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Abstract

The complex [(n°-CsHs)Ru(PPh;),Cl] (1) reacts with several arylazoimidazole (RaaiR’) ligands, viz., 2-(phenylazo)imidazole
(Phai-H), 1-methyl-2-(phenylazo)imidazole (Phai-Me), 1-ethyl-2-(phenylazo)imidazole (Phai-Et), 2-(tolylazo)imidazole (Tai-H),
1-methyl-2-(tolylazo)imidazole (Tai-Me) and l-ethyl-2-(tolylazo)imidazole (Tai-Et), gave complexes of the type [(n°-
CsHs)Ru(PPhs)(RaaiR’)]" {where R, R’ =H (2), R=H, R’=CH; (3), R=H, R’ = C,Hs (4), R=CH;, R’ =H (5), R, R’ = CH;
(6), R = CHs, R’ = C,H;5 (7)}. The complex [(n°-CoH7)Ru(PPhs)>,(CH;CN)]* (8) undergoes reactions with a series of N, N-donor azo
ligands in methanol yielding complexes of the type [(n>-CoH;) Ru(PPhs)(RaaiR’)]* {where R, R’ = H (9), R = H, R’ = CH; (10),
R =CH;, R’ =H (11), R = CH3, R’ = C,H5 (12)}, respectively. These complexes were characterized by FT IR and FT NMR spec-
troscopy as well as by analytical data. The molecular structure of the complex [(n°-CsHs)Ru(PPhs)(CeHs—N=N-C;H;N,)]* (2) was

established by single crystal X-ray diffraction study.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclopentadienyl ruthenium(IT) complexes have been
mainly considered as useful model compounds and have
recently been successfully employed as catalysts in a ser-
ies of C-C bond forming reactions [1]. The chemistry of
ruthenium with unsaturated nitrogen ligands [2-11] has
been studied extensively in recent times, including the
study of photophysical and photochemical properties.
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The major work has grown around N,N-chelating pyri-
dine bases and related species [2-11]. The number of het-
eroatoms, the ring size, and the substituents in the
heterocyclic ring significantly modify the m-acidity and
regulate the physical and chemical properties of the
compounds [12].

Recently, the design of molecular architectures with
imidazole ligands has contributed to the understanding
of biomolecular interactions with metal ions in biology
and provides models for the active sites of metallopro-
teins [13-16]. Ruthenium-imidazole complexes are of
interest for their antitumor activities [16]. The molecule
bears the azoimine (-N=N-C=N-) functional group,
and is an efficient n-acid system for the stabilization of
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low oxidation state metal ions. The chemistry of this
functional group with platinum is also known in detail
[17-19]. We had previously reported half-sandwich com-
plexes of ruthenium with nitrogen-based ligands [20].
However, no reports are available on these half-
sandwich ruthenium complexes with azoimine ligands.
The complex [(n°>-CoH,)Ru(PPhs),Cl] differs from its
analogue [(n°-CsHs)Ru(PPhs),Cl] in certain aspects
such as stability of the complex in solution. Reaction
of the complex [(n°-CoH;)Ru (PPhs),Cl] with N-donor
bases in methanol yielded the complexes without the
indenyl group, resulting in simple coordination com-
pounds. However, insofar as our knowledge goes, the
chemistry of bidentate nitrogen-chelating indenyl-ruthe-
nium complexes remains relatively unexplored [21]. The
ligands used in the present study are shown in Chart 1.

Herein, we present the syntheses of arylazoimidazole
(RaaiR’) complexes of cyclopentadienyl-ruthenium(II)
and indenyl-ruthenium(Il). The single crystal X-ray
structure analysis of the representative complex [(n’-
CsHs)Ru(PPh;)(CsHs-N=N-C3H3N,)|" (2) is also
presented.

2. Experimental
2.1. Physical measurements

Elemental analysis was performed on a Perkin—Elmer-
2400 CHN/O analyzer. Infrared spectra were recorded
on a Perkin-Elmer-model 983 spectrophotometer with
the sample prepared as KBr pellets. Electronic spectra
were recorded on a Hitachi-300 spectrophotometer.
The "H NMR and "°C {"H} NMR spectra were recorded
in CDCIl; solvent with tetramethylsilane as internal
standard and on Bruker AMX-400 (400 MHz) and
Bruker ACF-300 (300 MHz) spectrometers, the coupling
constants J being given in hertz. The *'P {'H} NMR
spectra was recorded in CDCl; solvent and on a Bruker
AMX-400 (400 MHz), chemical shifts being recorded
relative to H3PO, (85%).

2.1.1. Materials and methods
All chemicals used were of reagent grade. All reac-
tions were carried out in distilled and dried solvents.

3 4
10 11 /N—ghyp\s
N )
R =H, CH3

R'=H, CH3, CoHs

Chart 1.

Ruthenium chloride trihydrate was purchased from
Arora Matthey Ltd., and used as received. The ligands
[17a,22] and the precursor complexes [23] were prepared
by the following literature methods.

2.2. Synthesis of [(n’-CsHs)Ru(PPhs)(L)]PFs {L =
Phai-H (2), Phai-Me (3), Phai-Et (4), Tai-H (5),
Tai-Me (6), Tai-Et (7)}

The following general procedure was used for prepar-
ing these compounds:

A mixture of complex 1 (100 mg, 0.138 mmol), the ary-
lazo-imidazole (RaaiR’) ligand (0.165 mmol) and
NH4PF¢ (0.207 mmol) was refluxed in methanol (30 ml)
under nitrogen atmosphere for 2 h. The yellow suspension
gradually turned light green in color. The solvent was re-
moved under reduced pressure. The light green solid was
dissolved in 10 ml of CH,Cl, and filtered to remove
ammonium chloride. The filtrate was concentrated to 2
ml, whereupon addition of excess of hexane gave a green-
ish-brown precipitation. The greenish-brown colored
product was washed with hexane 2-3 times and dried un-
der vacuum. The product was dissolved in chloroform,
when layering with hexane gave the crystalline product.

2. Yield: 85 mg (83%). IR (KBr pellets, cm™): VN-H)
3423 (s), van=n) 1447 (s), vic=n) 1633 (5), vp_F) 850 (s).

'"H NMR (CDCls, 9): 4.83 (s, SH, CsHs), 6.93-7.69
(m, 20H, Ph), 7.77 (d, 1H, Jy_u = 7.68 Hz, imidazole),
7.95 (d, 1H, Jy_y = 7.43 Hz, imidazole), 8.10 (b, 1H,
NH).

