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9,10-Phenanthrenesemiquinone radical complexes of
ruthenium(im), osmium(i) and rhodium(in) and redox
seriest

Manas Kumar Biswas,? Sarat Chandra Patra,® Amarendra Nath I\/Iaity,b Shyue-Chu Ke,P
Thomas Weyhermdller® and Prasanta Ghosh*®

Reactions of 9,10-phenanthrenequinone (PQ) in toluene with [M"(PPhs)sX5] at 298 K afford green com-
plexes, trans-[M(PQ)(PPhs)>X5] (M = Ru, X = Cl, 1; M = Os, X = Br, 2) in moderate yields. Reaction of an-
hydrous RhCl3 with PQ and PPhs in boiling ethanol affords the dark brown paramagnetic complex, cis-
[Rh(PQ)(PPhs),Cl>] (3) in good yields. Diffusion of iodine solution in n-hexane to the trans-[Os(PQ)
(PPh3),(CO)(Br)] solution in CH,Cl, generates the crystals of trans-[Os(PQ)(PPhs),(CO)(Br)]*ls~, (4*157), in
lower yields. Single crystal X-ray structure determinations of 1-2toluene, 2-CH,Cl, and 4*I5~, UV-vis/NIR
absorption spectra, EPR spectra of 3, electrochemical activities and DFT calculations on 1, 2, trans-[Ru(PQ)
(PMe3)>Cls] (1pe), trans-[Os(PQ)(PMes),Brs] (2me), cis-[Rh(PQ)(PMes),Cls] (3me) and their oxidized and
reduced analogues including trans-[Os(PQ)(PMes)>(CO)(Br)]* (4pme*) substantiated that 1-3 are the 9,10-
phenanthrenesemiquinone radical (PQ ™) complexes of ruthenium(u), osmium(n) and rhodium(i) and
are defined as trans/cis-[IM"(PQ " ~)(PPh3),X5] with a minor contribution of the resonance form trans/cis-
[M"(PQ)(PPhs)-X,]. Two comparatively longer C-O (1.286(4) A) and the shorter C-C lengths (1.415(7) A)
of the OO-chelate of 1-2toluene and 2-CH,Cl, and the isotropic fluid solution EPR signal at g = 1.999 of 3
are consistent with the existence of the reduced PQ "~ ligand in 1-3 complexes. Anisotropic EPR spectra
of the frozen glasses (911 = 92> = 2.0046 and g33 = 1.9874) and solids (g17 = g, = 2.005 and g3 = 1.987)
instigate the contribution of the resonance form, cis-[Rh"(PQ)(PPh3),Cl,] in 3. DFT calculations established
that the closed shell singlet (CSS) solutions of 1 and 2y are unstable due to open shell singlet (OSS)
perturbation. However, the broken symmetry (BS) (1,1) M = 0 solutions of 1y and 2y are respectively
22.6 and 24.2 kJ mole™ lower in energy and reproduced the experimental bond parameters well
prompting the coordination of PQ "~ to the M(m) ions. The comparatively shorter C-O lengths, 1.268(4)
and 1.266(5) A and the longer C-C length, 1.466(6) A, are consistent with the PQ chelation to osmium(i)
ion in 4*. The reversible anodic waves at 0.22, 0.22, and 0.18 V of 1-3, referenced by the Fc*/Fc couple,
are assigned to the PQ ~/PQ couple forming PQ complexes as trans/cis-[M"(PQ)(PPhs)>X5]* while the
cathodic waves at —0.92 and —0.89 V of 2 and 3 are due to formations of PQ*~ complexes as trans-
[IM"(PQ?7)(PPhs),X5]™. 1 displays two overlapping cathodic waves at —0.72(89), —1.0(120) V. EPR spec-
trum of the frozen glass of 1~ along with DFT calculations detected the contribution of both the valence
tautomers, trans-[Ru"(PQ?7)(PPhs),Cl,]™ (g1 = g» = 2.456; g5 = 1.983) and trans-[Ru"(PQ ~)(PPhs),X5]~
(giso = 1.999) in the anion. The characteristic lower energy absorption bands of 1 and 2 at 700 nm were
assigned to CSS-OSS perturbation MLCT those are absent in paramagnetic 3, 1%, 2*, 17, 2~ and 4" com-
plexes, investigated by spectro-electrochemical measurements and time dependent (TD) DFT calculations
on Tye 2mer Tvie” and Tye™.
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Introduction

Precise definition of the electronic states of the coordination
complexes incorporating two or more redox active sites is sig-
nificant to predict the relevant electron transfer sites in a
complex bio-molecule." In this context several redox active
molecules parallel to bio-molecules were reported.> Elucida-
tion of the electronic structures of the complexes incorporating
redox active metal ions and the redox active ligand is a subject
of investigation in chemistry. 9,10-Phenanthrenequinone (PQ)
is redox active and a biologically hazardous molecule that
undergoes one electron reduction to the 9,10-phenanthrene-
semiquinone radical (PQ ) at lower potential.” Recently, the
electronic structures of a paramagnetic family of PQ of type
trans-[M(PQ)(PPh;),(CO)(X)] and cis-[M(PQ)(PPh;),(CO)(X)]
with the redox-active metal ions (M = Ru, Os; X = Cl, Br) incor-
porating triphenyl phosphine (PPh;), carbonyl and halide as
co-ligands were reported.” The article disclosed that trans-
[M(PQ)(PPh,),(CO)(X)] and cis{M(PQ)(PPh),(CO)(X)] are PQ "
complexes of ruthenium(u) and osmium(u), as shown by A,
defined as trans[M"(PQ’ 7)(PPh;),(CO)X] and cis{M"(PQ"")-
(PPh;),(CO)X] with a minor contribution of the alternate reson-
ance form, trans or cis-[M'(PQ)(PPh;),(CO)X], as illustrated by
B of Scheme 1. Significant observations documented in the
article are: (i) all the anionic complexes are PQ>~ complexes of
ruthenium(u)/osmium(u) (ii) all the cationic complexes are
neutral PQ complexes of ruthenium(u)/osmium(n) (iii) the
ground state electronic structure of the neutral paramagnetic
complexes is best described by a superposition of the valence
tautomers of PQ '~ coordinated to ruthenium(u)/osmium(u)
and PQ coordinated to ruthenium(i)/osmium(i) ions and (iv)
PQ ' 7/PQ’>” redox couple of the cis-analogues is irreversible
even at 253 K due to the PPh; dissociation.

In 1975 a diamagnetic PQ complex of ruthenium incorpor-
ating PPh; and Cl as coligands, [Ru(PQ)(PPh;),Cl,] (1) was
reported.” 1 was predicted as a 9,10-phenanthrenediolato
complex of ruthenium(wv) as depicted by the resonance form C
of Scheme 2. However, it contradicts the coexistence of a
highly oxidizing ruthenium(iv) ion coordinated to an easily oxi-
dizable 9,10-phenanthrenediolato di-anion and we have been
persuaded to disclose the electronic structures of the trans/cis-
[M(PQ)(PPh;),X,] (M = Ru, X = Cl, 1; M = Os, X = Br, 2; M = Rh,
X = Cl, 3) family incorporating PPh; and halide as coligands.
A complete experimental and theoretical investigation comple-
tely denied the existence of the metal(v) ion coordinated
to 9,10-phenanthrenediolato di-anion (PQ®") in 1-3, rather the
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trans-[Ru(PQ)(PMe;),Cl,] Ty corresponds to 1

trans-[Os(PQ)(PMes),Br;] 2\ corresponds to 2

cis-[Rh(PQ)(PMe;),Cl,] 3 corresponds to 3

trans-[0s(PQ)(PMe;),(CO)(Br)]”  4y.  corresponds to 4"

Chart 1 Model complexes of 1-3 and 4* used for DFT calculations.

study authenticated the coordination of PQ '~ to the ruthe-
nium(ur), osmium(m) and rhodium(m) ions in 1-3 as described
by the resonance form D of Scheme 2. Moreover, a minor con-
tribution of the bivalent metal ion coordinated to the 9,10-phe-
nanthrenequinone as illustrated by the resonance form E
(Scheme 2) to the ground electronic state of 1-3 complexes has
been detected. On the contrary, the single crystal X-ray bond
parameters and DFT calculations attested that trans-[Os(PQ)-
(PPh;),(CO)(Br)]'l;7, 4'I;™ is a pure PQ complex and the elec-
tronic state of the 4" cation has been precisely described by
the resonance form E only. The electrogenerated [1-3]" ions
are authenticated as PQ complexes of M(ui) ions while [2-3]~
are the PQ>~ complexes of M(u) ions. 1~ is composed of two
valence tautomers,® [Ru"(PQ*7)] < [Ru"(PQ' )], confirming
the existence of the PQ'~ anion radical coordinated to the
metal(m) ion in 1-3 complexes. The molecular and electronic
structures of the complexes reported in this article are ana-
lyzed by the single crystal X-ray structure determinations, UV-
vis/NIR and EPR spectra, redox series and broken symmetry
(BS) and time dependent (TD) DFT calculations on 1, 2 and on
the corresponding model complexes, 1ye, 2pe; 3me and 4y’ as
listed in Chart 1.

