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Pyrimidoquinazolinophenanthroline Opens Next Chapter in

Design of Bridging Ligands for Artificial Photosynthesis**
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Abstract: The synthesis and detailed characterization of a
new Ru polypyridine complex containing a heteroditopic
bridging ligand with previously unexplored metal-metal
distances is presented. Due to the twisted geometry of the
novel ligand, the resultant division of the ligand in two
distinct subunits leads to steady state as well as excited state
properties of the corresponding mononuclear Ru(ll) polypyr-
idine complex resembling those of prototype [Ru(bpy)s]**
(bpy = 2,2"-bipyridine). The localization of the initially optically
excited and the nature of the long-lived excited states on the
Ru-facing ligand spheres is evaluated by resonance Raman

and fs-TA spectroscopy, respectively, and supported by DFT
and TDDFT calculations. Coordination of a second metal (Zn
or Rh) to the available bis-pyrimidyl-like coordination sphere
strongly influences the frontier orbitals, apparent by, for
example, luminescence quenching. Thus, the new bridging
ligand motif offers electronic properties, which can be
adjusted by the nature of the second metal center. Using the
heterodinuclear Ru—Rh complex, visible light-driven reduction
of NAD™ to NADH was achieved, highlighting the potential of
this system for photocatalytic applications.

/

Introduction

Light-induced electron transfer lies at the heart of photosyn-
thesis, the most important chemical transformation process on
earth.!" Within artificial photosynthesis significant steps towards
a deeper understanding of structural and electronic factors
determining the efficiency of electron transfer rely on the
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interplay between advanced spectroscopic methods and the
availability of suitable model systems.”™ Besides studying multi
component systems for hydrogen evolution as for example
shown in the seminal work by Lehn and Sauvage as early as
1977, heterooligonuclear metal complexes containing specific
bridging ligands (BLs), which determine the distance between
the (photo)redox active metal centers, the degree of electronic
coupling and the stability of the coordination centers have
been pivotal for the development of supramolecular photo-
catalysts for water splitting.”'” Access to new BLs is therefore a
key requirement to improve the understanding of fundamental
aspects of light-induced electron transfer and at the same time
enabling new applications in photocatalysis. Due to this,
bridging systems of high rigidity with bipyridine- or phenan-
throline-like coordination spheres providing sufficient stability
were evaluated in numerous reports."*'® Representative exam-
ples (see Figure 1) of Ru complexes with increasing BL length
would be the series of 2,2-bipyrimidine (bpym),' ¥ 1,6,7,12-
tetraazaperylene (tape, dipyrido[4,3,2-de:2',3',4"-
ghll[1,10lphenanthroline)’’”  or  eilatin  (dibenzolb,j-
dipyrido[4,3,2-de:2',3',4-ghl[1,10]phenanthroline)"’?" -like struc-
ture and tetrapyrido[3,2-a:2,3'-c:3",2"-h:2"",3""-jlphenazine
(tpphz)®*% which have been intensively studied. Several
mono- and dinuclear complexes of those relays have been
investigated.”'>'*?*? For bpym- and tape-like dinuclear com-
plexes relatively strong ground-state coupling between both
metal centers has been observed whereas tpphz seems to
largely decouple them."®** Photocatalytic hydrogen formation
with related Ru-BL-M catalysts (M =metal) is only observed with
tpphz.” However, tpphz utilization is hampered by a low-lying
phenazine-based orbital severely limiting the choice of reduci-
ble catalytic metal centers. Principal access to a BL with shorter

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5968-2216
http://orcid.org/0000-0001-6496-3429
http://orcid.org/0000-0002-3516-4756
http://orcid.org/0000-0002-1747-5809
http://orcid.org/0000-0003-0586-7239
http://orcid.org/0000-0002-6428-7528
http://orcid.org/0000-0002-2842-3537
http://orcid.org/0000-0001-9635-6009
https://doi.org/10.33774/chemrxiv-2021-bpd20
https://doi.org/10.1002/chem.202200766

Research Article
Chemistry—A European Journal

doi.org/10.1002/chem.202200766

Chemistry
Europe

European Chemical
Societies Publishing

®@ I | ® @O

|-- 5.5990(5)A --| |---- 8.0132(5)A ----|

|-------- 12.7886(7)A -=-=---- |
7
|N\ N
~Z
N Z N
S |
tpphz

change in distance, charge interaction, size of aromatic system
Influence on electron/energy transfer mechanism

X
N
N Br N [Pd(PPho)]
2 I additive
f e N ——
= N/ \N/ Br n solvent, Ar
LN | 80°C, 1d
X X
Bu ] h Suzuki:
= 88%
MR, = B(OH);,  stille:
tBu 2PFg SnBu; 67%

[(tbbpy);Ru(phenBr,)|?*

ethylene glycol
acetone
180°C, 1.5h
microwave
irradition
34%

[(tbbpy),Ru(pap)]?*

NN
R
e’ Yl
MeCN-d;, RT
—_—

2,) AgPFg, RT

[(tbbpy),Ru(pap)Rh(NCMe)(Cp*)]**

Bond angles in °:

115.4(5) to 128.1(5)
) ---------------------- 114.1(3) to 127.3(3)
IR | 118.2(3) to 121.5(4)

117.7(2) to 121.3(3)
118.5(3) to 119.6(3)

Twisting:

5147 g
36.76 ‘)

1.378(5)

lengths in A: 1.399(4)
1.391(4)  1.391(4)

Rudpymp
Rupgp

DBC (all-carbon analog)

Bond
1.450(4)

Figure 1. Top: Existent bridging ligand structures and selected metal-to-metal distances from solid state structures of [(bpy),Ru(bpym)Ir(Cp*)1**,"?

[(L)Ru(tape)Ru(L)]** (with L=N,N'-dimethyl-2,11-diaza-[3.31(2,6)-pyridinophane)® and [(tbbpy),RutpphzRu(tbbpy),]** (tbbpy = 4,4-di-tert-butyl-2,2'-
bipyridine).”’ Bottom: Synthetic protocol and positions of the respective protons (in black) and carbon atoms (coloured; with ligand (sphere) abbreviations);
inset shows a part of the all-carbon analog dibenzolg,plchrysene (DBC)** or pqp framework and the discussed bond angles/lengths and the twisting of

Rupqp; color code: Rudpymp (black), Rupgp (red), DBC (light blue).

metal-to-metal distances and potentially sufficient degree of
electronic decoupling can be derived starting from 5,6-
disubstituted 1,10-phenanthrolines. Glazer and Tor presented
synthetic concepts for dehydrogenative CC coupling chemistry
in related systems,"” which should enable a route towards the
target unit. First, coupling of 5-substituted pyrimidine to a Ru(ll)
1,10-phenanthroline (phen) system at its 5,6 positions via Pd-
catalyzed cross-coupling reactions was performed (see Figure 1,
center). This was followed by the construction of a conforma-
tionally rigid BL via Pd on charcoal-activated ring-closure
procedure reported earlier."” Here we introduce this novel BL
coordinated to a Ru(ll) center to bridge the gap between
existing systems. The synthesis is complemented by structural
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and electronic characterization via optical spectroscopy and
quantum chemistry. Furthermore, its ability for coordination of
a second metal center, i.e., for future applications in the scope
of photocatalysis, is explored.

Results and Discussion

The synthesis of Ru(ll) polypyridine complexes bearing -
extended, N-heterocycle substituted phen type ligands was
performed via two cross-coupling reactions at the dibrominated
RuphenBr, (ie. [(tbbpy),Ru(phenBr,)**; tbbpy=44"-di-tert-
butyl-2,2’-bipyridine;  phenBr,=5,6-dibromo-1,10-phenanthro-
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line) precursor, followed by a thermal dehydrogenation reaction
using palladium on charcoal (Pd/C). This chemistry-on-the-
complex approach was selected, as different attempts to
synthesise the free pap ligand (pap=
pyrimido[5’,4":7,8]quinazolino([5,6-f[1,10]phenanthroline) follow-
ing previously published procedures failed,”**” possibly due to
the electron deficient nature of the pyrimidyl groups.

Starting from the literature-known compound RuphenBr,
either Suzuki or Stille reactions were used to form the 1,10-
phenanthroline-5,6-bis-pyrimidine substituted complex
Rudpymp ([(tbbpy),Ru(dpymp)I**; dpymp = 5,6-di(pyrimidin-5-
yl)-1,10-phenanthroline). So far, literature examples on cross-
coupling approaches with phenBr, only used electron-rich
organometallic derivatives like donor-substituted phenyl or
thiophene moieties.®* Cross-coupling with acceptor-substi-
tuted, electron-deficient substrates or nitrogen heterocycles
proved to be challenging for example due to mono-
substitution.?***7 Pyblished reaction conditions for Stille cross-
coupling ended up exclusively with mono-substitution and
concomitant  dehalogenation of the second halogen
substituent.?**>*¥ The use of copper iodide as additive®** led
to di-substitution and Rudpymp in a yield of up to 67 %. Suzuki
cross-coupling with standard reaction conditions®
cellent yields up to 88 %.

To achieve a fully ring-closed system of the bis-pyrimidyl
substituted phen moiety, dehydrogenation reactions were
conducted. Literature-known cyclization with Pd/C in ethylene
glycol and acetone under elevated temperatures gave an NMR-
detectable amount of Rupgp ([(tbbpy),Ru(pgp)l*™).

Improving the reaction conditions (additive(s), temperature,
time; see chapter 3.4 in the Supporting Information) and
running the reaction in a microwave setup significantly
increased yields (from NMR-detectable to 34% yield). Strikingly,
the reaction was not possible using Rudpymp obtained under
Stille conditions. In total reflection X-ray fluorescence spectro-
scopy (TXRF) significant residues of copper and iodide could be
detected (see Figure S66). The inhibiting effect of Cul on the
cyclization reaction was verified by adding Cul to the Suzuki
product (see Figures S37 and S38).

