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Radical non-radical states of the [Ru(PIQ)] core in

9,10-phenanthreneiminoquinone)’r

Sachinath Bera,? Suvendu Maity.® Thomas Weyhermiller® and Prasanta Ghosh*®

9,10-Phenanthreneiminosemiquinonate anion radical (PIQ"") complexes of ruthenium of types trans-

TRUMPIG)PPhsl(COICT (1)

and

trans-[RUMPIQ ) (PPhs)oClal  (2) are reported. Reactions of

1 and 2 with |, afford trans-IRUM(PIG™)(PPhsla(COICU 130 HaCl {1*157JCH,Cle) and ~ trans-
[RUMPIQ)2(PPhs)(n-Clsl ™3z jtoluene) {3*15~Hz-Htoluene), while the reaction of 2 with Br, yields a

9,10-phenanthreneiminoquinone

{PIQ)

complex of the type mer-[RUMPIQ)PPh7)Brsl4CH:Cla

(4-4CH.Clz). In comparison, the reaction of trans-IRUMPQ T)PPh;).ClLl 2eo). @ 9,10-phenanthrene-
quinone (PQ) analogue of 2 affords only trans-IRUM(PQ)(PPhs)2Cla] " Brs™ (5*Brs7). Considering the X-ray
bond parameters, EPR spectra and the atomic spin densities obtained from the density functional theory
(DFT) calculations, 1 is defined as a PIQ™ {average C~O/N and C-C lengths, 1.280(2) and 1.453(3) A}
complex of ruthenium{(u} while 4 is a neutral PIQ {average C-0O, C-N, C~C and C-O/N lengths, 1.248(7),
1.284(7), 1.485(8) and 1.266(7) A} complex of the ruthenium{i) ion. The single crystal X-ray pond para-
meters proposed that 1*1;™ (average C-O/N and C~C lengths, 1.294(8) and 1.449(9) A) and 2 (average
C-0O/N and C-C lengths, 1.289(2) and 1.447(4) A) are PIQ"~ complexes of ruthenium{n), while the 3* ion
{average C-O/N and C-C lengths, 1,288 + 0.004 and 1.450 1 0.017 A) is a co-facial bi-octahedral
complex of rutheniumim). in contrast, the 5* ion is a PQ complex of the ruthenium(s) ion. EPR spectra
and the calculated atomic spin densities authenticated that the 2* ion obtained after constant potentiat
coulometric oxidation of 2 is a PIQ complex of rutheniumi), while the 2~ ifon is a hybrid state of
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Introduction

Redox active or redox non-innocent ligands are capable of
expanding the redox activity of the coordinated metal ion and
promoting metal ions to take part in catalysis.” These ligands
participate in the electron transfer reaction relatively at a lower
potential and the electronic structures of the complexes par-
ticularly containing redox active transition metal ions are
complex? In this context, the redox chemistry of o-amino
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RU'PIG )] and [RUMPIQ®)] states. It is observed that the PIG"™ state in which spin is more localized on
the nitrogen (~38% in 1 and ~35% in 2~ ion) is stable and the coordination of the PIQ* state is not
observed in this study. Redox activities, UV-vis/NIR agsorption spectra and their origins and the spectro-
electrochemical measurements for 2 — 2+ 2 - 2~ and 3* — 3%* conversions are analyzed.

phenols is encouraging and expanding fast.® However, the
related chemistry of 9,10-phenanthreneiminoquinone (P1Q),
an analogue of o-iminobenzoquinone did not grow; only one
complex has been reported so far.? In this article the versatile
redox chemistry of PIQ in ruthenium complexes incorporating
PPh,, CO and halide as co-ligands is reported.

In complexes PIQ can exist as PIQ, a 9,10-phenanthrene-
imino semiquinonate anion radical (PIQ"") and 10-amidophe-
nanthren-9-olato (PIQ®”) as illustrated in Scheme 1. In this
study, the controlled reduction of PIQ by a hydridoruthenium

S$cheme 1 Redox activity of PIQ.

This joumnal is © The Royal Society of Chemistry 2016
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Chart 1 Isolated complexes of PIQ™™, PIQ and PQ with rutheniumi/m}
fons.

(1) precursor affording a PIQ™ complex was authenticated.
The PIQ and PIQ"™ complexes reported in this article are sum-
marized in Chart 1. The PIQ™ complexes of types trans-
[RuM(PIQ ™)(PPh;),(CO)CI] (1) and trans{Ru"™(PIQ ~)(PPh,),Cl,]
{2) were isolated and their reactions with halogens were
investigated. The related chemistry is compared with that
of o-aminophenol and PQ ligands.® The reaction of 1 with I,
solution afforded transRu"(P1Q"”)(PPh,),(CO)C1])'I;"1CH,Cl,
{(1'1;,71CH,Cl,), while the reaction of 2 with I, solution
ylelded trans-[Ruz (P1Q™),(PPh;),(1-Cl);3] 15 -4, Jtoluene
(3"1,"-41,-2toluene) as an isolable product. The 3" ion is a co-
facial bi-octahedral complex of ruthenium(m) incorporating
a redox non-innocent ligand. Bi-octahedral complexes of the
[Ru(p-Cl);Ru] core incorporating redox non-innocent ligands
are rare. In this regard, the isolation of 3'T;™ 3L, 4toluene is worthy.
The reaction of 2 with Br, solution does not promote dimeriza-
tion, rather it generated a ruthenium{i) complex of PIQ of the
type mer-{Ru™(PIQ)(PPh;)Br;]-4CH,Cl, (4-4CH,Cl,). In contrast,
the reaction of trans-{Ru™(PQ"")(PPh;).Cls] (2rg),” @ 9,10-phe-
nanthreneimino quinone (PQ) analogue of 2, with Br, neither
afforded PQ analogues of 3" nor 4 but yielded a PQ complex of
ruthenium(m) of the type trans-[Ru'™(PQ)(PPhy),Cl,] Brs”
(5'Brs7). 1, 1'l,74CH,CL, 2, 3'I,"},-Mtoluene, 4-iCH,Cl, and
5'Br;” were substantiated by different spectra, single crystal
X-ray structure determinations and density functional theory
(DFT) calculations.

Results and discussion
Syntheses and characterization

PIQ was prepared by a reported procedure.® The complexes
were generated following the reactions as depicted in Chart 2.
1 was isolated in good yields from a reaction of PIQ with
[Ru"(PPh3);(CO)H)CL in boiling toluene. It is an example of
the controlled reduction of PIQ by one electron using the Ru*'~
H precursor as given by eqn (1). Similar reactions were sub-
stantiated using PQ and azo-pyridine as ligands.** The reac-
tion of PIQ with [Ru”{PPh,),CL,]” afforded 2. The oxidation of
1 in CH,Cl, with I, in n-hexane gave 1"13'-5(;‘H2C12. The coulo-
metric oxidation of 2 at a constant potential generated 2°,
while the oxidation of 2 by I, solution in a dichloromethane/
toluene mixture produced a diamagnetic co-facial bi-octa-

This journat is © The Royal Society of Chemnistry 2016
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Chart 2 Synthetic reactions of the complexes.

hedral ruthenjum{m) complex, 3'I;7I,-ltoluene in lower
yields.