Experimental section
Materials

Reagents or analytical grade materials were obtained from
commercial suppliers and used without further purification.
Spectroscopic grade solvents were used for spectroscopic
and electrochemical measurements. The precursors [RuCl,-
(PPh;);],” [OsBry(PPhs),],*  trans{Os(PQ)(PPhs),(CO)Br] (4)*
were prepared by the reported procedures. The physico-
chemical data were collected on the isolated trans-[Ru(PQ)-
(PPh;),ClL,] (1), trans[Os(PQ)(PPh;),Br,] (2), cis-[Rh(PQ)-
(PPh;),Cl,] (3) and trans-[Os(PQ)(PPh;),(CO)(Br)]'l;~ (4'1;7)
complexes. However, theoretical calculations were performed
on 1, 2 and corresponding model complexes which incorporate
PMe; ligands as listed in Chart 1.
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Syntheses

trans-[Ru(PQ)(PPh;),Cl,] (1). 1 was first prepared by Balch
et al.> However, 1 was synthesized here by a different pro-
cedure and characterized with Mass, '"H NMR and IR spectra.
To a saturated solution of PQ in toluene (40 ml)
[Ru"(PPh;);Cl,] (100 mg, 0.10 mmol) in toluene (20 ml) was
added under argon and the solution was stirred at room temp-
erature for 1 h. A dark green solid of 1 separated out, which
was filtered, dried in air and collected. Yield: 70 mg (74% with
respect to ruthenium). Single crystals for X-ray analyses were
prepared by diffusion of a saturated solution of PQ in toluene
(50 ml) to a solution of [Ru”(PPh;);Cl,] (50 mg, 0.05 mmol) in
chlorobenzene (10 ml) in a stoppered glass tube at room temp-
erature (298 K). Within one or two days, the junction of the
two layers turned green depositing dark green crystals on the
glass wall. It was allowed to diffuse for another 15 days, while
dark green crystals of 1-2toluene separated in both layers
which are collected upon filtration and dried in air. Mass spec-
tral data [electrospray ionization (ESI) positive ion, CH,Cl,]:
m/z 927.03 for [3 + Na]'. Anal. Caled for Cg,H5,Cl,0,P,Ru: C,
70.58; H, 5.00. Found: C, 70.02; H, 4.70. '"H NMR (CDCI;,
300 MHz): 5 8.28 (d, H), 8.10 (d, H), 8.02 (t, H), 7.66 (d, 2H),
7.64 (t, H), 7.54 (m, PPhy), 7.39 (t, 2H), 7.17 (m, PPh,).
"H NMR (DMSO-ds, 300 MHz): § 8.32 (d, H), 8.04 (d, H), 7.80
(t, H), 7.64 (d, 2H), 7.54 (t, 2H), 7.40 (m, PPh;), 7.24 (m, PPh;),
7.19 (t, H). IR/em™" (KBr): v 1632 (vs), 1458 (M, Uo—osym)),
1435 (M, Yo—ogsym)y 1388 (m), 1350 (s), 1096 (m), 694
(S; URu—P(sym)); 519 (S; URu—P(asym))-

trans-[Os(PQ)(PPh;),Br,] (2). To a saturated solution of PQ
in toluene (40 ml) [Os"(PPh;);Br,] (100 mg, 0.09 mmol) in
toluene (20 ml) was added under argon and the solution was
stirred at room temperature for 1 h. A dark green solid of 2
separated out, which was filtered, dried in air and collected.
Yield: 60 mg (63% with respect to osmium). Single crystals as
2-CH,Cl, for X-ray analyses were prepared by slow diffusion of
n-hexane to the CH,Cl, solution of 2 in a glass tube at 298 K.
Mass spectral data [electrospray ionization (ESI) positive ion,
CH,Cl,]: m/z 1082.03 for [2]". Anal. Caled for C5oHz¢Br,0,P,0s:
C, 55.46; H, 3.54. Found: C, 55.03; H, 3.22. '"H NMR (CDCI;,
300 MHz): 5 8.22 (d, H), 8.06 (d, H), 8.00 (t, H), 7.59 (d, 2H),
7.63 (t, H), 7.44 (m, PPh;), 7.38 (t, 2H), 7.07 (m, PPh;). IR/cm™*
(KBr): v 1654 (m), 1597 (m), 1558 (m), 1497 (m), 1480 (m), 1433
(s), 1399 (s), 1318 (s), 1094 (s), 745 (s) 693 (vs), 520 (vs).

cis-{[Rh(PQ)(PPh;),Cl,] (3). To a hot solution of 9,10-phen-
anthrenequinone (125 mg, 0.6 mmol) in absolute ethanol
(30 ml), RhCl; (75 mg, 0.36 mmol) and PPh; (315 mg,
1.2 mmol) were added successively, and the reaction mixture
was refluxed for 40 min at 351 K under argon atmosphere. A
violet crystalline solid separated out. The solution mixture was
cooled to room temperature and filtered. The residue was dried
in vacuum and collected for further analyses. Yield: 280 mg
(85% with respect to rhodium). Mass spectral data [electrospray
ionization (ESI) positive ion, CH,Cl,]: m/z 908.42 [3], 874.40
[3 — CI]'. Anal. Caled for CsoH33CL,0,P,Rh: C, 66.24; H, 4.22.
Found: C, 65.98; H, 3.88. IR/cm™" (KBr): v 1595 (m), 1481 (s),
1432 (vs), 1376 (s), 1096 (s), 742 (s), 688 (vs), 520 (vs).
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trans-{Os(PQ)(PPh;),(CO)Br]'l;~ (4'1;7). To a solution of
trans-[Os(PQ)(PPh;),(CO)Br] (4) (50 mg, 0.05 mmol) in CH,Cl,
(20 ml), I, (12 mg, 0.05 mmol) solution in n-hexane (20 ml)
was allowed to diffuse at 298 K. After 4-5 days, black needles
of 4'T,~ separated out, which were filtered and dried in air
(single crystals for X-ray diffraction study were collected from
this product). Yield: 5 mg (7.3% with respect to 4). Mass spec-
tral data [electrospray ionization (ESI) positive ion, CH,Cl,]:
mj/z 1032.2 for 4*. Anal. Caled for C5;H;3BrOsP,0sls: C, 43.39;
H, 2.71. Found: C, 42.78; H, 2.32. "H NMR (CDCl;, 600 MHz): §
8.21 (d, H), 8.03 (d, H), 7.73 (t, H), 7.67 (d, H), 7.66 (d, H), 7.55
(t, H), 7.48 (m, PPh;), 7.38 (t, H), 7.32 (m, PPh;), 7.19 (t, H).
IR/em™ (KBr): v 1955 (VS, vo—o), 1676 (SVe—c (pq)) 1594
(S Ve—ofasym))y 1560 (M, Uo—o@ym)), 1436, 1362, 1283, 1093
(m, I/PQ(skel)), 760 [m, VC—H(wagg))y 694 (VS, DRu,p(sym]), 524
(Vsy VRu—P(asym))-

Physical measurements

Commercially available spectroscopic grade solvents were used
for spectroscopic and electrochemical measurements. The C
and H content of the compounds were obtained from Perkin-
Elmer 2400 series II elemental analyzer. Infrared spectra of the
samples were measured from 4000 to 400 cm™" with the KBr
pellet at room temperature on a Perkin-Elmer Spectrum RX I,
FT-IR spectrophotometer. "H NMR spectra were carried out on
a Bruker Avance DPX-600 MHz and Bruker DPX-300 MHz spectro-
meters. ESI mass spectra were recorded on a micro mass
Q-TOF mass spectrometer. Electronic absorption spectra in
solution at 298 K were carried out on a Perkin-Elmer Lambda
25 spectrophotometer in the range of 1100-200 nm. The
X-band electron paramagnetic resonance (EPR) spectra were
measured on a Bruker EMX spectrometer, where the micro-
wave frequency was measured with a Hewlett-Packard 5246L
electronic counter. Q-band spectra were measured using
Bruker EMX spectrometer with Microwave Frequency = 33.936
GHz, Power = 1.997 mW, Modulation amplitude = 2.00 G.
Magnetic susceptibility at 298 K was measured on Sherwood
Magnetic Susceptibility Balance. The electro analytical instru-
ment, BASi Epsilon-EC for cyclic voltammetric experiment in
CH,Cl, solution containing 0.2 M tetrabutylammonium hexa-
fluorophosphate as supporting electrolyte was used. The BASi
platinum working electrode, platinum auxiliary electrode,
Ag/AgCl reference electrode were used for the measurements. The
redox potential data are referenced vs. ferrocenium/ferrocene,
Fc'/Fe, couple. In all cases, the experiments were performed
with multiple scan rates to analyse the reversibility of the elec-
tron transfer waves. BASi SEC-C thin layer quartz glass spectro-
electrochemical cell kit (light path length of 1 mm) with
platinum gauze working electrode and SEC-C platinum
counter electrode were used for
measurements.

