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ABSTRACT: The synthesis and characterization of the new
dinuclear dipeptide [(EtOOC-tpy)Ru(tpy-NHCO-tpy)Ru(tpy-
NHCOCH;)]* 3* of the bis(terpyridine)ruthenium amino
acid [(HOOC-tpy)Ru(tpy-NH,)]** 1** are described, and the
properties of the dipeptide are compared to those of the
mononuclear complex [(EtOOC-tpy)Ru(tpy-NHCOCH,)]*
4** carrying the same functional groups. 3*' is designed to
serve a high electronic similarity of the two ruthenium sites
despite the intrinsic asymmetry arising from the amide bridge.
This is confirmed via UV—vis absorption and NMR spectros-
copy as well as cyclic voltammetry. 4** and 3*" are emissive at
room temperature, as expected. Moreover, 3*" exhibits dual
emission from two different triplet states with different energies
and lifetimes at room temperature. This is ascribed to the presence of a unique thermal equilibrium between coexisting [Ru"(tpy-
NHCO-tpy ")Ru"] and [Ru"(tpy-NHCO-tpy ")Ru"] states leading to an unprecedented excited-state Ru"Ru'" mixed-valent
system via the radical anion bridge tpy-NHCO-tpy ~. The mixed-valent cation 3°%, on the other hand, shows no measurable
interaction of the Ru"Ru" centers via the neutral bridge tpy-NHCO-tpy (Robin—Day class I). Reduction of 3*' to the radical
cation 3** by decamethylcobaltocene is bridge-centered as evidenced by rapid-freeze electron paramagnetic resonance
spectroscopy. Interestingly, all attempts to observe 3** via NMR and UV—vis absorption spectroscopy only led to the detection
of the diamagnetic complex 3-H** in which the bridging amide is deprotonated. Hence 3-H*" (and 4-H") appear to reduce
protons to dihydrogen. The ease of single and double deprotonation of 4** and 3* to 4-H, 3-H*, and 3—2H>' was
demonstrated using a strong base and was studied using NMR and UV—vis absorption spectroscopies. The equilibrating excited

450-550 nm — &

\
44 ns Ej]

pubs.acs.org/IC

triplet states of 3*" are reductively quenched by N,N-dimethylaniline assisted by hydrogen bonding to the bridging amide.

B INTRODUCTION

The controlled assembly of multinuclear metal complexes
incorporating electrochemically and photochemically active
moieties is of great interest for the fundamental understanding
of energy and electron transfer' > on a molecular level and the
modeling of natural photosynthesis* as well as for the design of
molecular wires®® and switches,”® photocatalysts,”™'" and
information storage devices.'> (Polypyridine)ruthenium (II)
complexes, especially the archetype compound [Ru(bpy);]**
(bpy = 2,2'-bipyridine), have found wide application in such
arrays due to their high stability and outstanding photochemical
properties. Further applications of this class of compounds
comprise photosensitizers in dye-sensitized solar cells'® and
emitters in light-emitting electrochemical cells."*

[Ru(bpy);]** features unique optical and electrochemical
properties. ™" The energetically low-lying 7* orbitals of the
heteroaromatic ligands allow for a metal-to-ligand charge
transfer ("MLCT) excitation upon irradiation. Rapid inter-
system crossing (ISC) leads to population of MLCT states."”

-4 ACS Publications  © 2014 American Chemical Society

12947

The lowest of these "MLCT excited states is emissive at room
temperature and exhibits a reasonably long lifetime (@ = 0.095,
7 = 855 us at 298 K in CH3CN).16’18 Because of the use of
chelating ligands this complex has a fairly high thermal and
chemical stability.'"*°

The use of [Ru(tpy),]** (tpy = 2,2":6',2"-terpyridine)
instead of [Ru(bpy);]** leads to structurally similar com-
plexes,*"** but these compounds have been far less studied and
applied in photochemical setups than their bpy analogues. This
is due to low emission quantum yields and short excited-state
lifetimes at room temperature in fluid solution because the
SMLCT states can undergo thermal depopulation via *MC
states followed by vibrational relaxation and ISC to the ground
state."*>™* This hampers the use of these complexes in the
fields of photoelectron or energy transfer. Several attempts have
been carried out to increase emission lifetimes and quantum
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yields of bis(tridentate)ruthenium(II) complexes. Increasing
the bite angle (N—Ru—N) within the ligands raises the energy
of the *MC states through better overlap of ligand and metal
orbitals thus shiftin§ the thermal population in favor of the
SMLCT states.”* >’ Functionalization of the parent [Ru-
(tpy),]** in the 4’ position with push—pull substituents has a
similar effect: electron-withdrawing substituents lower the
energy of the *MLCT states, while electron-donating groups
increase the energy of the MC states.”**>*" Emission can be
intensified by several orders of magnitude via these approaches.

A major advantage of [Ru(tpy),]** over [Ru(bpy);]** for
functionalization in the ligand backbone is the lack of a
stereocenter in the former. This is important for the
development of multinuclear assemblies as it simplifies
synthesis and purification significantly. It becomes evident
considering the stereogenic character of [Ru(bpy);]**. Its Dj
symmetry leads to enantiomers in the parent complex (A, A).
Complexes of the type [Ru(bpy)(bpy-R)(bpy-R’)]**, with bpy-
R and bpy-R’ carrying different functional groups, result in a
mixture of diastereomers that requires sophisticated methods to
be separated or avoided.** ** Employing [Ru(bpy);]** in
dinuclear systems gives rise to three stereoisomers (AA, meso-
AA, and AA) that can only be circumvented under certain
conditions.*

This is why we employed donor- and acceptor-functionalized
tpy ligands to develop emissive complexes of the type [Ru(tpy-
R)(tpy-R")]**.3"*%37 Using the functional groups R = COOH
and R’ = NH, gives rise to the metallo amino acid 122! in
which the metal is placed in one line with the functional groups
thus maximizing the ligands’ electronic effects. Amino acid
building blocks of this type allow the synthesis of oligopeptides
in which ruthenium takes a unique position by enhancing the
electronic communication between the building blocks,>"*#~4°
which is not observed when the metal is placed in a side chain
of the peptide structure.*' ~*

In the work presented herein, we demonstrate the synthesis
and characterization of a protected dinuclear dipeptide [(R-
tpy)Ru(tpy-NHCO-tpy)Ru(tpy-R’)]*" of the ruthenium amino
acid 1**. Dinuclear mixed-valent ruthenium complexes have
been widely studied in terms of electronic interaction between
the metal centers. Symmetric complexes, especially the Creutz—
Taube ion [(NH3)5Ru-(,u-pz)-Ru(NH3)5:|5+ (pz = pyrazine) as
prototype,44 with identical electronic environments around
both metal sites have been extensively examined,**~*” and the
theoretical background is well-understood.**~>° The strength of
the through-bond electronic interaction is dominated by the
distance between the redox centers, as well as the planarity and
appropriate symmetry of the bridging ligand.>' Additionally, the
frontier orbitals of the bridge need to be in a similar energy
range as the involved metal orbitals for the interaction to be
signiﬁcant.“s"w’51 A dlassification into three classes (Robin—
Day) distinguishes the degree of communication between the
redox centers, with class I being ascribed to noninteracting and
class IIT ascribed to strongly coupled systems.”*>*

Directional electronic coupling through asymmetric bridging
ligands has not been studied in great detail mainly because of
the difficulty to generate distinct asymmetric structures® that
meet the basic requirements for electronic interaction
(planarity, sufficiently short distances). Electron transfer in
natural systems, on the other hand, always occurs directionally
with small driving forces.*® This is why systematic synthesis and
investigation of structurally asymmetric but nearly redox-
symmetric mixed-valent systems is of general interest.

We had previously reported the unprotected dipeptide [(R-
tpy)Ru(tpy-NHCO-tpy)Ru(tpy-R')]*, R = COOH, R’ = NH,
257 Its mixed-valent state 2°° features two electronically
uncoupled ruthenium moieties due to differing local redox
potentials leading to an intrinsic electronic asymmetry. No
evidence of photochemical electron transfer from the Ru'
moiety onto the Ru" species was found (Robin—Day class
I). In contrast to 1**, 2** containing both a carboxylic acid and
an amino group has not been explored in terms of acid—base
chemistry, although interesting properties can arise from the
combination of redox and acid—base active centers in a single
molecule (e.g., proton-coupled electron transfer).”*~%°

In this work, we present an intrinsically structurally
asymmetric but, in terms of local redox potentials, highly
symmetric derivative of 2*', with R = COOEt and R’ =
NHCOCH, (3*). Its unique electronic and optical properties
are studied in detail and are compared to a closely related
mononuclear derivative of the ruthenium amino acid of the
form [(R-tpy)Ru(tpy-R’)]** (R = COOEt, R = NHCOCH,,
4**) with the same terminal functional groups as 3*". The
extent of electronic coupling between the redox moieties is
evaluated in the neutral, singly oxidized, and singly reduced
states as well as in the excited state.

