf), as the metal precursor did not furnish the
corresponding titanium complex, but lead to the formation of
unidentified paramagnetic products. This reactivity is probably
due to facile reduction of Ti"¥ by the lithium salt of the ligand. In
contrast, reaction of TiCl;(thf); with two equivalents of
Li,*PDP resulted in clean formation of paramagnetic [Li-
(thf),][Ti(M*PDP),] in 62% vyield, which was converted to
Ti(M*PDP), by oxidation with half an equivalent of I, (92%
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Scheme 1. Synthesis of Zr(™*PDP),, Ti(**PDP),, and
[Li(thf),][Ti(**PDP),]
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Figure 1. Representation of the molecular structure of Zr(M*PDP), with
50% probability ellipsoids. Hydrogen atoms were omitted for clarity.

yield). The molecular structures of the three complexes were
established by X-ray diffraction and the structure of Zr(™*PDP),
is shown in Figure 1. In all complexes, the coordination
environment around the central metal ion is best described as
distorted octahedral with two meridionally coordinating
tridentate M*PDP*" ligands. The geometric constraints enforced
by the ligand framework result in reduced average N . -M-
N,yrmol angles of 140.00(9)°, 147.57(11)°, and 149.40(9)° for the
pincer ligands in Zr(M*PDP),, Ti(M*PDP),, and [Ti-
(MePDP),]'", respectively. The two tridentate ligands exhibit
nearly perfect perpendicular orientation in all complexes as
indicated by the angle between the N(1)—N(2)—N(3) and the
N(4)—N(5)—N(6) planes. The '"H NMR spectroscopy data for
diamagnetic Zr(M*PDP), and Ti(™*PDP), as well as for
paramagnetic [Li(thf),][Ti(™*PDP),] are in agreement with
D,4 symmetric structures in solution. No significant changes in
the intraligand bond distances are observed between Ti-
(MPDP), and the one-electron reduced complex ion [Ti-
(MPDP),]'” (Table S1), indicating metal-centered reduction
and a +1II oxidation state for the titanium ion in [Li(thf),][Ti-
(MPDP),]. Consistent with this assignment, the average Ti—
Npyiole bond length increases from 2.039(3) A in the neutral
complex to 2.113(2) A in the anionic compound. The average
Ti—N,ygine distance remains constant with 2.122(3) A and
2.129(2) A in Ti(M*PDP), and [Ti(*PDP),]'", respectively.
Despite their structural similarities, the optical properties of
the neutral complexes Zr(M*PDP), and Ti(™*PDP), are quite
different. Solutions of Ti(*®PDP), in THF exhibit a dark brown
color without any visible luminescence under ambient light or
upon irradiation with UV light at 365 or 254 nm. In contrast,
THEF solutions of the zirconium analog show an intense pink

—Ti("*PDP),
—zr("*PDP),
6 Zr(Mepr)2 - Emission

e, /10°M" cm”
IS
|
Emisson Intensity / A.U.
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Figure 2. Absorption spectra of Ti(**PDP), and Zr(™*PDP), and

emission spectrum of Zr(™PDP), recorded in THF solution at room

temperature. Inset: THF solution of Zr(M*PDP), under UV irradiation

(365 nm).

color and are photoluminescent. Electronic absorption spectra
for both complexes as well as the emission spectrum of
Zr(MPDP), upon excitation at 528 nm are shown in Figure 2.
The spectrum of Ti(™PDP), exhibits two absorption bands
above 400 nm with maxima at 777 nm (¢ =9 669 M~ cm™!) and
459 nm (& =22 012 M ™" cm™"), which are tentatively assigned as
charge transfer bands based on their intensities. Even stronger
absorption bands were observed in the UV region at 386 nm (& =
79819 M ! cm™), 330 nm (£ = 59 659 M~ cm™), and 255 nm
(=69 944 M~ cm™"). No emission bands were detected upon
excitation at wavelengths corresponding to these absorption
maxima. The spectrum obtained for Zr(**PDP), shows similar
features with blue-shifted absorption maxima. A single
absorption band was observed in the visible region with a
maximum at 528 nm (& = 27 001 M~ cm™!). Additional bands
with maxima at 346 nm (¢ = 40 028 M~ cm™) and 300 nm (g =
61582 M ™" cm™") are located in the UV part of the spectrum. A
weaker absorption band is visible as a shoulder around 395 nm.
Excitation at any of these wavelengths resulted in the detection of
an emission spectrum with a maximum at 594 nm. A
luminescence quantum yield, ®, of 0.08 was determined via a
comparative method using Rhodamine 6G in ethanol as the
reference.'® This value is similar to the one reported for
[Ru(bpy),]** in acetonitrile (® = 0.09) or water (® = 0.06)
under oxygen-free conditions.'”