The reaction of 2 with Br, solution afforded a mononuclear
ruthenium(mr) bromo complex, 4-%(31—12012, while a similar reac-
tion with 2pq produced the 5" jon.

Details of the syntheses of the complexes are outlined in
the Experimental section. Trans abbreviation of the complexes
is due to the two PPh; ligands which lie trans to each other.
The complexes were characterized by elemental analyses, mass
spectra, IR and *H NMR spectra. The data are listed in the
Experimental section. The N-H stretching vibrations of the
complexes are observed in the range of 3380-3440 cm™. The
ve—o and ve—y of 4 are relatively higher (1635 and 1621 cm™)
than those {(1481-1434 cm™) of 1, 11,7, 2 and 3°I;. The vg=0o
of 1 appears at 1928 em™ while the same in 1'1,” is observed
at 2017 em™ indicating the oxidation of ruthenium(y) to
ruthenium(m) in 1*1;". It is noteworthy that the conversion of
trans{Ru™(PQ ™) (PPh,),{CO)CIT to trans{Ru™(PQ)(PPh;),{CO)
CIJ'1,” blue shifts the vg=e only by 30 em™.

The monocationic di-nuclear complex can be presented by
the three valence tautomers varying the charge of the PIQ
ligands vis-a-vis the oxidation state of the ruthenium ions as
illustrated in Chart 3. The X-ray bond parameters of the PIQ
chelate were used to differentiate between the Ru(m, nr) and
Ru(u, 1) states. Considering the single crystal X-ray bond para-
meters of 3'1;7-,-Ltoluene (vide infra), the molecule is defined
approximately as a PIQ™ complex of the Ru(ui, m) state as
depicted in Chart 3. In the UV-vis/NIR spectrum, the 3" ion
does not exhibit any intervalence charge transfer band® (vide

@) ,\u/ ‘\u/ ‘©
O / \CI‘/ \ = @
} m/ \ o/ )‘ *
O "/ >~ n/
:I \CI J

Chart 3 Valence tautomers of the 3* (PPh; is omitted for clarity) ion
defining the states by the oxidation state of the ruthenium ion.

Ru(l1, 11y

Ru(Il1, 1IN

Ru(ll, 1)
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infra) and excludes the possibility of the existence of the mixed
valence Ru(Il, IIT) state.

Assignment of the electronic states of the complexes

The electronic structures of the complexes were elucidated by
the X-ray bond parameters, EPR spectra and atomic spin popu-
lation analyses. The single crystal X-ray structures of the com-
plexes were determined at 100 or 295 K. The crystallographic
data are summarized in Table $1.1 The redox state of the PIQ
ligand in complexes was elucidated using the X-ray bond para-
meters. For comparison, we have considered two paranmagnetic
molecules as standards: 1-GH,Cl, for PIQ"™ and 4-%CH2C:12 for
PIQ states. The EPR measurement parameters are summarized
in Table S2.f The DFT calculations were performed on the
model complexes containing PMe; instead of PPh, ligands.
The gas phase geometry of trans-{Ru"™(PIQ"")(PMe;);Clo] (2)
was optimized with the singlet and triplet spin states while,
transRu"(PIQ)(PMe),(CO)CI]” (1) was optimized with
singlet spin state only. The geometries of trans-{Ru"(PIQ"")
(PMe,)(co)Cl] (M), trans-[Ru"(PIQ)(PMe,)(CO)CI]" (1M*7),
trans{RUT(PIQ)(PMe;),Clo]" (2%, trans[Ru™(PIQ)(PMe;),CL]”
(2™¢7) and mer-{Ru""(P1Q)(PMe;)Br;] (4™¢) were optimized with
the doublet spin state and the optimized coordinates are listed
in Tables $3-510.1

1-CH,Cl, crystallizes in the C2/c space group. The molecular
“geometry with the atomic labelling scheme is depicted in
Fig. 1{a). The bond parameters are summarized in Table 1.
Theé (CO, C1) and (O, NH) pairs are disordered along a C, axis
which bisects the C2-C2A and C8-C8A bonds of the PIQ frag-
ment. The average Ru"-O/N and Ru"-PPh; lengths are 2.017
(2) and 2.393(1) A. The Ru"-Cl distance is 2.446(2) A. The rela-
tively longer average C-O/N lengths, 1.280(2) A, and the rela-
tively shorter C-C length, 1.453(3) A, of the PIQ chelate in
comparison with those reported in o-iminobenzoquinone’
infer the existence of the [Ru'(PIQ™™)] state in 1. The X-ray
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Fig. 1 ({a) Molecular geometry of 1-CH.Cl, in crystals (40% thermal
ellipsoids; CHyClz and H atoms are omitted for clarity), (b} variable
temperature (295-115 K} X-band EPR spectra of 1 in CH,Cl; and {c)
atomic spin density plot of 1Me gbtained from Muiliken spin population
analysis (Rul, 0.09; O1A, 0.16; N9, 0.38; C2A, 0.19; C2, 0.04).
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Table 1 Selected experimental bond lengths (A) of 1.CH.Cl; and
4-JCH,Cl; and the corresponding calculated parameters of 1™ and 4M°
obtained from B3LYP/DFT calculations

Bonds Exptl Caled Exptl” Caled
1CHCL 1™ 41CH,Cl q™

Ru-O 2.071(2) 2.176 2.121(4)/2.121(4)  2.163
Ru-N 2.071(2) 2.060 2.060(5)/2.060(5)  2.076
Ru-PPhy 2.393(1) 2.419/2.418 2.329(3)/2.309(3) 2.352
Ru-X 2.446(2) 2.494 2.473(3)/2.466(3)  2.541
Ru-CO 1.835(4) 1.852

c-0 1.280(2) 1.297 1.249(7)11.247(7)  1.248
Cc-N 1.344 1.265(7)/1.303(7)  1.299
c-C 1.453(3) 1.429 1.490(8)/1.481(8)  1.484

2 Unit cell contains two independent molecules.

bond parameters of 1 correlate well with those of the
[Ru'(PQ"")] state reported recently.”

The X-band EPR spectrum of the powder of 1 at 295 K as
illustrated in Fig. S1(a)i corresponding to g = 1.997 is consist-
ent with the existence of PIQ™™ coordinated to the ruthenium(u)
ion. The variable temperature EPR spectra of 1 in CH,CL
are depicted in Fig. 1(b). The isotropic EPR signal of 1 in
CH,CL, at 295 K at g = 1.999 was simulated considering the
hyperfine couplings due to **N (7= 1, Ay = 10.81), Mp=14p=
2538 G) and M (I = }, Ay = 11.20 G) nuclei as shown in
Fig. $1(b).} The frozen CH,Cl, glass EPR spectrum of1at115K
is relatively broader and the hyperfine splitting is not observed.