Typically, aliphatic and aromatic amides exhibit only weaklgf
acidic behavior (pK, ~ 18—22 in dimethyl sulfoxide).’!
However, inserting amide bonds in between charged
polypyridine ruthenium(II) complexes leads to a substantial
polarization of the amide and an acidification of the N—H
bond, which is why the acid—base chemistry of 3* is
investigated as well.

B EXPERIMENTAL SECTION

General Procedures. Chemicals were obtained from commercial
suppliers and were used without further purification. Bis(terpyridine)-
ruthenium(II) complexes [(HOOC-tpy)Ru(tpy-NH,)](PFy),
1(PFy),, [(EtOOC-tpy)Ru(tpy-NHCOCH,)](PF¢), 4(PF¢),, and
[(EtOOC-tpy)Ru(tpy-NH,)](PF¢), 5(PF,), were synthesized accord-
ing to literature-known procedures.>***” Air- or moisture-sensitive
reactions and compounds were handled in dried glassware under an
inert gas atmosphere (argon, quality 4.6). Acetonitrile was refluxed
over CaH, and distilled under argon prior to use in these reactions. IR
spectra were recorded on a BioRad Excalibur FTS 3000 spectrometer
using cesium iodide disks. UV—vis absorption spectra were recorded
on a Varian Cary 5000 spectrometer in 1 cm cuvettes. Emission
spectra were recorded on a Varian Cary Eclipse spectrometer.
Quantum yields were determined by comparing the areas under the
emission spectra recorded for solutions of the samples and a reference
with matching absorbances on an energy scale (¢([Ru(bpy);]CL,) =
0.094 in deaerated CH;CN)."® Experimental uncertainty is estimated
to be 15%. Luminescence decay curves of the samples in acetonitrile
were measured under ambient conditions or under inert atmosphere
by time-correlated single-photon counting (TCSPC) at 22 °C under
magic-angle conditions with an Edinburgh Instruments lifetime
spectrometer (FLS 920) equipped with a supercontinuum laser
(SC400-PP, Fianium) in combination with a double monochromator,
a MCP-PMT (R3809U-50, Hamamatsu), and a TCSPC module
(TCC 900). The instrument response time was 200 ps; the repetition
rate was 5 MHz. Sample excitation was at 504 and 492 nm, and
fluorescence decays were measured at 684 and 690 nm for 3(PF),
and 4(PFy),, respectively. Decay times were obtained from single- or
biexponential fits using the spectrometer software. Electrospray
ionization (ESI") and high-resolution (HR) ESI* mass spectra were
recorded on a Micromass QTof Ultima API mass spectrometer with
analyte solutions in acetonitrile. ESI" mass spectra are reported giving
the m/z ratio and relative intensity of the most intense peak of the
typical ruthenium isotope pattern, while HR ESI* numbers are given
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for the lowest m/z ratio in a given ruthenium isotope pattern.
Elemental analyses were performed by the microanalytical laboratory
of the chemical institutes of the University of Mainz. NMR spectra
were obtained with a Bruker Avance II 400 spectrometer at 400.31
(*H), 100.66 (**C), and 376.60 MHz (*’F) at 25 °C. Chemical shifts &
[ppm] are reported with respect to residual solvent signals as internal
standards ("H, '3C) or external standards (*’F): CD,CN §(*"H) = 1.94
ppm, 5(**C) = 1.32 and 11826 ppm,*> CFCl, 6('*F) = 0.00 ppm.
Electrochemical experiments were performed with a BioLogic SP-50
voltammetric analyzer using platinum wire working and counter
electrodes and a 0.01 M Ag/AgNO; reference electrode. Measure-
ments were carried out at a scan rate of 100 mV s™' for cyclic
voltammetry experiments and at 10 mV s™' for square-wave
voltammetry experiments using 0.1 M [nBu,N][PF,] as supporting
electrolyte in acetonitrile. Potentials are given relative to the
ferrocene/ferrocenium couple (040 V vs SCE,® E, n =090 £ 5
mV under the given conditions). Electron paramagnetic resonance
(EPR) spectra were recorded on a Miniscope MS 300 X-band CW
spectrometer (Magnettech GmbH, Germany). Values of g are
referenced to Mn?* in ZnS as external standard (g = 2.118, 2.066,
2.027, 1.986, 1.946). Simulations were performed with the EasySpin
program package.®*

Density functional theoretical (DFT) calculations were carried out
using the Gaussian09/DFT series of programs®® employing B3LYP as
functional.®® The choice of functional was made due to the vast
abundance of publications using this functional in calculations on
transition metal compounds. Previously published theoretical results
on mono- and oligonuclear donor—acceptor functionalized [Ru(tpy),]
complexes were in good agreement with the experimental
data**?%%%7 The LANL2DZ implementation of Gaussian09 was
used as basis set for all atoms. It comprises Dunning/Huzinaga’s D95
V valence double-£ basis without polarization functions for hydrogen,
carbon, nitrogen, and oxygené7 and a Los Alamos effective core
potential approach plus valence double-¢ basis for ruthenium.®®~7°
This rather small basis set combination was chosen to manage the
computational effort of the large systems under study. To account for
solvent effects a polarized continuum model modeling acetonitrile
solution was used (IEFPCM, acetonitrile).”'~”* Explicit counterions
and/or solvent molecules were not taken into account. All structures
were characterized as local minima of the potential energy surface by
vibrational analysis (Nimg = 0). No symmetry constraints were
imposed on the molecular geometries.

Synthetic Procedures. Synthesis of 6(PF),.>” [(HOOC-tpy)Ru-
(tpy-NH,)](PF,), 1(PF),>" (339 mg, 0.370 mmol) was suspended in
acetyl chloride (25 mL) and refluxed for 2 h giving a dark red solution.
Acetyl chloride was distilled from this, and the residual solid was
dissolved in acetonitrile. The crude product was triturated by addition
of excess diethyl ether and collected via filtration. It was dissolved
again in boiling water (250 mL) to cleave the mixed anhydride formed
in the reaction of the carboxyl group with acetic anhydride and
precipitated after addition of a solution of NH,PF, (250 mg) in water
(1 mL). The precipitate was collected, washed with water, and dried
under reduced pressure to give [(HOOC-tpy)Ru(tpy-NHCOCH,)]-
(PF4), 6(PFy), as a red powder. Yield: 330 mg (0.350 mmol, 95%).
Anal. Caled for Cy3H,sF,,N,O5P,Ru (958.6)-4H,0: C, 38.46; H, 3.23;
N, 9.51. Found: C, 38.63; H, 3.13; N, 9.68%. Mass spectrometry (MS)
(BST*): m/z (%) = 334.6 (30) [M-2PF¢]**, 814.1 (100) [M-PF/]*,
1293.1 (3) [3M-2PF¢]*, 1772.6 (3) [4M-2PF¢]*". HR-MS (ESI*, m/
z): caled. for Cy3H,sF¢N,O;PRu [M-PF]*: 808.0737; found:
808.0732. '"H NMR (CD,CN): 6 = 9.42 (s, 1H, NH), 9.17 (s, 2H,
H?), 8.94 (s, 2H, H*), 8.62 (d, *Juy = 8 Hz, 2H, H®), 8.37 (d, *Jyy = 8
Hz, 2H, H%), 7.97—7.82 (m, 4H, H%, H*), 7.46—7.41 (m, 2H, H®),
7.28—7.15 (m, 4H, H’, H¥), 7.12—7.06 (m, 2H, H"'), 2.35 (s, 3H,
CH,).