To establish the nature of the electronic transitions, time-
dependent density functional theory (TD-DFT) calculations
were performed at the B3LYP level of theory. Solvent effects
were included using the conductor-like screening model
(COSMO). The calculated absorption spectra are in good
agreement with the experimental data (Figure 3 and Figure S40).
The lowest energy band in both neutral complexes corresponds
to a transition from an exclusively ligand centered 7 orbital (b, in
D,4 symmetry) to a degenerate set of orbitals (e) with significant
contributions from the metal (d,,, d,,) and the pyridine rings of
the ligands (Figure 3). The metal character of the acceptor
orbitals was found to be 61% in the case of Ti(M*PDP), and 34%
for Zr(MPDP), in agreement with significant LMCT contribu-
tions.

To investigate the potential for outer sphere electron transfer,
cyclic voltammetry (CV) experiments were performed for
Ti(M*PDP), and Zr(M*PDP), in THF using ferrocene, Fc*/°, as
an internal standard. For both compounds an irreversible
oxidation event with a peak potential around 0.9 V was observed.
This feature is readily assigned as an oxidation of the ligand
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Figure 3. TD-DFT (COSMO) predicted electronic absorption
spectrum of Zr(M*PDP), (red line, fwhm of 2000 cm™"). Vertical bars
indicate the position of the predicted transitions. The experimental
spectrum is shown as a dotted line for comparison. The orbital pictures
represent the donor (b,) and acceptor (e) orbitals for the calculated
transitions in the visible region at 19980 cm™" (500.5 nm).

framework followed by rapid decomposition of the oxidized
product as metal centered oxidation reactions can be excluded for
Ti" and Zr" complexes. More interestingly, both compounds
undergo multiple reductions at negative potentials. The CV of
Ti(M*PDP), exhibits two fully reversible redox waves at —1.23
and —2.64 V followed by a quasi-reversible redox event at —3.16
V (Figure S20). For Zr(M*PDP),, reversible redox events were
observed at —2.16 and —2.63 V with a quasi-reversible feature at
—3.22 V (Figure S22). Based on the previously isolated complex
[Ti(M*PDP),]'" and the strong dependence on the nature of the
transition metal ion, the first reduction event can be tentatively
assigned as a predominantly metal centered reduction. The more
negative potential for Zr is in agreement with the generally more
difficult reduction of second vs first row transition metals. The
similar potentials for the second and third reduction events
indicate primarily ligand centered reductions.

Having established the electrochemical properties of the
ground state and the emission profile, the excited state potential
for the redox-couple Zr(MPDP),*/[Zr(MPDP),]'~ was esti-
mated as —0.07 V vs Fc™/° using the Rehm—Weller formalism
(Scheme 2).*° Based on this potential, 1,3-dimethyl-2-phenyl-

Scheme 2. Estimation of the Excited State Potential for
Zr(M°PDP),

Zr(MepPDP),*
[ E1p* =E4jp - Egp =-0.07 VJ
o~
594 nm
EO,O =-2.09eV
zr(MepDP), e ZzrMePDP),] ™
Eqp=-2.16V

2,3-dihydro-1H-7-methylbenzo-[d]imidazole, M*BIH, was iden-
tified as a potential reductant for Zr(™PDP),*. The redox
potential for one-electron oxidation of M*BIH is slightly more
negative (—0.16 V vs Fc*/? in MeCN) than the one reported for
BIH (—0.10 V vs Fc*/? in MeCN),*" which is frequently used as a
terminal reductant in photoredox reductions of organic
substrates®” and CO,.”* Addition of M*BIH to Zr(M*PDP), in
THEF solution lead to a significant reduction of luminescence
intensity indicating quenching of the excited state (Figure S13).