The density functional theory (DFT) calculation on 1Me
further supports the existence of the PIQ™™ state in 1. The gas
phase geometry of 1Me with the doublet spin state was opti-
mized at the B3LYP level of theory and the significant opti-
mized bond parameters are listed in Table 1. The calculated
lengths are approximately similar to those of 1-:CH,Cl,. The
calculated average C-O/N, 1.320 A and C-C, 1.429 A lengths of
the chelate correlate well with those of o-iminobenzosemi-
quinonate anion radicals.’® The atomic spin density as shown
in Fig. 1(c), obtained from Mulliken spin population analysis
is dominantly dispersed on the PIQ backbone, significantly,
~38% spin being localized on a nitrogen p-orbital. It authenti-
cates the reduction of PIQ to PIQ™, inferring a major contri-
bution of the Ru"(PIQ"") state to the ground electronic state of
1. However, the localization of 9.3% spin on one of the ty orbi-
tals of the ruthenium ion predicts a minor contribution of the
[Ru™(PIQ?7)] state to the electronic state of 1 as predicted
from the frozen CH,Cl, glass EPR spectrum of 1. The calcu-
lated coupling constants due to **N, **P and Y nuclei respect-
ively 8.73, 19.3 and 9.5 G are similar to those obtained
experimentally from the fluid solution EPR spectrum of 1.

41CH,Cl, crystallizes in the P2,/c space group. The mole-
cular geometry with the atomic labelling scheme is shown in
Fig. 2(a). The significant bond parameters are summarized in
Table 1. The average Ru™-Br and Ru""-PPh, lengths are 2.469
{7) and 2.318(2) A. The average Ru-O and Ru-N lengths are
2.121(4) and 2.060(5) A. The average C-O and C-N lengths,
1.248(7) and 1.284(7) A, are shorter than those in 1-CHCl.
The relatively shorter average C-O/N lengths, 1.266(7) A and

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 {a) Molecular geometry of 4A%CH2C12 in crystals (40% thermal
ellipsoids; H atoms and CH,Cl; are omitted for clarity); (b} X-band EPR
spectra of 4 at 115 K in CH,Cl, (black, exp; red, simulated); (c) atomic
spin density plots of 4™ obtained from Mulliken spin population ana-
lyses (Rui, 0.87).

the longer C-C length, 1.485(8) A of the chelate corroborate
well with those reported for o-iminobenzoquinone complexes,’
inferring the existence of neutral PIQ in 4-%CHZCIZ. 1t is the
first example of a PIQ complex of a transition. metal ion. The
PQ analogue of 4 is not known in the literature.

The CH,Cl, frozen glass EPR spectrum of 4 at 115 K was
recorded and is illustrated in Fig. 2(b). The anisotropic EPR
spectrum with gy = 2.323, g» = 2.154 and g; = 1.881 is consist-
ent with the existence of the [Ru"™(PIQ)] state in 4-JCH,Cl,.
The calculated bond parameters of 4" as listed in Table 1 cor-
relate well with those obtained from the single crystal X-ray
structure of 4-%(21—[2012. The average C-O/N lengths are rela-
tively shorter than those of 1™ The atomic spin density as
illustrated in Fig. 2(c) is dominantly localized on the ruthe-
nium ion corroborating with the ruthenium(m) state of 4, as
predicted from the X-ray bond parameters and the frozen glass
EPR spectrum.

2 crystallizes in the C2/c space group. The molecular geo-
metry with the atomic labelling scheme is illustrated in
Fig. 3{a). The bond parameters are summarized in Table 2.
Similar to 1-CH,Cl,, 2 contains a €, axis that bisects the PIQ
ligand and results in disordered O/NH sites. The average Ru-
O/N, 1.995(2) and Ru-Cl, 2.388(1) A lengths are relatively
shorter than those of 1.CH,Cl,, while the average Ru-PPh;
(n-acidic ligand) lengths, 2.409(1) A, are relatively longer.
The trend is consistent with the oxidation of ruthenium(u} to
ruthenium{m) in 2.

The average C-O/N, 1.289(2) A lengths are relatively longer
than those of 4-CH,Cl,, while the C-C, 1.447(4) A length is
relatively shorter. These bond parameters of the chelate are
closer to those of the PIQ"™ state as observed in the case of 1.
Thus, [Ru™(PIQ )] is considered to be a major component of
the ground electronic state of 2. The chemistry parallels to that
of PQ have been documented recently. With e-aminophenols,

This journal is @ The Rayal Society of Chemistry 2016
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Fig. 3 (a) Molecular geometry of 2 in crystals (40% thermal ellipsoids; H
atoms are omitted for clarity); X-band EPR spectra of (b) 2% at 115 K
{black, experimental; red, simulated) and (c} 2™ at 295-115 K in CH,Cly;
atomic spin density plots of (d) 2"+ (Ru, 0.90) and (e} 2"~ (Ru, 0.32;
01, 0.13; N1, 0.35; C2, 0.12) obtained from Mulliken spin population
analyses.

P T ot s o

a similar [Ru"(1ISQ"")] (ISQ"~ = o-iminobenzosemiquinonate
anion radical) state was substantiated.’

The frozen CH,Cl; glass EPR spectrum of the 27 ion
recorded at 115 K is illustrated in Fig. 3(b). The anisotropic
spectrum with gy = 1.953, g, = 2.024, and g, = 2.160 is consist-
ent with the ruthenium(m) state of the 2* ion. The CH,Cl, solu-
tion and frozen glass EPR spectra of the 27 ion are illustrated
in Fig. 3{c). The EPR signal at g = 1.998 in CH,Cl, at 295 K is
consistent with the [Ru”(PIQ"~)] description of the 2~ ion. No
anisotropic spectrum due to the ruthenium(mn) state was
resolved even in frozen glass at 115 K. However, in the case of
the PQ analogue the contribution of the [Ru™(PQ*7)] state is
observable.’

The calculated bond parameters of 2™ are similar to those
obtained from the single crystal X-ray diffraction study of 2.
The average C-O/N (1.309 A) and the C-C lengths (1.437 A) of
the chelate of 2M° correlate well with those of 1™¢. However, at
the B3LYP level of theory the closed shell singlet (CSS) solution
of 2M® is stable, may be due to a significant contribution of the
[Ru"(PIQ)] state to 2. Notably, the calculated energies of
the CSS and the open shell singlet (OSS) solutions of 2™¢
are the same, however the energy of the triplet solution is
21.2 kJ mol™? higher than the singlet solutions.

