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Introduction

The tyrosyl radical playvs
in biology." The ren
radicals (ArO")* hoin
chemistry. Howova:.

a crucial role in several redox reactions
ivities and the properties of the aryloxyl
peen explored in different aspects of
the parallel chemistry of the isoelectronic

Arylamino radical complexes of ruthenium and
osmium: dual radical counter in a moleculet

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

Radical and non-radical ruthenium and osmium complexes of 1-amino-9,10-anthraquinone (AgNH,),
which is defined as a molecule of dual radical counter, are disclosed. 1-Amido-9,10-anthraguinone
(AQNH™) comptexes of the types trans-[Ru(AQNH™){PPhs),{COICI} (1), trans-[Os(AqNH)PPhs),(CO)Br
(2) and trans-IRUMAGNHT)(PPhs)sClal (3) were isolated. AQNH™ of 1-3 is redox active and undergoes
oxidation reversibly at +(0.05-0.35} V to the 1-amino-9,10-anthraquinone radicat (AgNH’) and reduction
at -(0.86~-1.60) V to the 1-amido-9,10-anthrasemiquinonate anion radical (Aq™"SQ'27). The reaction of 2
with I in CH,Cl; afforded a crystalline AgNH™ complex of the type trans—[Os"(AqNH')(PPh;)z(CO)Br]"ls‘-%lz
@*157-312). AgNH and AQNMSQ™ complexes of the types trans-[RUMAGNH}PPh3)(COICH* (1*), trans-
RUMAGNHHPPha)Cllt  (3Y), trans-IRUNAGNMSQ 2 3PP ,(COICH™ (17) and  trans-lOs"(AQMMSQ %)
(PPh3}(CO)Brl™ (27) were generated chemically/electrochemically in solution. The electronic states of the
complexes were authenticated by single crystal X-ray structure determinations of 1, 2:5/4 toluene. 3 and
2+l5‘~—§-lg, EPR spectroscopy and density functional theory (DFT) calculations. AgNH" instigates a 2c-3e
Pa~d, interaction and the Os" — NHj, length in 2*1s™-4z, 1.978(5) A, is relatively shorter than the Os"~NH,q™
length, 2.037(2) A while the Aq-NH" bond, 1.365(8) A, is longer than the Aq~NH" bond, 1.328(3) A. DFT
calculations predicted that the atomic spin is delocalized over the ligand backbone (1%, 56%) particularly in
one of the p-orbitals of the nitrogen and the metat atoms of the 1* and 2* ions, while the spin is dominantly
localized on the anthraquinone fragment of the 1™ and 27 ions. TD DFT calculations were employed to
elucidate the origins of the lower energy absorption bands of the neutral complexes. Hypsochromic shifts
of the UV-vis-NIR absorption maximum during 1-1*, 2—2* and 3—-3* conversions were recorded by
spectroelectrochemical measurements,

metallo-enzymes to perform different organic reactions is
documented in several instances.® The types of arylamino
radical complexes documented so far are listed in Chart 1.
wieghardt® authenticated the formation of ArNH" radicals co-
ordinated to cobalt(n) and manganese(rv) ions, of type A
in Chart 1, while  Tanaka® detected an ArNH' complex of

reactive anilino radicals (ArNH') is limited, and broadly, tran-
sition metal nitrogin centered radical complexes are rare.” The
participation of the nitrogen centered radical intermediate in
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photoactive orbitals; gas phase optimized coordinates of AQNH', AqQNH™, 1V,
gMer gMem gMe obed pMe- - gMe and 3M7; excitation energies, oscillator
strengths, transition types and dominant contributions of UV-vis-NIR absorption
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Chart 1 Reported anilino (A~C) and aminyl (D~G) radical complexes of
transition metal ions.

This journat is @ The Royal Society of Chemistry 2016
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ruthenium(n) of type B. Thomas’ was successful in isolating
the crystalline complexes of ArNH’ coordinated to nickel(n)
and cobalt(n) ions of type C, which were characterized by
single crystal X-ray bond parameters. The aminyl radical (R;N")
compiexes of transition metal jons are also inadequate.
Gritzmacher® disclosed the chemistry of RN by isolating
crystalline complexes of rhodium(i) of type 3. Mindiola™ iso-
lated an R,N" complex of nickel(n) of type E, while Peters® iso-
lated an R,N" complex of copper(1) of type F. Recently, an RN’
radical of type G, stabilized by [Fe(NO),], was reported by Hsu
and Liaw.” D-G were substantiated precisely by single crystal
X-ray bond parameters, different spectroscopy and quantum
chemical calculations.

The literature reveals that the isolated nitrogen centered
radical complexes of transition metal ions are limited in
scope, and the generation of these reactive ArNH" and RpN’
intermediates to assign their benchmark features is a chal-
lenge in chemistry. In this study, the issue is addressed, isolat-
ing AINH™ and ArNH' complexes of ruthenium(n/m) and
osmium(n) ions using triphenyl phosphine, carbonyls and
halides as co-ligands. The arylamine used to explore this
radical chemistry is 1-amino-9,10-anthraquinone {AqNH,),
that upon oxidation produces the 1-amino-9,10-anthraquinone
radical (AQNH") and upon reduction generates the 1-amido-
9,10-anthrasemiquinonate anion radical {Aq™sQ?7), a p-aryl
semiquinonate anion radical. It is justified . mention that the
transition metal complexes of the p-arylsesniquinonate anion
radical are remarkably less explored.'%*™

In this study, the AqNH’ state was successfully authenti-
cated by the single crystal X-ray bond parameters. As both
AgNH" and Aq"SQ™" radicals are achieved from 1-amido-
9,10-anthraquinone (AgNH™) as shown in Scheme 1, the redox
non-innocent AqNH, is defined as a dual radical counter in a
molecule. The coordination complexes of these types of
molecules are worthy, as both oxidized and reduced states of
these complexes bear an organic radical and are expected to be
more reactive, In the vast coordination chemistry, such a metatlo-
organic fragment, although it appears to be a significant entity to
promote redox reactions, has not been explored earestly.

The AGQNH", AQNH' and Aq""'SQ™~ complexes presented in this
article are illustrated in Chart 2. trans{Ru"(AGNH")(PPh;), (CO)Cl]
(1), trans-{Os"(AQNH™)(PPh;),(CO)Br] (2), trans[Ru™M(AqQNH")
(PPh;),CL] (3) and trans-{Os"(AGQNH')(PPh;),(CO)BI]'Ts 3L,
(2'1,741,) were isolated as crystalline materials which were
analyzed by different spectroscopy and sinvie crystal X-ray
structure determinations. trans{Ru"(AqNE J(PPhs),(CO)CI]"

A .8 .8

O 4} +a O 0 +e Oz =—ts}

Oy Oy O
{AqNH®) {AQNH) (Ad*8Q*?)

Scheme 1 AgNH' and Aq™'SGQ2 radical states achieved from AqQNH™.

This journal is © The Royal Society of Chemistry 2016
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Chart 2 AgNH™, AgNH' and Ag™SQ®" complexes of rutheniumis/u)
and osmium(i) ions reported in this article.

