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The novel tetradentate ligand 1,4-bis(4-(4'-methyl)-2,2’-bipyridyl)-2,3-diaza-1,3-butadiene (BBDB) was
synthesized and characterized by spectroscopic techniques. New complexes of Re and Ru of formulae:
[Re(BBDB)(CO)s(C1)],  [(CH3CN)(CO)sRe(-BBDB)Re~(CO)s(CH3CN)J**,  [(bpy),Ru-(1-BBDB)Ru(bpy)s]*,
[(NH3)4Ru(p-BBDB)-Ru(NH;)4]** (bpy = 2,2'-bipyridine) and complexes of Ru with 4-Me-4'-CO,H-bpy
(=4-methyl-4'-carboxylic acid-2,2’-bipyridine) - the hydrolyzed derivative of BBDB - of formulae:

l(gyw%rds:d_ [(Ru(4-Me-4'-CO,H-bpy)(bpy).]*>* and [Ru(4-Me-4'-CO,H-bpy)(CN),4]>~ were prepared and characterized
Eaaezrfiulrjrta lene by spectroscopic, electrochemical and computational techniques. The disclosed enhanced electronic cou-
Ruthenium pling in the mixed-valent complex with ruthenium ammines can be explained by the electronic delocal-

ization imposed by the —C=N—N=C— backbone. DFT and TD-DFT calculations can predict the optical
properties and electronic structures of the reported complexes and comparisons with calculations per-
formed on previously reported complexes with 4-pyridinaldazine can account for their photophysical

MO calculations

behaviour.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polypyridines have been extensively used as versatile ligands
capable of octahedral coordination around transition metal cen-
ters. Moreover, those polypyridyl ligands that connect two or more
metal centers especially derivatives of 2,2’-bipyridine are the basis
in building antenna complexes, one-, two-, or tridimensional solids
and systems relevant to energy conversion schemes [1,2].

Bridging polypyridines are excellent ligands for testing
long-distance transmission of electronic interactions in dinuclear
symmetric and asymmetric mixed-valent complexes [3-6]. The
distance dependence of electronic transmission between two
metallic centers is an important issue in connection to electron
and energy transfer processes [7,8].

We have already reported the syntheses and spectroscopic,
electrochemical and photophysical properties of a series of
coordination compounds with the bridging ligand 4-PCA
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(4-pyridinecarboxaldheydeazine or 4-pyridinealdazine or 1,4-
bis(4-pyridyl)-2,3-diaza-1,3-butadiene) whose structure is shown
in Scheme 1. An enhancement of the electronic coupling was dis-
closed when comparing the inter-metallic electronic coupling in
mixed-valent species containing 4-PCA with related complexes
with similar metal-metal distances containing aromatic bridging
ligands [9]. Other complexes containing 4-PCA have been studied
as models for building luminescent molecular sensors [10,11].

In this work, in order to increase the stability and rigidity of a
bridging azine such as 4-PCA, we have attempted to synthesize
and characterize the novel ligand 1,4-bis(4-(4’-methyl)-2,2’-bipyr-
idyl)-2,3-diaza-1,3-butadiene (BBDB) whose structure is shown in
Scheme 2. This ligand has the same —C=N—N=C— linkage as 4-
PCA. We also report the synthesis, spectroscopic and electrochem-
ical characterization of some new mononuclear and dinuclear
complexes incorporating BBDB and one of its hydrolyzed deriva-
tives with the well-known tricarbonylrhenium(l), bis(2,2’-bipyri-
dine)ruthenium(ll) and tetraammineruthenium(Il) moieties.
Experimental results are compared with computational analysis
using DFT and TD-DFT methods and also compared with previous
studies with the related bridging ligand 4-PCA [10].
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Scheme 1. Structure of 4-PCA.

Scheme 2. Structure of BBDB.

Tricarbonylpolypyridylrhenium(I) complexes of the type
[Re(diimine)(CO)s(L)]™" present a rich manifold of ground- and
excited-states physicochemical properties. The possibility of
structural variations of the diimine and/or the axial ligand L have
led to applications of these complexes as sensors [12], molecular
switches [13], probes for cell imaging [14], photochromism [15],
CO, reduction [16], and so on. On the other hand, polypyridylru-
thenium(ll), ammineruthenium(ll) and cyanoruthenium(II)
complexes are of considerable interest due to their spectroscopic,
electrochemical, photophysical and reactivity properties which
have led to applications in artificial photosynthesis [17]; besides,
they are useful models for energy and/or electron transfer
processes [18,19].

2. Experimental
2.1. Materials and methods

All used chemicals were p.a. grade. CH3CN was freshly distilled
over P40;¢ for electrochemical measurements. Tetrakis(n-
butyl)ammonium hexafluorophosphate (TBAH) was recrystallized
four times from EtOH and dried at 150 °C for 72 hs. Chemical anal-
yses were performed at INQUIMAE (University of Buenos Aires,
Argentina), with an estimated error of +0.5%. IR spectra were
performed as KBr pellets on a FTIR Perkin-Elmer Spectrum RX-I
spectrophotometer. UV-Vis spectra were recorded with a Varian
Cary 50 spectrophotometer in 1-cm cells. Emission spectra were
obtained with a Shimadzu RF-5301 PC spectrofluorometer at room
temperature. A Dewar cooled finger system was used to obtain
spectra in MeOH/EtOH 4:1 matrix at 77 K. Cyclic voltammetry
experiments were carried out in CH3CN (0.1 M TBAH) with a BAS
Epsilon EC equipment. A standard three-electrode cell was used
with Ag/AgCl (3 M KCl) as a reference electrode, vitreous C as a
working electrode and Pt wire as an auxiliary electrode. NMR spec-
tra were recorded in CDsCN with Bruker Avance 500 and 200 MHz
spectrometers.