Synthesis of 7(PFg),. [(HOOC-tpy)Ru(tpy-NHCOCHS,)](PF),
6(PF¢), (200 mg, 0.209 mmol) was dissolved in absolute acetonitrile
(15 mL), and pentafluorophenol (46.2 mg, 0.251 mmol) and N,N’-
diisopropylcarbodiimide (31.7 mg, 0.251 mmol) were added. After it
stirred at room temperature for 90 min, the reaction mixture was
concentrated to 5 mL under reduced pressure, and the product was

triturated by addition of a solution of NH,PF (297 mg) in water (70
mL). The product was collected via filtration, washed with small
amounts of water and diethyl ether, and dried under reduced pressure
to give [(CcF;OOC-tpy)Ru(tpy-NHCOCH;)](PF¢), 7(PF), as red
powder. Yield: 217.5 mg (0.193 mmol, 93%). Anal. Calcd for
CyoH, F,N,O,P,Ru (1124.6)2H,0: C, 40.36; H, 2.43; N, 8.45.
Found: C, 40.24; H, 2.21; N, 8.61%. MS (ESI): m/z (%) = 417.6
(15) [M-2PF)*, 834.1 (3) [M-2PFs—H]*, 980.1 (100) [M-PE]",
1542.6 (3) [3M-2PF¢]*, 2103.6 (3) [4M-2PF¢]*". HR-MS (ESI*, m/
z): caled. for C3oH,,F;N,O;PRu [M-PF]": 974.0579; found:
974.0562. '"H NMR (CD;CN): § = 9.54 (s, 1H, NH), 9.38 (s, 2H,
H?),9.01 (s, 2H, H*), 8.70 (d, *Juyy = 8 Hz, 2H, H®), 8.42 (d, *Jus = 8
Hz, 2H, HY), 7.99 (t, *Juy = 8 Hz, 2H, H®), 7.93 (t, *Juy = 8 Hz, 2H,
H®), 7.51 (d, *Juy = 6 Hz, 2H, H®), 7.32—-7.26 (m, 4H, H’, HY),
7.17-7.12 (m, 2H, H”), 2.39 (s, 3H, CH;). B“C{'H} NMR
(CD4CN): 6 = 1724 (s, NHCOCH;), 160.6 (s, COOC(Fs), 157.8
(25, C* C*),157.0 (s, C3), 154.8 (s, C*'), 152.8 (s, C¥'), 152.3 (s, C?),
1473 (s, CV), 138.7 (s, C°), 1384 (s, C%), 131.6 (s, C'), 1283 (s,
C”"), 127.6 (s, C7), 125.1 (s, C*'), 124.8 (s, C°), 123.4 (s, C?), 113.5
(s, C¥), 240 (s, NHCOCH,), (carbon signals of CgF; not
observed).”* F NMR (CD;CN): 6 = =73.3 (d, YJgp = 707 Hz,
12F, PFy), —154.8 (d, *Jgz = 17 Hz, 2F, 0-F), —159.0 (t, *Jg = 21 Hz,
IF, p-F), —163.8 (dd, *Jss = 21, 17 Hz, 2F, m-F).

Synthesis of 3(PFg),. [(C4FsOOC-tpy)Ru(tpy-NHCOCH;)](PF,),
7(PF¢), (59.5 mg, 0.053 mmol) and [(EtOOC-tpy)Ru(tpy-NH,)]-
(PF¢), 5(PFq), (50 mg, 0.053 mmol) were each dissolved separately in
acetonitrile (10 mL) under an atmosphere of argon and left to stand
overnight over activated molecular sieves (3 A) to remove crystal
water. The solution of 5(PFg), then was added to a solution of
phosphazene base tert-butylimino-tris(dimethylamino)phosphorane
(25.8 mg, 0.110 mmol) in absolute acetonitrile (S mL) and stirred
for 45 min followed by the addition of the solution of 7(PF),. After it
was stirred at room temperature for 4 h, the reaction was quenched by
the addition of a few drops of acetic acid and concentrated under
reduced pressure to S mL. The product was precipitated by addition of
NH,PF, (423 mg) and water (80 mL) and collected via filtration. The
crude product was recrystallized from an ethanol/acetone mixture (20
mL, 3:1) and dried under reduced pressure to give [(EtOOC-
tpy)Ru(tpy-NHCO-tpy)Ru(tpy-NHCOCH;) ] (PF,), 3(PFy), as red
powder. Yield: 782 mg (0.042 mmol, 79%). Anal. Calcd for
CgsHsoF2,N1,0,P,Ru, (1885.2)-4H,0: C, 40.50; H, 2.99; N, 10.02.
Found: C, 40.61; H, 2.95; N, 9.78%. MS (ESI*): m/z (%) = 309.0 (5)
[M-4PF¢-Et-Ac]*, 435.1 (15) [M-4PF,—H]*, 725.1 (29) [M-3PF4—
H]*,777.1 (6) [M-2PFs—Ac]*, 798.1 (100) [M-2PF¢]**, 1741.3 (15)
[M-PF,]*. HR-MS (ESI*, m/z): calcd. for CegHeoF1oN,4,0,P,Ru, [M-
2PF)**: 792.0788; found: 792.0782. 'H NMR (CD;CN): § = 10.42
(s, 1H, tpy-CONH-tpy), 9.49 (s, 1H, CONHCHj), 9.36 (s, 2H, H*),
9.34 (s, 2H, H?"), 9.23 (s, 2H, H?), 9.01 (s, 2H, H>"), 8.75 (d, ¥Jiyes =
8 Hz, 2H, H*"), 8.70 (d, *Juu = 8 Hz, 2H, H°), 8.54 (d, *Jyy = 8 Hz,
2H, H%'), 8.44 (d, *Juy = 8 Hz, 2H, H>"), 8.11—7.89 (m, 8H, H°, H,
HS", H%"), 7.62—7.50 (m, 4H, H® H®'), 7.44-7.33 (m, 4H, HY,
H%"),7.33—7.26 (m, 4H, H’, H""), 7.24—7.14 (m, 4H, H"", H""") 4.67
(g 2H, *Jyy = 7 Hz, OCH,CHj;), 2.39 (s, 3H, NHCOCH,), 1.59 (t,
3H, ¥y = 7 Hz, OCH,CH;). C{'H} NMR (CD;CN): § = 171.6 (s,
NHCOCH,), 165.3 (s, tpy-CONH-tpy), 165.1 (s, tpy-COOEt), 158.8,
158.8, 158.7, 158.7, (s, C*, C¥, C*, C*"), 157.5 (s, C*"), 157.4 (s,
C?%), 156.3 (s, C¥), 156.0 (s, C>"), 153.9, 153.8 (s, C¥, C*"), 153.5,
1534 (s, C%, C*"), 148.2 (s, C'), 147.4 (s, CV), 140.0 (s, C""), 139.5,
139.4 (s, C%, C®"), 139.2, 139.2 (s, C5, C®"), 137.5 (s, C'), 129.0 (s,
C"), 1289 (s, C7), 128.7 (s, C”"), 128.6 (s, C""), 125.9 (s, C°), 125.8
(s, C>), 125.6 (s, C¥), 125.5 (s, C>"), 123.8 (s, C?), 122.7 (s, C*"),
1152 (s, C¥), 1140 (s, C*"), 639 (s, OCH,CH;), 249 (s,
NHCOCH,), 14.7 (s, OCH,CH,).

General Procedure for Removal of Crystal Water from the
Complexes 4(PFy), and 3(PFy, The complex (100 mg) was
suspended in chlorotrimethylsilane (S mL) in an atmosphere of dry
argon and left to stand for 15—20 min. After removal of excess silane
and the formed siloxane under reduced pressure, the complex was
dissolved in absolute acetonitrile (S mL) and dried under reduced
pressure again to remove residual acid. NMR analysis showed slight
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downfield shifts of amide proton resonances indicative of traces of
remaining hydrochloric acid that could not be removed with this
method.

B RESULTS AND DISCUSSION

Synthesis of Dinuclear Amide. The dinuclear ruthenium
complex 3* is extremely challenging to synthesize via amide
coupling in a classical fashion because of the poor reactivity of
the pyridylamine coordinated to the electron-withdrawing
ruthenium(II), which is further augmented by the Coulombic
repulsion of the doubly charged mononuclear precursors. The
pyridylamine can be viewed as an iminium-like structure (=
NH,") with rather acidic properties that can be deprotonated
using strong bases."”*"*® Another possibility to acylate the
amino group is by employing acid chlorides at elevated
temperatures.

