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A series of complexes (bpy),LRu(II) and (Ph,bpy),LRu(Il), where bpy is 2,2"-bipyridine,
Ph,bpy is 4,4'-diphenyl-2,2"-bipyridine and L is 1,10-phenanthroline (phen), [1]benzothieno[2,
3-c][1,10]phenanthroline  (btp), naphtho[l’,2": 5,4]thieno[2,3-¢][1,10]phenanthroline [ntpl,
I=linear], and naphtho[l’,2":4,5]thieno[2,3-¢][1,10]phenanthroline (ntph, h=helical) were
synthesized and characterized using 2D COSY NMR spectra. The UV spectra were assigned
to study their metal to ligand charge transfer (MLCT) excited states. Complexes of
(bpy),LRu(II) showed identical absorption wavelengths (Ay.x) for the MLCT of all four
members of the series with the only variation being the intensity (log,) for each. The MLCT of
(Ph,ybpy),LRu(IT) showed the similar behavior only with different wavelengths showing that in
this heteroleptic series of complexes the MLCT is exclusively to the bpy ligands with none to
thienophenanthroline (btp, ntpl, or ntph).

Keywords: Thienophenanthroline complexes; Photosensitizers; Ruthenium

1. Introduction

There has been steady interest in the diimine complexes of Ru’", especially
[Ru(bpy)s** (bpy =2.2"-bipyridine) and its derivatives, because of their unique
photochemical properties and their utility as photosensitizers in solar energy conversion
schemes [1]. Other potential applications are in the areas of sensor technology [2] and
DNA structure elucidation [3], both of which rely on the photophysical properties of
the complexes. Much of the focus in these studies has been on tuning the properties of
the complexes by modifying attached ligands [1d,4], and more recently on building
multimetallic arrays [1(b), 5]. The latter may act as “‘electron reservoirs’” which could
mediate multielectron processes [5(b)], as well as promote charge separation [4(c)], thus
inhibiting back electron transfer.
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In this study we report two series of complexes, [Ru(bpy)(L)*" and
[Ru(Ph,bpy)>(L)]*", where L is 1,10-phenanthroline or one of a family of new ligands
prepared in our labs, which contain thiophene-fused phenanthrolines (Ph,bpy=
4,4'-biphenyl-2,2’-bipyridine). These thienophenanthrolines (btp = benzothienophenan-
throline,ntpl = naphthothienophenanthroline-linear, ntph = naphthothienophenanthro-
line-helical) [6] vary in the number of benzene rings fused to the thiophene, and therefore
in the extent of 7 conjugation in the ligand. Current work in our lab involves the
preparation of similar ligands having two phenanthroline moieties, which could be used
to construct multimetallic complexes, as well as ligands having pyrrole in place of a
thiophene spacer. As a preliminary study, however, our initial interest here was in the
effects of the fused thiophene ring, and the increasingly diffuse m system, on the
spectroscopic properties of the complexes. The absorbance and luminescence spectra
were compared to those for [Ru(bpy),(phen)]**, which is well-characterized [7].

2. Results and discussion

2.1. Synthesis and NMR spectra of Ru(Il) complexes

The thienophenanthroline ligands were synthesized as described in the literature [6],
while the complexes were prepared as detailed in Section 3. Two-dimensional NMR
spectra for each of the complexes were consistent with the structure in figure 1, all
protons and spin systems being observed. No effort was made to separate enantiomers.
The COSY spectrum of [Ru(bpy)»(phen)]*™ in acetonitrile-d; has three-spin systems
arising from H-2, -3, -4 and -7, -8, -9 on the phenanthroline, while the two four-spin
systems arise from the pyridyl protons. The protons on the pyridyl rings cis to the
phenanthroline are shifted upfield relative to those on the trans rings because the former
are in the shielding cone of the phenanthroline. The relative simplicity of this spectrum
reflects the C, symmetry of the molecule. The assignment of spin systems for
[Ru(bpy),(phen)]*™ facilitated assignments in the more complicated spectra of the other
three complexes in this series.