2.2. Preparation of BBDB

This ligand was synthesized from 4-methyl-4'-formyl-2,2'-
bipyridine (4-Me-4'-COH-bpy), prepared as reported by Strouse
et al. [20]. 1 eq of hydrazine hydrate dissolved in EtOH was added
slowly during 30 min, under continuous stirring, to a solution of
2 eq of 4-Me-4'-COH-bpy in EtOH. The yellow mixture was stirred
for 8 h and a precipitate appeared overnight. The bright yellow
needles were filtered and washed with EtOH and ether. The ob-
tained solid was scarcely soluble in almost all solvents, except
CHCl; and CH)Cl,. Yield: 325 mg (83%). Anal. Calc. for Cy4H,oNg
(392.46): C, 73.4; H, 5.1; N, 21.4. Found: C, 73.0; H, 5.0; N, 21.0%.
IR (KBr): 3055 (w), 3014 (w), 2956 (w), 2918 (w), 2856 (w), 1635
(m), 1594 (s), 1552 (s), 1458 (m), 1432 (m), 1371 (s), 1327 (m),
1277 (w), 1218 (w), 1156 (w), 1106 (w), 1066 (w), 988 (w), 970
(w), 903 (w), 826 (s), 748 (w), 684 (m), 669 (w), 530 (m), 414
(w) cm~'. TH NMR (200 MHz, CDCl;, 25°C): 6=8.81 (d, 2H
Jo-10=5Hz), 8.76 (d, 2H J;-9=1Hz), 8.70 (s, 2H), 8.60 (d, 2H
]],2 =5 HZ), 8.28 (d, 2H ]2,4 =1 HZ), 7.82 (dd, 2H _]9,10 =5Hz,
J7-9=1Hz), 7.19 (dd, 2H J;_, =5Hz, J,_4=1Hz), 2.47 (s, 6H). 13C
NMR (200 MHz, CDCls, 25 °C): §=160.67, 157.4, 155.26, 149.77,
149.12, 148.30, 141.86, 125.11, 122.08, 121.31, 120.66, 21.22.

2.3. Preparation of [Re(BBDB)(CO)sCl]-0.5CH3COCH3 (1)

This complex was synthesized according to procedures similar
to those already reported [21]. Re(CO)sCl (70 mg, 0.19 mmol) dis-
solved in 10 mL of methanol was added by dropping to a suspen-
sion of BBDB (392 mg, 1 mmol) in chloroform and then the
mixture was refluxed under stirring for 3 h. After cooling, the sus-
pension was filtrated to remove the insolubles and it was washed
three times with CH3CN. The filtrate was roto-evaporated to dry-
ness, re-suspended in CH3CN and filtrated. The resulting solid
was dissolved in acetone, precipitated with ether, filtrated and
dried under vacuum over P404o. Yield: 43 mg (31%). Anal. Calc.
for C,35H,3CINgO3 5Re (727.19): C, 47.1; H, 3.2; N, 11.6. Found: C,
47.2; H, 3.3; N, 11.8%. IR (KBr): v(CO) = 2020, 1912, 1894 cm™".

2.4. Preparation of [CI(CO)s(Re)(u-BBDB)Re(CO)sCl]-0.5CH>Cl; (2)

This species was prepared by following the technique of Baiano
et al. [22]. BBDB (59 mg, 0.15 mmol) was dissolved in 40 mL of
dichloromethane. Then, Re(CO)sCl (109 mg, 0.30 mmol) dissolved
in 30 ml of methanol was added and the mixture was refluxed
for 4 h. The reddish precipitate was filtrated and washed with
dichloromethane and methanol. Yield: 52 mg (33%). Anal. Calc.
for C35H»1CIsNgOgRe; (1046.31): C, 35.0; H, 2.0; N, 8.0. Found:
C, 35.2; H, 2.3; N, 8.5%. IR (KBr): v (CO)=2022, 1918, 1892 cm™".
NMR spectra could not be obtained due to the insolubility of this
complex.

2.5. Preparation of [(CH3CN)(CO)sRe( -
BBDB)Re(CO);(CH3CN)J(TEMS)»-4H,0 (3)

This complex was prepared by heating [CI(CO)sRe(p-
BBDB)Re(CO);Cl] (50 mg, 0.05 mmol) with AgTFMS (30 mg,
0.0117 mmol) under reflux in CH3CN during 1 h. The insoluble
reddish precipitate disappeared while the solution turned or-
ange-yellow. After cooling, AgCl was filtrated and the filtrate evap-
orated to dryness, re-suspended in acetone, precipitated with
ether, filtrated and washed with ether. Yield: 25 mg (36%). Anal.
Calc. for C35H34F6N8016R8252 (138524) C,31.2; H, 24; N, 8.1; §,
4.6. Found: C, 31.3; H, 1.9; N, 8.2; S, 4.2%. IR (KBr): v(CO) = 2038,
1924 cm~'. '"H NMR (500 MHz, CD5CN) 6=9.15 (d, 2H J = 5.8 Hz),
8.89 (d, 2H J;_9=5.6 Hz), 8.89 (s, 2H), 8,72 (s, 2H), 8.51 (s, 2H),
8.11 (dd, 2H J=5.8 Hz, J=1.2 Hz), 7.60 (d, 2H J=5.6 Hz), 2.63 (s,
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6H). 13C NMR (200 MHz, CDCl;) §=194.8, 194.7, 191.4, 158.3,
158.2, 156.1, 155.6, 155.0, 154.3, 145.75, 130.1, 126.6, 126.4,
123.6, 21.6.