The synthesis of the dinuclear dipeptide 3*" was effected in a
four-step synthesis starting from the ethyl ester of the
ruthenium amino acid 5°*. The first step was acidic cleavage
of the ester to the amino acid 1**.*' Subsequent acetylation of
the amino function with acetyl chloride leads to N-acetyl amido
acid 6** in a yield of 95%.” For the amide coupling of the two
building blocks 5" and 6** to 3*" suitable conditions needed to
be established. A broad range of typical conditions for amide
couplings is known,”> most of which employ active esters in
different forms such as 1-hydroxybenzotriazolyl esters (OBt
esters),”*”®  1-hydroxy-7-azabenzotriazolyl esters (OAt es-
ters),” pentafluorophenyl esters (OPfp esters),*>®' and p-
nitrophenylesters.”” Intermediate activation can be achieved
using acid chlorides®> or N,N’-dicyclohexylcarbodiimide
(DCC) adducts® as active species. More advanced and forcing
activation procedures use aminium or phosphonium salt based
coupling reagents.”””**> We have recently shown that
intermediate activation of ruthenium amino acids and coupling
to amino-functionalized ferrocenes, ruthenium complexes, and
bipyridines can be achieved using HOBt/DCC,*' PyBOP,*’
and HATU,” respectively, when a strong base, typically a
phosphazene base (P;-tBu) is present (PyBOP = benzotriazol-
1-yl-oxytripyrrolidinophosphonium hexafluorophosphate;
HATU = 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-
[4,5-b]pyridinium 3-oxide hexafluorophosphate). The latter
conditions even distinguish between aromatic amines and the
pyridylamine present in the ruthenium amino acid 1**, so that
protection of the amino group of the complex is obsolete.*

In this work the active ester is isolated and purified to
provide a well-defined starting material for the following amide
coupling. Pentafluorophenol (PfpOH) is used in combination
with N,N’-diisopropylcarbodiimide to activate the acid. The
corresponding urea formed during the reaction is soluble in the
water/acetonitrile mixture of the aqueous workup and thus is
easily separated from the insoluble OPfp ester 7**. The
procedure is generalizable and also applicable to the amino acid
17" affording the OPfp ester 8*'. This active ester does not
exhibit any reactivity toward the free pyridylamino group
present in the compound itself but rapidly reacts with aliphatic
amines such as tert-butylamine giving the corresponding amide
9* (for experimental procedures and 'H and '*C NMR spectra
see Supporting Information, Figures S1 and S2).

The dried active ester 7*" readily reacts with the water-free
amino ester 5** after deprotonation of its amino function with
P,-tBu at ambient conditions in reasonable reaction times (4
h). Removal of residual crystal water in the starting materials
was accomplished via storage of the respective compounds

dissolved in acetonitrile over 3 A molecular sieves prior to
setting up the reaction. During the coupling reaction a striking
color change from red to purple was observed, which is
attributed to the deprotonation of the generated dinuclear
species (vide infra). Neither cleavage of the terminal ester nor
the amine function was observed under the given water-free
conditions (by NMR and ESI-MS).

The synthesis of the corresponding protected mononuclear
complex with identical capping functionalities 4** was carried
out via a literature-known procedure in good yields (Scheme
2).57

Characterization of Mono- and Dinuclear Amides. The
successful formation of the pentafluorophenylesters of 6** and
1°" is easily evidenced in the "H NMR spectra of 7** and 8**
because the resonances of the protons H? are shifted downfield
by ~0.15 ppm. This is attributed to the stronger electron-
withdrawing effect of the OPfp group compared to the free
carboxylic acid or its ethyl ester (see Schemes 1 and 2 for atom
numbering). The remainder of the '"H NMR spectra is rather
unaffected from carboxylic acid activation. For example, in 7>*
the amide proton resonates at 9.54 ppm, and proton H*
resonates at 9.01 ppm; for 8>, the protons of NH, and H are
found at 6.04 and 8.00 ppm, respectively, which does not differ
significantly from the parent compounds 1** and 6>*
(Supporting Information, Figures S3 and $6). '*C NMR
chemical shifts (Supporting Information, Figures S4 and S7)
are easily assigned via "H"C correlated techniques (except for
the C¢F carbon signals, which are not detected under the given
measurement settings). '’F NMR spectroscopy confirms the
presence of a perfluorinated phenyl ring as well as of two PFq
counterions at typical chemical shifts (Supporting Information,
Figures SS and S8). ESI* mass spectra confirm the integrity of
the OPfp esters 7>" and 8" since only signals of intact cations
with no or one counterions are observed.

As expected the NMR spectra of the dinuclear species 3** are
more complicated (Figure 1 and Supporting Information,
Figures S9 and S10). The intended high electronic similarity of
both complex subunits leads to a multitude of overlapping or
close-lying resonances in both the 'H and the *C NMR
spectra. Nevertheless the success of the amide coupling reaction

is most easily evidenced by the downfield shift of proton H? by
~1.3 ppm now resonating at 9.36 ppm because the influence of
the electron-donating amino group is lost. Four sets of signals
consisting of one singlet, two doublets, and two doublets of
doublets (ignoring *J contributions) are expected with
intensities of 1:1:1:1 originating from the four different
terpyridine moieties present in 3*". Especially the four singlets
(protons H? HY, H*, and H*") are sufficiently separated and
confirm the successful formation of 3*" (Figure 1). Significant
downfield shifts of the proton resonances of the bridging ligand
are observed due to the enhanced positive charge of 3* and the
stronger electron-withdrawing effect affecting particularly
protons H* and H?”. The high charge also affects the amide
proton of the bridging amide: its resonance appears at 10.42
ppm and is shifted by 0.93 ppm compared to the terminal
amide proton. In the high-field region of the spectrum the
expected singlet of the acetyl group and quartet/triplet pattern
of the ethyl ester group are observed at 2.39 and 4.67/1.59 ppm
with correct integral ratios, respectively. Despite the over-
lapping of several signals full assignment of all 'H and "*C
resonances was possible using "H"*C correlation spectroscopy.
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Scheme 1. Pentafluorophenylester (OPfp Ester) Formation
of Ruthenium Amino Acid 1(PF), and Its Acetyl Amide
6(PF;), Leading to 7(PF), and 8(PF,), and Subsequent
Amidation of 8(PFy), with tert-Butylamine to 9(PF),”

“Atom numbering for NMR assignment included.

ESI" mass spectra further confirm the formation of 3*'. Peaks
attributable to [M-PF,]*, [M-2PF¢]**, [M-3PF,—H]*, and [M-
4PF,—H]*" dominate the mass spectrum. Presumably the
proton that is lost is the bridging amide proton since its acidity
is substantially increased due to the neighboring positively
charged complex subunits (vide infra). Lower intensity signals
of fragments lacking the acetyl and/or ethyl groups are
observed as well. Since no other evidence for cleavage of the
terminal amide and/or ester could be found, this fragmentation
is believed to occur just during desolvation in the aerosol or
during the ionization process. IR spectroscopy also reveals the
integrity of the dinuclear complex 3*. The NH and OH
stretching vibrations from the amide groups and residual water
show up at 3407 and 3649 cm™'. The ester and amide I
carbonyl stretching vibrations appear as overlapping bands
between 1723 and 1691 cm™'. Additionally the amide groups
show typical NH deformation bands (amide II) at 1604 and
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1589 cm™". The PF~ counterions are responsible for a broad
intense band at 840 cm ™.

Spectroscopic Properties of Mono- and Dinuclear
Amides. Both the mono- and the dinuclear bis(terpyridine)-
ruthenium(IT) complexes 4** and 3* exhibit a characteristic
'MLCT transition in the UV—vis/NIR (NIR = near-infrared)
absorption spectrum at ~500 nm (Figure 2). For the
mononuclear complex 4°* this band is located at 492 nm in
good agreement with wavelengths observed for similar
bis(terpyridine)ruthenium (11) comsglexes carrying amido- and
carboxylic acid functionalities.*”*” For the dinuclear system
3* this band is significantly shifted bathochromically to 504
nm. This shift can be attributed to the enhanced push—pull
situation caused by the additional charge-carrying complex
fragment on the one hand and to the enlarged conjugated
aromatic 77 system on the other, both lowering the energy
difference between the highest occupied and the lowest
unoccupied orbital (HOMO—LUMO gap). This also affects
the extinction coefficient of the "MLCT band of 3**. The band
is shifted hyperchromically and cannot be described as a simple
superposition of two similar but independent bis(terpyridine)-
ruthenium-based chromophores. The intraligand 7—7z* tran-
sitions in the UV region of the absorption spectra of 4** and
3* on the other hand, are very similar in shape and position to
those of 3*" being roughly twice as intense as those of 4%',
which is in very good agreement with the doubled number of
terpyridine ligands present in 3*".

DFT calculations employing B3LYP as functional and
LANL2DZ as basis set with acetonitrile as solvent in a
polarized continuum model (IEFPCM) support the spectro-
scopic observations and assignments. The visible region is
dominated mainly by two transitions, one originating from Ru"
— tpy-CO transitions showing up at 490 nm for 3*" and at 476
nm for 4*, consistent with the trend of the experimental
'MLCT absorption maxima. The other band is based on
transitions from Ru' into the more electron-rich tpy-NH
ligands and is consequently found at higher energies (435 nm
for 3*, 431 nm for 4**). This is in good agreement with the
observed high-energy shoulders in the '"MLCT bands for both
compounds.

Both mononuclear 4** as well as dinuclear 3** are emissive at
room temperature in fluid solution with emission quantum
yields in the range of other bis(terpyridine)ruthenium(II)
amino acid derivatives (Table 1, Figure 2). The quantum yield
of dinuclear 3*" is lower than that of 4> by a factor of 2. This
might be attributed to the presence of a strongly polarized
amide proton in the bridging ligand, which could allow for a
more efficient radiationless deactivation pathway. The emission
energy of 3*" is shifted slightly bathochromically with respect to
4** matching the trend in the absorption spectra, which again
supports the assumption of a smaller HOMO—-LUMO gap in
3.