Scheme 3. Reaction Conditions for Photoredox Experiments
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Encouraged by these results, the potential for photoredox
catalysis using Zr(M*PDP), as the photosensitizer was explored
(Scheme 3). As a first proof of concept, the dehalogenation of
ethyl bromodifluoroacetate was attempted. Photocatalytic
dehalogenation reactions with organic hydride sources such as
1-benzyl-1,4-dihydronicotinamide (BNAH) or Hantzsch esters
were among the earliest examples of photoredox reactions usin%
the reductive quenching cycles of [Ru(bpy);]** or Ir(ppy);.”
Irradiation of an equimolar mixture of ethyl bromodifluoroace-
tate and M°BIH in benzene-ds in the presence of catalytic
amounts of Zr(™PDP), with green LED light (4,,,, = 520 nm)
resulted in clean conversion to ethyl difluoroacetate and
precipitation of M*BIBr within 2.5 h. No reaction was observed
in the absence of either light or Zr(*PDP),. Additionally, no
reaction was observed using Ti(™*PDP), under irradiation with
green or red LED light (1., = 630 nm). A second reductive
transformation that has been well-established for precious metal
photosensitizers in combination with BNAH is the reduction of
electron-deficient olefins.”® Employing the Zr(*PDP),/*BIH
system described herein, the reduction of diethyl maleate to
diethyl succinate proceeded readily upon irradiation with green
light for 8 h followed by aqueous work up. Again, no reduction
was observed in the absence of zirconium catalyst or in the dark.

Although the two reactions described above clearly establish
the photosensitizer properties of Zr(M*PDP),, excitation energy
transfer to M*BIH followed by hydride transfer cannot be ruled
out as a mechanistic alternative to the desired single-electron
transfer pathway. Therefore, the reductive coupling of benzyl
bromide to bibenzyl was investigated as an example for a
reduction without net hydride transfer.””*° Initial experiments
with Zr(MPDP),/MBIH and benzyl bromide in benzene-dg
resulted in poor conversion and decomposition of the zirconium
catalyst. However, small amounts of bibenzyl were detected by
"H NMR spectroscopy. The potential formation of HBr during
turnover was identified as a likely reason for the observed catalyst
decomposition via protonation of the pyrrolide arms of the
ligand. In agreement with this hypothesis, addition of pyridine or
2,6-lutidine resulted in full conversion of benzyl bromide and an
increased yield of the desired bibenzyl product (40%). The
presence of benzylic C—H bonds in M*BIH could result in the
formation of unintended byproducts. To examine this, we
utilized alternative quenchers (BIH and “'BIH) that lack benzylic
protons. Although the number of byproducts was decreased,
slow conversion was observed. This can be attributed to the less
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favorable potentials of BIH and “BIH for reduction of
Zr(M*PDP),*,*" which is supported by Stern—Volmer quench-
ing experiments showing a clear correlation between quenching
efficiency and redox potential (Table 1).

Table 1. Stern—Volmer Constants and Redox Potentials for
RBIH Derivatives Used in Photoredox Reactions

MeBTH BIH CIBIH
E,, (V vs Fc*?) —0.16 —0.10 0.00
Kgy (L mol™) 47900 + 600 3500 + 100 no quenching

In conclusion, we have developed a photoluminescent
zirconium complex supported by 2,6-bis(pyrrolyl)pyridine
ligands that acts as an earth-abundant metal substitute for
precious metal photosensitizers in reductive photoredox catalysis
using visible light. Experimental and computational studies of
Zr(M*PDP), and its titanium analog suggest that the visible light
absorption bands exhibit significant ligand-to-metal charge-
transfer character.
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