spectroelectrochemical

X-ray crystallographic data collections and refinement of the
structures (CCDC 917746-917748)f

Thin crystals of 1-2toluene, 2-CH,Cl, and 4'I;~ were picked up
with the nylon loops and were mounted on a Bruker Kappa-

This journal is © The Royal Society of Chemistry 2013
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Table 1 Crystallographic data for 1-2toluene, 2-CH,Cl, and 4*15~
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1-2toluene 2-CH,Cl, 4'1,
Formula Ce4H54Cl1,0,P,Ru C51H,4oBr,Cl,0,P,0s Cs51H3BrI;O;P,0s
Fw 1088.98 1167.69 1411.56
Crystal colour Dark green Dark green Black
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c P2,/c
a(A) 31.372(2) 23.5613(9) 13.243(2)
b (A) 11.467(1) 11.6716(14) 14.0856(12)
c(A) 17.589(1) 17.879(2) 25.252(4)
B(° 123.500(3) 116.797(7) 90.390(11)
V(A% 5276.6(4) 4388.7(7) 4710.3(11)
zZ 4 4 4
T (K) 293 (2) 100 (2) 100 (2)
Caled (g em™) 1.371 1.767 1.991
Reflns collected 19262 40373 79 466
Unique reflns 4474 8269 15661
Reflns [T > 26(1)] 3836 7688 12787
2 (A)p (mm™) 0.71073/0.504 0.71073/4.963 0.71073/5.632
F(000) 2248 2288 2672
R, “ [ > o(I))/GOF” 0.0403/1.087 0.0296/1.226 0.0405/1.069
R, “ (all data) 0.0475 0.0334 0.0561
WR, [ > 26(I)] 0.1178 0.0704 0.0962
No. of param./restr. 1231/3 285/1 548/0
Residual density (e A™) 0.716 0.997 0.999

c

CCD diffractometer equipped with a Mo-target rotating-anode
X-ray source and a graphite monochromator (Mo-Ka, A =
0.71073 A). Final cell constants were obtained from least
squares fits of all measured reflections. Structures were readily
solved by Patterson method and subsequent difference Fourier
techniques. The crystallographic data were listed in Table 1.
Shelx97° was used for the structure solution and refinement.
All non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were placed at the calculated positions and refined
as riding atoms with isotropic displacement parameters. The
toluene molecules of 1-2toluene are heavily disordered and
refined isotropically. The CO molecule and Br atom of 4'T;~
are disordered with respect to the C, axis or the mirror plane
bisecting the PQ ligand. The structure has been refined con-
sidering 12% of the Br atom on the CO (88%) site and 12% CO
molecule on the Br (88%) site. In the ORTEP plot (Fig. 4) the
disordered CO molecule and Br atom were deleted for clarity.

Density functional theory (DFT) calculations

All calculations reported in this article were done with the
Gaussian 03W'® program package supported by GaussView
4.1. The DFT'! and TD DFT"? calculations were performed at
the level of Becke three parameter hybrid functional with the
non-local correlation functional of Lee-Yang-Parr (B3LYP)."
Gas-phase geometries of 1, 2, 1ye, 2me and 4y,  with the
singlet spin state were optimized{ using Pulay’s Direct Inver-
sion' in the Iterative Subspace (DIIS), ‘tight’ convergent SCF
procedure’ ignoring symmetry. Similarly, gas-phase geo-
metries of 3y, Ine', Ine  2me » 2me and 3y’ were optimized
with doublet spin state. Frequencies of molecular bond
vibrations were calculated on 1y, and 4y In all calculations,

This journal is © The Royal Society of Chemistry 2013

“Ry = Z||Fo| = |Fe||/Z|Fol. ? GOF = {Z[w(Fo? — F2)?)(n — p)}/2. “WR, = [Z[W(Fo? — F2)2VZ[W(Fo2)*]]"2 Where w = 1/[0*(F,2) +
2F2)/3.

(aP)* + bP], P = (F,> +

a LANL2DZ basis set along with the corresponding effective
core potential (ECP) was used for ruthenium and osmium
metals.’®*® valence double zeta basis set, 6-31G'® for H was
used. For C, O, P and Cl non-hydrogen atoms valence double
zeta with diffuse and polarization functions, 6-31++G**** as a
basis set was employed for all calculations. The percentage
contributions of metal, chloride and PQ ligand to the frontier
orbitals were calculated using the GaussSum program
package.?! The sixty lowest singlet excitation energies on each
of the optimized geometries of 1y, 2nme; Inte > Inme 5 aNd 4y
were calculated by TD DFT method.>” The nature of transitions
were calculated by adding the probability of the same type
among alpha and beta molecular orbitals.

Results and discussion
Syntheses and characterization

The paramagnetic and diamagnetic 9,10-phenanthrenequi-
none (PQ) complexes of ruthenium, osmium and rhodium iso-
lated in this work are listed in Chart 2. Complexes 1 and 2
were prepared by the PPh; displacement reactions. Reaction of
PQ with [Ru"(PPh;);Cl,] in toluene at 298 K affords dark green
1. Similarly, the reaction of PQ with [Os"(PPh;);Br,] affords 2.

trans-[Ru(PQ)(PPhs),Cl,] s=0 1
trans-|Os(PQ)(PPh;),Br;| s=0 2
cis-[Rh(PQ)(PPh;),Cl,] s=1/2 3
trans-[0s(PQ)(PPh;),(CO)Br] 15 s=0 41y

Chart 2 Isolated PQ complexes of ruthenium, osmium and rhodium ions (cis
and trans isomers with respect to PPhs ligands).
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Reaction of RhCl;-3H,0 with PQ in the presence of three-fold
excess of PPh; in boiling ethanol generates 3. 1, 2 and 3 were
isolated in good yields. 4 was prepared by the reported pro-
cedure” and the diffusion of iodine in n-hexane to 4 in CH,CL,
produces 4'T;~ in lower yields.

Magnetic susceptibility measurements at 298 K have con-
firmed that 3 is one-electron paramagnetic while 1, 2 and 4"
are diamagnetic. The symmetric and anti-symmetric vc—o of
the PQ ligand are significant to analyse the electronic state
of the PQ ligand in these complexes. The IR spectral features
of 1-3 complexes are similar to those of one-electron paramag-
netic trans-[M"(PQ " 7)(PPhs),(CO)(X)] and cis{M"(PQ" ~)(PPh,)
(CO) (X)] (M = Ru, Os; X = Cl, Br) complexes.* In 1-3, vc—o
appears at 1482-1434 cm™' prompting the existence of
reduced PQ "~ ligand in all three complexes. On the contrary,
in 4'T;7, it appears at 1594 (S, Ve—o(asym)) and 1560 (m, ve—o
(sym)) cm ™" correlating the existence of the neutral PQ chelate.
The frequencies of the molecular bond vibrations were calcu-
lated on 4" at the B3LYP/DFT level of theory and the data are
used to assign the IR spectra of 1-3 and 4'I;~ complexes. The
required data are summarized in the experimental section.
The vc—o of 4'1;~ at 1955 em ™" is expectedly higher than that
of 4 at 1909 cm ™" containing the PQ "~ ligand. The trans geo-
metries of 1 and 2 were confirmed by the single crystal X-ray
structure determinations while the cis geometry of 3 has been
predicted by the features of UV-vis/NIR absorption spectra,
EPR spectra and redox activities. However, the single crystal
X-ray structure determination authenticated the trans geometry
of 4'1;~ in the crystals.