The calculated average C-O/N and C-C lengths of the
chelate of the 2" jon are 1.289 and 1.469 A predicting a

+

Dalton Trans., 2016, 45, 8236~-8247 | 8239
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Table 2 Selected experimental bond lengths (A) of 1*137-4CH,Cl; and 2 and corresponding calculated parameters gMer pMe gMer ang gMe-

obtained from B3LYP/DFT calculations

Exptl Caled Exptl Caled
Bonds 1", 1CH,Cl, Mer 2 2Me Mer gMe-
Ru-O 2.141(4) 2.189 1.995(2) 2.127 2.106 2.139
Ru-N 1.993(5) 2.024 1.995(2) 1.936 2.034 1.994
Ru- 2.411(2) 2,450 2.409(1) 2.416 2.459 2.387
PPhy 2.424(2) 2.453 2.414 2.457 2.386
Ru-Cl 2.440(3) 2.450 2.388(1) 2.506/2.467 2.356/2.369 2.522/2.556
Ru-CO 1.852(8) 1.859
c-0 1.268(7) 1.262 1.289(2) 1.279 1.267 1.302
c-N 1.320(8) 1.316 1.339 1.311 1.355
C-O/N (avg) 1.294(8) 1.289 1.289(2) 1.309 1.289 1.328
C-C (chelate) 1.449(9) 1.472 1.447(4) 1.437 1.469 1.423
major contribution of the [Ru'"(PIQ)] state to the 2M¢* jon. In

the 2M¢* jon the atomic spin is primarily localized to the ruthe-
nium ion (d,y orbital) as depicted in Fig. 3(d). In contrast, the
atomic spin of the 2°” ion scatters on both ruthenium ion
(dy, orbital) and PIQ backbone as shown Fig. 3(e), attributed to
contributions of the [Ru™(PIQ*7)] and [Ru"(PIQ™)] states to
the 2~ ion, which makes the frozen glass EPR spectrum rela-
tively broader. The atomic spin is significantly (~35%) loca-
lized on one of the p-orbitals of the nitrogen atom. The
calculated average €-O/N length of 2™~ is expectedly longer,
1.328 A, while the C-C length is relatively shorter, 1.423 A and
compares well with those of 1™° and 2Me,

S 171,7CH,CL, crystallizes in the C2/¢c space group. The
molecular geometry with the atomic labelling scheme is illus-
trated in Fig. 4(a). The average Ru-O/N and Ru-~PPh; lengths
are similar to those of 1-CH,Cl,. However, the C-O and C-N
lengths, 1.268(7) and 1.320(8) A, the average C-O/N being
1.294(8) A, are relatively longer than those of 4CH,Cl,. The
C-C, 1.449(2) A length, similar to those of the PIQ™™ state in
1.CH,Cl, and 2, is relatively shorter. Thus, a major contri-
bution of the [Ru™(PIQ™)] state to 1°1;™3CH,Cl, is predicted.
It is a rare example of a cationic complex that contains a
reduced anion radical.?*® It is noteworthy that trans-[Ru"(PQ)
(PPh;),(CO)CH]" is a PQ complex of ruthenium(n).’

The calculated bond parameters of the gas phase geometry
of 1M¢" as listed in Table 2 are notable. The average C-O/N
lengths are 1.289 A which are shorter than those obtained in
the case of 1M, It is due to the contribution of the [Ru"(PIQ)]
state to the 1" jon.

3", Atoluene crystallizes in the P2, space group. The
molecular geometry with the atomic labelling scheme is illus-
trated in Fig. 4(b). In the unit cell four independent bi-octa-
hedral 3* ions are present and their significant bond
parameters are listed in Table 3. The average Ru-Ru distances
are 3.166(12) A, which are relatively longer than that of
the [Ruy'ClP’" ion, 2.725(3) A, with bond order one.
The Ru-Ru distances are also notably longer than those of
ruthenium blue complexes,'™? [Ru,Cly(NH;)eJ*", 2.753(4) and
[RuZCl_«,(tacn)z]z*, 2.830(1) A. Thus, no Ru~Ru bond is predicted
in 3'1,". The Ru-Ru lengths compare well with those
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Fig. 4 Molecular geometries of (a) 1*1574CH,Cle (B) 3*1;™He-dtoluene
in crystals, with 40% thermal ellipsoids (is, o, CHzClz, toluene and H
atoms are omitted for clarity as applicable).

complexes containing [Ru"(p-Cl)sRu'"] and [Ru"(p-Cl)sRu"]
cores. " Expectedly, the average Ru-Cl-Ru angles of
31,74, -$toluene are relatively larger than those of ruthenium
blue complexes.

The average Ru-O and Ru-N lengths, 2.057(8) and 1.947(9)
A, are similar to those of 2 and the average Ru-O/N lengths,
2.002(8) A, are shorter than those of 1-CH,Cl,. The average
C-0O and C-N lengths, 1.273(14) and 1.304(14) A, are relatively
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Table 3 Selected experimental bond tengths (A) and angles (°) of the
four independent molecules present in the unit cell of 3*I;™-4l>-4toluene

Bonds/angles Molecule1 Molecule2 Molecule 3 Molecule 4
Ru-Ru 3.1582(12)  3.1470{12)  3.175(12) 3.183 (12)
Ru-N 1.954(9)/ 1.948(9)/ 1.953(9)/ 1.932(9)/
1.952(9) 1.937(9) 1.949(9) 1.954(9)
Ru-0 2.047(8)/ 2.053(7)/ 2.058(7)/ 2.084(8)/
2.066(8) 2.059(7) 2.045(7) 2.048(8)
Ru-P 2.297{3)/ 2.293(3)/ 2.311(3) 2.301(3)/
2.297(3) 2.297(3) 2.305(3) 2.292(3)
Ru-Cl 2.407(3) 2.392(3)/ 2.414(3)/ 2.372(3)/
2.454(3)/ 2.436(3)/ 2.453(3)/ 2.436(3)/
2.482(3) 2.487(3) 2.472(3) 2.518(3)
2.379(3)/ 2.399(3)/ 2.359(3)/ 2.417(3)
2.428(3)/ 2.438(3)/ 2.445(3)/ 2.435(3)/
2.478(3) 2.490(3) 2.536(3) 2.474(3)
c-0 1.277(14) 1264014y  1.264(13)  1.273(14)/
1.267(13) 1.290(13) 1.277(14) 1.268(13}
C-N 1.299(15)/  1.301(14)  1.315(14)  1.319(14)/
1.290(14) 1.305(14) 1.301(14) 1.304(15)
c-C 1.474(17)  1.433(16)/  1.443(15)  1.442(16)/
1.460(16) 1.434(16) 1.460(16) 1.452(17)
Ru-Cl-Ru 81.00(8)/ 80.17(8)/ 82.14(8)/ 0.31(9)/
80.61(8)/ 80.25(8)/ 79.75(8)/ 82.10(9)
80.54(8) 80.43(8) 80.81(8) 81.61(8)

RPN B T [ ————

longer than those of 4-1CH,Cl,. The average C-O/N, 1.288(14)
and C-C lengths, 1.450{16) A are similar to those observed in
the cases of PIQ™ in 1.CH,Cl,, 1'1;7-4CH,Cl, and 2. Although
the standard deviations of these lengths aré higher, the trend
infers that the 3" ion incorporates a bi-octahedral [(PIQ™7)
Ru™'(p-Cl);Ru™(PIQ™]" core. The average Ru-Cl lengths of
the 3* ion are relatively shorter than those in [Ru"(y-Cl);Ru"]
cores but the lengths correlate well with those in the
[Ru™{(p-Cl);Ru'™] core.** The average Ru-PPh; lengths of the
3" ion are similar to the Ru™'-PPh; lengths of 4-1CH,CL;.

The 3% ion is paramagnetic and the frozen glass EPR spec-
trum at 115 K (Fig. S1(c)t) is anisotropic with g, = 2.485, g; =
2.010 and g; = 1.811 and the 3** jon is defined by the
[RUF(PIQ ™)(PIQ)(PPh,)a(i-CL); P state. It is noteworthy that
no EPR signal of the product obtained after coulometric
reduction of 3'1;~ was detected predicting the instability of the
neutral bi-octahedral core.