Upon ring closure, Rupgp offers a second coordination
sphere, which emerges as an electron deficient 4,4’-bipyrimidyl-
like environment. To evaluate the ability to attach a second
metal center to Rupgp, we decided to use the [Rh(Cp*)(X)]
(Cp* = pentamethylcyclopentadienyl, X=Cl, solvent) fragment.
Earlier reports accomplished the coordination by simply stirring
both the BL containing Ru-complex and the Rh(lll) dimer
[Rh(Cp*)Cl,], in solution of for example methanol or methylene
chloride (see Figure 1), the latter was applied for example for
[(tbbpy),Ru(tpphz)]** (i.e. Rutpphz).**¥ Within this work, this
attempt yielded only partial conversion. Follow-up purification
steps with solvents with donor capability, ended in partial
chlorido ligand substitution by the solvent. Due to this ligand
lability, earlier described methods were used to cleave the
chlorido ligand quantitatively by addition of silver
hexafluorophosphate.* To exclude insoluble silver chloride,
several centrifugations and re-crystallizations were done. Possi-
bly due to soluble silver clusters,*” atomic absorption spec-

gave ex-
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trometry (AAS) still reveals silver contaminations for [(tbbpy),Ru-
(pgp)Rh(NCMe)(Cp*)]** (RupgpRh) (see Figure S67).

For the "H NMR spectra of Rudpymp and Rupgp, the signal
pattern is simplified upon ring closure (see Figure 2). This is due
to the long-range coupling of protons x and y, which causes -
in addition to proton z - a second singlet to appear (see
Figures 1 and 2 for the assignment). All pyrimidine protons and
the ¢ protons of the phen sphere are considerably shifting
downfield due to ring-closing (maximal 1.5 ppm for H,) and
further upon Rh(lll) coordination. This trend diminishes pro-
gressively when moving from the inner ligand sphere to the
adjacent phen/pyrimidyl positions and the peripheral tbbpy.

Compared to complexes bearing shorter (e.g.
[(bpy),Ru(tape)]** ") and longer (e.g. Rutpphz**") BLs, Rudpymp
and Rupgp show no concentration dependence in acetonitrile
within a concentration range of 1.3 mM to 30.3 or 18.5 mM,
respectively (see Figures S23 and S24).

41])

Single crystal analysis

The solid-state structures of Rudpymp and Rupgp shown in
Figure 3 reveal typical bite angles of 78.19(9)° to 79.6(1)° for the
tbbpy ligands and 78.5(1)° (Rudpymp, for more details see the
Supporting Information) or 78.33(9)° (Rupqp) for the novel
ligand moiety.

Rupgp exhibits shortening of the bonds between the phen
(C5 and C6, see Figure 1) and pyrimidyl units (C5). Bond lengths
decrease from min. 1.490(5) A to max. 1.459(4) A. Similar to the
all-carbon analog DBC (1.391 A?%), the C5-C6 bond of the phen
moiety (1.399(4) A) is in the range of typical benzene-like sp
sp? hybridized, aromatic C—C bonds of about 1.40 A¥ In
addition, both pgp and DBC reveal a slightly longer bond
length (1.450(4) A) between the aromatic rings in the backbone
(each C6 atom of the pyrimidyl units, see Table S3). Possibly
due to steric pressure between the hydrogens at the x position
of the pyrimidine and c of the phen, a tilted geometry of the
pgp can be found in the solid-state structure. In agreement
with the DFT results (29.5°, Tables S3 and S6), a torsion angle of
25.17° is observed. DBC-like derivatives resembling pgp reveal
even higher twisting of 29.95-44.95° "4 Noteworthy, the pqp

6/6’,b 6/6" 5/5

z xy 313 ac
5/5°

x z c 313 a b 6/6’ 6/6’

T WU

ks L ) wLA_

T T T T T T T T T T T T T T T T
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chemical shift / ppm

Figure 2. 'H NMR spectra of Rudpymp (top), Rupgp (middle) and RupgpRh
(bottom) in acetonitrile-d; (due to absence of concentration dependence as
shown in Figures 523 and S24 no specific concentrations were used).
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Figure 3. Solid-state structure of Rudpymp (left) and Rupgp (right) (thermal ellipsoids are drawn at a probability level of 50%). Hydrogen atoms, PF,~ counter

anions and solvent molecules are omitted for clarity; additionally, intermolecular Rupgp-toluene interactions are depicted.

ligand reveals stacking with co-crystallized toluene solvent
molecule with a distance of 3.267(6) A (see Figure 3).