BC {'"H} NMR (CDCl;, d): 81.32 (CsHs), 121.35,
123.56, 124.96, 126.37, 126.92, 127.83, 130.06, 132.42
(Ph), 134.26, 135.52, 152.17 (imidazole).

3P {TH} NMR (CDCls, 9): 45.05 (s).

Elemental Anal. Calc. for C32H28N4P2F6RUZ C,
51.54; H, 3.78; N, 7.51. Found: C, 51.62; H, 3.39; N,
7.63%.

UV-Vis (CH,Cl,): Amax =460, 371, 362 nm.

3. Yield: 77 mg (74%). IR (KBr pellets, cm™'): V(N=N)
1437 (S), V(c=N) 1629 (S), V(P-F) 850 (S)

'"H NMR (CDCls, 6): 3.74 (s, 3H, CH3), 4.89 (s, 5H,
CsHs), 7.00-7.44 (m, 20H, Ph), 7.75-7.79 (m, 2H,
imidazole).

3C {'H} NMR (CDCl;, §): 34.48 (CH;), 81.65
(CsHs), 123.47, 126.19, 128.58, 129.58, 130.24, 131.91,
132.89, 133.60 (Ph), 135.51, 157.75, 158.25 (imidazole).

3p {'H} NMR (CDCls, d): 45.16 (s).

Elemental Anal. Calc. for Cs3H;oN4P,FgRu: C,
52.17; H, 3.97; N, 7.37. Found: C, 52.47; H, 4.02; N,
7.31%.

UV-Vis (CH,Cly): Amax = 581, 473, 378 nm.

4. Yield: 83 mg (78%). IR (KBr pellets, cm™): vnen
1440 (s), vc=n) 1626 (s), vp_r) 850 (s).

'"H NMR (CDCls, 6): 1.41 (t, 3H, Jy = 7.32 Hz,
CHy), 4.15 (q, 2H, Jy g = 6.80 Hz, CH,), 4.89 (s, 5H,
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CsHs), 6.99-7.42 (m, 20H, Ph), 7.75 (d, 1H, Jg_y = 7.48
Hz, imidazole), 7.83 (d, 1H, Jy_u = 7.38 Hz, imidazole).

BC {'H} NMR (CDCls, d): 1545 (CHs), 43.32
(CH,), 81.72 (CsHs), 123.46, 124.31, 128.63, 129.58,
130.87, 131.35, 132.17, 132.89 (Ph), 133.70, 135.52,
157.69 (imidazole).

3p {TH} NMR (CDCl;, 6): 45.06 (s).

Elemental Anal. Calc. for Cs;3H3N4P>FgRu: C,
52.78; H, 4.17; N, 7.24. Found: C, 52.43; H, 4.26; N,
7.22%.

UV-Vis (CH,ClL): Apax = 584, 474, 376 nm.

5. Yield: 85 mg (82%). IR (KBr pellets, cm™'): V(N-H)
3409 (S), V(N=N) 1440 (S), V(c=N) 1600 (S), V(P-F) 850 (S)

'"H NMR (CDCls, ): 2.41 (s, 3H, CH3), 4.62 (s, 5H,
CsHs), 6.92-7.44 (m, 19H, Ph), 7.49 (s, 1H, NH), 7.65
(d, 1H, Jy.u=28.30 Hz, imidazole), 7.79 (d, 1H,
Ju-u = 8.08 Hz, imidazole).

3¢ {'H} NMR (CDCl;, d): 31.60 (CH;), 80.94
(CsHs), 123.42, 128.26, 128.70, 129.22, 129.92, 130.97,
131.21, 132.67 (Ph), 133.36, 142.47, 155.31 (imidazole).

3p {'H} NMR (CDCls, d): 45.25 (s).

UV-Vis (CH,ClL,): Apax = 566, 460, 401 nm.

Elemental Anal. Calc. for C33H30N4P2F6Ru: C,
52.17; H, 3.97; N, 7.37. Found: C, 52.53; H, 3.84; N
7.41%.

6. Yield: 81 mg (76%). IR (KBr pellets, cm™): V(N=N)
1437 (s), vic=n) 1629 (s), vp_r) 849 (s).

"H NMR (CDCls, d): 2.43 (s, 3H, CH3), 3.72 (s, 3H,
CH3), 4.87 (s, SH, CsHs), 7.00-7.42 (m, 19H, Ph), 7.66—
7.78 (m, 2H, imidazole).

3C {'H} NMR (CDCls, d): 21.27 (CHj), 34.45
(CH3), 81.42 (CsHs), 123.44, 125.93, 128.56, 129.34,
130.18, 130.89, 132.02, 133.62 (Ph), 135.46, 142.42,
155.84 (imidazole).

3p {'H} NMR (CDCls, 6): 45.31 (s).

Elemental Anal. Calc. for CssH3;N4P,FgRu: C,
52.78; H, 4.17; N, 7.24. Found: C, 52.37; H, 4.44; N,
7.35%.

UV-Vis (CH,Cl,): Amax = 580, 471, 386 nm.

7. Yield: 87 mg (81%). IR (KBr pellets, cm™): vnen)
1440 (S), V(c=N) 1633 (S), V(P-F) 850 (S)

'"H NMR (CDCls, 6): 1.39 (t, 3H, Jyyi = 5.24 Hz,
CH3), 2.43 (s, 3H, CH3), 4.09-4.14 (m, 2H, CH,), 4.87
(s, SH, CsHs), 6.98 (d, 2H, Jy_y = 8.64 Hz, Ph), 7.13
(d, 2H, Jy g = 8.40 Hz, Ph), 6.98-7.80 (m, 17H, Ph
and imidazole).

3C {'H} NMR (CDCls, d): 22.67 (CHs), 29.69
(CH3), 54.34 (CH,), 81.53 (CsHs), 122.25, 123.40,
124.07, 128.58, 129.28, 130.14, 130.82, 131.91 (Ph),
132.88, 133.65, 135.41 (imidazole).

3p {'H} NMR (CDCls, d): 45.20 (s).

Elemental Anal. Calc. for CssH3sN4P,FgRu: C,
53.30; H, 4.47; N, 7.10. Found: C, 53.42; H, 4.07; N,
6.96%.

UV-Vis (CH,Cl,): Amax = 571, 469, 378 nm.