</ \; 2 \>
-N N=

phen

o

btpl

Figure 1. Structure of Ru(Il) complexes (R=H, Ph).
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In the COSY spectrum of [Ru(bpy)»(btp)]*", introduction of the benzothieno group
destroys the C, symmetry that existed in [Ru(bpy)(phen)]*", thus making every proton
distinct. There are now two four-spin systems for the cis-pyridyl protons (highest-field
clusters for each are centered at 7.20 and 7.25 ppm), both of which are shifted upfield
relative to the two four-spin systems for the trans-pyridyl protons (highest-field spins at
7.53 and 7.55ppm). The fifth four-spin system (highest-field spin at 7.90 ppm) arises
from protons on the benzo group, while the three-spin (7.80, 8.20 and 8.75 ppm) and
two-spin (8.55 and 9.40 ppm) systems are from phenanthroline. COSY spectra for
[Ru(bpy)»(ntp))]** and [Ru(bpy),(ntph)]*" show similar features due to the absence of
symmetry, but more complexity due to the additional benzo group.

2.2. Electronic spectra of Ru(Il) complexes

The UV data for the free ligands (table 1) show that the bands for the
thienophenanthrolines are red-shifted relative to phenanthroline and the magnitude
of the shift increases with increasing 7 conjugation. In the bis(bipyridyl) complexes
(table 1), the major ligand-centered bands are in the region 284-289nm and are
mixtures of bpy- and L-centered transitions [5(c), 8]. Assignments of L-centered bands
in the complexes were made by comparing their spectra to those of the protonated
ligands (table 1). Based on the observed stabilization of the #*(L) orbital along the
series, one might expect the metal to ligand charge transfer (MLCT) bands in the
ruthenium complexes to undergo corresponding red shifts [4(b), 5(c)]. However,
inspection of the electronic spectra for the complexes shows that this is not the case.
MLCT bands are at the same wavelength for all four complexes. The only marked
difference between the spectra of these complexes is the increasing hyperchromicity in

Table 1. Electronic transition assignments.

Compound Amax Assignment

bpy 235, 280

Phybpy 235, 285", 300°

phen 230, 263

btp 221, 274, 317, 350, 368

ntpl 222,275, 283, 337, 373

ntph 222‘:, 209, 348, 377

bpy - H+* 215°, 284

Ph2bpy - H+* 275, 320

phen - H+ 220, 276, 303, 316

btp - H+* 220, 280, 330, 415°

ntpl- H+* 220, 275, 285, 315, 350, 440c¢

ntph.H+

[Ru(bpy)»(phen)]** 265, 286, 450 Phen, bpy, phen, MLCT
[Ru(bpy)a(btp)*+ 284, 317°, 336°, 450 bpy, btp, btp, MLCT
[Ru(bpy)-(ntph)*+ 289, 338", 352°, 451 bpy, ntpl, ntpl, MLCT
[Ru(bpy)a(ntph)]** 289, 327°, 349", 453 bpy, ntph, ntph, MLCT
[Ru(Ph,bpy)s(phen)>* 265, 300, 308, 467 Phen, Ph,bpy, phen, MLCT
[Ru(Ph,bpy),(btp)]*" 256, 283, 308, 467 Btp, Ph,bpy, phen, MLCT

4Spectrum acquired in 1.5 N H,SOy/acetonitrile.
®Shoulder peaks.
“Tailing absorption.
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the MLCT band with increasing  conjugation in L. This hyperchromicity is due to
L-centered absorptions above 400 nm that add to the MLCT absorption. Inspection of
their spectra in acid reveals that the tail end of the btp-H™ absorption is at 450 nm,
while for ntpl- H" and ntph-H™ it is at 490 nm.

All of the complexes emit in fluid solution at room temperature. This supports the
assignment of the lowest excited state to an MLCT transition [1d].

The reason that all four bis(bipyridyl) complexes have the same A, for their MLCT
bands could be that the transition is solely ruthenium-to-bipyridine and is unaffected by
the nature of L. This hypothesis was supported by the fact that [Ru(bpy)s]*" also has a
Amax at 450nm in acetonitrile [9] and was verified when we prepared the
[Ru(Ph,bpy),L]** (where L is phen and btp) complexes and studied their electronic
spectra (table 1). As with the bis(bipyridine) complexes, the MLCT transitions for both
bis(biphenylbipyridyl) complexes were at the same wavelength: 467 nm. This result is
consistent with a ruthenium-to-Ph,bpy transition which was unaffected by the third
ligand, L. [Ru(Ph,bpy)s]*" has a Ay at 470 nm for its MLCT transition [1(d)].