Electrochemistry

Consistent with literature, the reversible Ru(ll)/(lll) oxidation of
Rudpymp and Rupgp appears being insensitive to the sub-
stitution of phen and ring closure at around 0.8 V (Figure 4).2
RupgpRh exhibits a reversible Ru(ll)-based oxidation at anodi-

— Rudpymp — Rupgp — RupgpRh

>

20 pAI

1/ uA

5pA]

E/V vs. Fc/Fc*

Figure 4. Cyclic voltammograms (top) and differential pulse voltammograms
(bottom) of Rudpymp (black), Rupgp (red) and RupgpRh (green) in
acetonitrile (1 mM) referenced against the Fc/Fc* couple. Conditions: scan
rate 100 mVs™' (black, green), 200 mVs™' (red), [Bu,N][PF] at 0.1 M as
supporting electrolyte.
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cally shifted potentials of 0.91 V. The four cathodic events of
Rudpymp are reversible or quasi-reversible. Assuming no effect
of the new dpymp ligand on the tbbpy ligands, the redox
events at potentials of —1.95V and —2.37 V are assigned to the
latter according to literature.”® The one-electron reduction of
bare pyrimidine takes place at rather negative potentials.*
Hence, the first reductive event of Rudpymp at —1.67 V is based
on the phen moiety. This reduction is shifted anodically by ca.
100 to 120 mV compared to similar complexes (see Table 1).1284¢!
For Rupgp, five reduction events emerge (see also DPV in
Figure 4). Thus, the fifth reduction is likely localized on the new
BL architecture and can be either ascribed to the novel central
sphere within the pgp ligand or an accessible, second reduction
of the pyrimidine units. The coordination of the second metal
sphere, i.e. Rh(Cp*), induces additional changes. First, due to the
Rh(lll) metal center, two reduction events at —0.80 and —1.12V
appear. They emerge at similar potentials as for [Rh-
(bpm)(Cp*)CI1* (bpm =4,4'-bipyrimidine, see Table 1), where a
two-fold reduction takes place. In accordance with literature,
the Rh center displays two consecutive reduction steps in case
of an acetonitrile coordinated species.*”’ In addition, the
[Rh(bpm)(Cp*)CI]* motive of RupgpRh is notably easier to
reduce than a N-poorer [Rh(phen)(Cp*)Cl]T motive.”” Such a
system would have been obtained if pyridyl groups instead of
pyrimidyl groups would have been reacted with RuphenBr..
Second, all subsequent ligand-based reductions emerge at
similar potentials as for Rupqp. Only the fifth reduction of
Rupgp is shifted considerably in RupqpRh and lies outside of
the accessible potential window or it just appears as the small
shoulder visible at high cathodic potentials in the CV and DPV
(see Figure 4). Interestingly, the Ru(ll)/(lll) oxidation shifts anodi-
cally by 80 mV, hinting to a more electron deficient Ru(ll) center
comparable to [(bpy),Ru(bpm)** (E*,,=1.05V),"*® suggesting
an increased influence of the Rh(lll) metal center due to the
shorter BL. For Rutpphz and RutpphzRh
([(tbbpy),Ru(tpphz)Rh(Cp*)CI**) only a 30 mV anodic shift of

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Electrochemical and spectroscopic properties of Rudpymp, Rupgp and RupgpRh together with suitable substances for comparison. * shoulder.
Compound E'/lox/v E'/Lred/v }L(abs,grnai(zmnl\1 AMem,max)/ d(em, Ar)/
(e[10°M'cm™] nm d(em, air)

[(tbbpy);Ru?* 12854 0.73 —1.82, —2.02, —2.28 451 (13) 607 9.5%/1.8%

[(tbbpy),Ru(phen)]** ¢! 074 —1.77,-1.98, —2.25 454 (16.0) 610 -

[(tbbpy),Ru(phenBr,)]** 2 0.85 —1.79, —2.00, —2.32 449 (14.3) 631 -

Rudpymp 0.81 —1.67, —1.95, —2.18, 451 (19.1), 336 (8.16), 631 16% /1%
—2.37 285 (78.2)

Rupgp 0.83 —1.53, —1.86, —2.01, 452 (18.8), 336 (17.4), 637 12% /1%
—2.19, —2.29 282 (117)

RupgpRh 0.91 —0.80, —1.12,* —1.56, —1.77, 542,451, 336, 285 637 2% /0%
—-1.97, —2.22, —2.36*

[Rh(bpm)(Cp*)(CN)]+&7” ~0.92 375, 364 - -

the the Ru(ll)/(lll) couple was observed due to coordination of
Rh(111).B®

Characterization of the Franck-Condon region

To study the Franck-Condon region, we employ steady state
absorption and resonance Raman (rR) spectroscopy supported
by TDDFT.

UV/vis absorption

The absorption spectrum of Rudpymp (Figure 5) shows a
narrow absorption band at 286 nm (782x10*°M~'cm™), a
weaker shoulder between 300 and 380 nm and a broad,
featureless metal-to-ligand charge-transfer (MLCT) absorption
band peaking at 451 nm (19.1x10°* M~'cm™). Such spectra are
typical for [(tbbpy),Ru(phen)]** (Ruphen)-type complexes, i.e.,
where the phen-moiety is substituted in the 5- and 6-
position.”®*! The underlying transitions are summarized in
Table S7 and Figure S72.