(1", trans-[Ru"(Aq™"SQ"*7)(PPhy),(CO)CI]™ (17), trans-
[0s"(Aq"SQ ") (PPh;),(CO)BI]™ (27), trans {Ru"(AGQNH')(PPhs), cLl
(3) and trans{Ru™(Aq""SQ?7)(PPh,),CL]” (37) lons were
chemically/electrochemically generated ir sclition and were
characterized by spectroelectrochemical ieasurements and
variable temperature EPR spectra. In ¢ -boootion with the
experimental bond parameters and s 7 {ata, density
funetional theory (DFT) calculatic- employed to
support in elucidating the electronic <fructures of these
complexes.

Experimental section
Materials and physical measurements

1-Amino-9,10-anthraquinone (AqNH,) was purchased from
Sigma-Aldrich and other reagents or analytical-grade materials
were obtained from commercial suppliers and used without
further purification. The precursors [RuM(PPh,),(CO)H)CT],
[Ru"(PPhs);Cly] and [Os"(PPh;);(CO)(H)Br] were prepared by
reported procedures.11 Spectroscopic-grade solvents were used
for spectroscopic and electrochemical measurements. The C,
H, and N contents of the compounds wer obtained from a
perkin-Elmer 2400 Series 1I elemental anai ver. The elemental
analyses were performed after evaporatir It solvents under
high vacuum. Infrared spectra of the sa = fes were measured
from 4000 to 400 cm™' with KBr »: . 2t 295 K on a
perkinElmer Spectrum RX 1 Fourier tre=siurm infrared (FT-IR)
spectrophotometer. 1H NMR spectra in CIxCi; were recorded
on a Bruker DPX 300 MHz spectrometer. Electrospray ioniza-
tion (ESI) mass spectra were recorded on a micro mass
Q-TOF mass spectrometer. Electronic absorption spectra
of the solutions of the complexes were recorded on a
PerkinElmer Lambda 750 spectrophotometer over the range of
3300-175 nm. The X-band EPR spectra were recorded on a
Magnettech GmbH MiniScope MS400 spectrometer {equipped

Daiton Trans,, 2016, 45, 19428-19440 | 19429
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with a temperature controller TC HO03), where the microwave
frequency was measured with an FC400 frequency counter.
The EPR spectra were simulated using EasySpin software. The
electro-anaiytical i-t;ument, BASi Epsilon-EC, was used for
cyelic voltammetric oxperiments in CH,Cl, containing 0.2 M
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte. 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 to the ferrocenium/ferrocene, Fc'/Fe, couple. The BASi
SEC-C thin-layer quartz glass spectro-electrochemical cell kit
(light path length of 1 mm) with a platinum gauze working
electrode and a SEC-C platinum counter electrode were used
for the spectro-electrochemistry measurements.

Syntheses

trans-JRu"(AqQNH™)(PPh;),(CO)CI] (1). To a solution of
AgNH, (23 mg, 0.1 mmol) in dry toluene (15 ml)
[Ru™(PPh;)5(CO)H)CI] (100 mg, 0.1 mmol) was added and the
mixture was refluxed for 1 h in air. Upon cooling at 295 K, a
green crystalline material of 1 separated out. Yield: 82 mg
(86% with respect to ruthenium). Single crystals for X-ray
diffraction were grow: Dy diffusion of n-hexane to a CH,Cl,
solution of 1. Mas- <pectral data [ESI, positive ion, CH,Cl,}:
mjz 586 for [1-(¥Ph, + Cl + CO)]". "H NMR (CDCl;, 300 MHz):
5(ppm) 8.36 (d, 211), 8.02 (d, 2H), 7.75~7.71 (m, 13H), 7.55
. (t, 1H), 7.26-7.20 {m, 17H), 6.92 (d, 2H), 4.32 (5, 1H). Anal.
Caled {%) for Cs;H3sCINO;P,Ru; C, 67.22; H, 4.20; N, 1.54.
Found: C, 66.96; H, 4.18; N, 1.54. IR/em™ (KBr): v 3350
(m, -NH), 3046 (w), 1940 (s), 1657 (s), 1588 (m), 1437 (s),
1298 (s), 1360 (m), 1091 (s), 1022 (m), 794 (m), 690 (s), 518 (s).
_trans-[Os"{AQNH™)(PPh;),(CO)Br]-5/4 toluene (2-5/4
toluene). To a solution of AqQNH, (23 mg, 0.1 mmol) in dry
toluene (15 mi) [Os"(PPh,)5(CO)(H)Br] (100 mg, 0.1 mmol) was
added. The mixture was refluxed for 1 h in air and the result-
ing solution was allowed to evaporate slowly under air at
295 K. After a few days, dark green single crystals of 2-5/4
toluene separated out, which were filtered and dried in air.
Yield: 78 mg (80% with respect to osmium). Single crystals for
X-ray diffraction and all spectroscopic and electrochemical
measurements were performed using this product. Mass spec-
tral data [ESI, positi:c ion, CHaCl): m/z 1045 for {2]". 'H NMR
(CDCl,, 300 MHzY: 5 ppm) 8.20 (d, 2H), 8.02 (d, 2H), 7.70-7.58
(m, 13H), 7.55 (¢, 1), 7.26-7.19 (m, 17H), 6.45 (d, 2H), 4.12 (s,
1H). Anal. Caled (%) for CsyH3sBINO;P,Os; C, 58.62; H, 3.67;
N, 1.34. Found: C, 58.26; H, 3.65; N, 1.34. IR/em™" (KBr):
v 3300 (s, ~-NH), 3049 (m), 1926 (s}, 1635 (s), 1584 (s), 1507 (s)
1481 (s), 1300 (s), 1091 (s}, 1023 (m), 802 (m), 726 (m), 693 (s),
516 (s).

trans[Ru™(AQNH™)(PPh;),CL,] (3). To a solution of AQNH,,
{23 mg, 0.1 mmol) in dry ethanol (20 ml) [Ru"(PPhs);Cl,]
{100 mg, 0.1 mmol) was added and the mixture was refluxed
for 1 h in air, and crystalline material of 3 separated out. Yield:
80 mg (87% with respect to ruthenium). Single crystals for
X-ray diffraction were grown by diffusion of n-hexane to a
CH,Cl, solution of 3. Mass spectral data [ESI, positive ion,

19430 | Dalton Traris., 2007, 45, 19428-19440
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CH,CL]: m/z 939.6 tor [3 + Na]" and 883.6 for [3 — CI]". Anal.
Caled (%) for CsoH34CLNO,P,RY; C, 65.36; H, 4.17; N, 1.52.
Found: C, 65.06; H, 4.16; N, 1.52. IR/em™ (KBr): v 3310
(m, -NH), 3051 (m), 1657 (s), 1584 (s), 1481 {s), 1433 (s), 1409 (s),
1268 (s), 1166 (s), 1096 {s), 1021 {(m), 747 (m), 693 (s), 519 (s).

trans-[Os"(AgQNH")(PPh;),(CO)BI]' ;™4 (21,73L). To a
solution of 2 (50 mg, 0.05 mmol) in dry dichloromethane
(10 ml} in a long glass tube, iodine solution in hexane (50 mg,
0.2 mmol) was allowed to diffuse. After a few days, single crys-
tals of 2*15'-512 separated out, which were collected for further
analyses. Yield: 50 mg (57% with respect to osmium). Mass
spectral data [ESI, positive ion, CHyCl,}: m/z 1045 for [2]".
Anal. Caled (%) for Cs,HseBrIgNO;P,0s; C, 33.91; H, 2.12;
N, 0.78. Found: C, 33.76; H, 2.12; N, 0.78. IR/em™" (KBr): v 3434
(br, -NH), 3049 (m), 1968 (s), 1664 (s), 1584 (s), 1481 (m), 1433 (s),
1367 (m), 1291 (s), 1257 (m), 1091 (m), 693 (s), 518 (s).