The UV-vis/NIR spectral data are summarized in Table 2.
The spectra of 1-3 are shown in panel (a) of Fig. 1. The elec-
tronic absorption spectral features of 1 and 2 are very similar
having characteristic strong NIR absorption bands at around
700 nm. The absorption band above 600 nm is absent in 3.
The absorption feature of 3 is similar to those of the paramag-
netic cis[M"(PQ " 7)(PPh;),(CO)(X)] (M = Ru, Os; X = Cl, Br)
complexes® as shown in panel (b) of Fig. 1. It corresponds to
the cis-geometry of 3 incorporating a t,,” metal ion and the
PQ ™ anion radical. However, the UV-vis/NIR absorption spec-
trum of the oxidized non-radical 4'I;~ analogue is different
(panel (c) of Fig. 1) and it does not display any lower energy
absorption band. The origins of these spectral features were
investigated by TD DFT calculations on the model 1pe, 2ne,
1pye', 1me , and 4y." complexes. The results are discussed in
the electronic absorption spectra section (vide infra).

Single crystal X-ray structures

The molecular geometry of 1 has been confirmed by the single
crystal X-ray structure determination of 1-2toluene. It crystal-
lizes in the C2/c space group. The molecular geometry and
atom labelling scheme are shown in Fig. 2. Table 3 summar-
izes the selected bond parameters. The trans-[RuO,P,Cl,] octa-
hedron is distorted. The OO-bite is only 78.6°. It is observed
that the Ru-O and Ru-P lengths of 1-2toluene deviate signifi-
cantly from those of trans/cis[M"(PQ " 7)(PPh;),(CO)(X)] (M =
Ru, Os; X = Cl, Br) complexes.” The average Ru-O lengths
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Table 2 Electronic absorption spectra of 1-3 and 4*I5~ in CH,Cl, at 298 K

Complexes Jmax/nm (g, 10* M~ em™)
1 703 (1.56), 542 (0.69), 387 (1.46)
2 716 (1.04), 477 (0.36), 466 (0.48), 401 (0.69), 328 (1.08)
3 559 (0.26), 502 (0.38), 462 (0.35), 423 (0.38), 406 (0.48)
41, 607 (0.22), 495 (0.33), 364 (1.53)
2 1.0
(@ (b)
k: S
T 1 T o.
T T D) A" 600 300
A/nm A/nm
2
(c)
)
o
$ 1
2
"0 w0 o 1000
Alnm
Fig. 1 UV-vis/NIR spectra of (a) 1 (red), 2 (green), 3 (blue) (b) cis-[Ru"(PQ 7)-

(PPh3),(CO)(CI)] (magenta) vs. 3 (blue) and (c) 415~ in CH,Cl, at 298 K.

Fig. 2 ORTEP plot of 1-2toluene with 40% thermal ellipsoids (toluene mole-
cules and H atoms are omitted for clarity).

(c bonding), 2.032(2) A, of 1-2toluene are comparatively shorter,
while the average Ru-P lengths (r bonding), 2.418(2) A, are
comparatively longer. This length trend is consistent with the
higher valence state of the ruthenium ion and the question is
which one, Ru™ or Ru", is present in 1-2toluene?

The C-C and C-O bond lengths of the PQ-chelate neither
support the di-keto (C-O and C-C lengths, 1.25 + 1 and 1.45 +
1 A) nor the di-olato (C-O and C-C lengths, 1.35 + 1 and 1.38 +
1 A) forms of the PQ as shown by E and C of Scheme 2.*%7
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Table 3 Selected experimental bond lengths (A) and angles (°) of 1-2toluene and corresponding parameters from CSS and BS DFT calculations on 1 and [Ru(PQ)

(PMes3),Cl5] (1pme), open shell solutions of Tyet and Ty~

Exp Calc
Closed shell singlet Open shell solutions
solutions (CSS) BS (1,1), Ms=0 (0ss)
1-2toluene 1 Tye Tne Tye Tye”
Ru(1)-0(1) 2.032(2) 2.078 2.053 2.102 2.103 2.082
Ru(1)-P(1) 2.418(2) 2.469 2.417 2.423 2.460 2.392
Ru(1)-Cl(1) 2.357(2) 2.436 2.461 2.382 2.340 2.496
0(1)-C(1) 1.286(4) 1.274 1.283 1.295 1.262 1.312
C(1)-C(1A) 1.415(7) 1.453 1.440 1.428 1.483 1.413
0(1)-Ru(1)-0(14) 78.6(2) 76.26 77.30 76.93 73.92 79.34
CI(1)-Ru(1)-CI(14) 96.2(1) 95.97 99.00 99.62 101.24 95.87
P(1)-Ru(1)-P(1A) 177.7(2) 171.31 160.65 175.39 169.52 172.71

In 1-2toluene, the C-C length is 1.418(5) A and the average C-O
lengths are 1.291(3) A. These bond parameters of the OO-
chelate are comparable to those of trans/cis[M"(PQ'")
(PPh3),(CO)(X)] (M = Ru, Os; X = Cl, Br) complexes prompting
the existence of the PQ '~ anion radical in 1-2toluene. This
trend of bond parameters is consistent with the coordination
of the paramagnetic PQ "~ to the paramagnetic ruthenium(m)
ion as illustrated by the resonance form D of Scheme 2. DFT
calculations (vide infra) on trans-[Ru(PQ)(PMej;),Cl,] (1me) con-
firmed that BS (1,1) S = 0 solution with the electronic state D,
is more stable than the closed shell singlet (CSS) solutions
with electronic states C and E.

Single crystal X-ray structure of 2-CH,Cl, confirmed the
trans geometry and bond parameters of 2. 2-CH,Cl, crystallizes
in a centro-symmetric space group, C2/c. Molecular geometry
with the atom labelling scheme is illustrated in Fig. 3. Bond
parameters are listed in Table 4. The Os(1)-O(1) and Os(1)-
Br(50) lengths are comparatively shorter than the correspond-
ing 0s-O and Os-Br lengths of cis-{0s"(PQ " ~)(PPh,),(CO)Br]*

C(7)
d
Ci6)

Fig. 3 ORTEP plot of 2:CH,Cl, with 40% thermal ellipsoids (CH,Cl, molecule
and H atoms are omitted for clarity).

This journal is © The Royal Society of Chemistry 2013

while the corresponding Os(1)-P(1) and Os(1)-P(2) lengths are
comparatively longer. The features do not correlate with the
coordination of PQ to the Os(u) ion, rather it favours the Os(m)
state. The average C-O and C-C lengths of the OO-chelate
respectively are 1.303(3) and 1.426(5) A which correlate with
the existence of the PQ’'~ anion radical in 2:CH,Cl, The
length trend suggests the coordination of PQ"~ to osmium(ur)
ion in 2-CH,Cl,.

4'1;” crystallizes in the P2,/c space group. The molecular
geometry and the atom labeling scheme are shown in Fig. 4.
Bond parameters are summarized in Table 5. The trend of the
bond parameters of the OO-chelate of 4" is different from
those of 1-2toluene and 2-CH,Cl,. The C-O lengths are com-
paratively shorter and the C-C length is longer (Table 5). It is
consistent with the PQ chelation.*?? The 4" ion is an osmium
(1) complex of the PQ ligand incorporating the resonance
structure E of Scheme 2. The bond parameters of the coordi-
nation sphere and OO chelate of 4" are significant to elucidate
the electronic structures of 1-3 complexes. The average Os"-O
lengths are comparatively higher than those of Os""-O lengths
in 2-CH,Cl, complex (Tables 4 and 5). The Os-P lengths are
shorter correlating the higher extent of Os"-PPh, n-back
bonding in 4" ion.

Table 4 Experimental bond lengths (A) and angles (°) of 2-CH,Cl, and calcu-
lated parameters of 2 and trans-[Os(PQ)(PMes),Br>] (2pe)

Exp Calc
Closed shell singlet BS (1,1),
solutions (CSS) Ms=0
2:.CH,Cl, 2 2pe 2Mme
0s(1)-0(1) 1.999(2) 2.040 2.039 2.039
0Os(1)-P(1) 2.410(1) 2.462 2.420 2.420
Os(1)-Br(1) 2.525(0) 2.584 2.562 2.562
0(1)-C(1) 1.303(3) 1.303 1.306 1.306
C(1)-C(14) 1.426(5) 1.420 1.419 1.419
0O(1)-0s(1)-0(14) 78.1(1) 76.96 77.48 77.48
Br(1)-Os(1)-Br(1A)  101.4(0) 95.44 97.89 97.89
P(1)-Os(1)-P(14) 176.1(1) 173.98 172.5 172.5

Dalton Trans., 2013, 42, 6538-6552 | 6543


http://dx.doi.org/10.1039/c3dt00038a

Downloaded by N-List College Programme on 25/04/2013 10:49:13.
Published on 13 February 2013 on http://pubs.rsc.org | doi:10.1039/C3DT00038A

Fig. 4 ORTEP plot of 4*I5~ with 40% thermal ellipsoids (I3~ and H atoms are
omitted for clarity).