2.3. Synthesis of [(n’-CoH;)Ru(PPh;)(L)]BF,
{CoH7 = indenyl, L = Phai-H (9), Phai-Me (10), Tai-H
(11), Tai-Et (12)}

The following general procedure was used for prepar-
ing these compounds:

A mixture of the complex 8 [(n>-CoH;)Ru-
(PPh;3),(CH5CN)|BF, (100 mg, 0.115 mmol) and the
arylazoimidazole (RaaiR’) ligand (0.165 mmol) was
refluxed in methanol (30 ml) under nitrogen atmosphere
for 2 h. The yellow suspension gradually turned to brown
in color. The solvent was removed under the reduced
pressure. The brown solid was dissolved in dichlorometh-
ane and filtered. The filtrate was concentrated to 2 ml and
addition of excess of hexane gave a brown precipitation.
The brown colored product was washed with hexane
and diethyl ether and dried under vacuum. The brown
product was dissolved in chloroform, when layering with
hexane gave the crystalline product.

9. Yield: 74 mg (87%). IR (KBr pellets, cm™"): vin_p
3436 (s), vin=n) 1434 (8), v(c=n) 1633 (s), vp-F) 1082 (s).

'"H NMR (CDCl;, 6): 4.93 (d, 2H, Ji_iy = 4.38 Hz,
indenyl), 5.34 (t, 1H, indenyl), 6.65 (d, 2H, Jy.g=
8.36 Hz, Ph), 6.87-7.47 (m, 22H, Ph), 7.66 (d, 1H,
Ju u = 6.78 Hz, imidazole), 7.79 (b, 1H, NH), 7.85 (d,
1H, Jii g = 7.64 Hz, imidazole).

3C {'"H} NMR (CDCls, 9): 64.55, 65.06, 88.97 (inde-
nyl), 123.29, 124.02, 124.74, 125.43, 127.66, 128.58,
129.21, 130.24, 130.98, 131.60 (Ph), 133.88, 135.31,
156.56 (imidazole).

3p {'H} NMR (CDCls, 6): 50.77 (s).

Elemental Anal. Calc. for C;cHyoN4PBF4Ru: C,
58.71; H, 3.97; N, 7.61. Found: C, 58.39; H, 3.86; N,
7.56%.

UV-Vis (CH,Cly): Amax = 475, 391, 356, 292 nm.

10. Yield: 72 mg (83%). IR (KBr pellets, cm™'):
vn=N) 1440 (s), vc=n) 1600 (s), vp.r) 1082 (s).

"H NMR (CDCl;, 9): 3.65 (s, 3H, CHj3), 4.98 (d, 2H,
Ju_u = 13.40 Hz, indenyl), 5.70 (t, 1H, indenyl), 6.54 (d,
2H, Jy y = 9.42 Hz, Ph), 6.81-7.48 (m, 22H, Ph), 7.83
(d, 1H, Jg_g=7.52 Hz, imidazole), 7.67 (d, 1H,
Juu = 7.48 Hz, imidazole).

BC {'H} NMR (CDCl;, §): 31.06 (CHs), 62.43,
64.35, 87.68 (indenyl), 122.62, 123.36, 124.42, 125.03,
125.79, 127.34, 127.97, 129.21, 130.46, 132.24 (Ph),
134.05, 135.97, 153.27 (imidazole).

3P {'H} NMR (CDCls, 6): 50.86 (s).

Elemental Anal. Calc. for C;;H3N4PBF4Ru: C,
59.21; H, 4.16; N, 7.47. Found: C, 59.57; H, 3.97; N,
7.16%.

UV-Vis (CH,Cl,): Amax = 489, 376, 289 nm.

11. Yield: 75 mg (87%). IR (KBr pellets, cm™"): voy_g)
3423 (s), van=n) 1440 (5), vc=n) 1600 (s), vy 1082 (s).

"H NMR (CDCl;, ): 2.45 (s, 3H, CHj3), 4.94 (d, 2H,
indenyl), 5.31 (t, 1H, indenyl), 6.67 (d, 2H, Jy_y = 8.62
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Hz, Ph), 6.86-7.43 (m, 21H, Ph), 7.66 (d, 1H, Jy =
4.36 Hz, imidazole), 7.78 (d, 1H, Jy_y = 8.08 Hz,
imidazole), 7.80 (b, 1H, NH).

BC {'"H} NMR (CDCl, d): 22.15 (CHs), 63.87,
65.26, 88.38 (indenyl), 121.06, 123.52, 124.48, 125.07,
125.72, 126.93, 128.31, 129.43, 130.04, 131.23 (Ph),
133.52, 134.62, 147.83 (imidazole).

3p {'TH} NMR (CDCls, 6): 50.79 (s).

Elemental Anal. Calc. for Cs;H;N4PBF,Ru: C,
59.13; H, 4.29; N, 7.45. Found: C, 59.33; H, 4.26; N,
7.31%.

UV-Vis (CH>Cly): Amax =472, 397, 389 nm.

12. Yield: 82 mg (92%). IR (KBr pellets, cm ')
V(N=N) 1440 (S), V(C=N) 1626 (S), V(B-F) 1082 (S)

'"H NMR (CDCls, 9): 1.29 (t, 3H, Jy 1 = 4.68 Hz,
CH3), 2.46 (s, 3H, CH3), 4.03 (q, 2H, Jy_g = 7.46 Hz,
CH,), 494 (d, 2H, Jy u = 4.14 Hz, indenyl), 5.69 (t,
1H, indenyl), 6.59 (d, 2H, Jy_y = 8.35 Hz, Ph), 7.14
(d, 2H, Jy_g = 8.39 Hz, Ph), 6.79-7.41 (m, 19H, Ph),
7.67 (d, 1H, Jy_g =4.69 Hz, imidazole), 7.77 (d, 1H,
Ju_n = 8.42 Hz, imidazole).

BC {"H} NMR (CDCl;, §): 15.37 (CHs), 21.38
(CHj3), 43.00 (CH,), 64.57, 65.99, 88.96 (indenyl),
123.01, 123.74, 124.49, 126.14, 127.38, 128.59, 128.97,
129.63, 130.79, 132.47 (Ph), 133.20, 133.81, 142.59
(imidazole).

3p {'H} NMR (CDCl;, 6): 51.07 (s).

Elemental Anal. Calc. for C;oH3sN4PBF4Ru: C,
60.08; H, 4.65; N, 7.18. Found: C, 60.15; H, 4.42; N,
7.21%.