Complexes 1°, 3* and [1-2]". These complexes were not iso-
lated in this investigation. However, they were generated by
coulometric experiments in CH,Cl, at 295 K for spectroelectro-
chemical measurements and EPR spectra. Complexes 1" and
3" were generated upon oxidation of 1 and 3, respectively, at
+0.34 and +0.60 V with respect to the Fc¢'/Fc couple, whereas
17 and 27 were produced upon reduction of 1 and 2, respec-
tively, at —1.80 and —1.70 V, respectively. [1-2]” were also gene-
rated chemically in CH,Cl, using an equivalent amount of
cobaltocene as a reducing agent.

Single-crystal X-ray structure determinations of the complexes
(CCDC: 1447861-63, 1447878 and 1490059)

Dark single crystals of 1, 2:5/4 toluene, 3 and 2"1{-%12 were
picked up with nylon loops and mounted on a Bruker APEX-I1
CCD and Bruker AXS D8 QUEST ECO diffractometer equipped
with a Mo-target rotating-anode X-ray source and a graphite
monochromator (Mo Ka, 4 = 0.71073 f\). Final cell constants
were obtained from least-squares fits of all measured reflec-
tions. Intensity data were corrected for absorption using inten-
sities of redundant reflections. The structures were readily
solved by direct methods and subsequent difference Fourier
techniques. The Siemens SHELXS-97 '?* software package was
used for the solution, SHELXL-97'** was used for the
refinement, and XS. Ver. 2013/1,'* XT. Ver. 2014/4*%¢ and
XL. Ver. 2014/7 * were used for the structure solution and
refinement. All nen-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed at the calculated positions
and refined as riding atoms with isotropic displacement
parameters.

The checkeif of 2*15’-512 records an ‘A’ label error as the
structure suffers from slight disorder of the complex cation
and the I~ anionic unit. Five relatively small residual density
peaks (2.56-2.02 e A™*) are Iocated in close vicinity (0.42-0.96
A) to the osmium and iodine atoms, which are common to
heavier atoms with diffuse orbitals.

Density functional theory (DFT) calculations

All caleulations reported in this article were done with the
Gaussian 03W'® program package supported by GaussView

This joumat is © The Royal Society of Chemistry 2016
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4.1. The DFT™ and time-dependent (TD) DFT"® calculations
were performed at the level of the Becke three parameter

hybrid functional with the nonlocal correlation functional of

Lee-Yang-Parr (B3LYP).'® Gas-phase geometries of AqQNH™,
trans{Ru"(AqQNH")(PMe;),(CO)CI] (1), trans-{Os"(AqQNH")
(PMe;),(CO)Br] (2™°) and trans-{Ru""(AgNH")(PMe;),Cl.]"
(3M*) were optimized with the singlet spin state. Gas-phase

geometries of AQNH', trans{Ru"{AgNH’ ¥ PMe;)(CO)CL}
(1MY), trans-[Os{AqQNH')(PMe,),(CO B (2M*7), trans-
[RuM(Aq""SQ*7)(PMe;),(CO)CI]™ (1"“’”) trans-
[0s™(Aq™H8Q 2 7)(PMe,),(CO)Br]™  (2M°7)  and  trans-

[Ru™(AqNH™)(PMe,),Cly] (3M) were optimized with the
doublet spin state, using Pulay’s Direct Inversion in the
Iterative Subspace (DIIS), a “tight” convergent self consistent
field procedure® ignoring symmetry. In all calculations, a
LANL2DZ basis set along with the corresponding effective core
potential (ECP) was used for the ruthenium ion.*” The ground
state energies and the atomic spin of 1, 2 and 2% in CH,Cl,
were calculated using crystallographic coordinates. A valence
double-t, basis set, 6-31G for H, was used.” For ¢, N, P, Cl, and
Br non-hydrogen atoms, a valence double basis set* with
diffuse and polarization functions, 6-31+G*, was employed for
all calculations. The 60 lowest singlet excitation energies on
each of the optimized geometries of AQNH™, 1™ and 2M were
elucidated by TD DFT calculations. The natures of transitions
were calculated by adding the probability of the same type
among o and § molecular orbitals.

[RUIPPh),(HYCOXCH + AqNH, “EHD PPh,
(05" @Phy)y(H)(COMBr] + AQNH, H™H)_ ) e
[Rul(PPhy);CL] + AgNH, __-H' 3+ PPhy
243 e 2%,

Chart 3

Paper

Results and discussion

Syntheses and characterization

Reactions of 1-amino-9,10-anthraquinone (AqQNH,;) with the
hydride precursors [Ru”(PPhs)s(CO)(H)CI] and [0s"(PPh;);(CO)
{H)Br] in boiling toluene afforded diamagnetic AGQNH™ com-
plexes of the types trans-[Ru(AqQNH7)(P1 'iCO)I] (1) and
transJOs"(AGQNH)(PPhy),(CO)Br] (2) in gr . vields. Similarly,
the reaction of AgqNH, with a no i’ precursor,
[Ru"(PPh;);CL], yielded a parar:: o ruthenium(m)
complex of the type trans{Ru(AqN¥ :v:"'!-.wChj (3). trans-
[Os™(AQNH")(PPh;),(CO)Br]'Is ™3I, (2°i :i.) was isolated by
reacting 2 with iodine in a CH,Cl,-hexane mixture at 295 K.
The stoichiometries of the reactants and the products are
given in Chart 3. trans{Ru"(AgQNH')(PPh;),(CO)CI]" (1Y)
and trans[RUT{AQNH")(PPhs),Cl,]" (3") were generated by
constant potential coulometric experiments using tetra-
butylammonium hexafluorophosphate as an electrolyte,
while transJRU"(AqQVSQ?)(PPh,),(CO)CI]™ (17) and trans-
[0s"(Aq"HSQ ?")(PPh,),(CO)Br]™ (27) were generated by redu-
cing 1 and 2 with cobaltocene in CH,Cl, as well as by constant
potential coulometric experiments at 295 K. The trans abbrevi-
ations of the complexes are because of the two PPh; ligands
which lie #rans to-each other. Details of the syntheses and the
analytical and spectral data of 1-3 and 21741, are summar-
ized in the Experimental section.