Table 5 Experimental bond lengths (A) and angles (°) of 4*15~ and calculated
parameters of trans-[Os(PQ)(PMe3),(CO)Br]* (4pe")

Exp Calc

4" Ay
0s-0(1) 2.140(3) 2.051
0s-0(16) 2.026(3) 2.183
0s-P(20) 2.398(1) 2.450
0Os-P(50) 2.399(1) 2.448
Os-Br(1) 2.524(1) 2.566
0Os(1)-C(101) 1.851(6) 1.855
0(1)-C(2) 1.266(5) 1.269
0O(16)-C(15) 1.268(4) 1.279
C(2)-C(15) 1.466(6) 1.465
0O(1)-0s-0(16) 75.8(1) 74.1
Br(1)-0s-C(101) 93.7(1) 94.4
P(20)-0s-P(50) 175.5(0) 168.4

EPR spectra

Magnetic susceptibilities measurements at 298 K confirmed
the one electron paramagnetism of 3 (ueg = 1.77ug). 1 and 2
are diamagnetic. X-band EPR spectra of solid (83 K), solution
(298 K) and frozen CH,Cl, glasses (83 K) of 3 were recorded
and spectra are illustrated in Fig. 5. The EPR parameters are
summarized in Table S1.T The isotropic fluid solution EPR
spectrum of 3 as depicted in panel (a) of Fig. 5 was simulated
considering hyperfine couplings due to two cis=>'P (A/G, 9.1),
'Rh (A/G, 1.7) and *"*’Cl (A/G, 1.4) nuclei at g = 1.999. The g
parameter correlates well with the presence of PQ ™ coordi-
nated to rhodium(u), a low spin t,, ion. However, the solid
and frozen glass anisotropic EPR spectra as illustrated in
panels (b) and (c) of Fig. 5 infer a minor contribution of the
resonance form, E (Scheme 2) incorporating the rhodium(u), a
t,,%€," ion coordinated to the neutral PQ ligand. Simulation of
the solid state spectrum provides the g-parameters at g;; = 222
=2.001 and g3; = 1.987. The frozen glass spectrum was simu-
lated at g;; = 2o = 2.005 and g33 = 1.987 with the hyperfine
couplings due to two *'P (Ay; = A,,/G, 10.0 and Az3/G, 11.17).
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2.1 2.0 1.9
g value
J\p/’ (b)

2.1 2.0 1.9
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Fig. 5 X-band EPR spectra of (a) CH,Cl, solution at 298 K (b) solid at 83 K and
(c) CH,Cl; frozen glass at 83 K of 3 (black = experimental spectra; red = simu-
lated spectra).

The anisotropicity (Ag = Zmax — Zmin) IN solid and glass is
0.018. The anisotropic parameter discloses a minor contri-
bution of the resonance form E, [M"(PQ)(PPh;),X,], to the
ground electronic state of the [M(PQ)(PPhj;),X,] complexes.
These EPR parameters decline the existence of a Rh' ion, a
metal centered radical coordinated to a diamagnetic di-
anionic 9,10-phenanthrenediolato (PQ>”) ligand. The EPR
spectral features are consistent with the coordination of the
PQ "~ to M(m) metal ions in 1-3 as predicted by the X-ray struc-
tural bond parameters of 1-2toluene and 2-CH,Cl, complexes.
Existence of the PQ'~ anion radical coordinated to the
ruthenium(m) ion was also authenticated by the frozen glass
EPR spectrum of the electrogenerated (vide infra) 1~ which dis-
plays distinct signals due to both valence tautomers, trans-
[Ru™(PQ*>7)(PPh;),CL]~ and  trans[Ru"(PQ" ~)(PPh;),Cl,]”
(Table S1T). The EPR spectrum of 17 is illustrated in Fig. 6.
Simulation established the two components of the spectrum.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 X-band EPR spectra of CH,Cl, frozen glass of 1~ at 83 K (black (a) =
experimental spectra; blue (b) = simulated spectra considering the components
of 0.3740 x trans-[Ru"(PQ?)(PPhs)>Cl>]™ + 3.740 x trans-[Ru"(PQ ~)(PPhs),Cl>];
red (c) = simulated spectrum of the pure component, 0.3740 x trans-[Ru"(PQ*")-
(PPh3),Cl5]7; green (d) = simulated spectrum of the pure component, 3.740 x
trans-[Ru"(PQ " ~)(PPhs),Cl,] ™.

The major component is the axial spectrum with the g-para-
meters, g; = g» = 2.456; g3 = 1.983. These parameters are due to
a ruthenium(m) complex, trans-[Ru"(PQ*7)(PPh;),X,]” incor-
porating a reduced di-olato ligand. While the minor com-
ponent is an isotropic spectrum with gis, = 1.999 correlating
well with the existence of the PQ "~ anion radical coordinated
to the ruthenium(u) ion as in trans-[RU™(PQ " 7)(PPh;),X,] . It is
one of the significant observations that conclusively establish
the electronic state of complexes 1-3. However, no temperature
dependent thermodynamic equilibrium between these two
tautomers has been detected. Moreover, the ruthenium(im)
signal is not detectable at room temperature.

Redox series

The redox activities of complexes 1-3 were investigated at
298 K by cyclic voltammetric experiments in CH,Cl,. The cyclic
voltammograms are illustrated in Fig. 7 and the redox poten-
tial data referenced vs. ferrocenium/ferrocene, Fc'/Fc, couple
are summarized in Table S2.T The potentials of electro-activi-
ties of 1 and 2 are similar and metal independent. It infers
that all the electron transfers are ligand centered. The features
of redox waves are comparable to those of the trans-M(PQ"")-
(PPh3), (CO)(X)] (M = Ru, Os; X = Cl, Br) family* but anodic
potentials are shifted by +0.2-0.25 V and may be due to the
higher oxidation state of the coordinated metal ion. It was
established that the anodic and cathodic waves of the trans-
[M"(PQ " 7)(PPh;),(CO)(X)] analogues are reversible while the
cathodic waves of the cis{M"(PQ" 7)(PPh;),(CO)(X)] analogues
are irreversible due to PPh; dissociation. The reversibility of
both the cathodic and anodic waves of 1 and 2 in CH,CI, are
consistent with the trans geometries of complexes 1 and 2 in
solution.

On the contrary, the cathodic wave of 3 in CH,Cl, is irre-
versible as depicted by the voltammogram (i) of the panel

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Cyclic voltammograms of (a) 1 (b) 2 (c) 3 [panel (i)] in CH,Cl; and

(c) 3'in 0.025 mM PPhs solution of CH,Cl, [panel (ii)] at 298 K. Conditions: 0.20 M
[N(n-Bu)4]PFe supporting electrolyte; platinum working electrode.

(c) of Fig. 7. The feature compares well with that of cis[M"(PQ " ~)-
(PPh3),(CO)(X)] complexes predicting a cis-geometry of 3. Upon
bulk electrolysis of 3 at —0.75 V at 298 K and analyses of the
electrolyzed solution by ESI (+ve and —ve) mass spectra,
detected the [Rh(PQ)(PPh;)X,]" ion other than PFs~ and [N(n-
Bu)y]" ions. It infers that elimination of PPh; is one of the
paths of dissociation of 3 upon reduction. The analogy of PPh;
dissociation has been authenticated by reproducing a rever-
sible cathodic wave of 3 in 0.25 mM PPh; solution of CH,Cl, as
illustrated by the voltammogram (ii) of the panel (c) of Fig. 7.
The metal independent redox potentials (E;,, Table S2f
and Fig. 7) at +0.22, +0.22 and +0.16 V of 1-3 have been
assigned to the PQ/PQ "~ redox couple. While the redox waves
(E1), Table S21) at —0.72, —0.92 and —0.92 V are assigned to
the PQ 7/PQ*>” reduction couple. No other anodic waves
assignable to the metal oxidation were detected in the
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Scheme 3 Redox series of 2 (M = Os, X = Br) and 3 (M = Rh, X = Cl) complexes
(PQ ligand is drawn schematically for clarity).
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Scheme 4 Redox series of 1 (PQ ligand is drawn schematically for clarity).

experimental range (range: +2.0 to —2.0 V). The redox series of
2 and 3 are depicted in Scheme 3. However, an overlapping
cathodic wave due to the Ru""/Ru" reduction couple (E3)) at
—1.0 V has been detected in the case of 1. Coulometric
reduction of 1 by one-electron affords ligand reduction as well
as metal reduced anions as trans-[Ru™(PQ>")(PPh;),Cl,]” and
trans-[RU™(PQ " 7)(PPh;),Cl,]~ which were detected by the
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frozen glass EPR spectrum of 1~ (Fig. 6). The electronic state
of 17 is thus defined by two valence tautomers and the redox
series are illustrated in Scheme 4. DFT calculations (vide infra)
also elucidated the spin density due to the ruthenium(u) ion
and PQ "~ chelate in 17, which are elaborated below.