While the difference between oxidation and reduction
potentials in Rudpymp and Rupgp (2.48 eV or 2.36¢eV, see
Table 1) is smaller than in the parent complex Ruphen (2.58 V),
the MLCT absorption maxima of both complexes are at around
450 nm. This mismatch between electrochemical and spectro-
scopic findings indicates the presence of low-energy acceptor
states on the dpymp and pgp ligand,” namely in the proximal
(MLCT ;' S;, and Sg; MLCTy,: Sy and S;;) and distal ligand
sphere (MLCT,,mo: S1) as outlined in Tables S7 and S9.

The corresponding acceptor orbitals participate in the
electrochemical process but the associated transitions have
vanishing oscillator strengths, for example, S; of MLCTy, .\,
character at 2.38 eV (520 nm, f=0.001). Hence, the MLCT,,, and
MLCT e, transitions dominate the absorption spectrum of
Rudpymp and Rupqp, explaining the similarity to the absorp-
tion data of Ruphen. Thus, also other Ru complexes bearing
variably 5,6-substituted phen ligands show 'MLCT maxima at
very similar wavelengths as Rudpymp.'546°

Upon ring closure, the molar absorptivity of the MLCT
absorption band remains essentially unchanged, while the band
at 280 nm (increase by a factor of 1.5) and the shoulders

Chem. Eur. J. 2022, 28, e202200766 (5 of 10)

between 300 and 380 nm (increase by a factor of 2.1) become
more prominent. TDDFT associates the enhanced absorption at
280 nm with the increased oscillator strength of the mm*
excitation of the pgp ligand upon ring C—C bond formation
(Rupqp: Ssg, f=0.514 versus Rudpymp: S, f=0.371).

The MLCT band maximum of Rupqp is not shifted with
respect to Rudpymp, which is counterintuitive in view of the
ring-annulated m-extension of the phen-ligand, i.e., in compar-
ison to [(bpy),Ru(L)]**-type complexes of Rudape (dape=
diazaperylene),l'” Rutape!’'**? or Rueilatin®” where significant
bathochromic shifts of the MLCT absorption bands have been
observed. In contrast to these shorter m-extended ligands,
Rupgp reveals a non-planar pgp ligand potentially decreasing
Jt-conjugation.

Resonance Raman

To further explore the multiple MLCT transitions, rR spectra
were collected upon excitation in the red and blue flank of the
MLCT absorption band, i.e., at 405 and 473 nm (see Figure 5).F"
The R spectra of Rudpymp are composed of modes associated
to the tbbpy ligands as well as the phen and pyrimidyl units of
the dpymp ligand, respectively. By direct comparison to the
homoleptic reference compound [Ru(tbbpy);*" and the paren-
tal complex Ruphen, we assign the modes at 1036, 1319, 1483,
1540 and 1609 cm™ to the tbbpy ligand sphere. The vibrations
centered at 1515 and 1585cm™' are assigned to phen-
associated modes.”>*¥ The rR modes at 1200, 1262 and
1465 cm™' are assigned to the pyrimidyl sphere (py), indicating
the population of MLCT,, states. Thus, the rR data supports the
initial excitation - as provided by TDDFT - of MLCT,,,, as well as
two low-lying MLCT states (MLCT ., and MLCT,,) on the dpymp
ligand, respectively. The MLCT,., gain in relative weight
compared to MLCTy,, states upon shifting the excitation
wavelength from 405 to 473 nm, in agreement with TDDFT (see
Figure 5).

The rR spectra of Rupqp exhibit similar vibrational modes
associated with the tbbpy (1036, 1212, 1319, 1483, 1540,
1615 cm™") and pqp ligand (1262, 1543, 1576 and 1600 cm™).
In direct comparison to Rudpymp, the phen-type modes at
1515 and 1585 cm™' vanish (473 nm excitation).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Top left: Extinction coefficients of Rudpymp (black) and Rupqp (red) with relative emissions (dashed) intensities (A(ex)

=451 nm), simulated

transitions underlying the absorption bands are indicated in the inlet; top right: rR spectra of Rudpymp (black) and Rupgp (red) upon 405 nm (bottom) and
473 nm (top) excitation in acetonitrile. The tbbpy-, and dpymp- or pgp-type modes are indicated by violet and grey bars, respectively. The integral ratios of
selected modes (tbbpy in blue relative to dpymp/pqp in orange) for the respective excitation wavelength are included as insets for Rupgp and Rudpymp;
integral values are normalized to the integral of the modes of Rudpymp upon 405 nm excitation, respectively; bottom: transitions of Rudpymp and Rupgp

visualized by charge density differences; charge transfer occurs from red to blue.