While the asymmetric shape of the emission band of 4** at
room temperature is typical for a ruthenium-based emission,
the band shape of 3* is significantly different: it is more
symmetric and has a plateaulike maximum with nearly
unchanged emission intensity over a range of 20 nm (Figure
2). On the other hand, the low-temperature emission spectra of
4** and 3* in a solid nPrCN matrix have essentially the same
shape with maxima of 657 and 660 nm, respectively, and a
pronounced shoulder at ~720 nm originating from a vibronic
progression (Figure 3). We attribute this unusual room-
temperature emission behavior to the coexistence of two

dx.doi.org/10.1021/ic5020362 | Inorg. Chem. 2014, 53, 12947—12961



Inorganic Chemistry

Scheme 2. Amide Coupling of Amino Acid Ester 5(PF;), and Acetyl Amido Acid Pentafluorophenyl (OPfp) Ester 7(PF;),
Giving Dinuclear Complex 3(PF), and Acylation of S(PFg), Leading to the Reference Compound 4(PFy),”

P4-tBu, Ac,0, RT

7(PFe)
P,-tBu, RT

4(PFs)2

“Atom numbering of 3(PF4), for NMR assignment included.

3(PFe)s

CHD,CN

H20|CH, (Et)
CH, (Ac)
CH, (Et)
it L

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0
&/ ppm

Figure 1. "H NMR spectrum of 3(PF), in CD;CN (lower), aromatic
region (upper).

emissive triplet states in 3*". This is in good agreement with the
emission lifetimes of both complexes at room temperature.
While 4** exhibits an essentially monoexponential excited-state
decay (the second component with 5% relative intensity is
likely due to a strongly emissive but otherwise -elusive
imlp§16rity), the excited-state decay of 3** is clearly biexponen-
tial.

The room-temperature emission spectrum of the dinuclear
complex 3*" can be fit by a simple superposition of two bands
mimicking the emission band shape of a mononuclear complex.
This was accomplished using the emission spectrum of 4°*
twice at appropriate energies (676 and 705 nm, see Figure 4).
The quality of this fit using weighing fractions of 71:29 for the
two components, as indicated by the different measured
emission lifetimes (Table 1), compared to the emission
spectrum of 3*" is remarkable. This allows us to assign the
676 nm emission to 7 = 24 ns (71%) and the low energy
emission (705 nm) to 7 = 44 ns (29%).

Int.

200 400 600 800

Int.

0 - T ¥ T
200 400 600 800
A/nm

Figure 2. Experimental UV—vis absorption and normalized emission
spectra of 3*" (upper) and 4** (lower) at room temperature in
deaerated CH;CN including oscillator strengths of computed optical
transitions (time-dependent DFT: B3LYP, LANL2DZ, IEFPCM:
CH,CN).

Furthermore, we were interested in the dependence of the
shape of the emission spectrum of 3*" and hence the ratio of
the emitting states as a function of the excitation wavelength
(Supporting Information, Figure S11). The emission intensity
follows that of the absorption spectrum, and the band shape is
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Table 1. Absorption and Emission Properties in Deaerated CH;CN at Room Temperature and Emission Properties of 3*' and

4*" in Deaerated nPrCN at 77 K

Zmae (‘MLCT) (€)
492 (22100)
504 (63 000)

A, (Apxc) at 298 K

678 (492)
684 (504)

42+
34+

Am. (Apxc) at 77 K (o 7% (contribution)
657 (499) 59 x 107 21 (95); 58 (3)
660 (507) 32 x 107 24 (71); 44 (29)

“Quantum yields ® are determined at room temperature and given as fraction of emitted photons per absorbed photons. “Emission lifetimes 7 were
determined at the respective emission maxima (4,,,/nm; &/M™" ecm™; Ag,. /nm; Ag,/nm; 7/ns, contribution/%).

Int.

42-1-

600 650 700 750 800

A/ nm

850

Figure 3. Normalized emission spectra of 3** (red line) and 4** (black
line) at 77 K in butyronitrile.

Int.

— emission spectrum of 3"
— fit

850

750
A/nm

600 700
Figure 4. Normalized emission spectrum of 3** at room temperature
in deaerated CH;CN (red line), emission spectrum of 4** (dashed
lines) shifted to A, = 676 nm (contribution: 71%) and 705 nm
(contribution: 29%), and their sum (solid black line). The blue vertical

line indicates the detection wavelength of the emission lifetime
measurements.

independent from the irradiation energy. As the relative
abundances of the two emissive species are obviously
independent from A, the two excited states are in thermal
equilibrium in 3*". As at 77 K only single emission is observed,
both emissive states must be connected via a reaction path on
the triplet hypersurface with a very low activation barrier to
allow for thermal equilibration at room temperature and at 77
K state prior to emission.”’

To allow for a rapid thermal exchange between the two
relevant excited states even at low temperatures the transition
between the two emissive states may only involve minor
geometric changes. As an exciton transfer between the spatially
separated *MLCT states involving Ru"(tpy-CONH) and
Ru"(tpy "-COOEt) requires the reorganization of various
bond lengths the activiation barrier between such two states
is expected to be high. Accordingly, this process is unlikely to
occur rapidly at 77 K in a frozen matrix, and these two states
are ruled out as an origin for the dual emission. If such *MLCT
states with a large activation barrier in between were involved in
the emission process dual rather than a single emission would

12953

be expected also at low temperatures. Consequently, the two
emissive states likely involve Ru" — bridge-tpy-CO triplet
states of both Ru" sites due to the spatial proximity of the
involved centers.

Although the real electronic situation certainly is more
complicated the simplified one-electron orbital representation
in Scheme 3 helps to illustrate the processes leading to the
observed dual emission. Four different excited states involving
the bridging ligand and the two ruthenium centers of 3** can be
thought of according to this diagram. In this simple picture the
four conceivable triplet states can be regarded as a Ru"'Ru"
mixed-valent system with a radical anion as bridging ligand.

Scheme 3. Schematic Illustration of the Four 3MLCT and
3CS Excited States of 3*" Involving the Bridging Ligand”

4 N\

E ___ tpy-NH

___ OC-tpy

RuMl % Ry Ru'" 4_ Ry
L 3MLCT, L 3MLCT, )
“ET 676 nm, 24 ns “ET

e N N

4» tpy-NH _ tpy-NH
__ OC-tpy OC-tpy
% Ru" 4_ Ru Ru'" % Ry
3 3
\ ) J \ Cs; J
705 nm, 44 ns

“The two electron configurations marked in red are most likely those
involved in the room temperature emission of 3*'.
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Two of these triplet states include an odd electron on the tpy-
NH fragment of the bridge with one having the character of an
MLCT state (*MLCT,) and the other one having charge-
separated state character (*CS,). Because of the electron-
donating effect of the —NH functionality their energies are
substantially higher than those of the other two states involving
the OC-tpy ™ moiety (*CS, and *MLCT,). Consequently only
the latter are relevant for excited-state emission according to
Kasha’s rule.”” Electron transfer between the two ruthenium
centers connects the two excited states *CS; and *MLCT,,
which are thus valence-isomeric states. Since CS, features a
larger distance between the sites of the excited electron and the
Ru" center, recombination/relaxation to the ground state
might be slower. This fits to the assignment of a larger lifetime
for 3CS; (7 = 44 ns) as compared to that of *"MLCT; (7 = 24
ns). The lowest-energy excited triplet state of 3*" was modeled
by DFT calculations (B3LYP, LANL2DZ). Its spin density is
localized on the bridging OC-tpy and the adjacent Ru' center
(Supporting Information, Figure S12), which agrees with
studies on the site of the first oxidation (experimental and
theoretical, vide infra) and reduction (theoretical, vide infra).
Hence triplet 3*" is described as an excited-state mixed-valent
system ([Ru"(tpy-NHCO-tpy ™ )Ru™]/[Ru(tpy-NHCO-
tpy )Ru']) of Robin—Day class II exhibiting substantial
electronic coupling after optical population of a Ru'-bridge -
Ru' state.