Electronic structures

Broken symmetry (BS) DFT calculations

PQ "~coordination to ruthenium(m) and osmium(u) ions in 1
and 2. Gas-phase geometries of 1, 2 (Fig. S1),T trans-[Ru(PQ)
(PMe;),Cl,] (1pe) and trans-[Os(PQ)(PMej;),Br,] (2pme) were opti-
mized using the singlet spin state at the B3LYP level of theory.
The calculated parameters of 1 and 1y, are listed in Table 3.
The calculated parameters of 2 and 2y, are summarized in
Table 4. Surprisingly, it is observed that the closed shell
singlet (CSS) solutions of 1, 2, 1y, and 2y are unstable due to
open shell singlet (OSS) perturbations, ie., neutral PQ coordi-
nation to Ru(u) or Os(u) ions are unstable. The molecular orbi-
tals of the restricted CSS solution of 1, are depicted in Fig. 8
which shows that HOMO-2, one of the molecular orbitals of
the t,, set has a strong interaction with the n;Q and is com-
posed of 46% n;Q and 39% dg,. The shifting of d-electrons to
the PQ ligand by the HOMO-2 is a concern in elucidating the
electronic structure of 1. A similar feature is observed in the
case of 2y (Fig. 8).

Stability analysis of the singlet self-consistent field (SCF)
solution has established that the CSS solution of 1, is
unstable with respect to OSS perturbations as the lowest
Hessian eigenvalue is negative (—0.0088) due to HOMO-2 to
LUMO excitations. Surprisingly, LUMO is composed of 63%

Ru = 60% ﬂpq': 29%
HOMO-1 HOMO-1
i i
X
(-. ] (--
c/‘;\( : 1/.;..(
/\,/' 7
Ru = 56% \’( Os = 54%
HOMO-2 HOMO-2

0s=31%
Tth =32%

Ru =39%

A pq = 46% A Tpq = 32%

Fig. 8 Significant molecular orbitals obtained from the closed shell singlet solu-
tions of 1ye, 2me and 4™,

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3dt00038a

Downloaded by N-List College Programme on 25/04/2013 10:49:13.
Published on 13 February 2013 on http://pubs.rsc.org | doi:10.1039/C3DT00038A

Fig. 9 Spin density distribution in 1y, obtained from BS (1,1) M, = 0 DFT calcu-
lations and spin densities of 1" and Tye ions. Values of atomic spin densities
obtained from Mulliken spin population analyses.

Tipq ligand and 26% dg,, orbital. The negative lowest eigenvalue
of excitation in 1y, contradicts the CSS as a stable ground
state of 1y and implies that the lowest energy wave function is
due to a singlet di-radical that requires an unrestricted BS solu-
tion for proper descriptions.

Re-optimization of the unstable CSS solution of 1, using
the BS DFT method leads to a stable di-radical singlet defined
as BS (1,1) M = 0 solution. The state is described by two frag-
ments and the notation BS (1,1) refers to a broken symmetry
state with 1 unpaired spin-up electron on PQ fragment trans-
forming PQ"~ and 1 unpaired spin-down electron essentially
localized on the Ru(m) center. The spin density distribution
of BS (1,1) My = 0 solutions of 1, are illustrated in
Fig. 9. It shows the localization of spin density predominantly
on ruthenium center and the PQ ligand affirming the presence
of reduced PQ ligand, i.e., PQ '~ coordinated to one electron
paramagnetic ruthenium(m) ion in 1y, as in the resonance
form D of Scheme 2. 1y is defined as trans[Ru™(PQ"7)-
(PPh3),Cl,]. Bond parameters of the BS (1,1) M; = 0 and CSS
solutions of 1y are summarized in Table 3 for comparison.
Bond parameters of both the solutions are comparable but the
BS (1,1) My = 0 solution of 1y, is 22.6 k] mole™" lower in
energy than the corresponding CSS solutions.

Similarly, the CSS solution of 2y, is unstable. Mixing of the
dos orbital with the n* orbital of the PQ (HOMO-2, Fig. 8)
results in the transfer of the electron from the osmium ion to
the PQ ligand and destabilizes the osmium(u) state in 2. BS
(1,1) M = 0 solution is stable establishing the di-radical state
of 2y as trans-[Os™(PQ " 7)(PPh;),Br,]. The BS (1,1) My = 0
solution is 24.2 k] mol™ lower in energy than the CSS

This journal is © The Royal Society of Chemistry 2013
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Fig. 10 Spin density distribution in 2y, obtained from BS (1,1) M = 0 DFT cal-
culations (b) 2. Values of atomic spin densities obtained from Mulliken spin
population analyses: 2ye; O1, +0.16; C1, +0.15; C2, +0.15; 02, +0.16; C4, +0.05;
C6, +0.06; C11, +0.05, C13, +0.06; Os, —0.62. 2\s~; O1, +0.06; 02, +0.06; Os,
+0.83.

solution. Spin density localization on the osmium ion and
the PQ ligand as illustrated in Fig. 10 authenticated the
di-radical description of 2y... Bond parameters of the CSS and
BS (1,1) M = 0 solutions of 2y, are summarized in Table 4
for comparison.

On the contrary, no mixing of the n;Q with the dos was
observed in the 4" ion. The LUMO is composed of 77% n;Q
and 15% dos. The three t,, orbitals do not have any com-
ponent of the mp, orbital. No CSS-open shell singlet (OSS) per-
turbation is observed and the CSS solution of 4y, " is stable.

Coordination of PQ '~ to rhodium(m) in 3. Ground state elec-
tronic structure of 3 was elucidated by unrestricted density
functional theory (DFT) calculation on 3ye.

Gas phase geometry of 3y, was optimized with the doublet
spin state and the calculated geometrical parameters are sum-
marized in Table 6. The calculated longer C-O and compara-
tively shorter C-C lengths of the OO-chelate are consistent
with the existence of the PQ ™ chelate (resonance form D of
Scheme 2) in 3. Because of cis geometry, Rh-O(1) and Rh-O
(2), Rh-P(1) and Rh-P(2), Rh-Cl(1) and Rh-Cl(2) lengths are
different as listed in Table 6.

Mulliken spin density analyses reveal that the spin density
is predominantly localized on the PQ chelate reducing PQ to
PQ’'~ as shown in Fig. 11. The isotropic EPR spectrum at
298 K with g = 1.999 is consistent with this description. The
spin density is predominantly localized on the a-HOMO which
is composed of 88% PQ ligand and 8% rhodium d-orbital. It is
to be noted that the spin density is localized equally over

Table 6 Calculated bond lengths (A) and angles (°) of 3ye, 3me” and 3y~

+

3Me 3Me 3Me
Rh-O(1) 2.085 2.140 2.050
Rh-0(2) 2.155 2.240 2.098
Rh-P(1) 2.352 2.369 2.322
Rh-P(2) 2.314 2.308 2.329
Rh-CI(1) 2.433 2.433 2.470
Rh-CI(2) 2.399 2.350 2.471
0(1)-C(1) 1.299 1.254 1.348
0(2)-C(2) 1.287 1.245 1.334
C(2)-c(1) 1.438 1.525 1.393
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Fig. 11 Spin density distribution in 3. Values of atomic spin densities
obtained from the Mulliken spin population analyses: O1, 0.18; C1, 0.24; C2,
0.24; 02,0.18; C4, 0.08; C6, 0.08; C11, 0.08, C13, 0.08; Rh, 0.04.

carbon and oxygen atoms explaining well the comparatively
longer C-O and shorter C-C lengths of the OO-chelate. The
calculated spin density on the rhodium ion is less than 5%. It
infers a minor contribution of the resonance form, trans-
[Rh"(PQ)(PPh;),Cl,] incorporating a metallo radical as shown
by E of the Scheme 2. The contribution of E was justified by
anisotropic EPR spectra (Table S1T and Fig. 5) of the solid and
CH,Cl, frozen glasses of 3 at 83 K.