2.6. Preparation of [(bpy)>Ru(u-BBDB)Ru(bpy )>](PFg)4 (4)

This complex was synthesized according to previous protocols
[23]. cis-[Ru(bpy)>Cl;]-2H,0 (250 mg, 0.48 mmol) was mixed with
BBDB (377 mg, 0.96 mmol) in 50 mL of methanol and refluxed un-
der stirring in the darkness during 5 h. The dark purple solution
turned reddish-orange and the white unreacted ligand remained.
This solid was filtrated and the filtrate was evaporated to dryness
and re-suspended in 10 mL of H,0. A solution of 2 g of NH4PFg in
10 mL of H,O was then added to induce precipitation. The solid
was chromatographied in alumina with toluene/acetonitrile as a
mobile phase and then rotoevaporated to complete dryness. Yield:
162 mg (38%). Anal. Calc. for Ce4HsaN14F24RU,P4 (1799.21): C, 42.7;
H, 2.9; N, 10.9. Found: C, 42.9; H, 3.2; N, 10.6%. IR (KBr): 1622,
1465, 1447, 1424, 1313, 1236, 842, 764, 732, 558 cm™'. 'H NMR
(200 MHz, CD3CN) 6=8.72 (s, 2H), 8.57 (s, 4H), 8.53 (m, 8H),
8.15-8.04 (m, 12H), 7.82-7.74 (m, 6H), 7.62 (d, 2H, J=6Hz),
7.48-7.40 (m, 10H), 7.34 (d, 2H, J = 5,8 Hz), 2.60 (s, 6H). '3C NMR
(200 MHz, CD5sCN) 6 =157, 153-151, 151, 138-137, 129, 128-
127, 125-123, 20.

2.7. Preparation of [(NH3)4Ru(u-BBDB)Ru(NH3)4J(PFs)4 (5)

This complex was synthesized by procedures similar to those
already reported [24-26]. A solution of BBDB (19.8 mg, 0.05 mmol)
in 10 mL of acetone was mixed with a solution of [Ru(NH3)s(H,-
0)](PFs)2 (50 mg, 0.10 mmol) prepared as described before [27],
in 10 mL of acetone under Ar bubbling for 1hr. The solution turned
dark blue and it was precipitated with 100 mL of CHCl; and 50 ml
of ether. Then it was filtrated, washed with ether and dried under
vacuum. The solid was chromatographied in alumina with CH3CN/
MeOH 4:1 as mobile phase and the dark blue band collected, roto-
evaporated and recrystallized from acetone/ether. Yield: 17 mg
(26%). Anal. Calc. for Co4Ha4N14RUSFo 4P, (]3107) C, 22.0; H, 3.4;
N, 15.0. Found: C, 21.9; H, 3.4; N, 15.0%. IR (KBr): 3228 (m), 3171
(m), 1618 (m), 1400 (m), 1274 (m), 1014 (w), 834 (s), 560
(s)em™'. 'H NMR (200MHz, CDsCN): §=9.15 (2H, d,
Ji-2=6.1Hz), 7.84 (2H, dd, J,_4 = 1.2 Hz), 8.62 (2H, d), 8.75 (2H, d,
J7-8 =5.9 Hz), 7.40 (2H, dd, Js_10= 0.7 Hz), 8.30 (2H, d), 8.80 (2H,
s), 1.51 (6H, s), 1.86 (6H, s), 2.30 (6H, s), 2.99 (6H, s). *C NMR
(200 MHz, CD5sCN): 6 =155.2, 123.0, 138.2, 121.6, 163.5, 153.6,
127.3,147.7, 124.6, 161.1, 160.4, 20.9.

2.8. Preparation of [Ru(bpy),(4-Me-4'-CO,H-bpy)](PFs)> (6)

This complex was obtained as a by-product of the synthesis of
complex (5). When performing the chromatography using Sepha-
dex G-25 and water as a mobile phase, the BBDB bridging ligand
was hydrolyzed to 4-Me-4'-CO,H-bpy. Crystalls from a slow evap-
oration from water were obtained. Yield: 27 mg (60%). Anal. Calc.
for C3,H6NgOoRUF P, (917.6): C, 41.9; H, 2.9; N, 9.2. Found: C,
41.5; H, 3.3; N, 9.8%. IR (KBr): 1709, 1619, 1606, 1465, 1447,
1424, 1313, 1236, 842, 764, 732, 558 cm™~!. 'H NMR (200 MHz,
CD5CN): 6 =28,95 (s, 1H), 8.54 (s, 1H), 8.52(m, 4H), 8.08 (m, 4H),
7.80 (s, 2H), 7.75 (m, 4H), 7.57 (d, 1H, J=5.5 Hz), 7.42 (m, 4H),
7.27 (d, 1H), 3.61 (broad-acid, 1H), 2.25 (s, 3H). '*C NMR
(200 MHz, CD5CN): §=167.3, 158.9, 157.5, 152.9, 152.8, 151.9,
145.4, 138.8, 129.7, 128.7, 127.8, 126.6, 125.4, 124.5, 21.2. This
complex has already been reported [28].

2.9. Preparation of Ko[Ru(4-Me-4'-CO,H-bpy)(CN)4]-4H50 (7)

This species was synthesized according to procedures reported
by Herrera et al. [29]. K4[Ru(CN)s]-3H,0 (178 mg, 0.38 mmol) dis-
solved in water acidulated with HCI (pH 1.3) was mixed with BBDB
(150 mg, 0.38 mmol) in MeOH (ratio v:v 3:1) and refluxed with
stirring during 24 h. The red-brick solution was cooled down to
room temperature and filtrated to remove excess BBDB. The solu-
tion was neutralized with KOH 0.1 M, and reduced to a minimum
volume. Ethanol was added to remove excess K4 Ru(CN)g]. The
resulting solution was evaporated to dryness, re-dissolved in the
minimum volume of water and chromatographied on Sephadex
G-25 eluting with water. An orange powder was obtained. As
described in the case of complex (6), BBDB was hydrolyzed to
4-Me-4'-CO,H-bpy. Yield: 43 mg (20%). Anal. Calc. for K;C16H1gNg
OgRu (569.72): C, 33.7; H, 3.2; N, 14.7. Found: C, 33.8; H, 3.3; N,
14.7.