However, the integral ratio of the tbbpy-to-dpymp/pgp-
type modes (between 1470 and 1620 cm™) is approximately 1.5
for both, Rudpymp and Rupgp at 473 nm excitation. This
indicates similar contributions of the phen acceptor orbital to
the Franck-Condon region. Consistent with Rudpymp, the
contribution of the pgp ligand to the formation of the initially
excited states increases upon shifting the excitation wavelength
from 405 to 473 nm. This is reflected in the decrease of the ratio
taken between the integral of the tbbpy (1483, 1540,
1615 cm™") and pgp-type (1576 and 1600 cm™') modes by a
factor of circa 2 (see Figure5). TDDFT supports this trend,
revealing low-lying MLCT states with pyrimidyl acceptor orbitals
(e.g., S, see Figure 5).

Characterization of the long-lived excited states

The long-lived excited states are explored by emission spectro-
scopy. The emission band maximum of Rudpymp
(Mex) =420 nm) is located at 631 nm, which is red-shifted with
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respect to Ruphen (610 nm) but agrees with RuphenBr,
(631 nm). This indicates that the pyrimidyl substituents influ-
ence the m-system of the phen system.”

Upon ring-closure (forming Rupgp), the emission maximum
is shifted bathochromically by 18 meV to 637 nm. The compara-
bly high emission quantum vyield of 16% for Rudpymp
decreases to 12% (Rupqp) (see Figure5). DFT assigns the
emissive state in Rudpymp and Rupgp to a 3MLCTphen state
(dpymp: 647 nm, 1.92 eV, pqp: 657 nm, 1.89 eV), while the slight
bathochromic shift (DFT: 30 meV) is associated with the
increased m-system upon C—C bond formation (Figure S89).

The emission lifetimes of the complexes are 140 ns
(Rudpymp) and 170 ns (Rupgp, 420 nm excitation in aerated
acetonitrile). Overall, the findings indicate that both, Rudpymp
and Rupgp, show emission from a long-lived *MLCT state, with
excess electron density in the proximal ligand sphere, ie., on
the tbbpy ligands and the phen moiety of dpymp and pqp,
respectively. The triplet nature of the lowest-lying excited state
is corroborated by its sensitivity to oxygen (see Figures S52 and
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S53). Emission intensities of both complexes decrease signifi-
cantly upon aeration (®(em)=1% for Rudpymp and Rupqp).

Photoinduced dynamics

Ultrafast transient absorption (fs-TA) spectra were collected
upon 400 nm excitation of Rudpymp and Rupqp in acetonitrile.
The data reveal a strong ground-state bleach (GSB) between
400 and 500 nm (Figure 6). The GSB accompanies strong
excited-state absorption (ESA) centered at 350 nm (Rudpymp)
or 340 nm (Rupgp) and a broad, spectrally flat ESA at wave-
lengths longer than 510 nm. The latter features are associated
with mzt* transitions on the reduced tbbpy and phen moieties
and ligand-to-metal charge-transfer (LMCT) transitions
(>500 nm).

In Rudpymp, the ESA between 510 and 560 nm is more
pronounced than in Rupgp. The assignment of ESA features is
supported by TDDFT calculated dipole and spin-allowed
transitions of the relaxed triplet states ®MLCT): The predictions
reveal that the ESA of the long-lived *MLCT states of Rudpymp

10 -

&y NF- —1500.0 ps
<€ i ] i 1 ; ] i 1
<

5
L — 2.5ps
10 b — 181 ps

L —170 ns
L 1 N 1 N 1 " |

400 500 600 700
wavelength / nm

Figure 6. Ultrafast transient absorption (top) and decay-associated spectra
(bottom) of Rupqgp. The red, dashed line in the upper panel shows the scaled
and inverted ground state absorption spectrum. For comparison the
transient absorption spectrum of Rudpymp collected at a delay time of

1.5 ns is shown in yellow. The spectra are collected upon 400 nm excitation
(excitation densities of circa 5%) in a delay time range between 0.3 and 2 ns
in acetonitrile. The lifetime of the long-lived state is obtained from
nanosecond time-resolved emission spectroscopy (see Figures S70 and S71).
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and Rupgp, mainly stems from n* and LMCT transitions.
Moreover, TDDFT supports the absence of bridge-centered stmt*
states which are typically found for structurally related com-
plexes like Rutpphz.>>>” This hints towards a higher contribu-
tion of the phen moiety on the formation of the excited states
in Rudpymp compared to Rupgp and agrees with the rR
spectroscopic findings, revealing strong phen-type vibrational
modes for Rudpymp, which are absent in the rR spectra of
Rupqp.

For both complexes the decay of the sub-ns signals is
described by two time constants, namely t,=2.2ps and
T,=134 ps (Rudpymp) or t,=2.5ps and 1,=181 ps (Rupgp),
respectively. The corresponding decay associated spectra (DAS,
Figure 6 bottom) are qualitatively identical for Rudpymp and
Rupgp. Hence, we will discuss the excited-state relaxation of
both complexes in the framework of the same model.