Neutral PQ chelation to osmium(n) ion in 4°. To elucidate the
electronic structure of 4" ion, the gas-phase geometry of the
trans-[Os(PQ)(PMej;),(CO)(Br)]" (4pme') ion was optimized using
a singlet spin state. Analysis of the stability confirms that the
CSS solution of the 4y, ion is stable inferring the coordi-
nation of the PQ to the osmium(u) ion. The calculated bond
parameters are summarized in Table 5. The calculated bond
lengths are comparable to those found in the single crystal
X-ray structure determination of 4'I;". The shorter C-O and
the comparatively longer C-C lengths of the PQ chelate are
consistent with the neutral PQ chelation to the osmium(i) ion
incorporating pure structure E of Scheme 2. Thus, considering
the IR spectra, calculated experimental bond parameters and
the stability of the solution, the 4" ion is defined as a PQ
complex of osmium(m) as in trans-{Os"(PQ)(PPh;),(CO)Br]".

Neutral PQ chelation to M(m) ion in [1-3]"

trans-[Ru™(PQ)(PPhs),CL,]" (17), trans-[Os™(PQ)(PPhs),Br,]"
(2°) and transRR™(PQ)(PPh3),Cl,]" (37). The origin of the
metal independent reversible redox waves (E7,,) of 1, 2 and 3 at
+0.22, +0.22 and +0.16 V is also a subject of investigation. DFT
calculations elucidated that the reversible electron transfer
event is due to the PQ/PQ "~ redox couple. The electronic struc-
tures of 1', 2" and 3" were analyzed by unrestricted DFT calcu-
lations on 1,  and 2y.' using doublet spin state and
restricted DFT calculations on 3y, using singlet spin state.
The bond parameters of the optimized geometries of 1" and
2me' are listed respectively in Tables 3 and 4. The bond para-
meters of the optimized geometry of 3y are listed in Table 6.
In all cases, comparatively two shorter C-O and a longer C-C
lengths of the OO-chelate are consistent with the neutral PQ
description as observed in 4717, trans[Ru"(PQ)(PPh;),(CO)
CI]'l;” and [Cu(dppf)(PQ)]BF, complexes.**? Spin density
obtained from the Mulliken spin population analyses of 1y "
and 2y, are mainly localized on the ruthenium and osmium
ion as shown in Fig. 9 confirming the ruthenium(u) and
osmium(m) states. The 3y" ion is diamagnetic. However, calcu-
lations on 3y, " using singlet spin state revealed a similar trend
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of bond lengths as observed in 1y,  and 1y,' assuring the
ligand oxidation. Thus, the [1-3]" complexes are defined as
transM"™(PQ)(PPh;),X,]". The complexes [1-3]" are the
hitherto unknown examples of the neutral PQ chelation to
ruthenium(ur), osmium(im) and rhodium(in) ions.

Di-anionic PQ®~ chelation to M(m) ions in [2-3]. The
reduction wave of 2 at the cathode is reversible while the wave
is irreversible in the case of 3 due to PPh; dissociation. In the
presence of 0.025 mM PPh;, the reduction wave is reversible
(Fig. 7). The reduction potential data of 2 and 3 are metal inde-
pendent. It occurs respectively at —0.92 and 0.89 V. The elec-
tronic structures of 27 and 3~ were investigated by DFT
calculations on 2y~ and 3y~ using doublet and singlet spin
states, respectively. The calculated bond parameters are sum-
marized in Tables 4 and 6. The length trend of the OO-chelate
is the reverse to those found upon oxidation. Comparatively,
longer C-O and shorter C-C bond lengths of the OO-chelate
infer the presence of the reduced di-anionic PQ®~ ligand in
2ve and 3ye . Thus, the electron transfer events of 2 and 3 at
—-0.92 and —0.89 V referenced vs. Fc"'Fc couple has been
defined as the reduction of the PQ"~ to the di-anionic PQ*~
ligand and the anions 2~ and 3~ are respectively defined as
trans-[0s™(PQ*7)(PPh;),Cl,]” and cis-[Rh™(PQ*")(PPh;),Cl,]".
The spin density plot as shown in Fig. 10 confirms
the existence of Os(u) in 2y~ ion. No spin density localization
on the PQ ligand is noted in 2y, . It is consistent with the
cyclic voltammogram of 2. On the contrary, spin density in 1~
is delocalized over both the metal and PQ ligand inferring the
existence of both the valence tautomers (vide infra).

Valence tautomers of 1~

trans-[Ru"(PQ*~ )(PPh3),Cl,] vs. trans-[Ru"(PQ ")
(PPh3),Cl,]". EPR spectrum (Fig. 6) detected both the valence
tautomers, [Ru™(PQ>7)(PPh;),Cl,] < [Ru"(PQ " 7)(PPh;),Cl,], in
1". DFT calculation with the doublet spin state authenticated
that the spin density of 1y~ is delocalized over both the ruthe-
nium ion and OO-chelate equally as depicted in Fig. 9
correlating the presence of both Ru'™ electromers in 1~
as shown in Scheme 4. In 1), the average oxidation state of
the ruthenium ion is 2.5, while the average oxidation state of
the PQ ligand is —1.5 defining the 1~ ion as trans[Ru**(PQ"")-
(PPh;),Cl,]". The calculated bond parameters are listed in
Table 3. The average C-O length, 1.311 A, is higher than that of
PQ"~ (1.290 A, Tables 3, 4 and 6) and lower than that of PQ*~
(Table 6, 1.341 A) ligands. The corresponding C-C lengths
(1.413 A) of the OO-chelate is shorter than that in a PQ"~
(1.436 A) and higher than that in a PQ*~ (1.400 A) ligand.
Thus, the redox state of the PQ ligand in 1, has been
defined as an intermediate between PQ"~ and PQ* states jus-
tifying the spin density distribution and the EPR spectrum of
the 17 ion. Thus the cathodic wave of 1 at —0.72 V has been
assigned to the reduction of Ru™ to Ru" (50%) and PQ"~ to
PQ”” ligand (50%).

Electronic absorption spectra of 1 and 2

Closed shell singlet (CSS)-open shell singlet (OSS) perturbation
MLCT. The electronic absorption spectra of 1 and 2 are con-
spicuous. The absorption band of 1 and 2 at 700 nm which is

This journal is © The Royal Society of Chemistry 2013
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Table 7 Excitation energies (4, nm), oscillator strengths (f), transition types and dominant contributions of charge transfer bands of 1, 1%, 17, 2 and 4" obtained

from TD DFT calculations on Tye, Tve’, Tve s 2me and 4y

Cale A/nm  f Exp 4 Significant contributions (>10%)

Transition types

Dominant contributions

1pe (experimental data correspond to 1)

643.6 0.302 701 HOMO-3 — LUMO (22%) pr(43) + pci(53) = dru(26) + 71 (63) ILCT
HOMO-2 — LUMO (54%) dru(39) + 711(46) = dpy(26) + 71(63) CSS-0SS MLCT
597.2 0.147 543 HOMO-3 — LUMO (72%) pr(43) + pai(53) = dru(26) + 77(63) ILCT
HOMO-2 — LUMO (13%) di(39) + 11 (46) — dgu(26) + 7 (63) CSS-0SS MLCT
381.6 0.033 383 HOMO-8 — LUMO (88%) dry(13) + pai(70) — dru(26) + n.(63) MMLLCT
314.0 0.135 HOMO-1 — LUMO + 2 (86%) dgu(56) + Pai(37) = 1(99) MLCT
307.1 0.113 HOMO-2 — LUMO + 2 (85%) dgu(39) + 7.(46) — m1(99) MMLLCT
305.4 0.065 HOMO-13 — LUMO (74%) 71(99) = dgu(26) + 7 (63) LLCT
1y (experimental data correspond to the electrogenerated 1" ion)
587.4 0.278 aHOMO-3 — LUMO (51%) dru(47) + 1(25) + pei(20) — m1(89) MMLLCT
BHOMO-2 — LUMO (23%) dgy(40) + .(30) + pp(29) = dgy(13) + 71(82) MMLMMLCT
423.6 0.042 aHOMO-6 — LUMO (38%) 7(94) — 71(89) LLCT
BHOMO-5 — LUMO (49%) 7(93) = dgu(13) + 7.(82) LMMLCT
389.8 0.033 fHOMO-6 — LUMO + 1 (86%) dgry(14) + 71(18) + pai(66) = dru(70) + pei(24) MMLMMLCT
323.8 0.040 BHOMO — LUMO + 1 (78%) dru(53) + pai(39) = dru(70) + pai(24) d-d Transition

1pe (experimental data correspond to the electrogenerated 1™ ion)