2.10. Computational procedures

All calculations were carried out with Gaussian-03 program
package [30]. Electronic structure of the ground states of all species
were optimized by using DFT (Density Functional Theory) calcula-
tions. The Perdew, Burke, Ernzerhof exchange and correlation func-
tionals (PBE1PBE) [31,32] were used with the LANL2DZ basis set
for Re and 6-311G(d) for H, C, O and N. For Ru complexes calcula-
tions were carried out with the LANL2DZ basis set which uses Dun-
ning D95V basis set on C, N, O, H and Los Alamos ECP plus DZ on
Ru. The vertical transition energies were calculated at the opti-
mized ground-state geometries in vacuum for the lowest 60 singlet
to singlet excitation energies using time-dependent density func-
tional theory (TD-DFT) with hybrid PBE1PBE functionals, LANL2DZ
basis set for Re and 6-311+G(d) for H, C, O and N and including a
dielectric medium as an approximation to include solvent polariza-
tion effects. The inclusion of the dielectric medium was calculated
using the CPCM reaction field model with acetonitrile as solvent.
The geometries of the lowest excited triplet states (T1) were calcu-
lated by using un-restricted B3LYP method with LANL2DZ basis set
and CPCM model with acetonitrile as solvent. Mulliken population
analysis, partial density of states (PDOS) calculations and simu-
lated electronic spectra were determined by using the causssum
2.2 program, with a half-width of 3000 cm™! for Ru complexes
and 5000 cm ™! for Re complexes [33].

3. Results and discussion
3.1. Syntheses

The novel ligand 1,4-bis(4-(4'-methyl)-2,2’-bipyridyl)-2,3-dia-
za-1,3-butadiene (BBDB) was obtained by a Schiff base condensa-
tion reaction of an aldehyde with hydrazine [10]. It has the
capacity to coordinate two metallic centers through the two bipyr-
idyl units and it is similar to other bridging ligands derived from
2,2'-bpy [20,21], but has the peculiarity of having a 2,3-diaza-
1,3-butadiene (—C=N—N=C—) linker. BBDB was thoroughly
characterized by chemical analysis, IR, UV-Vis and NMR spectra.
However, its low solubility in almost any solvent prevented the
measurement of electrochemical properties and the synthesis of
mononuclear complexes.

Several new complexes of Re and Ru incorporating BBDB were
synthesized when organic solvents were used. In most cases, the
primary products were the symmetric dinuclear complexes. Sev-
eral attempts were done to prepare the corresponding mononu-
clear complexes, but no pure compounds could be obtained.
When water was used in the synthetic or in the purification
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procedures, BBDB was hydrolyzed to 4-Me-4'-CO,H-bpy (=4-
methyl-4’-carboxylic acid-2,2’-bipyridine); its structure is shown
in Scheme 3. Almost all the new complexes were soluble in aceto-
nitrile; their purity was confirmed by chemical analyses, IR and
NMR spectra. As expected for complexes with ligands containing
the —C=N—N=C— backbone [9], a zigzag trans-structure is pre-
ferred for BBDB and its complexes and no evidence for cis-trans
linkage isomerization processes was obtained.

3.2. UV-Vis spectra

Table 1 shows the electronic spectral data for BBDB and its com-
plexes. The UV/Vis spectrum of BBDB shows strong absorptions at
Jmax = 284 and 251 nm, with shoulders between 310 and 320 nm,
in CH,Cl,. The wavenumber of the lowest energy transition is very
similar to that reported for the ligand 4-PCA [9]. The band at
Jmax = 251 nm is due to bpy’s m-n* transitions. A more detailed dis-
cussion about the electronic states involved will be shown below
in the computational studies section.

Rhenium(I) complexes display UV-Vis spectra similar to those
of related tricarbonyl(polypyridyl)rhenium(I) complexes: the low-
est energy band between 400 and 350 nm can be assigned to
MLLCT (metal-ligand-to-ligand charge transfer) (CO)s;d,
(Re) —» w*(BBDB) transitions, while those below 350 nm can be
attributed to intraligand m-7* transitions. For example, the mono-
nuclear species [Re(BBDB)(CO)sCl], (1), has the MLLCT band at
Jmax = 382 nm which can be compared to the value corresponding
to the complex [Re(Phybpy)(CO)sCl] (Amax = 384 nm) [34] that has
two conjugated phenyl groups in the 4,4’-positions of the pyridyl
rings. This similarity is consistent with the electron accepting
properties of the —C=N—N=C— backbone. [CI(CO);Re(-
BBDB)Re(C0O);Cl], (2), was insoluble in all the used solvents and
could not be characterized by UV-Vis spectroscopy. Fig. 1 shows
the UV-Vis spectrum of the dinuclear ion [(CH3CN)(CO)s;Re(p-
BBDB)Re(CO)3(CH3CN)J?*, cation of (3): its lowest energy absorp-
tion band appears at Zmax ~ 374 nm, as expected when replacing
an electron donor ligand (Cl) by an electron accepting one (CH5CN)
in the Re coordination sphere.

