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§ Anion Radical Complexes

o-Iminobenzoquinone and o-Iminobenzosemiquinonate Anion
Radical Complexes of Rhodium and Ruthenium

Suvendu Maity, Suman Kundu,? Sachinath Bera,® Thomas Weyhermiiller,’®! and

Prasanta Ghosh*?

Abstract:  2,4-Di-tert-butyl-N-[2-(phenylthio)lphenyl-o-imino-
benzosemiguinonate anion radical (LF"sq™) and o-iminobenzo-
quinone (L5Phg) complexes of types cis-[Rh"(L>"i5q ) (PPh3)CL]
(1) and cis-[RUMLSPNQ)(PPh,)Cl,] (2) are reported. The X-ray
bond parameéters of 2, BS DFT calculations and variable-temper-
ature X-band EPR spectra established the electronic states of 1-
2. It was verified that 1 exhibits valence tautomeric equilibria
of type [RAM(LSPMo)(PPhy)CH] = [RALS™MQ)(PPhs)Cl,)

=

= o-iminobenzoquinone state of L**sq™) in solution.
Complex 1 is unstable in moist solvent and undergoes hydro-
lytic C-N bond cleavage to afford [RN™(L3"y,2)(PPh3)Cl5] (3). In
solids and frozen glasses of 1 and 2, the contributions of the
“IMN(LSPR Q)] states are farger, whereas in fluid solutions the
contributions of the “[M"(L""s4™))" states dominate. The con-
tribution of the di-radical state, cis-[RUM(LS"P5q)(PPh3)ClL), to 2
is relatively small. /

(LSPth

Introduction

In the preceding article!'?, we report that 2,4-di-tert-butyl-6-{[(2-
(phenylthio)phenyllaminolphenol (L3*"Hy) is a redox-non-inno-
cent ligand and in complexes it exists as 2,4-di-tert-butyl-N-{2-

; SPh

(phenylthio)lphenyl-o-amidophenolato  (L*™"sp%),  24-di-tert-
butyl-N-[2-(phenylthio)}phenyl-o-iminobenzosemiquinonate an-
jon radical (L5PPso™) and the neutral 24-di-tert-butyl-N-[2-
(phenylthio)Jphenyl-o-iminobenzoquinone (L5""q) states as il-
justrated in Scheme 1. Towards the cobalt ion, L¥"H, is a bi-

; SPh
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Schere 1. Redox states of LM,,?" ligand.
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Scheme 2. Isolated complexes of rhodium and ruthenium.
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dentate NO-donor ligand that affords mixed-valence complexes
of types trans-[Co"(L*""sq )(L5PMio)X] defined by Robin-Day
Class Il states, trans-[CO"(L5P"sq®),X1 {X = €I, SCN~(thio-
cyanato-kS), N3~ NO;7, and I37}. The existence of tautomeric
equilibria  of types trans-[CO(LSPs®5 ) X1 = trans-
[COMLSPheg )X, trans-[COM(LSPhg®5 )XY = trans-
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[COM(LSPo),XI*, and  trans-[CoM(LSPhs®5 1), X" = trans-
[CoM(LSPhsq™):XT™ was verified as neutral, cation, and anion sys-
tems. In this article we disclose that LP'H, is a flexidentate
redox non-innocent ligand that affords a ONS-coordinated 7t
radical complex with rhodium(il) ion, of type cis-[Rh™(L5"50")-
(PPh3)Cl,) (1), containing triphenyl phiosphine and chioride as
co-ligands, whereas it reacts with ruthenium(ll) ion producing
a ONS-coordinated o-iminobenzoquinone complex of type cis-
[RuM(LSPh ) (PPh,)CIL) (2), as illustrated in Scheme 2. The investi-
gation revealed that 1 exhibits different electronic states in so-
lution and as a solid because of the tautomeric equilibria of
types [R hMLSPMeq ) (PPhSICT] = [RRI(LSPR ) (PPh;)CH,). In moist
solvent, 1 hydrolyzes to [Rh™(LSPPy,,)(PPh3)Cla] (3) (L7, = 2-
{phenylthio)aniline}, Complexes 1-3 were substantiated by ana-
lytical data, spectra, single-crystal X-ray structure determina-
tions, and by density functional theory (DFT) calculations. Com-
plex 2+ ion was investigated by spectroelectrochemical meas-
urements, EPR spectroscopy, and DFT calculations.

Results and Discussion

Syntheses and Characterization

Complexes 1 and 2 were prepared by using the synthetic reac-
tion summarized in Scheme 3. Complex 1 is not stable in moist
solvent and undergoes hydrolytic C-N bond cleavage affording

3. An account in which the Rh' jon promoted similar hydrolytic "

C-N bond cleavage was reported recently.'®! Details of the syn-
theses of LSP"H, and the complexes are outlined in the experi-
mental section. The elemental analyses and the spectroscopic
data are also summarized in the experimental section. In the
complexes, two Cl ligands are cis to each other and these are
abbreviated as cis complexes.