861.8 0.122 BHOMO-2 — LUMO (83%) dru(51) + 1(29) + pai(18) — dgu(38) + m1/(55) MMLMMLCT
357.9 0.031 aHOMO-2 — LUMO + 1 (24%) dgu(62) + pai(29) = 71(99) MLCT
aHOMO — LUMO + 4 (32%) dru(14) + 1 (81) — dgu(62) + pp(38) MMLMCT
BHOMO-1 — LUMO + 2 (23%) dgy(64) + pai(24) = 11(99) MLCT
334.3 0.045 aHOMO-3 — LUMO (25%) dru(36) + m1(14) + pey(44) — 7(100) MMLLCT
aHOMO — LUMO + 7 (11%) dry(14) + 7, (81) — m1(93) MMLLCT
fHOMO — LUMO + 8 (26%) dra(55) + 1(27) + pei(17) — m1(74) + pp(25) MMLLCT
BHOMO — LUMO + 9 (11%) dru(55) + 1(27) + pai(17) — m1(78) + pp(17) MMLLCT
2y (experimental data correspond to 2)
705.3 0.137 716 HOMO-4 — LUMO (13%) 71(14) + pe(45) + Pe(32) — dos(41) + e (47) + pe(10)  LMMLCT
HOMO-2 — LUMO (61%) dos(31) + m1(32) + pei(30) — dos(41) + 1y(47) + p(10) MMLMMLCT
330.0 0.042 410 HOMO-2 — LUMO + 1 (11%) d05(31) +71(32) + Pri(30) — 71,(99) MMLLCT
HOMO-1 — LUMO + 2 (23%) dos(54) + pei(36) = m1,(97) MLCT
HOMO-1 — LUMO + 3 (30%) dos(54) + pPpi(36) = dos(58) + 11(14) + pp:(27) MMMLCT
HOMO — LUMO + 4 (16%) dog(45) + 11, (29) + pei(25) — 7, (23) + pp(49) MMLLCT
314.0 0.037 328 HOMO-2 — LUMO + 2 (74%) dos(31) + 1,(32) + pp(30) — 71 (97) MMLLCT
4y (experimental data correspond to 4'1;7)
794.9 0.085 HOMO-3 — LUMO (10%) dOS(15) +m.(20) + pp(41) + Pp(24) = dos(15) + 1(77)  MMLMMLCT
HOMO — LUMO (61%) dos(38) + 11, (24) + Pp(35) = dos(15) + 71(77) MMLMMLCT
552.0 0.125 607  HOMO-4 — LUMO (12%) dos(45) + m(32) + meo(11) = dos(15) + 11,(77) MMLMMLCT
HOMO-3 — LUMO (70%) dos(15) + 1,(20) + pp(41) + ppr(24) = dos(15) + 1;(77)  MMLMMLCT
528.5 0.149 495 HOMO-4 — LUMO (69%) dos(45) + m(32) + meo(11) = dos(15) + 11,(77) MMLMMLCT
416.0 0.037 364 HOMO-6 — LUMO (83%) dos(16) + m(73) = dog(15) + 71(77) MMLMMLCT
310.6 0.099 HOMO — LUMO + 1 (91%) dos(38) + m,(24) + pai(35) = 1, (99) MMLLCT

MLCT = metal to ligand charge transfer; ILCT =

inter ligand charge transfer; LLCT =

ligand to ligand charge transfer; MMLMMLCT = mixed

metal ligand to mixed metal ligand charge transfer; MMMLCT = metal to mixed metal ligand charge transfer; LMMLCT = ligand to mixed metal
ligand charge transfer; MMLMCT = mixed metal ligand to metal charge transfer; MMLLCT = mixed metal ligand to ligand charge transfer;

CSS-0SS MLCT = closed shell singlet-open shell singlet MLCT

absent in 3 (Fig. 1), carries the information of the instability of
the CSS solutions of 1 and 2. The origin of the lower energy
absorption bands has been elucidated by TD DFT calculations
on 1y, and 2y, with the singlet spin state. Excitation energies
of the transitions with oscillator strengths greater than 0.03,
are summarized in Table 7. Analyses of the calculations of 1y
authenticated that the transition from HOMO-2 (Ru, 39% +
PQ, 46%) to LUMO (Ru, 26% + PQ, 63%) are responsible for
the CSS to OSS perturbation with the negative Hessian eigen-
value, is a major component of this low energy absorption
band (see, Table 7). The transition has thus been assigned to
the transfer of electrons from the dg, orbital (HOMO-2) to the
pq (LUMO) and is defined as a CSS-OSS perturbation MLCT.
The changes of features of CSS-OSS perturbation MLCT upon
one electron oxidation or reduction of 1 in CH,Cl, at 298 K

This journal is © The Royal Society of Chemistry 2013

were recorded by spectro-electrochemical and coulometric
experiments and are illustrated in Fig. 12. The CSS-OSS pertur-
bation MLCT is absent in [1-4]", [1-4]" and 3. The lower
energy absorption bands of 1 and 2 at 700 nm disappear in 1"
and 2" ions and a new absorption band at 600 nm (panels (a)
and (b) of Fig. 12) due to MLCT (Table 7) appears in both
complexes.

Upon reduction, the intensities of these absorption bands
of 1 and 2 decrease as illustrated in panels (c¢) and (d) of
Fig. 12. This finding augments the knowhow of this MLCT as a
CSS-0SS perturbation MLCT that does not depend much on
the electronic states of the origin or source separately. The
origin of this band thus has been assigned to the excitation of
one of the paired electrons to occupy two different orbitals,
one being the metal and another being the PQ ligand,

Dalton Trans., 2013, 42, 6538-6552 | 6549
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Fig. 12 Spectro-electrochemistry of 1 and 2 showing the electronic spectra of
electrochemically generated (a) 1%, (b) 2%, (c) 1~ and (b) 27 in CH,Cl, at 298 K.

resulting in a singlet ground state. The absorption band is due
to the conversion of CSS to OSS and is a hallmark to define
the unstable CSS state.

The absorption features of 1-3 complexes at 400 nm are
characteristic. TD DFT calculations on 1y, 2ye and 3y have
elucidated that the origin of this absorption band as a tran-
sition to the singly occupied npq. The finding corroborates well
with the presence of the PQ ™ anion radical in all three com-
plexes. The effect of oxidation or reduction on this absorption
band has been recorded by spectro-electrochemical measure-
ments on 1 and 2. It is noted that the intensity of absorption
band at 410 nm expectedly increases upon oxidation and
decreases upon reduction.
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Conclusions

In this work, the electronic structures of the diamagnetic
trans-[M(PQ)(PPh;),X,] [M = Ru, X = Cl, 1; M = Os, X = Br, 2]
and paramagnetic cis-[Rh(PQ)(PPh;),Cl,] (3) complexes were
authenticated as PQ '~ complexes of ruthenium(ui), osmium(u)
and rhodium(m) as in trans/cis[M™(PQ " 7)(PPh3),X,]. A minor
contribution of the trans/cis[M"(PQ)(PPh;),X,] form was
predicted by the anisotropic frozen glass EPR spectrum of 3.
The closed shell singlet (CSS) solutions of trans-[Ru(PQ)
(PMe;),Cl,] (1nme) and  trans-[Os(PQ)(PMe;),Br,] (2pe) are
unstable due to open shell singlet (OSS) perturbation.
However, BS (1,1) M, = 0 solutions of 1y, and 2y, are lower in
energies and reproduced the experimental bond parameters in
good agreement. Similar to [M"(PQ’~)(PPh;),(CO)X] com-
plexes,* the redox series of trans/cis-[M"(PQ" ~)(PPh;),X,] com-
plexes are PQ centered and upon one-electron oxidation
produce PQ complexes of type trans/cis-[M"(PQ)(PPhs),X,]".
Reduction of 2 and 3 produces PQ>~ complexes of type trans/
cisIM™(PQ ?)(PPh;),X,]. 1 displays two overlapping cathodic
waves and, most significantly, both the valence tautomers,
trans[RU™(PQ*7)(PPh;),Cl,]~ and  trans[Ru™(PQ’ 7)(PPh;),-
CL,]7, were detected by the frozen glass EPR spectrum of 17. It
unequivocally confirms the coordination of PQ '~ to M(m) ion
in 1-3. The study substantiated a new electronic spectral
feature of the unstable CSS state which produce absorption
bands at lower energy due to perturbation to OSS state. The
strong absorption bands of 1 and 2 at 703 and 716 nm,
respectively, are defined as CSS-OSS perturbation MLCT those
are absent in stable singlet [1-4]" ions. The investigation dis-
cards the report of the coordination of the reducing PQ>~ to
the oxidizing ruthenium(wv) ion in the [Ru(PQ)(PPh;),Cl,]
complex.
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