The dinuclear complex [(bpy),Ru(p-BBDB)Ru(bpy),]**, cation of
(4), has a spectral pattern similar to that of [Ru(bpy)s]?*, as shown
in Fig. 2, with its lowest energy band at /y.x =458 nm which is
readily assigned to combined dr(Ru) —» w*(bpy) and dz(Ru) —» 7*
(BBDB) MLCT (metal-to-ligand charge transfer) transitions [1].
The intense band at Ay.x =288 nm can be assigned to mixed
1t — mx(bpy) and © — w*(BBDB) transitions.

The dinuclear complex [(NH3)sRu(p-BBDB)Ru(NH;),4]**, cation
of (5), has a spectrum with a lower energy transition at /,x = 568
nm, assigned to dr(Ru) — m*(BBDB) MLCT transition and higher
energy transitions at /,.x=308 and 275nm, assigned to
1 — " (BBDB) transitions. Spectrophotometric titration with Br;
in CH3CN caused complete disappearance of the band at
Jmax = 568 nm, as shown in Fig. 3. This oxidation was reversible,
since the original complex could be almost completely recovered
when adding SnCl, as a reductant (Fig. 3). However, the mixed-va-
lent species [(NH3)4Ru(u-BBDB)Ru(NH3),]°* did not show IVET

CO,H

\_/

Scheme 3. Structure of 4-Me-4'-CO,H-bpy.

7\

N

transitions in the near-IR region, as it was the case for the related
complex [(NH3)sRu(p-4-PCA)Ru(NH3)s]>* [9], which could be due
to a very low extinction coefficient.

The mononuclear complex with the hydrolyzed ligand derived
from BBDB, of formula [(Ru(4-Me-4'-CO,H-bpy)(bpy).]**, cation
of (6), has typical absorptions expected for ruthenium bypyridyls
[1]. The other complex with the same ligand of formula [Ru (4-
Me-4'-CO,H-bpy)(CN)4]>~, anion of (7), has MLCT bands similar
to those of tetracyanoruthenium(II) species with bypyridyl deriva-
tives [35].

3.3. IR Spectra

The IR spectrum of BBDB shows the C=N stretching band at
v=1635cm™, a typical value for Schiff bases. For rhenium com-
plexes with Cl~ ligands in the coordination sphere, three bands
were observed in the region corresponding to the carbonyl stretch-
ing frequencies, v(C=0) = 2020, 1912 and 1894 cm ! for (1) and
2022, 1918 and 1892 cm™! for (2). This result is consistent with a
facial configuration of carbonyl groups bonded to Re (with local
C3, symmetry) and a ¢ donor ligand in the sixth position [34]. How-
ever, for complex (3) of formula [(CH3CN)(CO)sRe(p-
BBDB)Re(CO);(CH3CN)](TFMS),-4H,0 higher values of v(C==0) are
observed (2038 cm™! and 1924 cm™!) reflecting the change of the
axial ligand from a o-donor (Cl™) to a m-acceptor goup (CH3CN).
Absorption between 1630 and 1600 cm ™!, typical of C=N stretching
vibrations, is detectable in all complexes. The bipyridylrutheni-
um(ll) dinuclear complex (4) of formula [(bpy)Ru(p-
BBDB)Ru(bpy),](PFs)4 shows an IR spectrum with characteristic
bpy bands. The IR spectrum of the tetraammineruthenium(Il) dinu-
clear complex (5) of formula [(NH3)4Ru(p-BBDB)Ru(NH3)4](PFg)4
displays broad and structured bands between 3300 and
3100 cm™!, assigned to N-H stretchings and a band at 1276 cm™,
assigned to the symmetric ammonia deformation dsym(NH3); the
observed values are consistent with oxidation state (II) for Ru [9].
Finally, the mononuclear species (6) of formula [Ru(4-Me-4'-
CO,H-bpy)(bpy).](PFs), shows distinguishing bpy bands while the
mononuclear complex (7), of formula Ks[Ru(4-Me-4'-CO,H-
bpy)(CN)4]-4H,0 shows v(C=N) stretching bands centered at
2058 cm~! which is typical of tetracyanoruthenate groups [35].

3.4. NMR spectra

All 'H and 3C NMR data for BBDB and its complexes are shown
in the Experimental Section. Complete resolution of the signals
could be accomplished by using bidimensional techniques, such
as COSY, '*C HSQC and '*C HMBC.

Thus, NMR experiments in CDCl3; allowed a complete character-
ization of BBDB; its C; symmetry was disclosed by the appearance
of a set of 8 signals in the 'H NMR spectrum and a set of 12 signals
in the *C NMR spectrum. The complete assignments of all H and C
atoms are shown in Scheme 4.

The same set of signals are expected in the 'H NMR spectra of
dinuclear symmetric BBDB complexes. Fig. 4 shows the 'H NMR
spectra of BBDB and complexes (3) and (5) between 7 and 9 ppm
for comparison purposes. The set of 7 signals corresponding to
the aromatic protons show the influence of the metal centers over
H2, H9 and H14 (see Scheme 4 for proton numbering). In contrast,
due to symmetry loss a set of 16 signals corresponding to BBDB are
expected in the 'H NMR spectra of mononuclear Re or Ru com-
plexes of this ligand.

3.5. Electrochemical properties

Table 2 shows the anodic and cathodic peak potentials (E,q and
E, respectively) of all complexes, as determined by CV in CH3CN
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Table 1
Electronic absorption spectral data, in CH5CN, at 22 °C.