“The IR spectrum of 2'1;73l,, whict .. 2 tie¢ species,
is notably different from those of Vi rhe N-H
stretching frequencies of 1 and 2 ar: her (3350
and 3359 em™") than that of 2'I;™-4. . The N-H
stretching vibration of 3 appears at The bond
orders of C==0 (non-coordinated) and C=0 of 215731, are

higher than those of the 18e species, 1 and 2. The vg=q and
Vesno Of 2 at 1652 and 1920 cm™* respectively are blue shifted
to 1666 and 1967 cm™" respectively in 2°1;72L,. The corres-
ponding ve.o and ve=o Of 1 are observed at 1657 and
1940 em™,

Table 1 Selected experimental bond lengths (A) of 1, 2:5/4 toluene, 3 and 2*15™4l>

1 2-5/4 toluene 3 2T,
Bonds 100 K 100 K 296 K 135K 295 K
M — NHyq " /NHy 2.031(2) 2.037{2) 1.972(2) 1.978(5) 2.017(11)
M-0 2.090 (2) 2.094(2) 2.015(2) 2.096(4) 2.085(7)
M-CO 1.833(2) 1.844(3) 1.915(6) 1.910(12}
M-PPh, 2.405(1) 2.383(1) 2.444(1) 2.426(2 2.432(3)

2.423(1) 2.408(1) 2.424{1) 2.439 2.444(3)
M-X 2.423(1) 2.583(1) 2.343(1)/2.389(1) 2.52° 2.526(2)
Ag-NH 1.323(2) 1.328(3) 1.329(3) 1.36% - 1.366(15)
C2-C3 1.443(2) 1.447(4) 1.429(3) 1.416 1.439(17)
C3-C4 1.362(2) 1.355(4) 1.362(4) 1.377{10} 1.36(2)
C4-C5 1.416(2) 1.419(4) 1.390(4) 1.392(11) 1.38(2)
C5-C6 1.378(2) 1.372{4) 1.368(3) 1.383(10) 1.391{19)
C6-C15 1.442(2) 1.454{4) 1.436(3) 1.419(9) 1.418(18)
C2-C15 1.449(2) 1.455(4) 1.438(3) 1.425(9) 1.413(17)
C14-C15 1.419(2) 1.418(4) 1.420(3) 1.442(9) 1.457(16)
C14-016 1.274{2) 1.286(3) 1.272(2) 1.263(7) 1.248{(13)
C7-017 1.228(2) 1.235(3) 1.224(3) 1.213(9) 1.195(17]

This journal is © The Royal Society of Chemistry 2016
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Assignment of the electronic states of the complexes

The single crystal X-ray bond parameters, redox activity, EPR
spectroscopy and the atomic spin density were used to eluci-
date the electronic structures of the complexes.

X-ray crystallography

The single crystal X-ray structures of 1, 2-5/4 toluene, 3 and
2*15‘%12 are reportced. The crystallographic data of these com-
plexes are summarized in Table $1, and selected bond
lengths are listed in Table 1. 1 and 2-5/4 toluene crystallize in
the P2,/c space group. The molecular geometries in crystals
and the atom labeling schemes are illustrated in Fig. 1(a)
and (b). The Ru"-NH,,~ and Os"-NH,,~ lengths are 2.031(2)
and 2.037(2) A, while the Ru"™-0 and Os"™-O distances are
2.090(2) and 2.094(2) A respectively. The Ru"-CO, Ru"-PPh,,
0s"-CO and 0s"-PPh; lengths correlate well to those reported
in similar types of ruthenium(n) and osmium(n) complexes.’*
The Ag-NH" lengths in 1 and 2-5/4 toluene, 1.323(2) and
1.328(3) A respectively, are relatively shorter than those
observed in o¢-amidophenolato(2—) complexes of transition
metal ions.** It is analyzed as the effect of the delocalization of
the negative charge over the anthraquinone fragments as illus-
trated in Scheme 2. It is notable that the C-C lengths of the
amidophenyl ring ¢ 1 and 2-5/4 toluene exhibit a quinoidal
distortion. The C3-(:4 and C5-C6 lengths are significantly

‘shorter, while the adjacent C-C lengths are relatively longer-

(Table 1). Two C=0 lengths of the anthraquinone fragment
differ significantly; the average C14-016 (coordinated)
lengths are 1.280(3) A, while the average C7-017 lengths are
1.231(3) A.

3 crystallizes in the P2,/c space group. The bond parameters
of the coordination sphere of this ruthenium(m) analogue are
somewhat different from those of 1. In 3, the Ru"-NH, ",
Ru'"-0 and Ru™-Cl lengths are expectedly shorter, while the
Ru""-PPh; lengths are relatively longer as listed in Table 1.
However, the bond parameters of the AQNH™ in 1 and 3 are
similar, and the Aq-NH~ length in 3 is 1.329(3) A. The bond
parameters of the coordination sphere and the AQNH" ligand
of the oxidized analogue attribute a different feature from that
of 1, 2-5/4 toluene and 3. The X-ray structure of 2*15‘-%12 was
determined at 135 and 295 K. 2"15'-512 crystallizes in the PI
space group. The molecular geometry of the crystals and the
atom labeling schen:es are shown in Fig. 2(a) and the selected
bond parameters are summarized in Table 1. The X-ray bond
parameters of ion 2" at 135 and 295 K are approximately
similar. This is the first report of the single crystal X-ray struc-
ture of an arylamino radical coordinated to a heavier transition
metal ion. One of the significant features is that the
Os" ~ NH,, length of 2'I;71I, is relatively shorter than the
M"-NH,,~ lengths of 1 and 2-5/4 toluene, The Os" — NH,,
length is 1.978(5) A in 2'15711,, while the Os"-NH,,~ length in
2-5/4 toluene is 2.037(2) A. This reveals that the conversion of
AgNH™ to AQNH’ leads to an decrease of the M-N bond order,
predicting the formation of a 2c-3e bond between a filled
d-orbital and a singly occupied p-orbital of the nitrogen atom.
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(a)

(b)

(c}

Fig. 1 Molecular geometries of (a) 1, (b} 2:5/4 toluene and (¢) 3 with
40% thermal ellipsoids (H atom and toluene molecule are omitted for
clarity).

£ o

Scheme 2

The similar trend, M — NHy "> M ~ NH;q, was also documen-
ted in the X-ray structures of the anilinyl radical complexes of
nickel(n) and cobalt(n) ions.” Due to the coordination of the
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Fig. 2 (a) Molecular geometry of 2*15™-U; in crystals (40% thermal ellip-
soids, H atom, I and Is~ are omitted for clarity) and (b} selected bond
lengths (A) of {Os"(AqNH™)] and {Os"(AGNH")] fragments.

anionic AGNH™, d, — CO and d, — PPh; back bonding in 1
and 2 are relatively stronger, while becasise of the AqQNH'
coordination, the cation is a 17e species and the effect of back
bonding is less in ion 2%, resulting m: & clatively longer
M"-CO and M™-PPh; lengths.