2ROMCE + 2LS7PH, + 2PPhy + 1720, —%= 1+ HyO + 2HCI

RuMPPR)CL,] © TSP + 1720, — 24 Hyp(r + 2PPhy
AR 2 2 2 3

Scheme 3. Synthetic reactions of 1 and 2.

Assignment of the Electronic States

In conjunction with the X-ray bond parameters and EPR spec-
troscopy, DFT calculations were employed to elucidate the elec-
tronic structures of 1 and 2 and the members of their electron
transfer series. The single-crystal X-ray structure determinations
of 2 and 3-CH,C}, confirmed the molecular geometries and the
bond parameters of the complexes in crystals. The crystallo-
graphic data are summarized in Table S1.

The molecular geometries and the atom labeling schemes
are illustrated in Figure 1. The selected bond parameters are
listed in Table 1. The X-band EPR spectral parameters of 1 (solid
and CH,Cl, solution), are summarized in Table 52. To analyze
the bond parameters and atomic spin densities, DFT calcula-
tions were performed on [Ru(LS""-*4)(PMes)Cl,] (2M*); data for
complexes [Rh(LSPh-8u)(PMe,)Cl,] (1M#), [Ru(LSPh-B)(PMe;)Cl1*
(2Me**) and the optimized coordinates are listed in Tables S4-5
(LSPh-tBup, = | 5PhH, figand without tert-buty! substituent).
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Figure 1. Molecular geometries of 2 and 3-CH;Cl, in crystals (40 % thermal
ellipsoids, hydrogen atoms and solvent are omitted for clarity).

Complex 2 crystallizes in the PT space group. In 2, the L>*"H,
acts as a pincer ligand and two Cl atoms are cis to each other.
The C-O and C-N fengths are 1.294(2) and 1.356(2) A, respec-
tively. The C-O and C-N lengths of the o-amidophenolato(2-)
and o-iminobenzosemiquinonate(1-) states of Qsme and Qsemve
[Qsme = 4,6-di-tert-butyl-2-(2-methylthio)amidophenolate] coor-
dinated to iridium(lI)® and ruthenium(I)'* ions reported by
Kaim and co-workers are summarized in Table 2. The average
C-O/N lengths of the Qgye and Qswe~ states are 1.366 £ 0.006
and 1.341 +0.001 A, respectively, whereas in 2, these are
shorter (1.325(2) A). Thus, in crystals of 2, a major contribution
of cis-[RuMLSPMo)(PPh3)CL,] state is predicted. The dominant
contribution of the Ru'-quinoid state to the [Ru(WXYZ)}(bqgdi)]"*
complexes was similarly elucidated by Lever and co-workers
{where WXYZ are a range of spectator ligands including ammo-
nia, phosphines, 2,2-bipyridine, 2,2',2"-terpyridine, carbon
monoxide, water, halide, acetonitrile, triazacyclononane, nitros-
yl, cyclam, etc. and badi = o-benzoquinonediimine).™
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Table 1. Selected experimental and calculated (85 DFT) bond lengths [A] and
angles 1 of 2, 2Me’ and 2Me't.

2z zMe' 2M¢'+

exp. caled. caled.

Ru(1)-0(1) 2.062(2) 2.069 2.055
Ru(1)-N(8) 1.941(2) 1974 2.037
Ru(1)-5{(15) 2.3140(5) 2.397 2421
Ru(1)-P(30) 2.3539(5) 2.380 2427
Ru(1)-CK1) 2.3995(6} 2454 2.344
Ru(1)-Cl(2) 2.4081(5) 2442 2418
0(1)-C(2) 1.294(2) 1.288 1.278
C)~C(7) 1.451(2) 1457 1474
C(7)-N@©&) 1.356(2) 1.361 1.342
N(@)-C(@) 1.418(2) 1.406 1.405
C(@)-C(14) 1.406(2) 1416 1415
C(14)-5(15) 1.785(2) 1.801 1.796
N(8)}-Ru{1)-0O(1} 79.94(5) 79.73 78.36
N(8)-Ru{1)-5(15) 85.62(4) 85.07 8349
O(1)-Ru{1 3=-CI(1) 100.64(3) 99.92 106.5
93.721(17} 91.59

Table 2. Experimental C-O and C-N lengths {A} of Qsmer Qseme Qsmer and
Qseme™ States reported by Kaim and co-workers.3

C-0 C-N avg. C-O/N

[rCp*Qsmel 1.337(3) 1.396(4) 1.367(4)