Dual emission of polypyridine ruthenium(II) complexes has
been observed very rarely. In mononuclear heteroleptic
complexes it usually only arises with electronically very different
7m-accepting ligands such as in [Ru(bpy),(phen-4-R)]** (phen =
1,10-phenanthroline, R = phenylalkynyl)®® allowing for two
*MLCT states with a high activation barrier in between so that
both excited states emit simultaneously at room temperature
and at 77 K.*~°" Alternatively the presence of *MLCT states as
well as intraligand CT states (*ILCT) can be responsible for
dual emission in bis(tridentate)ruthenium(II) complexes.”” In
dinuclear ruthenium(II) complexes dual emission has also been
observed previously based on two *MLCT states involving
either phen or bpy as accepting ligands.”® To the best of our
knowledge no similar observation of dual emission of dinuclear
complexes originating from two Ru'-tpy~ triplet states
involving the bridging ligand has been reported before. For a
series of dinuclear bis(terpyridine)ruthenium(II) complexes,
however, with either back-to-back or para-phenylene linkage
([(4'-tolyl-tpy)Ru(tpy-(CsH,),-tpy)Ru(tpy-4'-tolyl) ]** (n = 0,
1, 2) it was shown that partial charge delocalization within the
excited triplet state is responsible for a substantial extension of
the luminescence lifetime (up to 7 = 570 ns, n = 0) along with a
bathochromic shift of the emission just as observed in the case
of 34+.94

Acid—Base Chemistry of the Dinuclear Amide 3*.
While the acid—base chemistry of various derivatives of the
mononuclear bis(terpyridine)ruthenium(Il) amino acid has
been previously discussed,'”>" new reactivity arises from the
dinuclear complex 3*" with two amides and a 4+ charge. The
strongly polarizing effect of the 2-fold positively charged
complex fragments on the bridging amide renders its proton
significantly more acidic so that it can be readily abstracted
using mild bases such as aliphatic tertiary amines in H,O/
CH;CN mixtures. The two possible NH deprotonation
reactions of 3*" have been studied via NMR and UV—vis
absorption spectroscopy employing the strong phosphazene
base P;-tBu under water-free conditions. In the UV-—vis

absorption spectra (Figure S) a two-step process is observed
with two independent sets of isosbestic points, namely, at 512,

£/10°M* cm
120 1 I 3 530"
100 ]

80 1 lT

60-_
40-_ T

20 o

200 300 400 500 600 700
A/nm

3-H" > 3-2H"
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Figure 5. UV—vis absorption spectra of 3** in dry CH;CN upon
titration with a solution of phosphazene base P,-tBu in CH;CN
(upper) 0 equiv — 1 equiv leading to 3-H**, (lower) 1 equiv — 2.5
equiv leading to 3—2H”*. Arrows indicate most dominant spectral
changes.

432, 343, 318, 297, 240, and 225 nm for the first step and at
519, 425, 326, 315, 306, 284, 239, and 223 nm for the second
one. This observation is straightforwardly interpreted as the
stepwise deprotonation of the complex with the first proton
abstraction occurring at the strongly polarized bridging amide
giving 3-H*" and the second one at the terminal NHCOCH,
amide generating 3—2H*". Notably, the second deprotonation
is not accessible in the presence of water. The bathochromic
shift of the '"MLCT absorption band from 504 nm in 3*" to 533
nm in 3—2H>" upon deprotonation is reflected by a color
change from red to purple (vide supra) and can be traced back
to changes in the geometry of the bridging ligand. As suggested
by DFT calculations (B3LYP, LANL2DZ, IEFPCM: acetoni-
trile; vide infra) the tpy-NHCO-tpy bridge planarizes with
dihedral angles at the bridging amide of ~0° after
deprotonation. This allows for a stronger 7 conjugation within
the bridge leading to an enlargement of the chromophore and a
lowering of the ligand-based LUMO energies. Additionally, the
donor strength of the N-substituted terpyridine of the bridge is
increased raising the energy of the ruthenium-based HOMO.
Support for a stepwise deprotonation mechanism is also
obtained from 'H NMR spectroscopy (Figure 6). Upon
addition of 1 equiv of P;-fBu to a solution of 3*" in CD,CN
the resonance of the bridging amide proton at 10.5 ppm
disappears, and several other resonances are shifted significantly
with respect to the spectrum of 3*. Major changes are
observed for the resonances of the bridging ligand tpy-NHCO-
tpy with the resonances of the tpy-NH fragment being shifted
downfield, while the resonances of the tpy-CO fragment are
found further upfield. This can be explained considering the
stronger electron-donating effect of tpy-N~ compared to tpy-
NH increasing the electron density in this terpyridine. On the
other side, the lowered dihedral angle (from —25° to 0°)
between the carbonyl group and the proximal terpyridine
increases the overlap of the 7 orbitals of these two fragments
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Figure 6. "H NMR spectra of 3** in CD;CN (upper), after addition of
1 equiv of phosphazene base P,-fBu (center; 3-H**) and after addition
of 2 equiv of phosphazene base P;-tBu (lower; 3—2H?*). Arrows
indicate shifts upon deprotonation.

resulting in a stronger —M effect of the carbonyl group. Upon
addition of a second equivalent of base the resonance of the
terminal amide proton disappears, and all aromatic signals are
shifted upfield, except for those of the terminal tpy-COOEt
ligand, which remain essentially unaltered. This is in agreement
with an overall increase of the electron density within the
complex upon deprotonation of the terminal amide. The
pronounced acidity of the bridging amide will be relevant for
the ground- and excited-state redox potentials of 3* as well.
Redox Properties of Mono- and Dinuclear Amides.
The cyclic voltammograms of 3*" and 4** in CH;CN have a
very similar shape (Figure 7, Table 2). Both complexes show a

1100 WA & & )

<~ s M

—

T
-2.0 -1.0 0.0 1.0 2.0
E/V

Figure 7. Cyclic voltammograms of 1 mM 4>* (upper) and 3*" (lower)
in CH;CN with 0.1 M [nBu,][NPF,] as supporting electrolyte
referenced against the FcH/FcH' couple. The first oxidation and
reduction waves are shown individually.

reversible oxidation wave at ~0.9 V versus FcH/FcH". For 4**
this wave represents the one-electron oxidation of Ru" to Ru'
at 0.85 V. In 3*" both Ru" centers are oxidized virtually at the
same potential, leading to a two-electron oxidation wave at 0.91
V (referenced against 2 equiv of ferrocene as internal standard
in the square-wave voltammogram, Supporting Information,

Figure S13). The slightly higher oxidation potential of 3*'
compared to that of 4*" may be attributed to the unfavorable
charge accumulation in 3*" (double oxidation affords a 6-fold
positive charge). Interestingly, no separation of the oxidation
waves of the two ruthenium centers is observed indicating no
or only weak interaction between the metal sites using
[nBu,N][PFs] as electrolyte”>~*” although potential differences
are poor measures of electronic coupling.”®~ "% Additionally 4**
exhibits four one-electron reduction waves, with the first two
being reversible and the second two being quasireversible when
examined individually. These are attributed to tpy/tpy” and
tpy /tpy*~ reductions starting with the acceptor-substituted
tpy-COOEt ligand. In contrast, 3**/?* shows only one reversible
reduction wave, which accounts for a transfer of two electrons
(referenced against internal ferrocene). It occurs essentially at
the same potential as the first reduction of the mononuclear
system 4°*/* (—1.49 V vs —1.46 V) and therefore is attributed
to tpy/tpy” reductions of both tpy-CO ligands. The second
reduction is a quasireversible two-electron reduction (32*/°). All
further reductions overlap significantly so that a clear separation
into individual reduction waves is impossible.

The irreversible peak at ca. —0.5 V is a common feature of
the cyclic voltammograms (CVs) of both complexes under
study. It only arises in the CVs after reducing the respective
compounds at potentials below —2.0 V (quasi-reversible).
Hence, it arises from the reoxidation of follow-up products of
the reduced or doubly reduced state (vide infra for detailed
discussion).