Compound

Zmax [nm] (]0738max [Mil Cm71])

BBDB*

[Re(BBDB)(CO)3(CD)], (1)
[(CH5CN)(CO)sRe(j1-BBDB)Re(CO)3(CH3CN)]**, cation of (3)
[(bpy)oRu(p-BBDB)Ru(bpy),]*", cation of (4)
[(NH3)4Ru(p-BBDB)Ru(NH;)4]*", cation of (5)
[(Ru(4-Me-4'-CO,H-bpy)(bpy),]?*, cation of (6)

[Ru (4-Me-4'-CO,H-bpy)(CN)4]*>~", anion of (7)

284 (40.5), 251 (27.8)

382 (6.2), 288 (30.9), 245 (26.5)

374 (18.3), 284 (39.9), 254 (39.5)

458 (21.7), 438 (sh), 288 (103.4), 245 (38.4)

720 (sh), 568 (12.2), 480 (8.7), 369 (7.0), 308 (26.8), 275(25.7)
455 (11.4), 433 (sh), 287 (62.5), 244 (23.4)

416 (5.1), 289 (22.5), 240(16.2)

2 In CH,Cl,.
b In H,0.
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Fig. 1. UV-Vis spectrum of [(CH;CN)(CO)sRe(-BBDB)Re(CO)3 (CH3CN)]?", cation of
(3), in CH5CN at r.t.
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Fig. 2. UV-Vis spectrum of [(bpy),Ru(p-BBDB)Ru(bpy),]**, cation of (4), in CHsCN
atr.t.

(0.1 M TBAH), at room temperature. Assignments have been made
according to previous electrochemical data reported for related
complexes [9,21]. E,q values corresponding to Re®** couples in-
crease about 0.5V when changing CI~ (in 1) to CH3CN (in 3), in
consistency with the reported spectroscopic changes. On the other
hand, redox potential values Eqj; = (Epq + Epc)/2, corresponding to
Ru*?* couples decrease by almost 0.7 V when changing bpy (in
4) to NHs (in 5), as expected because bipyridyls are strong electron
acceptors. The first reduction wave due to the process BBDB®~ ap-
pears in all compounds at E,c —1.2V and is irreversible. In com-
pound (4), BBDB is reduced more easily than bpy. No splitting
was detected in the oxidative potentials of the dinuclear species

(3) and (4), indicating a low value of the metal-metal electronic
coupling. However, as shown in Fig. 5 complex (5) exhibits two
oxidative potentials at Eox; = 0.47 V and E,x, = 0.59 V, with a differ-
ence of AE = Egyy — Eoxq =0.12 V. The comproportionation constant
can be calculated with the equation: K. = 1045/%95° [36]. The ob-
tained value is K. = 100 which is intermediate between the statis-
tical one (K.=4) and that detected for a mixed-valent species
with a short bridge like 2,2’-bipyrimidine (K. = 1500) [24]. We de-
duce that the metal-metal electronic coupling is considerable in
(5), if we take into account the long distance imposed by the bridg-
ing ligand BBDB (~15 A), a fact that has also been reported in our
previous studies with the related ligand 4-PCA [9]. This enhance-
ment of the electronic coupling can be explained by the high de-
gree of delocalization in the bridging ligand, as discussed below
in the computational section.

3.6. Photophysical properties

None of the BBDB complexes display luminescense either at r.t.
or at 77 K. The fast deactivation process can be attributed to low-
lying excited states located at the —C=N—N=C— backbone, as it
was confirmed by computational calculations shown below.

3.7. Orbital energies and excited state properties

DFT calculations have recently emerged as powerful tools for
predicting molecular properties and reactivity of rhenium and
ruthenium compounds. MO calculations of several tricarbonyl-
polypyridylrhenium(I) and polypyridyl ruthenium complexes have
provided theoretical UV-Vis, emission and IR spectra in good
agreement with experimental results [37-58].

In particular, photophysical properties of ruthenium and rhe-
nium complexes can be explained by computational studies. In this
work, we have found that neither BBDB nor its complexes are lumi-
nescent at room temperature. This abscence can be explained by
GAUssIAN computational calculations, and the results can be corre-
lated with the corresponding properties of the ligands PCA and
bpy.

We have already reported the synthesis and physicochemical
characterization of a series of compounds of formulae [Re(4,4'-
X,-bpy)(CO)3(4-PCA)]" (with X=Me, H, Ph or CO,Me) [10,11].
Changes in photophysical properties in this series that occur on
modifying X have been attributed to an inversion in MO energy
levels. In effect, upon adding electron withdrawing substituents
to the 2,2’-bipyridine ring; e.g., when going from X =H to X = Ph,
the lifetime of the lowest lying triplet excited state 3MLCT in-
creases by 2 orders of magnitude, a result that can be explained
by the fact that the emissive Re'(X,bpy)~ excited state lies at a
lower energy than the Re''(4-PCA)~ non-emissive excited state in
the case of X = Ph, contrary to the case of X = H. This non-emissive
state has the LUMO localized in the delocalized nt* of the 4-PCA li-
gand as its main contribution [11].
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Fig. 3. Spectrophotometric titration of [(NH3)4Ru(p-BBDB)Ru(NH3)4]%", cation of
(5), with Br; in CH3CN at r.t.

2.47

Scheme 4. Assigments of 'H NMR data (in red) and 'C NMR data (in black) of
BBDB. (Color online.)
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Fig. 4. 'H NMR of: (a) BBDB in CDCls; (b) [(NH3)4Ru(p-BBDB)Ru(NHs)4]***, cation of
(5), in CD3CN, and (c) [(CH3CN)(CO)sRe(p-BBDB)Re(CO)s(CH3CN)]?**, cation of (3),
in CD3CN.

In this work, in order to acquire a theoretical explanation of
these unusual photophysical changes, we have performed DFT cal-
culations of molecular orbitals of the above mentioned complexes
using the polarizable continuum model PCM in CH5CN. Both bpz
(2,2’-bipirazine) and 4,4’-CO,H-bpy have been included as diimine
ligands. We have also carried out TD-DFT calculations of electronic
transitions of these species in the same solvent.