In the cation, the Os"-CO length is 1.915(6) A and the
average Os"-PPh, lengths are 2.432(2) A, while the 0s"-CO
length in 2-5/4 toluene is 1.844(3) A. However, the M"-O
lengths in 1, 2:5/4 toluene and 2°I,71I, are approximately
similar. The Os"-Br bond ¢rans to the o-donor AQNH™ in 2-5/4
toluene is relatively longer than that trans to AgNH' in
2",

In the reported anilinyl radical complexes, no significant
change of the bond parameters of the AQNH™ and AqNH'
states was recorded.” In comparison, the bond parameters of
the AQNH™ and AgNH' states in 2-5/4 toluene and 2°%73L,
are notably different, as shown in Fig. 2(b). The Aq-NH’
length, 1.365(8) A in 2*1{-%1;, is longer than the average Ag-
NH lengths, 1.326(2) A in 1 and 2:5/4 toluene. In 2'Is™31,
the quinoidal distortion of the aminophenyl ring is relatively
less than that of the amidophenyl rings in 1 and 2-5/4
toluene, as listed in Table 1. It is noteworthv that the average
C-C lengths of the amidophenyl ring of ¢ snd 2:5/4 toluene
are 1.415(4) and 1.417(4) A, while the average C-C lengths
of the aminophenyl ring of 271,71, are relatively shorter,
1.402(10) A, and correspond to those of an aromatic ring. The
bond lengths of the anthraquinone fragment are less per-

1.263(7) A, are relatively shorter than those in 1 and 2-5/4
toluene.
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Redox activities

The redox activities of the complexes were investigated by
cyclic voltamumetry in CH,Cl, at 295 K. The cyclic voltamme
grams are illustrated in Fig. 3 and the redox potentia
data referenced to the Fc'/Fe couple are summarized in
Table 2. 1 exhibits two anodic redox waves at +0.14 and +1.02
V. Estimating the ratio of the peak currents (forward, i, ¢ and
return, i,,), the former is reversible (fpefie: - 1.01) and is
assigned to the AQNH'/AQNH ™ redox coup. ' cyrlic voltam-
mogram of 2 is similar to that of 1 and bt wodic waves of 2
at +0.05 (ip,¢ip,. = 1.01) and +0.84 V (i, ¢ & due to the
AgQNH'/AQNH™ and Os™/0s" redox ¢. rziag reversible.
The AQNH/AgNH™ redox couple of 3 : at +0.35 V. The
redox potential data predict that the s ~=~ 5f 2 is easier to
oxidize than that of 1 and 3, and the 2" ion was successfully
isolated chemically. In solution the 2" ion is stable and it exhi-
bits similar redox waves as of 2, as shown in Fig. 3(d).

The I,/1” redox wave of 2*1;721, is observed at —0.33 V. The
cathodic waves of 1 and 2 at —1.60 (i, ¢/, = 1.04) and —1.48 V
(fpfip,e = 1.01) are reversible and assigned to the AQNH™/

2 1 : -2

o ~
Potential(V) oAl -
(a)
faft”
1 0 -4 2 9 0 A -z
Potential{V) Potential{V)
() {d)

Fig. 3 Cyclic voltammograms of {a) 1. (b) 2, (¢} 3 and (d} 2*1574i; in
CH,Cl, at 295 K. Conditions: scan rate, 100 mV s~ 0.20 M [N{(n-Bu)y]
PFg supporting electrolyte; platinum working electrode.

Table 2 Redox potentials of 1~3 and 2"15™ 41, dr
tammetry in CHpCly (0.20 M {N{n-BulslPFg su

o by cyclic vol-
s vy electrotyte at

295 K)
MM, AgQNH'/AqNH". s,
Complexes  V(AE,*mV) V{AE“mV) s, t 1)
1 +1.02? +0.14 {105) 130 410)
2 +0.84 (95) +0.05 (80) ~1.48 (80)
3 -1.76 {180)  +0.35 (100) -0.86 (115)
2t +0.83 (115)  +0.06(120) ~1.66 (70), ~0.33 (210)

® peak-to-peak separation in mV. ? Anodic peak potential.
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Aq"SQ*" redox couple, while the redox wave of 3 at —0.86
{ipflip,r = 1.60) V is not quite reversible. The cathodic wave of 3
at —1.76 V due to the Ru™/Ru™ redox couple is irreversible.

EPR spectroscopy

The measurement of magnetic susceptibility authenticated
that 2*1;711, and 3 are one electron paramagnetic. The vari-
able temperature EPR spectra of the 1%, 2*, 17 and 2~ ions in
CH,CI, and the frozen CH,Cl, glass EPR spectrum of 3 were
recorded and the spectral parameters are listed in Table 3. The
CH,Cl, frozen glass EPR spectrum of 3 is depicted in Fig. 4(a).
The g-values are g; = 2.386, g, = 2.075 and g; = 1.820, which
correspond to those of the ruthenium(m) complexes® with
larger ¢ anisotropy {Ag = 0.56). The shape of the EPR spectrum
of 3 is different from that of a typical rhombic spectrum of an
octahedral ruthenium(ur) ion. However, such spectra are docu-
mented in the literature in many instances.®**

Table 3 X-band EPR spectral parameters of 3, 1%, 2*I5
CHxCl,

~32, 1" and 2”in

Conditions g-Values

3 Frozen glass at 115 K 2.386, 2.075, 1.820
1" Solution at 295 K 2.014
Ap=33 (3P, 1=}),
An=13('H,I= %)
Ay=10 ("N, 1= 1)
1" Frozen glass at 115 K A 4'8’6( b=
[(AqQNH' Ru”} component 2.004
{(AQNH TRy ] component 2.000, 2.002, 2.060
2" Solution at 295 K 2.027
2" Frozen glass at115 K
[(AgnH7)Os™ Lcomponent 1.998
[(AqNH7)0s™] component 1.933, 1.992, 2.165
2° Powder at 295 K
[(AgNH")Os" ;]'component 1.994
{{AgNH™)0s™] component 2.040
27 Powder at 115 K
[(AqNH Us"JIcomponent 1.994
{(AgNH)0s™] component 1,940, 1.994, 2,170
1~ Solution at 295 K 2.005
1~ Frozen glass at 115 K 2.005
27 Solution at 295 K 2.006, 2.011
27 Frozen glass at 115 K
[(ag™sq 2')0«,"] component 2.003

[(AQNHQQ ~)0s™] component

o

i

1.999, 2.000, 2.025

Tnsmeenen

il
% g

30 25 20 1.5
g-value

e (b)