5'Br,” crystallizes in the P2/n space group. The molecular
geometry with the atomic labelling scheme is shown in Fig. 5
and the selected bond parameters are listed in Table 4. The
average Ru-0, Ru-P and Ru-Cl lengths are similar to those of
trans{Ru"(PQ)(PPh,),(CO)CI]". The average C-O lengths, 1.253
(3) A, are relatively shorter, while the C-C length (1.489(5) A) of
the chelate is longer correlating the existence of a quinoid
ligand in the 5% ion, which is defined as a PQ complex of the
ruthenium{m) ion.

Electrochemical studies

The redox activities of the complexes in CH,Cl; were investi-
gated by cyclic voltammetry at 295 K. The redox potential data
referenced to the ferrocenium/ferrocene, Fe¢'/Fc, couple are
summarized in Table 5. The cyclic voltammograms of 1 and 2
are shown in Fig. 6 and others are depicted in Fig. §2.1 The
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Fig. 5 Molecular geometry of 5*Brs™ in crystals, with 40% thermal elip-
soids (H atoms are omitted for clarity as applicable).

Table 4 Selected bond lengths {A) of 5*Brs~

Ru(1)-0 (avg) 2.063(2)
Ruf1)-Cl (avg) 2.289(2)
Ru(1)-P (avg) 2.418(2)
G(2)-0(1) (avg) 1.253(3)
C(2)-C(24) 1.489(5)

P

Table 5 Redox potentiat data referenced to Fc*/Fc couples determined
by cyclic voltammetry in CHyCl (0.20 M [N{n-Bu),IPFs) at 295 K

% W) ES (V) BT ) B (V)
Complexes (AE®, mV) = {AE°, mV) - (AE®, mV) {AE7, mV)
1 0.56 (91) —-0.45(98)  -1.47°
1'1;” 0.20 (144) -1.40 (138)
2 : 0.20 (100) ~1.14 {102)
3 0.63 (100) 013 (153)  —0.76 (100)  —1.12 {148}
4 -0.02(120)  —1.40°

“ peak to peak separation in mV. ® Cathodic peak.

(a) (b)

05 00 -5 106 1.5 00 05 -0
Potential(y) Potential(V)

Fig. 6 Cyclic voltammograms of {a} 1 and (b) 2 in CH,Cl, at 295 K. Con-
ditions: scan rate, 100 in mV s™%; 0.20 M [N(n-Bu)4PFs supporting elec-
trolyte; platinum working electrode.

anodic wave of 1 at 0.56 V is assigned to the Ru™(PIQ"")/
Ru"(PIQ"") redox couple. The important observation is that the
first cathodic wave of 1 at —0.45 V was initially absent, it was
generated slowly during the scan in the range of +1.0 to -1.75
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V as shown in Fig. $3.1 It is proposed that during the measure-
ments Ru"™(PIQ™) slowly tautomerizes Ru'(PIQ) state which
undergoes reduction at the cathode at —0.45 V as depicted in
Fig. 6(a) and the wave is assigned to the Ru™{(PIQ)/RU"(PIQ™)
redox couple. The second cathodic peak at —1.47 Vv due to
Ru"(PIQ )/RuM(PIQ?") is irreversible. In the case of 2 the
anodic wave due to the Ru™(PIQ)/Ru™{(PIQ™") redox couple
appears at 0.20 V. The cathodic wave of 2 at ~1.14 V is assigned
to the Ru™(PIQ"™)/Ru"(PIQ"") redox couple, as 27 in CHCl; at
295 K exhibits an EPR signal at 1,998 due to the presence of
the Ru™(PIQ"") state as a major component. The redox activity
of 1'1;™ is similar to that of 2, exhibiting reversible anodic and
cathodic waves at 0.20 and —1.40 V. The anodic waves of 371~
at 0.63 and 0.13 V are assigned to Ru"(PIQ)/Ru""'(PIQ"") redox
couples, while the cathodic waves due to Ru™(PIQ™)
Ru"(PIQ"") reduction couples are at —0.76 and —1.12 V. No
anodic wave of 4 was discernible, it displays a reversible catho-
dic wave at —0.02 V and an irreversible peak at ~1.40 V due to
Ru™(PIQ)/Ru™(PIQ™) and Ru™(PIQ)/Ru"(PIQ™")  redox
couples. The study infers that the PIQ?” state is not stable in
these coordination spheres.

Electronic spectra

UV-vis/NIR absorption spectra of the complexes in CH,;Cl, are
shown in Fig. 7. The absorption parameters are summarized
in Table 6. The Ae,‘p of 1 at 560 nm is assigned to the dry —
s transition, Acu Of which is 582.23 nm obtained from the
TD-DFT calculation on 1™ in CH,Cl, using the CPCM model.
The corresponding MLCT transition of 4 with the [Ru™(PIQ)]

L3
F-Y
=3

- (@) 3 (V]
3 _
s
22
t
o
I3
V% ew s Y Tan e =
A m 400 Mns'gﬂ 800

Fig.7 UV-vis/NIR spectrum of (a} 1 {black), 1*1574CHxCl, (red) and
4-1CH;Cl; (blue) {b) 2 (violet), and 3*i;™-3lz-stoluene (green) in CH,ClL, at
295 K.

Table 6 Electronic spectra of 1, 1*373CH.Cla, 2, 2%, 27, 3l
4,-ftoluene, 32+ and 4-4CH,Clp in CHClz at 295 K

Complexes Ao (nMM) (¢, 107 M7 cm™)

1 560 (0.52), 410 (0.55), 361 (0.4), 264 (4.45)
11, 625 (0.75), 500 (0.95), 360 (2.03), 287 (5.7)
2 585 (1.31), 465 (0.31), 330 (1.10), 284 (3.6)
2" 525 (0.36), 457 (0.97), 400 (0.76), 300(3.10)
2" 550 (0.37), 457 (0.81), 403 (0.65), 300 (2.56)
3" 672 (1.60), 470 (0.51), 353 (2.10), 292 (3.36)
3% 692 (1.02), 576 (0.83), 468 (0.72), 356 (1.79)

1 730 (0.71), 610 (1.07), 440 (1.04), 366 (1.94)
700 (0.85), 630 (0.76), 545 (0.48), 385 (1.05)
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Fig. 8 Spectroelectrochemical measurements showing the change in
electronic spectra during the conversions of (a) 2 -»2%, (b} 2 - 2" and (c)
3% 3% CHCl at 295 K,

state is red shifted to 610 nm as given in Fig. 7(a), with a
shoulder at 730 nm due to the t,, ® state of the ruthenium(u)
jon as an acceptor. The corresponding Aca values for 4M¢ are
795.27, 740.00 and 600.25 nm. The Amax of 1 at 560 nm is red
shifted to 625 nm in 1’137, the corresponding calculated wave-
length is 588.81 nm. 2 displays a sharper absorption band at
585 nm as depicted in Fig. 7(b), the calculated wavelength of
2Me o1 dgy — dia T+ s transitions is 529.07 nm. Similar to 2,
3'1,~ presents a similar transition at 672 nm and both are
defined by [Ru™(PIQ )] states. The UV-vis absorption spec-
trum of the 5 ion is similar to that of 4 as shown in Fig. S4.1

The electronic spectra of 2*, 27 and 3% ions were recorded
by spectroelectrochemical measurements in CH,Cl, and the
spectra are illustrated in Fig. 8. The change in the absorption
feature during the conversions of 2 2* and 2 — 2~ is notably
similar, the intensity of the Aya, of 2 at 585 nm in both cases
gradually diminishes. It is analyzed that the features of the
electronic spectrum of the 27~ ion are similar to those of 1 with
the [Ru™(PIQ"™)] state. Electronic spectra of the 3%* ion are
illustrated in Fig. 8{c). The Amax of the 3" fon at 671 nm is red
shifted to 692 nm for the 3** ion.