UV-Vis (CH,Cl): Apax = 484, 399, 292 nm.

3. Structure analysis and refinement

X-ray quality crystals of the complex 2[PF¢] were
grown by slow diffusion of hexane into chloroform solu-
tion. The green crystal of complex 2[PF4] was mounted
on a Bruker Apex CCD diffractometer in a full recipro-
cal sphere equipped with a CCD detector and used for
data collection. X-ray intensity data were collected with
graphite monochromated Mo Ka radiation at 373 (2) K,
with 0.3° @ scan mode and 10 s per frame. The intensity
data were corrected for Lorentz and polarization effects.
Absorption correction was done using the SAINT pro-
gram [24]. A summary of the crystal data, data collec-
tion parameters and convergence results is compiled in
Table 1. An empirical absorption correction was made
by modeling a transmission surface by spherical har-
monics, employing equivalent reflections with 7> 2a(1)
(program sADABS) [25]. The structure was solved by di-
rect methods [26]. All the non-hydrogen atoms were re-
fined anisotropically using the full-matrix least-squares
technique on F* using the sHELXL 97 software [27]. All
the hydrogen atoms were found from difference Fourier
synthesis after four cycles of an isotropic refinement and

Table 1
Crystal data and structure refinement parameters for complex
2[PF¢]CHCl;
Formula C33H29C13F6N4P2RU
M, 864.96
T (K) 373 (2)
Wavelength (A) 0.71073
Crystal system Triclinic
Space group P1
Unit cell dimensions
aA) 8.9496(8)
b (A) 11.7707(11)
¢ (A) 16.6002(16)
o (°) 79.832(2)
p(©) 82.355(2)
7 (©) 82.0680(10)
V(A% 1694.2 (3)
VA 4
Deaie (gcm™3) 1.696
i (Mo Ko) (mm™1) 0.859
F(000) 868
0 (°) 2.31 to 28.30
Reflections collected 11073
Independent reflections 7974 [R(iny = 0.0159]
Completeness to 0 28.30 to 94.8
Data/restraints/parameters 7974/0/443
Goodness-of-fit on F2 1.025

Ry (I>20(])), wR,

0.0405, 0.0976

Ri, R, (all data)
Largest difference peak and hole (¢ A7)

0.0460, 0.1007
+1.322 and —0.888

as per the “riding” model. Fig. 2 displays the orRTEP [28]
representations of the molecule. Refinement converged
at final R; values of 0.0405 (for observed data F) for
compound 2.

4. Results and discussion

1-Methyl-2-(arylazo)imidazole (aai-Me), 1-ethyl-2-
(arylazo)imidazole (aai-Et) and 2-(arylazo)imidazole
(aaiH) were synthesized by coupling the aryldiazonium
ions with imidazole in aqueous sodium carbonate solu-
tion (pH 7) and purified by the reported method [22].
The alkylation was carried out by adding alkyl halide
in dry THF solution to the corresponding 2-(arylazo)
imidazole in the presence of sodium hydride [29].

The cyclopentadienyl and indenyl complexes such as
[CpRu(PPh;),Cl] (1) and [(indenyl)Ru(PPh;)>,(MeCN)]"
(8) reacted with arylazoimidazoles (RaaiR’) in the
presence of ammonium salts in methanol to form the
mononuclear cationic cyclo-pentadienyl and indenyl
ruthenium complexes having the general formula
[Cp'Ru(PPhs)(RaaiR’)]" (Cp’ = cyclopentadienyl, inde-
nyl) (Scheme 1). The cationic complexes 2—7 are brown-
ish-green, while the complexes 9—12 are brown in color.
These complexes are non-hygroscopic, air-stable, shiny
crystalline solids. They are sparingly soluble in methanol
and benzene; soluble in dichloromethane, chloroform,
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CH3CN BF
S 3 . Ru—NCCH, | = 4
\ NH4BF 4 \
PhsP  'PPhs PhyP  'PPhs
RaaiR'
MeOH | NH4PFg RaaiR'| MeOH
@ PFg BF4
\ Ru— S
Ru— N R, R' =H( 2,9) Ru— N
/o N R=H, R'=CH3( 310) / 0\ "k
PhsP  N=N R=H, R'=C 2Hs( 4) PhsP  N=N
R=CH3, R'=H( 511)
R,R'=CH3( 6)
R=CH3, R'=C2H5( 7,12)
R R

ﬂ = cyclopentadienyl & indenyl

RaaiR' = arylazo-imidazole ligands

Scheme 1.

acetone, acetonitrile, and insoluble in hexane, petroleum
ether and diethyl ether.

4.1. Cyclopentadienyl-ruthenium complexes

The analytical data of these complexes are consistent
with our formulations. The infrared spectra of the com-
plexes 2-7 exhibit a chelated azoimine group as strong
bands at 1437-1447 cm ™' and 1626-1633 cm™' corre-
sponding to v=n) and vc=ny, respectively [19,20]. In
addition, the IR spectra contain a strong band at 850
cm ™! due to the vpp of the PF4 group. The proton
NMR spectra of these complexes (2-7) exhibit a singlet
at 4.62-4.89 ppm for the cyclopentadienyl ring protons,
indicating a downfield shift from the starting complex 1.
Downfield shift in the position of the cyclopentadienyl
protons might result from a change in electron density
on the metal center due to chelation of the arylazo-imid-
azole ligand through its nitrogen atoms. The N-methyl
(N-Me) protons of the complexes 3 and 6 appear as
singlets at 3.74 and 3.72 ppm, respectively. The N-meth-
ylene (N-CH,-) protons of the complexes 4 and 7 ap-
pear as triplets at 1.41 ppm (Jy_y = 7.32 Hz) and 1.39
ppm (Ju_pg = 5.24 Hz), respectively. The imidazole 4H
and 5H protons appear at 7.78-7.95 and 7.65-7.77
ppm, respectively. All these complexes show a multiplet
in the range of 6.98-7.80 ppm due to the phenyl protons
of the triphenylphosphine moiety and the aryl group of
the azoimine ligands.