Fig. 4 (a} X-band EPR spectrum of the frozen CH,Cl, glass of 3 and
(b) atomic spin of 32 (Ru, 0.84) obtained from Mulliken spin population
analysis.
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The 3" jon contains an AqQNH" radical that results in anti-
ferromagnetic coupling with the paramagnetic ruthenium(m)
ion, and is EPR silent. The EPR spectra of the 1* and 2" ions
are significantly different from that of 3. The variable tempera-
ture (295-115 K) X-band EPR spectra of the electro-generated
17 ion in CH,Cl, are depicted in Fig. 5(a). The g-parameters
obtained from the simulation are summarized in Table 3. The
EPR spectrum of the 1° ion in CH,Cl, at 295 K exhibits hyper-
fine couplings due to *'P, (4p = 33 G, 7 = 1), 'H (4 = 13 G,
I=3), "N (An = 10 G, I = 1) and **Cl (A, = 4.8 G, I = 3/2) nuclei
as shown in Fig. 5(b), and the simulated g value is 2.014,
which corresponds well to the [Ru(AgNH")] state. The slightly
higher value of g than those of pure organic radicals?® indi-
cates a contribution of the ruthenium(m) state to the SOMO.

o B

116 K

195 K

— N\
Ny K

2.00
g-value

2.10 2.05 1.95

(b}

g=2.014

Ap=33G
Ay=106 Ay=136
ACl =48G
210 205 2,00 1.95
g-value
iv
iii
~_/\_—'\/— (C)
|_/—\_/\/_-
2.10 2.05 200 195
g-value

Fig. 5 (a) Variable temperature {(295-115 K) X-band EPR spectra of 1*,
(b} simulation of the fluid solution EPR spectrum and {c) simulation of
the frozen CH,Cl; glass EPR spectrum {black (i), experimental; blue {ii),
simulated spectrum considering the [Ru™AgNH")] state; green (i),
simulated spectrum considering the [Ru(AqNH")] state; red (iv), simu-
lated spectrum considering both the [Ru™(AgNH")} and [RuM(AqNH")]
(1:1) components).
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Thus, in fluid solution the 1* jon is an AgNH" complex of
ruthenium(n). The CH,Cl, frozen glass EPR spectrum of the 1*
ion is somewhat different. The spectrum was simulated con-
sidering the contributions of the [Ru"(AQNH')] and
[Ru"'{AqQNH™)] resonance states as depicted in Fig. 5(c). The
simulated spectrum iii of Fig. 5(c¢) with £ = 2.004 corresponds
to the [Ru"{AgNH")] state, while the rhombic signal (presented
by the spectrum ii) with g, = 2.000, g, = 2.002 and g3 = 2.060
(8av = 2.021) corresponds to the [Ru™(AqNH")] state.

The variable temperature EPR spectra of 2*15‘-512 in CH,Cl,
are illastrated in Fig. 6(a). The isotropic EPR signal of 215”41,
in CH;Cl, is relatively broader as illustrated in Fig. 6(b), and
hyperfine splitting is not observable. The - nlated g value,
2.027, deviates significantly’” from thos: . :ed for organic
radicals, predicting a larger contribution of the osmium{m)
state to the SOMO. The frozen glass EPR spectrum of the 2°
fon at 115 K was successfully simulated considering the
[0s™(AqNH")] and [0s"™(AqNH")] states as shown in Fig. 6(c).
The spectrum is composed of an isotropic signal at g = 1.998
due to the [Os"(AqNH")] state (motif A of Scheme 3) and an an-
isotropic rhombic signal with g, = 1.933, g2 = 1992 and g, =
2.165 due to the [Os"(AqQNH")] state, defined by motif B. The
anisotropy of the rhombic component of the frozen glass EPR
spectrum of the 2* jon is relatively larger than that of the 1*
ion, inferring a larger contribution of the [M™(AqNH")] state
to the 2% ion.

——/\—/\rus_x_w
__’/\/& {a)
205K

24 20 1.6
g-value
24 20 16 . _
g-value 22 20 1.8

g-value
{b) i}

Fig. 6 (a} Variable temperature (295-115 ¥ M-t ol EPR spectra of
2“15‘%]2 in CHClz; (b) simulation of the fluid st - PR spectrum and
(c) simulation of the frozen CHaCl; glass EPR spectrum (black (i), experi-
mental; blue (i) simulated spectrum considering the [Os"™AGNH")] state;
green (iii), simulated spectrum considering the [Os"(AQNH")] state; red
liv) simulated spectrum considering both the [0s"™AGNH™)] and
{Os"(AGNH")) (1: 2) components).
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The EPR spectroscopy of the powder s '+ an. .uthenti-
cated the contribution of states A and B ! ©r The EPR
signal at 295 K is relatively broader. It - - od consider-
ing the contributions of the {Os™Agq:. ..., {CsAGNHT))
states as shown in Fig. 7(a), where th. - jlatod spectrum ii
corresponds to the [Os"'(AQNH™)] state and the spectrum i is
for the [Os"(AqNH")] state. In the frozen glass at 115 K the
spectrum ii resolves well to a rhombic spectrum, with & =
1.940, g2 = 1.994 and g4 = 2.170 as depicted in Fig. 7(b). The
study infers the delocalization of the spin of these 17e species
over the metal and ligand fragment, and having a hybrid of
the [M"(AqQNH")] and [M™(AqNH")] states as the ground elec-
tronic state,

,The EPR spectra of the 17 and 2~ jons obtained after
reduction of 1 and 2 by cobaltocene in.CH,Cl, were recorded
at 295 K and 115 K. The variable temperature spectra of the 1~
ion are depicted in Fig. 8(a). It is notable that the isotropic’
signal of 1™ in CHZCIZ remains unperturbed #1- 1 in the frozen

glass and the experimental g value is 2.00¢ ‘v nrioborates
well to those reported in cases of 9,16-2 = = . Aiguinonate
anion radicals.*® Thus, the ground electr. ate 17 is con-
sistent with the [Ru"(Aq""sQ~)] dec— “fortunately,

the hyperfine splitting due to aromat- stn qoms is not
observable in this coordination compie

The fluid solution and frozen glass EPk spectra of 27 are
different from those of the 1~ jon. In the frozen glass spectrum

the contribution of an anisotropic component to the 2~ ion is

2.0
g-value
{a)

43} 295 K and
- owtrLevi considering

Fig. 7 X-band EPR spectra of the powder ~°
(b) 115 K (black (i}, experimental; blue (i) sirr
the [Os"AGNH™)] state; green (ifi), simulate: “rum .onsidering the
10s(AQNH")] state; red (iv) simulated specti.~. .mnsidering both the
[0s"MAGNH™)] and (Os™AqNH")] (1 : 1) resonance states).
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200 K
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295 K
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g-value g-value
(@) {b)
iv

24 20 18
g-value
(c)

Fig. 8 Variable temperature (295-115 K) X-band EPR spectra of {a) 1~,
(b} 27 in CHyCl, and (c) simulation of the frozen CH,Cl, glass EPR spec-
trum of 27 {black {i), experimental; blue (i) simulated spectrum consider~
ing the [0s™{Aq""SQ*")] state; green (iii), simulated spectrum consider-
ing the [0s"(Ag""SQ )] state; red (iv) simulated spectrum considering
both the [0s™AqN"SGQ>)} and [Os"AqN"SQ27)] (1: 1) resonance states).

detected. At 295 K, the g value of the major signal of the 27 ion
is 2.011, while the g value of the major signal at 175 K is 2.006.
Comparing the fluid solution EPR spectrum of the 2" ion,
which exhibits a signal at 2.027 as reported above, the EPR
signal of the 27 ion at g = 2.011 is assigned to state E of
Scheme 4. The EPR signal of the 2™ jon at g = 2.006 is consist-
ent with the [0s"(Aq""SQ™*7)], C state, while the frozen glass
EPR spectrum was simulated considering isotropic and aniso-
tropic components due to the [0Os™(Aq""SQ*7)], €, and
[0s™(Aq"'SQ*7)], D, states as described in the caption of

I TN TR o
o Q O\Mu" o U\Mu -~ O\Mu -
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Fig. 8(c). The study reveals that similar to the 2" ion, the contri-
bution of the M(mm) state to the 27 ion is significant.