Fig. 6 shows the electronic density diagrams of some molecular
orbitals of [Re(bpy)(CO)3(4-PCA)]": it can be clearly envisaged that
the HOMO has a major contribution (71%) from the fragment
[Re(CO);] and some contributions from 4-PCA. The LUMO is located
mainly at the 4-PCA ligand (98%) and the LUMO+1 is located
mainly at the bpy ligand (91%). The molecular orbitals energies
and¥% contribution of each group for all the series are listed in Sup-
plementary Table S1, for the 5 highest occupied molecular orbitals
and the 5 lowest unoccupied molecular orbitals.

In all cases, the LUMO located at 4-PCA is close in energy to the
LUMO located at X,bpy. As it is shown in Fig. 7, where the energies
of the MOs have been depicted for all complexes, an inversion is
predicted between the two lowest unoccupied MOs, in going from
Me,bpy to bpz in the series [Re(diimine)(CO)3(4-PCA)]". While the
energy of the LUMO orbital located at 4-PCA is maintained almost
constant, the energy of the LUMO orbital located at the diimine de-
creases with its increasing electron withdrawing abilities. Energy
changes at the HOMO d; orbitals of the rhenium are smaller than
those of the LUMO orbital at the diimine. Therefore, the energies of
the lowest electronic transitions - considering them approxi-
mately as pure HOMO (d;Re) - LUMO (m*bpy) - shift to lower val-
ues when going from Me,bpy to bpz, in consistency with our
experimental results [11,59]. PDOS (partial density of states), orbi-
tal energies and% contribution of each group to each molecular
orbital are shown graphically for all complexes in Supplementary
Figs. S1-S6. Fig. 7 also shows that in the case of [Re(bpy)(CO)3
(4,4'-bpy)]" (4,4'-bpy = 4,4'-bipyridine), the three highest occupied
molecular orbitals are mainly located at the [Re(CO);] group, while
the two lowest unoccupied molecular orbitals are located at bpy.

The lowest energy transition can be attributed to MLLCT (me-
tal-ligand to ligand charge transfer) from [Re(CO)3] group to 4-
PCA and X,bpy. The computed excitation energies for this series
of complexes were underestimated, as usually observed when
using B3LYP functionals [55] and could not be improved in this
work by using other functionals or higher amounts of correlation
energies. Vicek et al. [50] have suggested that using PBE1PBE func-
tionals gives better results than B3LYP functionals, but we have ob-
tained very similar qualitative and quantitative information with
both functionals in the cases where convergence could be reached.
Nevertheless, the trend of the observed UV-Vis spectra is reason-
ably well explained. In effect, the experimental values of Jjax
change in the order: Me,bpy <bpy <Phybpy <(CO,Me),.
bpy < (CO,H),bpy < bpz [59], in consistency with the trend pre-
dicted by theory.

On the other hand, BBDB is composed of 2,2’-bpy and 4-PCA li-
gands. As shown in Fig. 8, the LUMO of BBDB is almost completely
delocalized over the —C=N—N=C— backbone, as already deter-
mined for 4-PCA, indicating that a similar behaviour for both ligands
is expected in relation to orbital interactions and intramolecular
electron transfers over the bridge in their complexes.

Fig. S7 shows the electronic density diagrams of some molecu-
lar orbitals of [Re(BBDB)(CO)sCl]. It can be clearly envisaged that
the HOMO has a major contribution (74%) from the [Re(CO)s] core
and some contributions from Cl (21%) while the LUMO and
LUMO+1 are located mainly at the BBDB ligand (96% and 97%
respectively). Cl~ is a o-donor ligand contributing to the electron
density at the metal center and so it can be considered as part of
the group [Re(CO)sCl] [37]. The molecular orbitals energies and %
contribution of each group for the series [Re(L)(CO);X]™ (with
L = bpy, BBDB; X = Cl, CH5CN, 4-PCA; n=0,1) are shown in Fig. S8.
Comparison with the complex [Re(bpy)(CO)sCl] shows only a dif-
ference in the LUMO’s located at lower energy for the BBDB com-
plex. Inclusion of CH3CN as a sixth ligand instead of CI~ mix the
[Re(CO)s3] contributions with those of BBDB, as was the case with
4-PCA in [Re(CO)s;(bpy)(4-PCA)]*. The orbitals of CHsCN do not
contribute to the electronic absorptions. We deduce that the
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Table 2
Electrochemical data, in CHsCN, at 22 °C.

Compound Process Epa [V]? Epe [VI?

BBDB BBDB”~ -1.26

[Re(BBDB)(CO)3(Cl)], (1) Re?** 1.42
BBDB”~ -1.25 -1.33
Re*l° -1.37 —-1.47
BBDB /2~ —~1.64
BBDB? /3~ -1.90

[(CH5CN)(CO)sRe(1-BBDB)Re(CO)3(CH5CN)]?*, cation of (3) Re?** 1.89
BBDB?/~ -1.30
Re*® -1.42 -1.54

[(bpy)2Ru(p-BBDB)Ru(bpy),]**, cation of (4) Ru?*?* 1.34 1.26
BBDB”~ ~1.22
bpy®/~ -1.30 ~1.42
bpy /2~ -1.48 -1.62
bpy? 3~ -1.74 -1.86

[(NH3)4Ru(p-BBDB)Ru(NH;)4]*", cation of (5) Ru*?* 0.65 0.53
Ru?*/?* 0.51 0.43
BBDB®~ —~1.54
BBDB /2~ -1.91

[(Ru(4-Me-4'-CO,H-bpy)(bpy),]?*, cation of (6) Ru>*?* 1.38 1.26
bpy®/~ -1.31 —~1.41
bpy ?~ -1.50 -1.62
bpy?? -1.74 -1.86

[Ru (4-Me-4'-CO,H-bpy)(CN)4]?~, anion of (7) Ru?*?* 0.45 0.37

@ vs. Ag/AgCl.