The '*C {'H} NMR spectrum of the complexes (2-7)
contain resonances for the cyclopentadienyl ring car-
bons at around 81 ppm. The resonance observed at

around 155 ppm may be due to the azoimine (C=N) car-
bon of the ligand. The spectra also show resonance in
the range of 122.25-142.42 ppm for the aromatic car-
bons and carbons of imidazole C—H group. The *'P
{'"H} NMR of the complexes display a singlet at around
45 ppm due to the triphenylphosphine moiety as com-
pared to 42 ppm observed in the neutral precursor com-
plex [CpRu(PPh;),Cl]. This downfield shift relative to
the complex 1 indicates the cationic nature of these com-
plexes. In all these complexes, *'P nuclei exhibit a down-
field shift as compared with those in the complex 1. The
3P nuclei of the counter ion PF; appear as a septet
around 145 (ppm) in the above complexes.

4.2. Indenyl-ruthenium complexes

The reaction of the complex 8 with ligands RaaiR’
in methanol yielded brown colored and air-stable cat-
ionic azoimine complexes of the type 9-12 (Scheme 1)
by substitution of one of the triphenylphosphine and
acetonitrile ligands. The IR spectra of these complexes
show a strong band in the range of 3436 and 3426
cm~! due to the vov-g) mode for complexes 9 and
11. In addition, the IR spectra contain strong bands
at ~1440 and ~1600 cm™!, corresponding to the
von=N) and vc=n) modes of the azoimine ligands
[30], and a strong band 1082 cm™' due to the V(B_F)
mode of the BF4 group.

The "H NMR spectra of the complexes 9-12 display a
doublet at around 4.95 ppm and a triplet at 5.34-5.70
ppm for the cyclopentadienyl ring protons of the indenyl
group. The CH group of imidazole appears as a doublet
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in the range of 7.64-7.83 ppm. The NH protons of the
complexes 9 and 11 exhibit a strong peak at ~8.0
ppm. All these complexes also show multiplets in the
range of 6.54-7.48 ppm due to the phenyl protons of
the triphenylphosphine moiety, the arene ring of the
indenyl group and the aryl group of the azoimine li-
gands. The *C {'H} NMR spectrum also exhibits
appropriate signals. The carbon attached to nitrogen
(N1, see Chart 1) in the ligand (in the case of complexes
10 and 12) exhibits signals around 31 and 43 ppm for the
N-methyl and N-CH, groups, respectively. The methyl
carbon of the N-ethyl group (N-CH,~CH3) of complex
12 exhibits a signal at 15.37 ppm. The cyclopentadienyl
carbons of indenyl group appear around 62-89 ppm,
while the imidazole carbons appear in the range between
133 and 156 ppm. The carbons of arene group are thus
similar to those in other similar reported compounds
[30]. The *'P spectra of these complexes exhibit sharp
resonance in the range of 50.77-51.07 ppm due to the
triphenylphosphine moiety as compared to 46.5 ppm
observed in the neutral complex [(n’-CoH;)Ru-
(PPhj3),Cl] [23b]. This downfield chemical shift indicates
the cationic nature of these complexes following substi-
tution of one chloride ion and one triphenylphosphine
unit by the ligands.

4.3. Electronic spectra

The interaction of the filled dn (t,g) orbitals on
ruthenium(II) with low lying n* orbitals on the azoi-
mine ligands should provide a metal-to-ligand charge
transfer (MLCT) transition (t,g—7m*) in the electronic
spectra of these complexes [5,8,17], where the transi-
tion energy of these bands varies with the nature of
the ligands acting as m-acceptors. The presence of an

electron donating group (H, CHj, and C,Hs) in the
imidazole nitrogen of the azoimine ligand should
increase the energy of transition causing a red shift
in the MLCT maxima [31], while an electron with-
drawing group should decrease the transition energy.
The electronic spectra of cyclopentadienyl-ruthe-
nium(Il) azoimine complexes (2-7) with the formula-
tions [(n’-CsHs)Ru(PPhs)(RaaiR’)]" displayed very
weak bands at 560-584 nm, a medium absorption
band at ~460 nm and a very strong absorption band
at ~360 nm (Fig. 1). The band at 460 nm has been
assigned to a MLCT transition [t,g {Ru(Il) — n*
(azoimine)}]. The 4.« values of this band is consistent
with those of the azoimine ligand bound to the
complexes of ruthenium(II) [32].

The free ligand itself shows intraligand charge-trans-
fer transitions (n—m*, m—n*) of high intensity (¢ ~ 10*—
10° M 'em™") at <400 nm. The transitions at ~380
nm and below are thus not considered further. Other
two transitions at longer wavelength region (460480
and 560-580 nm) differ in their intensities. The first tran-
sition (460-480 nm) is of moderate intensity and has
been assigned to the MLCT band (dn(Ru) — n* (azoi-
mine)) in the complexes [17] or else from the hybrid
orbitals composed of dn(Ru) and = (Cp/indenyl) to the
n* (azoimine) orbital of the ligand. The weak transition
at 560-580 nm may originate from a singlet-triplet tran-
sition, particularly that allowed by the strong spin—orbit
coupling in ruthenium [33], Because of better delocaliza-
tion in the indenyl ring the CT bands are shifted to longer
wavelength compared to cyclopentadienyl complexes.

Electronic spectra of indenyl complexes (9-12) dis-
play bands in the region 475-489, ~395 and ~350 nm.
The broad medium intensity bands centering around
480 nm are assigned to MLCT bands arising from drift

2.500

[Abs]

0.000

285 388

594 697 800

Wavelength (nm)

Fig. 1. Electronic spectra have taken in dichloromethane. Key: 1, represents complex [(n°-CsHs)Ru(PPhs)(Phai-H)]* (3); 2, represents complex [(n’-
CsHs)Ru(PPhs)(Tai-Me)]* (6): 3, represents complex [(1°-CsHs)Ru(PPhs)(Phai-Et)]" (4) and 4, represents complex [(n°-CoH7)Ru(PPhs)(Phai-Me)]"

(10).
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of electron density from the filled Ru(Il) — dn(t,g) orbi-
tals to the low lying ©* orbitals of the RaaiR’ ligand.
The position of this band is consistent with those in
other metal-azo complexes [34]. The band around 350
nm is assigned to an MLCT transition [Ru(Il) — d*
on the cyclopentadienyl ring].

5. Molecular structure

A summary of the single-crystal X-ray structure anal-
ysis is shown in Table 1. The orTEP drawing of the com-
pound 2 is shown in Fig. 2, with selected bond lengths
and bond angles given in Table 2. The geometry around
the ruthenium atom in the complex is octahedral, where
the cyclopentadienyl ligand occupies three coordination
positions.