DFT caiculations

DFT calculations of the complexes at the B3LYP level of theory
were employed to elucidate the electronic structures of the 1%,
2,17, 27 and 3" ions. Gas phase geometries of the PMe, ana-
logues of the AqNH™ complexes, trans{Ru”(AqQNH")
(PMe;),(CO)CI] (1), trans-{Os"(AQNH™)(PMe;),(CO)Br] (2M°)
and trans-[Ru"'(AqNH")(PMe;),CL,]" (3"*) were optimized with
the singlet spin state, while the AqQNH" analogues, 1M, 2M¢*,
1°7, 2M* and 3™ jons were optimized with the doublet spin
state using LANL2DZ basis sets for the metal ions. Based on
these coordinates, the ground state energies of the 1", 2M°,
1M~ and 2M°~ ions were calculated in CH,Cl, using the CPCM
model. The ground state energies of the 1, 2 and 2* jons in
CH,Cl; were also calculated using the crystallographic coordi-
nates. The optimized coordinates are listed in Table S4-S14.1
The calculated bond parameters of 1™¢, 2M¢, 2M¢* and 3™° cor-
relate well to those obtained from the single crystal structure
determinations of 1, 2-5/4 toluene, 2"15'-%12 and 3 as summar-
ized in Table 1. The calculated bond parameters of the 1<,
gMe gMe qMet gMet gMet gMe= and 2™ jons are listed in
Table S$2.1 As observed experimentally, the calculated M-Q,
M-NH,q ™ and M-X lengths are longer in 1™ and 2™° than
those in the 1™ and 2™°* ions, while the M-CO and M-PPh,
lengths are relatively shorter in 1™ and 2™°, The calculated
M'"-NH,q~ léngths are relatively longer than those of
M"-NH,, and the trend is consistent with that established by
X-ray diffraction studies. The Ru"-NH,,~ length in 1™ is
2.073 A, while the Ru” — NH,, length in 1M is 1.989 A.
Similarly, the calculated Os"-NH,,™ and Os" ~ NH, lengths
in 2™ and 2M¢* are 2.065 and 1.992 A respectively, while
the corresponding experimental lengths are, 2.017(11) and
1.978(5) A respectively. A molecular orbital analysis affirmed
that in the cations a singly occupied nitrogen p-orbital of
AgNH' promotes a n-bonding interaction (2c-3e type) with a
d-orbital of the metal increasing the M — NH;, bond multi-
plicity. The occupicd orbitals (B-HOMO and p-HOMO-1) are
shown in Fig. 9(a) and (b). The corresponding antibonding
Tos.y Orbitals are a singly occupied a-SOMO and an unoccu-
pied B-LUMO as illustrated in Fig, 9.

The calculated C=0 lengths (coordinated to the metal jon)
of the anthraquinone fragment in 1™¢ and 2™° are 1:270 and
1.277 A respectively, while these are relatively shorter in 1
and 2M** (1.258 and 1.265 A respectively). On the contrary, the
corresponding C=0 lengths are relatively longer in the 1™~
(1.304 A) and 2™*" (1.309 A) ions. The M-O, M-CO and
M-PPh; lengths of the 1™~ and 2™°~ ions are shorter than
those in 1™ and 2™¢, The features predict that the 19e anionic
species promote stronger back bonding than the 18e neutral
and 17e cationic species.

The atomic spin of the 1™, 2M¢* 1M~ and 2M¢~ jons
obtained from Mulliken spin population analyses are illus-
trated in Fig. 10. In the cations, the spin scatters on the nitro-
gen and metal atoms. However, the percentage of the spin on
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a-SOMO

B-LUMO

(b)

Fig. 9 2c-3e p,-d, bonding interactions and related occupied
bonding, singly occupied and unoccupied antibonding orbitals of
(a) 1M+ and (b) 2Me+,

the nitrogen and metal atoms differs in the gas phase and in
solution. It is notable that in the 1™¢* ion (in CH,Cl, using the
CPCM model} 56% of the atomic spin is localized on the
ligand backbone, with 35% spin in one of the p-orbitals of the
nitrogen atom. The rest of the spin disperses on the aromatic
ring and the coordinated oxygen atom, predicting an AqO’
staie f the AQNH" radical as shown in Scheme 3. The atomic
spin in the 2™ ion depicts a similar patte, 11 with 44% on the
ligand (27% being at the nitrogen atum} »»d 56% on the
osmium ion. The atomic spin diswibvi: - 4 rhe 2* jon in
CH,Cl, obtained from the X-ray coordinates ot 2*15"%12 follows
a similar trend (AgQNH', 45%). The sharing of the spin by the
nitrogen and metal atoms supports the formation of M-N

This journal is © The Royal Society of Chemistry 2016

Fig. 10 Atomic spin of {a) 1M+ (N1, 0.35; Ru, 0.34); (b) 2M* (N1, 0.27;
Os, 0.56); (o) 4™ (N1, 0.04; C3, 0.11; C5, 0.06; C7, 0.06; C14, 0.20;
016, 0.12; 017, 0.19) and (d) 2™~ (N1, 0.05; C3, 0.10; C5, 0.07; C7, 0.06;
C14, 0.21; 0186, 0.11; 017, 0.19) ions obtained from Mulliken spin popu-
lation analyses.

lMe— ZMP—

bonds. On the contrary, in the and, ions the s, 0 is
primarily localized on the quinone fragment as. depictea in
Fig. 10{c) and (d), and the anions are defined by 9,10-anthra-
semiquinonate anion radical states of types [Ru™{Aq™HSQ™)]
and [0s"(Aq™'8Q?7)]. The trend of the calculated coupling
constants, 4p = 17 (*'P, I=1), A = 8.6 ("H, T = " 4., = 7.4 (N,

I=1)and Ag = 0.8 G (**Cl, I = 3/2), is simj w ol the 17
ion observed experimentally (Table 3). v« ™ " ion, the
coupling constants are smaller (5.5, 3.4, wt o udue to
the *N, 7Br, '*P and *H nuclei), while +yligible for
the 1™~ and 2™° jons, correlating .e pservations

that the 2', 17 and 27 ions do no: - beperfine EPR
spectra. The caleulated coupling constants ot 1™~ due to N,
%5Cl, **p and seven 'H nuclei of the anthraquinone fragment
are 1.23, 0.07, 0.74 and 0.16-2.34 G.