1.5x10°

1.0x10°

5.0x10°

I | 1 1 |
12 . 0.8 0.6 0.4 0.2 00

E (V) vs. Ag/AgCI

Fig. 5. Cyclic voltammogram of [(NH3);Ru(p-BBDB)Ru(NH;)4]**, cation of (5), in
CH5CN, TBAH 0.1 M, at 100 mV/s.

lowest-lying transitions are not purely MLCT, but also include IL
(4-PCA or BBDB) contributions. For complexes with BBDB, the
aza-butadiene bridge decreases the energy of the LUMO’s and in-
creases the energies of the HOMO's located in the ligand, resulting
in the LUMO in all complexes being delocalized over BBDB. In this
way, it explains their lack of emission, considering the fast non-
radiative decays expected for excited states involving ligands with
a —C=N—N=C— backbone, such as 4-PCA [9]. In consistency with
this prediction, [Re(bpy)(CO);(4,4'-bpy)]* emits at r.t. because the
LUMO located at 4,4'-bpy is much higher in energy than that lo-
cated at bpy. However, on protonation of 4,4'-bpy in aqueous solu-
tion, the energy of its LUMO becomes lower than that of bpy and
consequently emission is almost completely quenched [12].

A spin density plot of the complex [Re(BBDB)(CO);(CH5CN)]*
used as model for complex (3) shows the same trend: the spin
density is localized in the ligand BBDB and the complex is still
non-emissive. This result suggests that all Re complexes that in-
clude BBDB such as (1) and (3) will not emit, considering the fast
decays of the excited states involving this ligand. Calculations

LUMO+1

P
® LUMO

HOMO

Fig. 6. Electronic density diagrams of some molecular orbitals of [Re(bpy)(CO);(4-
PCA)]".

indicate that luminescence could be recovered by introducing a
modified bpy ligand with lower LUMO energies than BBDB or
otherwise by photoisomerization or reduction of the azo function-
ality [60].
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Fig. 7. Molecular orbital diagrams of complexes: 1 = [Re(Me,bpy)(CO)3(4-PCA)]*, 2 = [Re(bpy)(CO)3(4-PCA)]*, 3 = [Re(Ph,bpy)(CO)3(4-PCA)]", 4 = [Re((CO,Me ),bpy)(CO)3(4-
PCA)]*, 5 = [Re((CO,H),bpy)(CO)3(4-PCA)]", 6 = [Re(bpz)(CO)3(4-PCA)]* and 7 = [Re(bpy)(CO)s(4,4'-bpy)]*, calculated at the DFT/B3LYP/LANL2DZ/CPCM acetonitrile level of
theory. The colours indicate% contribution of: CO’s (black), Re (red), 4-PCA or 4,4'-bpy (blue), 4,4’-X,-bpy or bpz (red). (Color online.)

Fig. 8. LUMO of BBDB.
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Fig. 9. MO energy diagram for the dinuclear ruthenium complex [(NH3)sRu(p-
BBDB)Ru(NH3)4]**, cation of (5).

Molecular orbital diagrams with Mulliken population analysis
were determined by using DFT methods for ruthenium complexes
(4) and (5). In (4), the LUMO located at BBDB is lower in energy
than that located in bpy, in agreement with the higher E,. value
of the BBDBY~ couple compared to that of bpy®~ (see Table 2)
and with its lack of luminescence. The calculated electronic
coupling in (4) was lower than that in (5) in accord to experimental

results: no splitting of the voltammetric oxidative waves of (4) was
detected in contrast to the observed 0.12V splitting in (5). A
molecular orbital energy diagram of the cation of complex (5) is
depicted in Fig. 9. Inclusion of free bpy ligands in (4) stabilize the
d; Ru HOMO's; an increased energy of the lowest-lying MLCT
transition is thus predicted for (4) as compared to (5), a result con-
firmed by UV-Vis measurements (see Table 1).

In conclusion, the computational studies are consistent with the
electrochemical and spectroscopic data obtained for the complexes
described in this work. The excited state behaviour depends on the
LUMO orbital centered at the BBDB ligand, which shows a remark-
able similarity with 4-PCA, where the LUMO is delocalized over the
—C=N—N=C— backbone [10,11].

4. Conclusions

A new bridging ligand (BBDB) useful for building novel coordi-
nation compounds, has been synthetized and characterized by ana-
lytical, spectroscopic and electrochemical techniques. Synthesis of
novel coordination compounds of tricarbonylrhenium(I), poly-
pyridylruthenium(Il) and ammineruthenium(Il) moieties contain-
ing BBDB were carried out and hydrolysis products with
ruthenium bipyridyls and cyanides were characterized. The deter-
mined comproportionation constant K. for the dinuclear BBDB
mixed-valent complex with ruthenium ammines indicates a con-
siderable coupling for the imposed metal-metal distance. Spectro-
scopic results for these complexes were compared with DFT
calculations and rationalized with a previous series including the
related ligand 4-PCA. Lack of luminescence of all complexes is ex-
plained by the fast non-radiative decay from the LUMO orbital
mainly localized at the delocalized bridging unit with the aza-
butadiene linker. Luminescence could be recovered either by intro-
ducing modified bpy ligands or by photoisomerization or reduction
of the azo functionality. Moreover, the contribution of different
fragment in the molecule to every MO could be assessed by using
Mulliken population analysis.
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