The spectral changes associated with T, (see DAS(t,)) are
associated with intersystem crossing and vibrational cooling of
the initially populated MLCT states® " as manifested in the
decay of ESA at around 380 nm due to mmt* transitions on the
reduced tbbpy. This causes the blue-shift of the ESA below
400 nm. Consequently, a thermalized *MLCT,., is formed. T,
describes the subsequent formation of the long-lived *MLCT
state. This is associated with minor spectral changes in the ESA,
however with a partial recovery of GSB features between 400
and 500 nm. We associate these findings with a non-radiative
decay of a subset of both, *MC (metal-centered) and *MLCT,,
states.®? Ultimately, a long-lived excited *MLCT state, with
excess electron density on the tbbpy ligands (Rupgp) or both,
the phen and tbbpy moieties (Rudpymp) is populated. The
increased contributions of the phen moiety on the long-lived
excited state agrees with the blue-shift of the emission
maximum of Rudpymp compared to Rupqp.

pgp as bridging ligand - formation of dinuclear complexes
and explorative light-driven redox catalysis

Upon coordination of [Rh(Ill)(Cp*)(X)] to the BL-containing
complex Rupgp a shoulder at 520 nm emerges in the
absorption spectrum - in line with quantum chemical calcu-
lations (Figure S85). Molecular orbitals available for MLCT,,
transitions at long wavelengths (S, in Table S12) from Ru(ll) to
the pg-sphere of the pgp ligand are energetically stabilized
(2.26 eV) compared to Rupqp (2.55 eV). Possibly due to high
contributions of the bis-pyrimidyl moiety, the excited state
subsequently deactivates radiationless by electron transfer to
the appended Rh(lll) center.

Compared to Rupgp coordination of Rh leads to further
attenuation of the emission quantum yield from 12% (Rupqp)
to 2% (RupgpRh) (see Figure 7, red to green).

Similarly, addition of redox-inactive Zn(BF,), to Rupqgp
quenches the emission (Figure 7) as has been observed for
Rutpphz complexes.”*** Opposite to Rh(lll), Zn(ll) induces
inverse changes in the frontier orbitals of ground and excited
states associated with the pqp ligand (see Figures 7 and S83
and S88; MO in Figure 7 is located at slightly higher energies
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Figure 7. Top: excitation energies, wavelengths and oscillator strengths of
low-lying MLCT ., excitations and involved m,..* for Rupqgp (S,), RupgpZn
(S,9) and RupqpRh (S,); bottom: absorption and emission spectra of Rupqgp,
RupgpRh and Rupqp + [Zn(BF,),]; absorption spectra were normalized at

451 nm; emission spectra were recorded upon excitation at 451 nm (OD 0.1).

than for Rupqp), i.e. with the spin density of the lowest triplet
state centered on the Ru(lll) and the adjacent phen-sphere.
Possibly, the predominant excited state localization on the
phen part of the pgp ligand enhances charge recombination
and thus effective quenching of the *MLCT emission occurs.

From both Rh(lll) and Zn(ll) coordination it becomes clear
that the order of the frontier orbitals of Rupgp can be altered
depending on the respective second metal center. Thus, the
pgp appears to be split into two halves with either phen and/or
pyrimidyl contributions. Compared to the situation with Rupqp,
addition of Zn(ll) to Rudpymp does not alter absorption or
emission behaviour (see Figures S55 and S56). Therefore, the
ring closure is required for the interaction with a second metal
center.

Finally, we investigated RupqpRh for its use in redox
catalysis. Due to the silver contamination found by AAS, all
catalytic experiments were accompanied by control experi-
ments with addition of AgPF.

First, the principal ability of the RhCp* fragment to run
formate-driven, chemical catalysis for reduction of nicotinamide
co-factor NAD™ was investigated (see mechanism reported in
literature’®*” and the Supporting Information for detailed
experimental conditions). To further exclude an effect of the
mononuclear complex on the reduction to NADH, Rupgp was
investigated as well (see Figures S96 and S97). In presence of
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formate (room temperature, 40°C, 50°C), only RupgpRh shows
conversion of NAD® to NADH (visible by the increasing
absorbance at 340 nm and emission at 460 nm in Figure S94).
As depicted in Figure S92, with increasing temperature, the
catalysis is significantly faster and reaches a plateau already at
slightly less than 50% conversion.

As the Rh center offers the possibility to run redox catalysis,
the dinuclear complex was subjected to conditions where the
catalytically competent Rh(l) intermediate can be formed
photochemically (A(ex)=470 nm). As it can be seen in Fig-
ure 593, the two-fold reduced Ru(ll)pgpRh(l) dyad can be built
up upon illumination in presence of triethylamine as indicated
by the appearance of a characteristic absorption band centered
at around 760 nm.’*® The band which is ascribed to a Rh(l)—
pgp MLCT transition is bathochromically shifted by about
100 nm compared to RutpphzRh due to the more electron
withdrawing nature of the pgp ligand.®® As light-induced
reduction was successful with RupgpRh, electron transfer from
Ru towards Rh can be expected.