As can be seen from the oxidation potentials of 4** and 3*"
(Table 2), a strong oxidant is required to perform the oxidation
of Ru"" — Ru'. Only few chemical redox reagents such as Ce'”
in acidic aqueous solution (E,/,, = 1.3 V in HCIO,, 0.88 V in
H,0)® and the tris(2,4-dibromophenyl)aminium radical
cation'® in acetonitrile (E,;, = 1.14 V)® are capable to do
so in a clean fashion. Reproducible UV—vis spectroscopic
examination of the oxidation of 4** and 3* to 4°" and 3%,
respectively, was only possible in 0.5 M H,SO,(aq) employing
excess Ce(SO,), as oxidant (Figure 8). A set of six isosbestic
points is observed for the oxidation of 3* to 3% at 556, 421,
338, 298, 285, and 267 nm, indicative of a clean transformation
without accumulation of 3°*. Even though an excess of oxidant
is used, no additional band at ~400—420 nm is observed
originating from remaining Ce", which is obviously consumed
entirely immediately after addition. The '"MLCT absorption
band of 3*" disappears completely, while a new broad and weak
band appears with a maximum at 574 nm and a shoulder at
~720 nm. The disappearance of the '"MLCT band indicates the
complete oxidation of both Ru" centers to Ru™ under these
conditions. The new band is consequently ascribed to a
'"LMCT transition from the donor-substituted tpy-NH ligand to
Ru". Its intensity is rather low compared to, for example, the
'"LMCT of [(HOOC-tpy)Ru"(tpy-NH,)]** due to the less-
pronounced donor effect of —NHAc as compared to that of
—NH,."”*” Performing the oxidation of 4** to 4°* under the
same conditions proved to be difficult since on the time scale of
recording of the UV—vis absorption spectrum (minutes) after
partial oxidation with Ce' substantial decomposition of the
product was observed (absence of isosbestic points, loss of
intensity). Only by addition of 10 equiv of oxidant followed by
rapid measurement a reproducible spectrum of 4** could be
obtained (Figure 8, lower). It resembles that of the fully
oxidized dinuclear complex 3% ("LMCT band, maxima at 590
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Table 2. Ground- and Excited-State Electrochemical Properties of 4** and 3* in 0.1 M [nBu,][NPF]/CH;CN at Room

Temperature®
Eq, (Ru"/Ru™) E,eqn (tpy/tpy”)
4 0.85 (68) —1.46 (73)
3" 091 (84, 2¢7) —1.49 (81, 2¢7)

Ered,z (tP Y/ tp y_ )

E¥ (Ru"/Ru™)” Ey, (tpy/tpy )°
~1.86 —1.04 043
~1.78 (2¢7) —097 0.39

“The peak-to-peak separations AE,,, of the first oxidation and reduction waves are given in parentheses (E, V vs FcH/FcH" (E,), (FcH/FcH') =

0.40 V vs SCE), AE,),

mV). YE¥ = E,, — Eq. “E¥; = E,q + Ego. Ey determined from emission spectra at 77 K.
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Figure 8. (upper) UV-—vis absorption spectra of 3*" in 0.5 M
H,S0,(aq) upon titration with a solution of Ce(SO,), in 0.5 M
H,S0,(aq) (0 equiv — approximately 8 equiv). Arrows indicate
spectral changes. (lower) UV—vis absorption spectra of 4** and 4*" for
comparison, obtained under the same conditions. Dashed lines
indicate spectra of 3** and 4**, and bold lines show Ru™ complexes
3% and 4°*.

and 739 nm) once again underlining the chemical similarity of
4** and 3*.

The mixed-valent Ru"—Ru'™ species 3°* is obtained in a
statistical mixture with 3*" and 3°* due to facile disproportio-
nation (2 Ru"Ru™ = Ru"Ru" + Ru™Ru'; statistical ratio of
1:2:1 for 3*:3%":3%"). During the oxidation of 3* to 3%, no
band attributable to an intervalence charge-transfer (IVCT)
transition is observed in the NIR region of the spectrum up to
1350 nm (solvent absorption beyond 1350 nm prevented
recording at longer wavelengths). Oxidation of 3*" in
acetonitrile with substoichiometric amounts of tris(2,4-
dibromophenyl)aminium hexachloroantimonate did not show
the appearance of a new IVCT band in the range between 1000
and 3000 nm. This is in agreement with results from cyclic
voltammetry and allows the interpretation of 3°* as a valence-
localized mixed-valent cation without observable electronic
interaction between the ruthenium centers in different
oxidation states (Robin—Day class I).*>*%3>101,103

This interpretation is in accordance with DFT calculations
(B3LYP, LANL2DZ, IEFPCM: CH,;CN) of the mixed-valent
3** and the Ru™Ru™ 3% complex (Figure 9). Spin density
calculations performed on 3°* localize the unpaired electron on
the N-terminal ruthenium atom. Upon oxidation to the
Ru™Ru™ species 3% spin density is found on both metal
centers. Time-dependent calculations on 3°* performed on the
same level of theory predict no intensity for IVCT transitions of
any kind in the NIR spectral region. Geometry optimizations
failed to afford the valence-tautomeric mixed-valent Ru"Ru"

132

Figure 9. DFT (B3LYP, LANL2DZ, IEFPCM: acetonitrile) optimized
geometric structures of 3*, 3%, 3%, and 3-H*" (upper to lower),
including tpy-NHCO-tpy dihedral angles (deg), Ru—Ru distance (&),
and calculated spin densities of 3°* (doublet) and 3% (triplet).
Contour value: 0.01, CH hydrogen atoms are omitted.

cation 3°" with the C-terminal ruthenium center being oxidized
in repeated attempts suggesting that the RuRu™ species is
lower in energy.

To further probe the hypothesis of noninteracting ruthenium
centers and to localize the electron-hole oxidation, experiments
were performed employing paramagnetic 'H NMR spectros-
copy. 3* was titrated with substoichiometric amounts of
tris(2,4-dibromophenyl)aminium hexachloroantimonate as ox-
idant in deuterated acetonitrile (Figure 10). Paramagnetic line
broadening and upfield shifts are observed only for certain
proton resonances, namely, those assigned to the N-terminal
bis(terpyridine)ruthenium(1I) fragment. Especially pronounced
is the shift of the resonances of H?”, H>”, and the bridging NH
(highlighted with blue boxes in Figure 10), but also the proton
resonances of HS//, H6N, H7//’ HS//, HS///, Héw, H7///’ and HS///
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Figure 10. "H NMR spectra of 3** in CD;CN upon partial oxidation to 3** with substoichiometric amounts of tris(2,4-dibromophenyl)aminium
hexachloroantimonate (resonances of the corresponding amine in red frames). Blue frames highlight most significant spectral changes.

respond to the partial oxidation of 3*'. At higher concentrations
of oxidant (>0.2 equiv) substantial broadening of the proton
signals of the C-terminal complex fragment also becomes visible
because then the concentration of the Ru"Ru™ complex 3
becomes spectroscopically significant due to disproportiona-
tion. The observation of the N-terminal bis(terpyridine)-
ruthenium(II) fragment being the site of the first oxidation
agrees with the theoretical results discussed above (Figure 9).

While a clean chemical oxidation of 3** and 4** is challenging
to accomplish, the ligand-based reductions can easily be carried
out using an acetonitrile solution of decamethylcobaltocene
(B, = —191 V). The ligand-centered radicals generated
upon addition of 0.9 equiv of CoCp*, are examined using EPR
spectroscopy after rapid-freezing to 77 K (Figure 11). The EPR
spectra of the singly reduced species 3°* and 4" are strikingly
similar. Both show a rhombic signal pattern with one g value

exp. 4

330 340 350
B/ mT

Figure 11. X-band EPR spectra of 3** (black) and 4* (red) in dry
CH;CN at 77 K after reduction with 0.9 equiv of CoCp*, including
simulations.

greater and two lower than g. This is in agreement with an
unpaired electron in the proximity of a low-spin Ru' center.
Interestingly, the signal occurring at the highest field is split by
a hyperfine coupling to one nitrogen atom giving a 1:1:1 triplet
(A (™*N) = 15—18 G) suggesting that the unpaired electron is
significantly localized on one of the coordinating nitrogen
atoms. This is in agreement with the large g anisotropy of ~Ag
= 0.05 and the substantial superhyperfine coupling to
ruthenium required to fit the spectrum (see Table 3), which

Table 3. The g Values and Hyperfine and Superhyperfine
Coupling Constants A of the Unpaired Electron in 4" and 3**
Obtained by Simulation of the Experimental Spectra
Recorded in Dry CH;CN at 77 K Using EasySpin

81,23 Ag® A3 (QQ'IOIRu)b Aps (14N)b
4* 2.004S, 1.9885 1.9550 0.0495 2, 10, 24 1, 3,18
3% 2.0057, 1.9892, 1.9580  0.0477 2,8, 15 3,25, 15

“Ag=g — g b4, G).

is in the range of other nitrogen-based radicals coordinated to a
ruthenium (1) ion.>”*° DFT calculations (B3LYP, LANL2DZ,
IEFPCM: acetonitrile) support this interpretation: the spin
density of the dinuclear complex 3** is calculated to be spread
mainly on the central pyridyl ring of the bridging tpy-CO ligand
with a minor contribution from the coordinated ruthenium
center (Supporting Information, Figure S$12).