It is unclear why the MLCT transition is only to a bpy or Ph,bpy 7#* orbital, because
the thienophenanthroline 7* orbitals would be expected to be lower in energy due to
increased conjugation. This is the subject of continued work in our labs as we prepare
the homoleptic complexes of the ruthenium(II) with the thienophenanthrolines.

3. Experimental

3.1. Materials and instrumentation

Solvents and commercially available starting materials were used without purification.
cis-Ru(bpy)>Cl, and 1,10-phenanthroline monohydrate were obtained from Aldrich,
while btp,6a ntpl6b and ntph [6b] were prepared according to the literature methods.
UV-visible data were collected on a Shimadzu UV-2101PC UV-Vis Scanning
Spectrophotometer and luminescence data on a Perkin Elmer LS 50B Luminescence
Spectrometer, using room temperature solutions (107> M) prepared in spectrophoto-
metric grade acetonitrile. NMR spectra were recorded on either a Bruker AC 250
spectrometer operating at 250.13 MHz for 'H and 62.90 MHz for '*C or a Varian
Mercury 300 MHz spectrometer operating at 300 MHz for 'H and 75 MHz for '°C.
Chemical shifts are reported in ppm () relative to TMS as the internal standard. COSY
spectra were acquired using the standard Bruker and Varian microprograms [10]. FAB-
MS analyses were carried out in ONPOE matrix and were performed at the Nebraska
Center for Mass Spectrometry. Electrospray MS were carried out on a Waters Autospec
Ultima Magnetic Sector MS.

3.2. Syntheses

3.2.1. [Ru(bpy),(phen)](PFgs),. This complex was prepared by adapting a literature
procedure [11]. cis-Ru(bpy)>Cl, (0.073 g, 0.15mmol) and 1,10-phenanthroline mono-
hydrate (0.091g, 0.46 mmol) were added to 4.5mL of a solution of 10% water in
ethylene glycol. The phenanthroline was insoluble, but the cis-Ru(bpy),Cl, dissolved



Downloaded by [Renmin University of China] at 10:28 13 October 2013

Thienophenanthroline ruthenium complexes 3697

partially to give a dark purple solution. The mixture was heated in the dark at 120° for
6 h, after which time the solution became bright orange and was free of precipitate. The
solution was diluted with 6 mL of water, then a saturated aqueous solution of NH4PF4
was added dropwise until no more precipitate formed. The dark orange precipitate was
collected by filtration, washed with cold water, and air-dried. "H NMR spectroscopy
(acetonitrile-d3) showed that it was a mixture of the desired complex and excess
phenanthroline.

The crude product was dissolved in acetonitrile and applied to a flash chromato-
graphy column packed with silica gel. Unligated phenanthroline was eluted with 95%
ethanol, then [Ru(bpy),(phen)](PFg), was eluted with a 4:1 mixture of 95% ethanol
and 10% aqueous sodium chloride. The complex was reprecipitated from the
chromatography fractions by the addition of saturated NH4PF¢. The precipitate was
collected by filtration, washed thoroughly with cold water, air-dried overnight, then
dried under reduced pressure for 4 h at 80°. [Ru(bpy),(phen)](PF), was obtained as an
orange solid (0.080g, 60% yield) and was judged pure on the basis of the NMR
spectrum. '"H NMR (acetonitrile-ds): 7.27 (ddd,2H); 7.51 (ddd,2H); 7.59 (dd,2H);
7.79 (dd,2H); 7.90 (dd,2H); 8.04 (ddd,2H); 8.10-8.20 (m,4H); 8.30 (s,2H); 8.56
(2 overlapping dd, 4H); 8.67 (dd,2H). FAB-MS: m/z=594 (C;,H»4N¢'Ru); 739
(C32H24N6102RuPF6)~