Experimental
Materials and physical measurements

Reagents or analytical-grade materials were obtained from
commercial suppliers and used without further purification.
The precursors [Ru"(PPh;);(CO)HCI] and [Ru"(PPh;);Cl,] were
prepared by reported procedures.’ Spectroscopic-grade sol-
vents were used for spectroscopic and electrochemical
measurements. The C, H, and N contents of the compounds
were obtained from a PerkinElmer 2400 Series II elemental
analyzer. The elemental analyses were performed after
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evaporating the solvents under high vacuum. Infrared spectra
of the samples were recorded from 4000 to 400 cm™" with KBr
pellets at 295 K on a PerkinElmer Spectrum RX 1 Fourier trans-
form infrared (FT-IR) spectrophotometer. "H NMR spectra in
CDCl; were recorded on a Bruker DPX 300 MHz spectrometer.
Electrospray ionization (ESI) mass spectra were recorded on a
Micromass Q-TOF mass spectrometer. Electronic absorption
spectra of the solutions of the complexes were recorded on a
PerkinElmer Lambda 750 spectrophotometer in the range of
3300-175 nm. The X-band EPR spectra were recorded on a
Magnettech GmbH MiniScope MS400 spectrometer (equipped
with a temperature controller TC H03), where the microwave
frequency was measured with an FC400 frequency counter.
The EPR spectra were simulated using EasySpin software. The
electro-analytical instrument, BASi Epsilon-EC for cyclic
voltammetric experiments in CH,Cl, containing 0.2 M tetrabutyl-
ammoniumhexafluorophosphate as a supporting electrolyte,
was used. The BASi platinum working electrode, platinum
auxiliary electrode, and Ag/AgCl reference electrode were used
for the measurements. The redox potential data were refer-
enced versus the ferrocenium/ferrocene, Fc'/Fe, couple. A BASI
SEC-C thin-layer quartz glass spectroelectrochemical cell kit
(light path length of 1 mmj with a platinum gauze working
electrode and a SEC-C platinum counter electrode were used
for spectroelectrochemistry measurements. All of the physico-
chemical data were collected on. the isolated [Ru"(PIQ™)

(PPh3),(CO)CI}CH,Cl, (1-CH,Cly), [Ru™(PIQ")(PPh,),CL] (2),:

[Ru"(PIQ")(PPh;),(CO)CI]'T;™CH,Cly (1,7 1CH,CL),
[Ruy(P1Q")(PPhy),(n-Cl)s] 1, ™-4,-4toluene  (3°1,7 41, 2toluene)
and [Ru""(PIQ)(PPh;)Brs]-L1CH,Cl, {4-4CH,Cl;) complexes.

Syntheses

9,10-Phenanthreneiminoquinone (PIQ). PIQ was synthesized
-by a reported procedure.®

trans[Ru™(P1Q ~)(PPh;)»(CO)CI]-CH,CI, (1). To a solution of
PIQ (20 mg, 0.1 mniol} in toluene (30 ml) [Ru"(PPh,);(CO)(H)
Cl] (100 mg, 0.1 mmol) was added and the mixture was
refluxed for one hour under argon and allowed to cool at
295 K. A dark red crystalline product of 1-CH,Cl, separated
out, it was filtered and dried in air. Yield: 65 mg (~72% with
respect to ruthenium). Single crystals of 1.CH,Cl, for the X-ray
diffraction study were grown by the diffusion of n-hexane into
the CH,CI, solution of 1 at room temperature. Mass spectral
data [electrospray ionization (ESI), positive jon, CH,Cl,}: m/z
896 for [1]. Anal. Caled (%) for Cs;H39CINO,P,Ru; C, 68.34; H,
4.39; N, 1.56. Found: C, 68.09; H, 4.38; N, 1.56. IR/cm™" (KBr):
v 3388 (br, -NH), 3053 (m), 1928 (s, C==0), 1601 (m), 1481 (s),
1434 (s), 1359 (s), 1096 (s), 731 (s), 693 (s), 519 (s).