Interestingly, when measuring UV—vis absorption spectra
while carrying out the reduction of 4** and 3*" with up to 4
equiv of CoCp*, a clean transition with isosbestic points very
similar to those observed upon deprotonation is obtained
(Supporting Information, Figure S14). Furthermore, the
spectra after addition of an excess of reductant (2 equiv for
4°*, 4 equiv for 3*") resemble those of the deprotonated species
4-H" and 3-H" (see Figure S). This cannot be interpreted as
stepwise reductions of the respective complexes via 4°* — 4" —
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4° and 3*" - 3* - 3 > 3" > 3% respectively, since this
should give several sets of isosbestic points in the UV—vis
absorption spectra. However, these observations can be easily
explained by a follow-up reaction after the initial reduction to
4% and 3% (rapid-freeze EPR), namely, the irreversible
reduction of protons to H,. Alternatively, a direct reduction
of protons by decamethylcobaltocene yielding dihydrogen is
plausible.'®* The proton source could be residual crystal water
generating OH™, which deprotonates the amides. Excess of
reductant is required due to varying amounts of water present
in 4** and 3* (see Experimental Section). Spectral changes of
similar shape have been observed previously with dinuclear
amide conjugates in our group upon addition of decamethylco-
baltocene as reductant.*** The results obtained in the current
study suggest that also in those cases the bridging amide is
deprotonated in the presence of H,O (UV—vis) after initial
reduction of the complexes (rapid-freeze EPR).

The same process, namely, deprotonation of 3*, is observed
when monitoring the addition of CoCp*, via NMR spectros-
copy (slow time scale). No paramagnetic signal broadening
appears upon addition of reductant to a solution of 3*"
(Supporting Information, Figure S15). This would have been
indicative of the presence of a radical anion especially because
the expected line broadening of the proton resonances is larger
for a ligand-based radical as compared to a metal-based radical
(Figure 10). The discrepancy between EPR results, on the one
hand, where the unpaired electron originating from a complex-
based reduction can be observed, and NMR and UV-—vis
absorption spectroscopy, on the other hand, which reveal
follow-up products of this initial reduction, is ascribed to the
different time scales of the respective experiments: because of
the apparent instability of the radical formed in the presence of
residual H,0, rapid freezing of the solution of 3*" a few seconds
after addition of CoCp¥*, allows detection of an EPR signal,
while the NMR and UV—vis absorption measurements are
carried out several minutes after the addition of reductant,
allowing follow-up reactions to occur prior to measurement.
CV experiments further support this interpretation: scanning
just the potential range of the first ligand-based reduction of 3*
delivers a reversible redox wave. Scanning the full solvent
window requires enough time to allow for further reactions of
the complex after reduction. The reoxidation of the follow-up
species then occurs at ca. —0.5 V for both complexes 4** and
3* shifted by approximately 1 V to more positive values
(Figure 7). This lends further support to a reaction sequence
3% - 3% > 3-H* + 1/2H,.

The excited-state redox potentials of the complexes 4** and
3* were calculated from E * = E,_ — Eoy and E,* = E,.q + Eyp
(Table 2)."%%'% As expected the complexes become stronger
reductants and oxidants in the *MLCT excited state. To probe
the excited-state properties of 4** and 3* Stern—Volmer plots
with various ferrocene derivatives and amines as gotential weak
electron donors were recorded (Table 4)."”” Employing
ferrocene, ferrocenecarboxylic acid methyl ester, and 1,1'-
terrocenedicarboxylic acid dimethyl ester as electron donors for
the reductive quenching of the *MLCT state of 4*', linear
Stern—Volmer plots are obtained that show a clear dependence
of the quenching rate k; from the redox potential of the
corresponding quencher (Supporting Information, Figure
S16).108 11! Lowering the driving force for the electron-
transfer step reduces the efficiency of the reductive quenching
significantly as expected from Marcus theory. Interestingly even
if the electron-transfer step is estimated to be thermodynami-

12958

Table 4. Excited-State Stern—Volmer Quenching Constants
Kgy® of 4* and 3* by Various Quenchers, Fraction f of
Complex Accessible for Quencher, Bimolecular Quenching
Rate Constants k;,“” and Quenching Fractions nqd by 0.1 M
Quencher in CH;CN at Room Temperature

42t 34
FcH (E, ), = 0.00 V)* Ko (f) 246 (100) 432 (100)
kq 117 x 10" 1.80 x 10"
g 0.96 0.98
FcCOOMe (E,,, = 0.30 V)'** K,(H 160 (100)
kq 7.62 x 10°
g 0.94
Fc(COOMe), (E;j, = 050 V) K. () 147 (100) 399 (100)
kq 7.00 X 10° 166 x 10"
g 0.94 0.98
Ph-NMe, (E,;, = 0.39 V)'"7 K,(pH 18 (100) 144 (57)
kq 8.6 x 107 6.00 x 10°
1y 15 34

Koy MLY% ky M7 57! = Kgy/z. Mg % = fK[QI(L +
K,[QD)™

cally slightly uphill by 70 mV as in the reaction of 4*" with
Fc(COOMe), very efficient quenching of the emission of 4°" is
still observed. This cannot be accounted for solely with a
contribution from a reductive electron-transfer step from the
ferrocene to the ruthenium complex. An additional feasible path
for radiationless deactivation is an energy transfer from the
SMLCT state of the Ru complex populating the nonemissive
triplet excited state of the respective ferrocene deriva-
tive.>"!'>~"'* While stronger electron-withdrawing substituents
on ferrocene lower its reduction potential, they also stabilize its
triplet state facilitating energy transfer. It is worth noting that
for both the mono- and the dinuclear complexes 4** and 3*
very rapid quenching with formal bimolecular rate constants
close to the diffusion limit (k = 1.9 X 10'°, 298 K, CH,CN)'"®
is observed with all ferrocene derivatives without any detectable
static quenching due to preorganization phenomena of the two
components in their respective ground states. This emphasizes
that a significant contribution of the excited-state quenching by
ferrocene originates from energy transfer.

The choice of amines as electron sources for reductive
electron transfer quenching of the complexes 4** and 3* is
limited due to the facile deprotonation of the amide protons
(vide supra). Using N,N-dimethylaniline, which is not
sufficiently basic to abstract protons from the bridge of 3*'
(pK, = 5.1;''¢ substantiated by UV—vis absorption spectros-
copy) as electron source (E,/, = 0.39 V vs FcH/FcH"),"7 it is
possible to record Stern—Volmer plots for both complexes 4**
and 3*" (Figure 12). While its quenching efficiency with respect
to 4** is weak (2 orders of magnitude lower than that for
Fc(COOMe),; Table 4) it is increased by almost 1 order of
magnitude in the 3*'/amine pair. This cannot be explained just
by the marginally increased driving force for the electron
transfer by 40 mV (Table 2). Additionally a curve bent
downward toward the x-axis is obtained when (I,/I — 1) is
plotted against cguencher indicating a precoordination of the
quencher to the emissive species (Figure 12). An appropriate
plot employing I/(l, — 1) = (fKLIQL)" + f gives the
fraction f of the emissive species actively taking part in the
bimolecular quenching process as well as the Stern—Volmer
constant K, (Supporting Information, Figure Sl7).118 We
ascribe the substantial quenching fraction to an association of
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Figure 12. Stern—Volmer plots of the mono- and dinuclear complexes
4%* (blue) and 3* (red) employing N,N-dimethylaniline as quencher.
Plots were obtained using complex concentrations of ¢ = 2 X 10~ mol
L™

the PhNMe, nitrogen atom to the polarized proton of the
bridging amide via a strong hydrogen bond. This facilitates
inner-sphere reductive electron transfer into one of the two
excited states of the dinuclear complex as illustrated in Scheme
4. Similar observations of precoordination, especially via
hydrogen bonds facilitating electron transfer from/to excited
states, have been documented in the literature.''*™'%*

Scheme 4. Reductive Electron Transfer from PhNMe, to the
Two Excited Triplet States of 3**

B CONCLUSION

The new dinuclear bis(terpyridine)ruthenium(IT) complex 3*
with remarkable electronic symmetry despite an asymmetric
bridge was synthesized and fully characterized. No electronic
coupling is observed in the mixed-valent state 3°*. However, the
similarity of the chemical environments of the ruthenium
centers in 3** enables a thermal electron transfer between Ru"
and Ru™ in the triplet excited states of 3*". The two valence
tautomers are observed via emission spectroscopy (dual
emission) and excited-state lifetime measurements.

Reduction of 3* with CoCp*, initially yields the radical
localized on the bridge. This radical further reacts to finally give
the deprotonated complex 3-H** and presumably H,. 3-H*"
and 3—2H”" are prepared directly from strong bases and 3*'.
PhNMe, is not basic enough to deprotonate 3*" but
coordinates to the bridging NH group via a hydrogen bond,

which facilitates reductive electron transfer from PhNMe, to
the excited complex 3*". Further studies will be conducted to
elucidate this process, namely, whether 3* can act as an
electro- or photocatalyst for the reduction of protons from
water and which role the proton of the bridging amide plays in
such a process.
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