3.2.2. [Ru(bpy),(btp)I(PF¢),. Synthesis and purification procedures were similar to
those for [Ru(bpy).(phen)](PFg),. When 0.044 g (0.090 mmol) of cis-Ru(bpy),Cl, and
0.067 g (0.24 mmol) of btp were used, 0.053 g of [Ru(bpy),(btp)](PFg), was obtained as a
red-orange solid (59% yield). '"H NMR (acetonitrile-ds): 7.17-7.30 (2 overlapping ddd,
2H); 7.47-7.57 (2 overlapping ddd, 2H); 7.60-7.68 (2 overlapping dd, 2H); 7.80
(dd, 1H); 7.87-7.96 (4 overlapping multiplets, 4H); 7.99-8.09 (2 overlapping ddd, 2H);
8.12-8.23 (3 overlapping multiplets, 3H); 8.26-8.34 (m, 1H); 8.52-8.65 (5 overlapping
multiplets, SH); 8.75 (dd, 1H); 8.82 (s, 1H); 9.17-9.23 (m, 1H); 9.40 (d, 1H). °C NMR
(acetonitrile-ds): 125.01, 125.14, 125.19, 125.22*, 125.35, 126.32, 127.58, 127.61, 128.23,
128.27, 128.38, 128.58, 128.62, 130.07, 130.50, 130.66, 134.39, 137.22, 137.73, 138.66,
138.68, 138.83*, 143.45, 144.55, 148.88, 149.23, 152.82, 152.87*, 153.00, 153.93, 157.99,
158.15, 158.21, 158.26. (*Peak heights indicate overlapping resonances at these chemical
shifts.) FAB-MS: m/z =700 (C33sH»N¢S'"?Ru); 845 (C3sH:6NeS'“RuPFy).

3.2.3. [Ru(bpy),(ntp))](PFg),. Synthesis and purification procedures were similar to
those for [Ru(bpy).(phen)](PFg),. When 0.048 g (0.099 mmol) of cis-Ru(bpy),Cl, and
0.055 g (0.16 mmol) of ntpl were used, 0.065 g of [Ru(bpy)-(ntpl)](PF), was obtained as
a dark, red-orange solid (63% yield). '"H NMR (acetonitrile-ds): 7.18-7.31 (2 over-
lapping ddd, 2H); 7.48-7.60 (2 overlapping ddd, 2H); 7.63-7.74 (2 overlapping ddd,
2H); 7.81 (dd, 1H); 7.82-7.88 (m,2H); 7.88-7.99 (2 overlapping ddd, 2H); 7.99-8.10
(2 overlapping dd, 2H); 8.10-8.27 (4 overlapping multiplets, 4H); 8.30 (d, 1H);
8.37-8.45 (m, 1H); 8.52-8.68 (5 overlapping multiplets, SH); 8.77 (dd, 1H); 8.91 (s, 1H);
9.12 (d, 1H); 9.47 (d, 1H). >*C NMR (acetonitrile-ds): 123.65, 125.15, 125.23*, 125.27,
125.39, 125.55, 126.34, 128.23, 128.28, 128.40, 128.59, 128.64, 128.77, 129.08,
129.12, 129.89, 129.97, 130.58, 132.27, 133.50, 137.64, 137.72, 138.05, 138.66%,
138.83*%, 143.57, 144.64, 148.85, 149.20, 152.82, 152.90, 153.05, 153.93, 158.01,
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158.20, 158.24, 158.29. (*Two ill-resolved resonances at these chemical shifts.)
FAB-MS: m/z =750 (C4,H>5NS'"?Ru); 895 (C4HosNgS'®>RuPFg) ™.