trans-[Ru"(PIQ ")(PPh;),Cl,] (2). To a solution of PIQ
(20 mg, 0.1 mmol) in dry toluene (30 ml) [Ru"(PPh;)sCl,]
(100 mg, 0.1 mmol) was added under argon and the solution
was stirred at 353 K for 30 min. A dark solid of 2 separated
out, which was filtered, and dried in air. Yield: 70 mg (~77%
with respect to ruthenium). The slow diffusion of n-hexane
into the CH,Cl, solution of 2 in a glass tube at 295 K afforded
single crystals of 2, which were used for X-ray analyses, spectro-
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scopic and electrochemical measurements. Mass spectral data
[electrospray ionization (ESI) positive ion, CH,Cl,}: m/z 903 for
[2). Anal. Caled (%) for CsoH39ClNOP,Ru: C, 66.45; H, 4.35;
N, 1.55. Found: C, 66.26; H, 4.33; N, 1.55. '"H NMR (CDCl,,
300 MHz): S(ppm) 13.2 (1H, s), 8.81 (d, 2H), 8.07 (t, 2H), 7.93
(d, 2H), 7.81 (2H, d), 7.63-7.47 (15H, m), 7.36-7.26 (4H, m),
7.18-7.11 (11H, m). IR/em™* (KBr): » 3402 (br, -NH), 3058 (m),
1599 (m), 1482 (s), 1433 (s), 1384 (s), 1319 (m), 1188 (m),
1093 (s), 745 (s}, 693 (s), 511 (s).
trans-[Ru™(PIQ")(PPh;),(CO)CI] "I, ~1CH,Cl, (1'I;™2CH,CL,).
To a solution of 1 (50 mg, 0.05 mmol) in CH,Cl, (5 ml), an
iodine (20 mg, 0.075 mmol) solution of n-hexane (10 ml) was
added and it was allowed to diffuse at 295 K. After a few days,
crystals of the oxidized analogue of 1 were separated out as
11"13'-5()}12(312. It was filtered and crystals were dried in air.
Yield: 38 mg (~55% with respect to ruthenium). The product
was used for single-crystal X-ray structure determination,
spectroscopic and electrochemical measurements. Mass (ESI,
positive ion, CH,CL): m/z 896 for [1]". Anal. Caled (%) for
Cy HaoCILNO,PRu: €, 47.97; H, 3.08; N, 1.10. Found:
C, 47.78; H, 3.07; N, 1.10. "H NMR (CDCls, 300 MHz): §(ppm)
12.60 (s, 1H), 8.35 (d, 1H), 8.07 (dd, 2H), 7.90 (dd, 2H),
7.74-7.54 (m, 12H), 7.31-7.19 (m, 21H). IR/em™" (KBr): v 3432
(br, -NH), 3053 (w), 2017 (s, C=0), 1599 (m), 1481 (m),
1433 (m), 1382 (m), 1318 {m), 1094 (s), 750 {m), 696 {s), 517 (s).
trans-[Ruz(PIQ"7),(PPh;),(4-Cl); ], -, -2toluene  (3°1,™
11, 2toluene). To a solution of 2 (50 mg, 0.05 mmol) in CH,Cl,
(10 ml), iodine (20 mg, 0.078 mmol) was added. The mixture
was stirred for 10 min in air. To this solution, dry toluene
{15 ml) was added slowly and allowed to diffuse at 295 K. After
a few days needle like crystals of 3'I;7-I,-dtoluene séparated
out, which were collected upon filtration in air. This crop was
used for single-crystal X-ray diffraction and other analytical,
spectroscopic and electrochemical studies. . Yield: 40 mg
{(~44% with respect to ruthenium). Mass spectral data [electro-
spray ionization (ESI), positive ion, CH,CL} mfz 606 for
3{3-CIP**. Anal. Caled (%) for CeqHagCliI;N;0,P;Ru,: C, 47.21;
H, 2.97; N, 1.72, Found: C, 47.02; H, 2.96; N, 1.72. 'H NMR
(CDCl;, 300 MHz): §(ppm) 13.4 (2H, s), 8.30 (d, 4H), 8,12
(d, 4H), 7.99 (t, 8H), 7.73-7.57 (8H, m), 7.50-7.44 (5H, m),
7.38-7.32 (3H, m), 7.26~7.12 (10H, m), 6.96 {(d, 2H), 6.74
(t, 2H). IR/em™ (KBr): v 3435 {br, -NH), 3053 (w)}, 1635 (w),
1600 (m), 1493 (m), 1434 (m), 1381 (s), 1316 (m), 1093 {m),
766 (m), 692 (s), 525 (s), 512 (s). ‘
mer{Ru"(PIQ)(PPh;)Br;] 1CH,CL, (4-1CH,Cl,). To a solution
of 2 (50 mg, 0.05 mmol} in CH,Cl, (10 ml), bromine (2 drops)
was added. The mixture was stirred for 10 min in air. To this
solution n-hexane (20 ml) was added slowly and allowed to
diffuse at 295 K. After a few days green crystals of 4-1CH,Cl,
were separated out, which were collected upon filtration in air.
The crystals were used for single crystal X-ray diffraction and
all other measurements. Yield: 15 mg (~37% with respect to
ruthenium). Mass spectral data [electrospray ionization (ESI),
positive ion, CH,Cl,]: m/z 734 for [4-Br]". Anal. Caled (%) for
C3,Hz4Br;NOPRu: C, 47.43; H, 2.99; N, 1.73. Found: C, 47.26;
H, 2.99; N, 1.73. IR/em™* (KBr): v 3435 (br), 3053 {w), 1635 (m),
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1621 (w), 1481 (m), 1450 (m), 1434 (s), 1386 (s), 1315 (m),
1093 (s), 761 (), 694 (s), 520 (8)-

trans{Ru™(PQ)(PPh;),CL.]'Br;™ (5'Br;™). To a solution of
[Ru™(PQ™) (PPhs)Cly] (2pq)° (50 mg, 0.05 mmol) in CHyCl,
(5 ml), bromine (2 drops) was added. The mixture was stirred
for 10 min under argon. To this solution n-hexane (20 ml)
was added slowly and allowed to diffuse at 295 K. After a
few days, crystals of 5'Br;” were separated out, which were
filtered and dried in air. Yield: 16 mg (~38% with respect to
ruthenium)., The product was used for single-crystal X-ray
structure determination and spectroscopic measurement.
Mass (ESI, positive ion, CH,ClL): m/z 903 for [5]". Anal.
Caled (%) for CsoH3sClBr;0P2Ru: G, 52.47; H, 3.35. Found:
C, 52.17; H, 3.34. IR/em™" (KBr): » 3059 (m), 1647 (m), 1595 (s),
1482 (s), 1433 (s), 1361 (s), 1315 (m), 1094 (s), 741 (m), 690 (s),
516 (s).

Single-crystal X-ray structure determinations of the complexes
(CCDC 1442782-1442786, 1454005)

single crystals of 1-CH,Cl,, 1,7 4CH,Cl, 2, 3'1,7 41, -jtoluene,

41CH,Cl, and 5'Br,” were coated with perfluoropolyether

picked up with nylon loops and mounted on Bruker APEX-II

CCD and Bruker AXS D8 QUEST ECO diffractometers equipped

with a Mo/Cu-target rotating-anode X-ray source and a graphite
* monochromator (Mo Ka, A = 0.71073 A). Radiation from a
> molybdenum X-ray source (Mo Ka, 4 = 0.71073 A) was used for
“all the complexes except for 1"’13"‘%01'-1‘2(312 which was measured
with copper radiation (Cli Ka, A = 1.54178 A). Final cell con-
stants were obtained from least squares fits of all measured
reflections. Intensity data were corrected for absorption using
intensities of redundant reflections. Structures were readily
solved by direct methods and subsequent difference Fourier
techniques. Details about software used for data collection,
absorption correction, solution and refinement of the struc-
tures are given in the Crystallographic Information Files. The
Siemens SHELXS-97 * software package was used for solu-
tion, and SHELXL-97 126 was used for the refinement and XS.
Ver. 2013/1,'% XT. Ver. 2014/4 "** and XL. Ver. 2014/7 2 were
used for the structure solution and refinement. All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were
placed at the calculated positions and refined as riding atoms
with isotropic displacement parameters. Crystallographic data
of 1.CH,Cl,, 1'T;72CH,Cl, 2, 3", ly-dtoluene, 4-3CH.Cl, and
5'Br;” are listed in Table S1.§

The neutral complex 1-CH,Cl, resides on a crystallographic
two fold axis which therefore leads to disorder of the PIQ, (0]
and CI” ligands. Coordinates and displacement parameters of
atoms N9 and O1 in PIQ were restrained to be equal using
EXYZ and EADP instructions of SHELXL. Disordered Cl and
CO atoms were refined without restraints due to the sufficient
distance of density maxima and very low thermal displacement
parameters. A disordered CH,Cl, solvent molecule was located
slightly off a crystallographic twofold axis. An occupation
factor of 0.5 was used for the carbon and chlorine atoms and
the C-Cl distances were refined to be equal within errors using
the SADI instruction of SHELXL.
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1+13'-%CH2C12 crystallizes with 0.5 moles of CH,Cl, residing
on a crystallographic twofold axis. The solvent molecule was
found to be disordered. The C-CI (1.72 A) and CI-Cl (2.86 A)
distances were testrained to be equal using the SHELXL DFIX
instruction.