The Mulliken spin obtained from unrestricted B3LYP calcu-
lations on 3™ is dominantly localized on the ruthenium as
depicted in Fig. 4(b), authenticating that 3 is a rutheniumis.;
complex. The closed shell singlet (CSS) solution of 3"*" is
stable, and no perturbation due to the open shell singlet 11188}
state is observed. However, the energy of the triplet solution of
3™¢* is only 3.5 kJ mol™" higher than that of the CSS solution,
inferring a significant contribution of the coupled di-radical
state, [Ru™(AqNH")}, to the ground electronic state of 3*. The
calculated M-NH,q and Ag-NH lengths of """ are signifi-

cantly different from those in 3%°. The cal ™ NH
length, 1.899 A, in 3™ is relatively shw hav e RuM-
NH,q~ length, 1.994 A, in 3™, while w11 length,

1.341 4, in
th« 1-1" and

1.377 A, in 3" is longer than the Aq-*"
3M°, The trend is similar to that ot
22" conversions.
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Electronic spectra

The UV-vis-NIR absorption spectra of 1-3 were recorded in
CH,Cl, at 295 K. The spectra are illustrated in Fig. 11 and the
absorption data are listed in Table 4. The UV-vis-NIR absorp-
tion spectra of the cations were recorded by spectroelectro-
chemical measurements during the conversions of 1-1%,
2-2" and 3-+3" in CH,Cl, (Fig. 12(a)-(c)). The general obser-
vation is that the lower energy absorption bands of 1, 2.and 3
are blue shifted in the 1%, 2* and 37 jons. The spectrum of 1
displays a lower energy absorption maximum at 725 nm with
shoulders at 800 and 660 nm, while the absorption band of
the 1" ion is relatively broader and hypsochromically shifted to
500~700 nm. The absorption maximum of 1" at 450-650 nm is
absent in 1. 2 exhibits an absorption band maximum at
760 nm with shoulders at 840 and 685 nm, however the
absorption band of 2" is relatively broader and blue shifted to
660-850 nm. Similarly, the absorption peak of 3 at 530 nm
hypsochromically shifted to 455 nm in the 3" jon.

The origins of the lower energy absorption bands of the dia-
magnetic complexes were elucidated by the time dependent
(TD) DFT calculations on AQNH™, 1™ and 2™ in CH,Cl, using
the CPCM model. It is established that the -NH™ function is a

\

400 600 800 1000
rinm

Fig. 11 UV-vis-NIR absorption spectra of 1 (violet), 2 (red) and 3 (blue)
in CHCl; at 295 K.

Table 4 UV-vis-NIR spectral data of 1-3, [1-3]*, {1-3]” and 2"15‘-§I2 in
CH,Cl; at 295 K

Complexes A, (nm) (g, 10° M~ em ™)

1 800 (0.25), 725 (0.35), 660 (0.3), 421 (0.4), 365 (0.6)

1 930 (0.04), 800 (0.15), 720 (0.24), 555 (0.23), 425 (0.32),
365 (0.52)

1~ 805 {0.11), 720 (0.16), 655 (0.15), 440 (0.40), 370 (0.67)

2 840 {0.30), 760 (0.36), 685 (0.3), 430 (0.45), 370 (0.73)

2 1000 (0.14), 845 (0.32), 770 (0.34), 670 (0.39), 415 {0.8),
380 {0.92), 360 (0.90) ‘

2174, 840 (0.24), 760 (0.31), 675 (0.24), 485 (0.40), 365 (1.12),
286 (1.98)

2" 1000 {0.11), 840 (0.30), 770 (0.34), 675 (0.33), 425 (0.73),
370 (0.96)

3 720 (0.20), 530 (0.60), 430 (0.45), 360 (0.55)

3' 720 (0.16), 455 (0.54), 355 (0.60)

3 660 (0.27), 530 (0.44), 440 (0.43)
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Fig. 12 Spectroelectrochemical measurements showing the change of
the electronic spectra during the conversions of (a) [1-1%], (b) {227,
{c) [3-3%), (d) [1-17], (e) [2-27] and (f) {3371 in CH,Clz at 295 K.

charge donor. It is calculated that AqNH™ absorbs at
699.37 nm due to the intra-ligand py — m, (f = 0.12) charge
transfer. For 1™ the calculated excitation at 732.22 nm is due
to the py + dre — 7, (f = 0.07) transition. The similar tran-
sition in 2™ appears at 804.52 nm as summarized in
Table §3.% The related photoactive orbitals of AqQNH™, 1 and
2M¢ are depicted in Fig. $2.1 The hypsochromic shift of the
absorption band of 1" to 500-700 nm is due to the oxidation
of AQNH™ to AqNH'. Similar features of the absorptions was
recorded during the 2-2" conversion, due to the formation of
AgNH’, The characteristic absorption bands of the cations are
absent in the reduced anions. However, during the 1-17,
2-2~ and 3-3" conversions the intensities of the lower
energy absorption bands of 1-3 decrease as illustrated in
Fig. 12(d)~(f), which may be due to reduction of the acceptor
quinone to the semiquinonate state.

Conclusions

The article reports on a family of 1-amido-9,10-anthraquinone
(AgNH™) and 1-amino-9,10-anthraquinone radical (AqNH’)
complexes of ruthenium(y/m) and osmium(u) ions. The nitro-
gen centred radicals like ArNH" and aminyl (R,N') are less
stable, but from a fundamental and biological perspective, iso-
lation of these radicals is worthy. In this work, AGQNH™ and
AQNH' complexes were successfully isolated and characterized
by X-ray crystallography, setting the example of the first X-ray

This joumat is © The Roval Society of Chemistry 2016
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structure of an arylamino radical with a heavier transition
metal ion. Moreover, 1-amido-9,10-anthrasemiquinonate
anion radicals (Ag¥"$Q"?*") coordinated to ruthenium(n/m) and
osmium(n) ions were conveniently generated. Both AQNH" and
AqMMSQ? radical states were derived from 1-amino-9,10-
anthraquinone (AqNH,), which is defined as a molecule of
dual radical counter. The study discloses the subtle differences
of the metrical parameters of the [M"(AgNH)] and
[M"(AqNH)] states; M" — NH}, < M" ~ NHaq ", while Aq-NH" >
Ag-NH™ lengths. It is analyzed that AQNH' attributes a
r-bonding interaction with a d-orbital of the metal ion leading
to a 2¢-3e type of bond. This increases the multiplicity of the
M" — NH;, bond, which is not observed in the case of the
AgNH " state. Thus, the M" — NH}, lengths are significantly
shorter than the MU-NH,,~ lengths it calculations pre-
dicted that the atomic spin disperses over  + metal ions and
the ligand backbone, particularly in o~ » p-orbitals of
the nitrogen atom of the 1" and 2" ions, supporting the notion
of the formation of 2c-3e M=N bonds in the AQNH' complexes.
in the 1~ and 2~ jons, the spin is dominantly localized on the
anthraquinone fragment. The hypsochromic shifts of the
lower energy UVwvis transitions during the 1-1%, 2-2" and
3—3" conversions due to the formation of AqQNH" were esta-
blished by the spectroelectrochemical measurements.
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