The complex crystallizes in the triclinic space group
P1. The structure of the compound [(n’°-CsHs)Ru-
(PPh3)(C6H57N:N7C3H3N2)]PF6 . CHC13 (2) consists
of a ruthenium atom m°-coordinated to a cyclopen-
tadienyl molecule, to the two nitrogen atoms of the
Phaai-H group, and to a triphenylphosphine ligand
through the P atom, leading to a ‘three-legged piano
stool’ type structure. The Phaai-H moiety acts as a che-
lating ligand to the ruthenium center in this complex.
The two Ru-N distances 2.051(2) and 2.047(2) A are
slightly different, as found in related structures involving
phosphine complexes (2.177(2) A) [20d,21b,35]. The
average Ru-C (cyclopentadienyl) distance is 2.21 A.
The Ru-P bond distance of 2.3291(7) A is similar to
those in ruthenium—phosphorus complexes reported ear-
lier [19¢,d,36]. The cyclopentadienyl ring is nearly planar
and shows C-C bond distances that appear to be nor-
mal. The bond angles N(4)-Ru(1)-P(1), N(4)-Ru(1)-

SO\
AR A
N g, e TR

Fig. 2. orTEP drawing of compound 2. Hydrogen atoms, PFy and
CHCIl; omitted for clarity.

Table 2 .
Selected bond lengths (A) and bond angles (°) for [(nS-C5H5)-
Ru(PPh3)(CsHs—N=N-C;H;N,)|PFs - CHCl; (2)

Bond lengths ( A)

Ru(1)-C(25) 2.189(3)
Ru(1)-C(28) 2.223(3)
Ru(1)-N(4) 2.047(2)
N(1)-C(30) 1.337(3)
P(1)-C(7) 1.833(3)
Ru(1)-C?* 2.21
Ru(1)-C(26) 2.206(3)
Ru(1)-C(29) 2.212(3)
Ru(1)-P(1) 2.3291(7)
N(1)-C(32) 1.375(3)
P(1)-C(1) 1.828(3)
Ru(1)-C(27) 2.220(3)
Ru(1)-N(1) 2.051(2)
N(4)-N(3) 1.307(3)
N@4)-C(19) 1.436(3)
P(1)-C(13) 1.834(3)
Bond angles (°)

P(1)-Ru(1)-N(1) 94.06(7)
N(1)-Ru(1)-N(4) 74.99(10)
P(1)-Ru(1)-N(4) 91.16(6)

# Ruthenium to average distance of Cp.

N(1) and N(1)-Ru(1)-P(1) are 91.16(6)°, 74.99(10)°
and 94.06(7)°, respectively, indicating a piano stool type
of structure around the ruthenium center. The N=N
bond distance N(3)-N(4) is 1.307(3) A, which is longer
than the value for the free ligand (1.250 (1) A) [37]. This
refers to significant charge delocalization from the metal
d-orbital, namely, the dn(Ru) — n*(azo) transition in
the coordinated Phaai-H.

6. Concluding remarks

We have prepared new n°-cyclopentadienyl and
n>-indenyl ruthenium(II) complexes containing arylazo-
imidazole (RaaiR’) ligands. The complex [(n’-CsHs)-
Ru(PPh;),Cl] with arylazoimidazole (RaaiR’) in the
presence of methanol gave complexes of the type
[(n°-CsHs)Ru(PPh;)(RaaiR’)]". The indenyl-ruthenium
chloro complex [(n°-CoH;)Ru (PPhs),Cl] with arylazo-
imidazole ligands in the presence of methanol under
refluxing conditions gave rise to a product without the
organic fragment, while the indenyl-ruthenium acetoni-
trile complex [(n°>-CoH7)Ru(PPhs;)(NCCH;)]" under
similar conditions gave rise to complexes of the type
[(°-CoH7)Ru(PPh;)(RaaiR’)]" due to the labile nature
of the acetonitrile group.
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e-mail: deposit@ccdc.cam.ac.uk or on the web www:
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at doi:10.1016/j.jorganchem.2005.04.042.

References

[1] () B.M. Trost, F.D. Toste, A.B. Pinkerton, Chem. Rev. 101
(2001) 2067,
(b) V. Guerchais, Eur. J. Inorg. Chem. (2002) 783.

[2] (a) W.T. Wong, Coord. Chem. Rev. 131 (1994) 45;
(b) E.A. Seddon, K.R. Seddon, The Chemistry of Ruthenium,
Elsevier, Amsterdam, 1984.

[3] (a) D.S. Eggleston, K.A. Goldsby, D.J. Hodgson, J. Inorg. Chem.
24 (1985) 4573;
(b) B. De Klerk-Engles, H.-W. Frawhauf, K. Vrieze, H. Koojiman,
A. Spek, Inorg. Chem. 32 (1993) 5528;
(c) C.A. Basel, J.A. Margarucci, J.H. Acquaye, R.S. Rubino, J.
Crandall, A.J. Jrircitano, K.J. Takuchi, Inorg. Chem. 32 (1993)
5779;
(d) A. Rudi, Y. Kashaman, D. Gut, F. Lellouche, M. Kol, Chem.
Commun. (1997) 17;
(¢) P.D. Beer, SSW. Dent, G.S. Hobbs, J.J. Wear, Chem.
Commun. (1997) 99.

[4] (a) K. Kalyansundaram, M.S. Lakeeruddin, M.K. Nazeeruddin,
Coord. Chem. Rev. 132 (1994) 259;
(b) K. Kalyansundaram, Coord. Chem. Rev. 46 (1982) 159.

[5] B.K. Ghosh, A. Chakravorty, Coord. Chem. Rev. 95 (1989)
239.

[6] (a) B.K. Santra, G.A. Thakur, P. Ghosh, K.A. Pramanik, G.K.
Lahiri, Inorg. Chem. 35 (1996) 3050;
(b) J. Chakravorty, S. Bhattacharya, Transit. Metal Chem. 20
(1995) 138;
(c) T.K. Mallik, P.K. Das, B.K. Roy, B.K. Ghosh, J. Chem. Res.
(1993) 374;
(d) M. Kakoti, S. Chaudhury, A.K. Deb, S. Goswami, Polyhe-
dron 12 (1993) 783.