Lastly, we examined if the light-driven Rh(lll)/(I) conversion
can be accompanied with the reduction of nicotinamide co-
factor NAD* (Figure 8). In phosphate-buffered solution contain-
ing triethylamine as electron donor, the dyad RupqpRh was
irradiated with blue light. RupgpRh again was the only catalyti-
cally active compound tested in this series of experiments. All
other control experiments revealed either radical-mediated
product formation of NAD,*® by Rupqp or Rupgp with addition
of silver hexafluorophosphate (Figures S96-597, TON(NADH)
<1) or no conversion for [Ru(tbbpy);]*™ (Figure S98,
TON(NADH) < 1). With elevated temperatures, the conversion
with RupqpRh is progressively enhanced (Figure 8). An increase

-u- TON RT-m- TON 40-m- TON 50
-v-TOF RT -v- TOF 40-v- TOF 50

TOF / h

time / min

Figure 8. Light-induced redox catalysis of RupgpRh at room temperature
(black), 40°C (blue) and 50°C (red) in water/acetonitrile mixtures (4:1, viv);
concentrations used RupgpRh (5 uM), NAD™ (200 uM), TEA (0.12 M) and
NaH,PO, (0.1 M), excitation with 470 nm (50 mWcm™?).
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in turnover number for NADH from 5 (RT) to 10 (40°C) and 15
(50°C) can be observed.

Lastly, by comparing the performance of RupqpRh for
formate-driven thermal (Figure S92) and light-driven (Figure 8)
NADH-formation, it is clear that the thermal process results in
higher TONs within 60 min and at all temperatures investigated.
However, compared to structurally similar RuRh complexes,
RupgpRh is capable to outperform for example those during
light-driven NADH formation that contain a triazole group
within the bridging ligand.®” This is remarkable as the principal
catalytic activity for NAD-reduction of RupgpRh is only ca.
50% of these reference complexes as evaluated by the formate-
driven process. It thus highlights the beneficial impact of the
new pgp ligand on dinuclear systems for photocatalytic
applications.

Moreover, also the most similar intermolecular system
consisting of [(tbbpy),Ru(phen)](PF;), and [(bpm)Rh(Cp*)CIICI®”
was tested for its light-driven catalytic activity. When using
both complexes at 5 UM concentrations as in the experiments
with RupgpRh, only TONs below 2 were obtained for the
intermolecular system, irrespective whether the catalytic proc-
ess was performed at room temperature or at 40°C (Fig-
ure S100).  The notably lower photostability ~ of
[(tbbpy),Ru(phen)](PFs), compared to RupgpRh during photo-
catalysis (Figures S95 and S100) is a clear disadvantage of the
intermolecular approach. Additionally, no evidence of lumines-
cence quenching between excited [(tbbpy),Ru(phen)](PFy), and
[(bpm)Rh(Cp*)CIICI was found. Both independent factors are
capable to explain the insufficient performance of the inter-
molecular system (Figure S101). Thus, bridging the Ru- and the
Rh-center by the new pqp-ligand has a beneficial impact on the
photocatalytic activity of the individual moieties.

Experimental Section

Deposition Number(s) 2111036 (for Rudpymp) and 2111037 (for
Rupgp) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Conclusion

Pyrimidoquinazolinophenanthroline, pgp, has been synthesized
and proven to function as a new bridging ligand fostering light-
driven catalysis. This novel bridging ligand was accessed via a
dehydrogenative chemistry on the Ru-complex approach fusing
two pyrimidine spheres via a geminate C—C-bond. The
respective pyrimidine units were introduced to a Ru(ll)phenBr,
moiety using Suzuki or Stille cross coupling beforehand. From a
structural point of view, the resultant Ru polypyridine complex
Rupqgp fills the gap of previously reported tape- and tpphz-
based systems as it exhibits two central aromatic rings rather
than one or three, respectively. In view of the broad range of
possible heterocycles that can be introduced by the cross-
coupling reactions utilized in the present study, a targeted
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design of photocatalysts featuring pqp-like ligands seems
possible. Due to the twisted nature of the novel bridging ligand
that has been revealed by scXRD as well as DFT methods, the
steady-state as well as the excited-state properties resemble
those of prototype [Ru(bpy);]**. This is explained by theoretical
investigations and detailed, time-resolved photophysical stud-
ies, suggesting a subdivision of the pgp bridging ligand into
two weakly coupled subunits. However, the energetics of the
orbitals on the pqgp ligand can be significantly influenced by
coordination of a second metal center. The coordination of
both, Zn(ll) and Rh(lll), lead to a quenching of the luminescence
due to a redistribution of the frontier orbitals. These promising
results point towards a coordination-induced switching of
excited-state localization of Rupgp. Furthermore, the introduc-
tion of Rh(Il)(Cp*) - yielding RupqpRh - renders access to visible
light-driven photocatalytic reduction of naturally occurring
nicotinamide NAD* to NADH. As the nature of the coordinated
metal determines the location of excited states to a large
degree, further exploitation towards tuneable photocatalysis
will be possible.
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