The neutral complex 2 also crystallizes on a crystallographic
twofold axis which leads to the same disorder problems as
described for 1-CH,Cl,. Two voids of about 760 A° (~29% of
the total cell volume) containing a disordered solvent were
detected after refinement of the complex molecule. Distri-
bution of the density peaks suggested toluene to be present in
the voids. Attempts to refine the toluene molecule showed that
there is also some amount of dichloromethane present
(solvent mixture from which crystals were grown). Unfortu-
nately no satisfying disorder model could be refined and
PLA’DON/Squeeze”ﬁg was used to remove scattering contri-
butions from disordered solvents. A total of 146 electrons per
void was calculated which roughly accounts. for two toluene
and one dichloromethane molecule per void.

The crystal structure of 31,74, 3toluene is clearly of a
moderate quality. It crystallizes in the chiral space group P2,
with four crystallographically independent cationic complex
ions, four I;~ anions, a neutral iodine molecule and a toluene
as a solvent (Z = 8). The structure was refined as an inversion
twin giving a scaling factor of about 0.44. A severely disordered
I, unit resides between two almost co-parallel I;~ anions (1,
12, 13 and 131, 132, 133) bridging the two in an asymmetric
fashion and forming a U-shaped I~ dianionic unit. Much
effort was made to model this disorder. The best result was
achieved by a split atom model in which the I, (134, 135) and
one of the I,;~ subunits (131, 132, 133) were split on two posi-
tions with an occupation ratio of about 0.83:0.17. EADP and
SAME instructions of SHELXL were used to restrain the model.
Residual density peaks (heaviest peak is 4.7 ¢ A" at a distance
of 0.93 A to I3) clearly show that the model does not fit the dis-
order perfectly but accounts for most of the problems. The
refined. structure model leaves small voids of a volume of
about 104 A® each. No significant electron density could be
found in these voids.

An occupation factor of 0.5 was used for the carbon and
chlorine atoms to refine the structure of 4-JCH:Cl,.

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 time-dependent (TD) DFT*® calculations
were performed at the level of Becke three parameter hybrid
functional with the nonlocal correlation functional of Lee-
Yang-Parr (B3LYP).** The gas-phase geometries of ¢rans-
[Ru'(PIQ)(PMe;),(CO)CI]”  (1¥*")  and trans{Ru"'(PIQ ™)
(PMes),Cl;] (2¥€) were optimized with the singlet spin state.
The gas-phase geometries of trans{RUM(PIQ"")(PMe;),(CO)C]
(1), trans{Ru™(PIQ)(PMe;).CL]" (2M), trans[Ru"(PIQ™")-
(PMe;).Clo]™ (2M¢7) and mer{Ru"(PIQ)(PMe;)Brs] (4™°) were
optimized with the doublet spin state, using Pulay’s Direct
Inversion'” in the Iterative Subspace (DIIS), and the "tight”
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convergent self consistent field procedure® ignoring the sym-
metry. In all calculations, a LANL2ZDZ basis set along with the
corresponding effective core potential (ECP) was used for the
ruthenium ion." The valence double-{ basis set, 6-31G for H
was used.?® For C, N, P, Cl, and Br non-hydrogen atoms,
valence double-f with diffuse and polarization functions, 6-
31++G** as the basis set®* were employed for all calculations.
The 60 lowest singlet excitation energies on each of the opti-
mized geometries of 1M, 2™, 2M¢~ and 4™ were elucidated
by TD DFT calculations. The nature of transitions was calcu-
lated by adding the probability of the same type among « and
B molecular orbitals.

Conclusions

The redox non-innocence of 9,10-phenanthreneimino quinone
(PIQ), the coordination chemistry of which was limited, reveals
the diverse electronic states with ruthenium(n/m) ions as
depicted in Scheme 2. The electronic states of the [Ru{PI1Q)]
core of types [Ru(PIQ™)], [RU™(PIQ)], [Ruf'(PIQ),),
[Rud(P1Q"7)(P1Q)] and [Ru™(PIQ)] were detected (PIQ™™ = 9,10-
phenanthreneiminoquinonate anion radical) and compared
with those of 9,10-phenanthrenequinone (PQ) complexes of
ruthenium(n/m) ions.

- In this article, the molecular and electronic structures of
trans-[RUM(PIQ ™) (PPhy),(COICI-CHCl, . (1-CHRCLy), - trans-,
[Ru™(PIQ™)(PPh,),CLy] (2), trans-[Ru"(P1Q")(PPh;),(CO)CI] 1
ICH,CL, (1'1;74CH,Cly), trans{Ruf (PIQ )z (PPhy)x(u-Cl)s] 1,
11, 3toluene (3'1;731,4toluene), mer-{Ru'"(PIQ)(PPhs)Br;]2CH,Cl,
(41CH,CL) and trans{Ru"(PQ)(PPh;),Cl,]"Br;™ (5'Brs”) are
reported. The single crystal X-ray bond parameters, EPR spec-
trum and density functional theory calculations predicted that
1 is a PIQ"™ complex of ruthenium(i), while 4 is a PIQ complex
of ruthenium(m). 1'I;73CH,Cl, and 2 are defined as PIQ™
complexes of ruthenium(m). Based on the single crystal
X-ray bond parameters of the chelate and UV-vis/NIR
absorption spectra, 3'1;”31,-dtoluene is defined as a co-facial
bi-octahedral ruthenium complex that contains the [(PIQ)-
Ru™(p-C1);Ru’™(PIQ"")]" core. However, the PQ analogue of 2,

[P Ru"(PPh},(CONCIT* .:.E, {{PIar-JRu"(PPh,),(CONC) «;f; [(P1Q2 R (PPh,),(CONCIT
{14 (n (t)

{(PIQ)RUM(PPH,),CL ]
2%

- i +e
1

[(PIQ)RU"{PPh,4)Br,} Bl {(PIQ)RU"(PPh,),Cl] = {(PIY ), RuM (PP, {p-Cl), ]ty
@) 2} (ENPY)
-8 a +e
1PIQ" JRU"(PPh}Cl 1 wmm [(PIQ2)RUM(PPh,),CLT
[t}

Scheme 2 Diverse electronic states of [Ru(PIQ)] core in complexes,
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trans-RUT(PQ T }(PPh,),Cl,] (2pq), reacts differently with Br;
affording trans-{Ru™(PQ)(PPh;),CL]"Br;™ (5"Br;”) only, auth-
enticated by a single erystal X-ray diffraction study. Consider-

ing the EPR spectra and the atomic spin densities, the 2 ion

is described as a PIQ complex of ruthenium(m), while the 27
ion is a hybrid state of the [Ru"(PIQ™)] and [Ru™(PIQ"7)]
states. It can be inferred that in complexes PIQ acts as a one
electron sink and in most cases exists as PIQ™™ in which a sig-
nificant percentage of the atomic spin is localized on a nitro-
gen p-orbital (calculated, ~38% in 1 and ~35% in 27 ion),
while the PIQ*~ state with the ruthenium ion has so far not
been detected.
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