[7] (a) R.A. Krause, K. Krause, Inorg. Chem. 23 (1984) 2195;
(b) R.A. Krause, K. Krause, Inorg. Chem. 21 (1982) 1714;
(c) R.A. Krause, K. Krause, Inorg. Chem. 19 (1980) 2600.

[8] (a) N. Bag, G.K. Lahiri, A. Chakravorty, Inorg. Chem. 31 (1992)
40;
(b) G.K. Labhiri, S. Bhattacharya, S. Goswami, A. Chakravorty,
J. Chem. Soc., Dalton Trans. (1990) 561;
(¢) G.K. Lahiri, S. Goswami, L.R. Falvello, A. Chakravorty,
Inorg. Chem. 26 (1987) 3365;
(d) P. Ghosh, A. Chakravorty, J. Chem. Soc., Dalton Trans.
(1985) 361.

[9] (a) B.K. Ghosh, S. Goswami, A. Chakravorty, Inorg. Chem. 22
(1983) 3358;
(b) B.K. Ghosh, A. Mukhopadhyay, S. Goswami, R. Ray, A.
Chakravorty, Inorg. Chem. 23 (1984) 4633.

[10] (a) R. Argazzi, C.A. Bignozzi, T.A. Heimer, G.J. Meyer, Inorg.
Chem. 36 (1997) 2;

(b) C.Y. Hung, T.L. Wang, Y. Jang, W.Y. Kim, K.L. Schmekl,
R.P. Thumel, Inorg. Chem. 35 (1996) 5953;

(c) X.M. Chen, W.H. Zang, J. Chen, Y.S. Yang, M.L. Gang, J.
Chem. Soc., Dalton Trans. (1996) 1767;

(d) A. Real, M.C. Munoz, F. Andress, T. Granier, B. Gallos,
Inorg. Chem. 33 (1994) 3587.

[11] (a) P. Lincoln, B. Norden, Chem. Commun. (1996) 2145;

(b) B.J. Goodfellow, V. Felix, S.M.D. Pacheco, J.P. de Jesus,
M.G.B. Drew, Polyhedron 16 (1997) 393;
(c) C.M. Dupureur, J.K. Barton, Inorg. Chem. 36 (1997) 33.

[12] (a) E.C. Constable, Coord. Chem. Rev. 93 (1989) 205;

(b) T. Yamamoto, Z. Zhou, T. Kanbara, M. Shimura, K. Kizu,
T. Maruyama, T. Takamura, T. Fukuida, B. Lee, N. Ooba, S.
Tomaru, T. Kurihara, T. Kaino, K. Kubota, S. Sasaki, J. Am.
Chem. Soc. 118 (1996) 10389.

[13] (a) T.C. Higgis, M. Helliwell, C.D. Carner, J. Chem. Soc., Dalton

Trans. (1996) 2101;

(b) R.C. Halz, F.T. Gobena, Polyhedron 15 (1996) 2779;

(c) J. Abe, Y. Shirai, J. Am. Chem. Soc. 118 (1996) 4705;

(d) C. Tejel, B.F. Villiarroya, M.A. Ciriano, A. Oro, M. Lanfranchi,
A. Tiripicchio, M.T. Camellini, Inorg. Chem. 35 (1996) 4360;

(e) M.C. Rodriquer, I.M. Badaraus, M. Cesario, J. Guilhem, B.
Keita, L. Nadjo, Inorg. Chem. 35 (1996) 7804.

[14] (a) M. Melnik, L. Macaskova, C.E. Holloway, Coord. Chem.
Rev. 126 (1993) 71;

(b) C. Matthews, W. Clegg, M.R.I. Elsegood, T.A. Leese, D.
Thorp, P. Thornton, J.C. Lockhart, J. Chem. Soc., Dalton Trans.
(1996) 1531;

(¢) R. Rajan, R. Rajaram, B.U. Nair, T. Ramasami, S.K.
Mondal, J. Chem. Soc., Dalton Trans. (1996) 2019;

(d) T.F. Baumann, M.S. Nasir, J.W. Sibert, A.J.P. White, M.M.
Olmstead, D.J. Williams, A.G.M. Marrett, B.M. Hoffman, J.
Am. Chem. Soc. 118 (1996) 10479;

(e) J.C. Liu, S.X. Wang, L.F. Wang, F.Y. He, X.Y. Huang,
Polyhedron 15 (1996) 3659;

(f) D. Luneau, G. Risoan, P. Rey, A. Grand, A. Caneschi, D.
Gatteschi, G. Laugier, Inorg. Chem. 32 (1993) 5616.

[15] S. Belanger, A.L. Beauchamp, Inorg. Chem. 35 (1996) 7836.

[16] (a) C. Anderson, A.L. Beauchamp, Inorg. Chem. 34 (1995) 6065;
(b) A. Hatzidimitriou, A. Gourdon, J. Devillers, J.-P. Launay, E.
Mena, E. Amouyal, Inorg. Chem. 35 (1996) 2212;

(c) B.K. Keppler, D. Wehe, H. Endres, N. Rupp, Inorg. Chem.
26 (1987) 8440.

[17] (a) T.K. Misra, D. Das, C. Sinha, P.K. Ghosh, C.K. Pal, Inorg.
Chem. 37 (1998) 1672;

(b) P. Byabartta, S.K. Jasimuddin, B.K. Ghosh, C. Sinha,
A.M.Z. Slawin, J.W. Woollins, New J. Chem. 26 (2002) 1415;
(¢) J. Dinda, D. Das, P.K. Santra, C. Sinha, L.R. Falvello, J.
Organomet. Chem. 629 (2001) 28;

(d) J. Dinda, S.K. Jasimuddin, G. Mostafa, C.-H. Hung, C.
Sinha, Polyhedron 23 (2004) 793;

(e) S. Pal, D. Das, C. Sinha, C.H.L. Kennard, Inorg. Chim. Acta
313 (2001) 21.