3.2.4. [Ru(bpy),(ntph)|(PFg),. Synthesis and purification procedures were similar to
those for [Ru(bpy),(phen)](PFg),. When 0.048 g (0.099 mmol) of cis-Ru(bpy)-Cl, and
0.050 g (0.15mmol) of ntph were used, 0.054 g of [Ru(bpy)-(ntph)](PF¢), was obtained
as a very dark, red-orange solid (54% yield). "H NMR (acetonitrile-d;): 7.21-7.33 (2
overlapping ddd, 2H); 7.49-7.58 (2 overlapping ddd, 2H); 7.68 (dd, 1H); 7.73-7.98
(6 overlapping multiplets, 6H); 8.00-8.09 (2 overlapping dd, 2H); 8.13-8.26 (4 over-
lapping multiplets, 4H); 8.26-8.37 (overlapping d and dd, 2H); 8.42 (d, IH); 8.52-8.66
(4 overlapping multiplets, 4H); 8.74 (dd, 1H); 8.85 (s, 1H); 8.98 (dd, 1H); 9.23 (d, 1H).
3C NMR (acetonitrile-d3): 121.78, 125.13, 125.18, 125.21, 125.35, 126.22, 126.32,
127.16, 127.60, 127.63, 127.85, 128.08, 128.24, 128.29, 128.56, 129.63, 130.34, 130.62,
130.70, 132.96, 133.35, 137.70, 138.16, 138.54, 138.62, 138.66, 138.77, 138.79, 144.51,
144.59, 148.81, 148.88, 152.85, 152.88, 153.00, 153.02, 153.79, 158.02, 158.16, 158.23,
158.28, 160.46. FAB-MS: m/z =750 (C4,H>sN¢S'**Ru); 895 (C4oHosNeS'?RuPFg)™.

3.2.5. [Ru(Ph,bpy),(phen)|(PF¢),. Synthesis and purification procedures were similar
to those for [Ru(bpy)>(phen)](PF¢),. When 0.111 g (0.14 mmol) of Ru(Ph,bpy,Cl, and
0.033g (0.18mmol) of 1,10-phenanthroline were used, 0.014g of [Ru(Ph,bpy),
(phen)](PF¢), was obtained as an orange solid (11%). "H NMR (acetonitrile-d5): 7.54
(2H,d); 7.51-7.68 (14H, m); 7.78 (2H,d); 7.82 (2H, dd); 7.90 (4H, d); 8.00 (4H, d); 8.06
(2H,d); 8.28 (2H,d); 8.32 (2H,s); 8.68 (2H,d); 8.94 (2H,s); 9.00 (2H,s); °C NMR
(acetonitrile-d3): 122.54, 122.61, 125.34, 125.40, 126.66, 127.97, 128.06, 12864, 129.92,
129.97, 130.98, 131.03, 131.60, 136.24, 136.31, 137.38, 148.13, 150.03, 150.17, 152.38,
152.52, 152.95, 157.99, 158.31. Electrospray MS: m/z 1043.1 (CsgH4oNg' ?RuPF) ™.

3.2.6. [Ru(Ph,bpy),(btp)I(PFs),. Synthesis and purification procedures were similar to
those for [Ru(bpy).(phen)](PF¢),. When 0.055 g (0.070 mmol) of Ru (Ph,bpy),Cl, and
0.030g (0.105mmol) of btp were used, 0.018 g (0.014 mmol) of [Ru(Ph,bpy),(btp)]
(PF¢), was obtained as an orange solid (20%). '"H NMR (acetonitrile-ds): 7.40-8.04
(30H, m), 8.21 (2H,d), 8.29 (2H,d), 8.52 (2H,d), 8.71 (2H,d) 8.92-9.00 (6H, m) 9.25
(2H,d), 9.34 (2H, d).

4. Conclusion

We presented here the first synthesis of heteroleptic ruthenium complexes with
benzothieno and naphthothieno c-fused analogs of 1,10-phenanthroline for the study of
their photophysical properties. The series varies the extent of 7-conjugation in the fused
1,10-phenanthroline ligands as well as provides an example with helical shape in ntph.
Our expectation was that as conjugation increased, the MLCT would shift to longer
wavelengths. We were also curious to see if any variation occurred between ntpl and
ntph as a result of helicity in the ntph ligand. Because, in this series of complexes,
the MLCT occurs exclusively between the metal and the bpy, and in Ph,bpy ligands the
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shift in wavelength was not observed. In order to gain insight into the effects of
conjugation, possibly helicity on the MLCT the tris complexes of these ligands will need
to be prepared. However, we have shown that these new ligands readily form complexes
with Ru™, adding to the library of available ligands for potential use in photovoltaics
and/or photochemical water splitting schemes.
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