[18] (a) U.S. Ray, S.K. Jasimuddin, B.K. Ghosh, M. Monfort, J.
Ribas, G. Mostafa, T.-H. Lu, C. Sinha, Eur. J. Inorg. Chem.
(2004) 250;

(b) U.S. Ray, B.G. Chand, G. Mostafa, J. Chang, T.-H. Lu, C.
Sinha, Polyhedron 22 (2003) 2587;

(c) J. Dinda, U.S. Ray, G. Mostafa, T.-H. Lu, A. Usman, L.A.
Razak, S. Chantrapromma, K.—K. Fun, C. Sinha, Polyhedron 22
(2003) 247.


http://www.ccdc.cam.ac.uk
http://dx.doi.org/10.1016/j.jorganchem.2005.04.042

P. Govindaswamy et al. | Journal of Organometallic Chemistry 690 (2005) 3465-3473 3473

[19] (a) U. Ray, B. Chand, G. Mostafa, J. Cheng, T.-H. Lu, C.
Sinha, Polyhedron 22 (2003) 2587,

(b) U. Ray, D. Banerjee, J.-C. Liou, C.-N. Lin, T.-H. Lu, C.
Sinha, Inorg. Chim. Acta 358 (2005) 1019;

(c) J. Dinda, U. Ray, G. Mostafa, T.~H. Lu, A. Usman, L.A.
Razak, S. Chantrapromma, H.—K. Fun, C. Sinha, Polyhedron 22
(2003) 247,

(d) J.K. Nag, P.K. Santra, C. Sinha, F.-L. Liao, T.-H. Lu,
Polyhedron 20 (2001) 2253;

(e) P.K. Santra, D. Das, T.K. Misra, R. Roy, C. Sinha, S.M.
Peng, Polyhedron 18 (1999) 1909.

[20] (a) P. Govindaswamy, Y.A. Mozharivskyj, M.R. Kollipara, J.
Organomet. Chem. 689 (2005) 3265;

(b) P. Govindaswamy, H.P. Yennawar, M.R. Kollipara, J.
Organomet. Chem. 689 (2004) 3108;

(c) P. Govindaswamy, P.J. Carroll, Y.A. Mozharivskyj, M.R.
Kollipara, J. Organomet. Chem. 690 (2005) 885;

(d) P. Govindaswamy, Y.A. Mozharivskyj, M.R. Kollipara,
Polyhedron 23 (2004) 1567.

[21] (a) M.R. Kollipara, E.K. Rymmai, Polyhedron 22 (2003) 307;
(b) S.S. Keisham, Y.A. Mozharivskyj, P.J. Carroll, M.R. Kolli-
para, J. Organomet. Chem. 689 (2004) 1249.

[22] R.G. Fargher, F.L. Pyman, J. Chem. Soc. 115 (1991) 217.

[23] (a) M.L. Bruce, N.J. Windsor, Aust. J. Chem. 30 (1977) 1601;
(b) M.I. Bruce, C. Hameister, A.G. Swincer, R.C. Wallis, S.D.
Ittel, Inorg. Synth. 21 (1985) 78;

(¢) L.A. Oro, M.A. Ciriano, M.A. Ciriano, M. Campo, C.F.
Foces, F.H. Cano, J. Organomet. Chem. 289 (1985) 117.

[24] D. Becke, J. Chem. Phys. 98 (1993) 5648.

[25] XRD Single Crystal Software, Bruker Analytical X-ray systems,
Madison, USA, 2002.

[26] G.M. Sheldrick, sueLxs 86, Program for Crystal Structure
Solution, University of Gottingen, Gottingen, Germany, 1986.

[27] M. Sheldrick, sHeLxs 97, Program for Crystal Structure Refine-
ment, University of Gottingen, Gottingen, Germany, 1997.

[28] C.K. Johnson, orTEP - 11: A Fortran thermal Ellipsoid plot
program for crystal structure illustrations, ORNL, 5138 (1976).

[29] D. Das, M K. Nayak, C. Sinha, Transit. Metal Chem. 22 (1997)
172.

[30] (a) H. Nishiyama, M. Konno, K. Aoki, Organometallics 21
(2002) 2536;
(b) Y. Miyaki, T. Onishi, H. Kurosawa, Inorg. Chim. Acta 300—
302 (2000) 369.

[31] (a) N.G. Del, V. Morena, N.E. Katz, J. Olabe, P.J. Aymonino,
Inorg. Chim. Acta 35 (1979) 183;
(b) D.W. Herlocker, R.S. Drago, V.I. Meek, Inorg. Chem. 5
(1966) 2009;
(¢) R.E. Clarke, P.C. Ford, Inorg. Chem. 9 (1970) 495;
(d) J.M. Malin, C.F. Schmidt, H.E. Toma, Inorg. Chem. 14
(1975) 2924;
(e) A.R. Katritzky, J.M. Lagowski, J. Chem. Soc. 99 (1961) 43;
(f) D.K. Lavallee, M.D. Baughman, M.P. Phillips, J. Am. Chem.
Soc. 99 (1977) 718.

[32] (a) A.P. Szecsy, S.S. Millen, A. Haim, Inorg. Chim. Acta 28
(1978) 189;
(b) A. Mishra, K. Mishra, U.C. Agrawala, Polyhedron 9 (1990)
863.

[33] E.M. Kobler, T.J. Meyer, Inorg. Chem. 21 (1982) 3967.

[34] I. Chakraborty, S. Sengupta, S. Das, S. Banerjee, A. Chakravorty,
J. Chem. Soc., Dalton Trans. (2003) 134.

[35] P. Pinto, G. Marconi, F.N. Heinemann, U. Zenneck, Organo-
metallics 23 (2004) 374.

[36] P. Govindaswamy, Y.A. Mozharivskyj, M.R. Kollipara, Polyhe-
dron 23 (2004) 3115.

[37] H.-K. Fun, K. Chinnakali, X.-F. Chen, X.-H. Zhu, X.-Z. You,
Acta Crystallogr. 25 (1999) 99.



	Syntheses and characterization of  eta 5-cyclopentadienyl and  eta 5-indenyl rutheniumII complexes of arylazoimidazoles: The molecular structure of the complex [ eta 5-C5H5RuPPh3C6H5 -- NN -- 
	Introduction
	Experimental
	Physical measurements
	Materials and methods

	Synthesis of [( eta 5-C5H5)Ru(PPh3)(L)]PF6 {L= Phai-H (2), Phai-Me (3), Phai-Et (4), Tai-H (5), 	Tai-Me (6), Tai-Et (7)}
	Synthesis of [( eta 5-C9H7)Ru(PPh3)(L)]BF4 {C9H7=indenyl, L=Phai-H (9), Phai-Me (10), Tai-H (11), Tai-Et (12)}

	Structure analysis and refinement
	Results and discussion
	Cyclopentadienyl-ruthenium complexes
	Indenyl-ruthenium complexes
	Electronic spectra

	Molecular structure
	Concluding remarks
	Acknowledgments
	Supplementary data
	References