- NCp*Qeme T 1.318(6) 1.366(7) 1.342(7)
* [Ru(Cym){Qsmel] 1.327(6} 1.395(6) 1.361(6)
’[Ru(Cym)(QSMe")]"' 1.309(3) 1.372(3} 1.34003)
[Ru(Cym)(QSeMe)] 1.332(8) 14119 1.372(8)
[RU(Cym)(QSGMe")]* 1.312(3) 1.369(3) 1.340(3)

2 1.294(2) 1.356(2) 1.325(2)

e T T T [

The average Ru-Cl lengths (2.403(2) A) of 2 are consistent
with the Ru'-Cl lengths. The Ru-PPhs, Ru-S, Ru-0O, and Ru-N
lengths (2.354(2), 2.314(2), 2.062(2), and 1.941(2) A, respectively)
are shorter because of stronger back bonding.”!

Analyses of the frontier orbitals of [Ru(LSPr-BY)(PMes)Cl]
(2M’) revealed that the HOMO and LUMO of the singlet state
scatter on both ruthenium and tridentate ONS-donor ligand.
Moreover, the closed-shell singlet (CSS) solution of 2M¢ is un-
stable because of open-shell singlet (0SS) perturbation. Nota-
bly, the ground-state energy of the 0SS state is similar to that
of the C5S state.

The calculated bond parameters of the OSS state as listed in
Table 1 correlate well to these obtained from the single-crystal
X-ray structure determination of 2. The calculated average C-
O/N lengths are 1.325 A, which are similar to those found exper-
imentally. However, the amount of alpha spin localized on the
ruthenium ion is only 0,15, as shown in Figure 2. Thus, complex
2 is defined as a LS complex of ruthenium{lly of type cis-
[RUMLSPQ)(PPh3)Cl,] with a minor contribution of di-radical sin-
glet state, [RU™(LS"isq )PPRICL.

The EPR spectrum of a CH,Cl, frozen glass sample of 2% was
recorded at 115 K; the spectrum is shown in Figure 3 and the
simulated g parameters are listed in Table $2. The g values of
the 2* ions are consistent with those reported for ruthenium(lll)
complexes. This result indicates that the 2" ionis a 157y, com-
plex of ruthenium(ill) ion of type cis-RUMLSPP Q) (PPh3)Cl]* with
S = % spin state. The gas-phase geometry of [RufLsPh-tB8y)-

Eur. J. Inorg. Chem. 2016, 3691-3697 www.eurjic.org
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Figure 2. Atomic spin density plots of (a) 1™ (Rh 0.04; 0 0.18; N 0.29) and
(b) 2% (Ru, 0.15; O, ~0.03, N, -0.03) (¢} gMer+ (Ru, 0.82; CI, 0.22) obtained
from the Mulliken spin population analyses (yellow, o spin; red,  spin).’

)

(PMe;)Cl1* (2Me’*) jon was optimized with a doublet spin state.
The calculated bond parameters are summarized in Table 1 and
a plot of the atomic spin densities obtained from the Mulliken
spin population analyses is given in Figure 2 (b). The calculated
shorter average C-O/N fengths (1.308 A) and the exclusive lo-
calization of atomic spin at the ruthenium ion confirmed that
2+ is a ruthenium(lil) complex of L of type cis-
[RU“‘(LSPh|Q)(PPh3)clzl+.

sim
exp
3.0 25 2.0 1.5 1.0
g-value

Figure 3. X-band EPR spectrum of a CH,Cl, frozen-glass sample-of 2% at 115 K.

The ground electronic state of isostructural 1 differs from
that of 2. The solid and the solution EPR spectra support the
idea of a contribution of SRANLSPN )" and “[RAM(LSPP 507"
states to 1. The X-band EPR spectrum of the solid of 1 is aniso-
tropic, as depicted in Figure 4 (a, i). The simulated g parameters
and the g-anisotropy are: g = 1962,g,=2113,93= 2.325, and
Ag = 036, The EPR spectrum was simulated by considering
[RAYLSPhQ)(PPh)CIZ] and [RAW(LS"i5o™)(PP3)Cl,] components
as shown in Scheme 4. The simulated spectrum is given in Fig-
ure 4 (a, iv). The spectrum (ii) is due to the pure component,
[RANLSPP ) (PPhs)CL), which exhibits hyperfine splitting due to
one of the Cl atoms, whereas spectrum (iii) was obtained by
considering an organic radical coordinated to a rhodium(ill) ion
as in [RAMLSPPsq™)(PPh3)Clal Thus, in the solid, 1is a hybrid
state of [RRM(LSPMQ)(PPh3)ClZ] and [RAM(LSPP50 ) (PPh3)Clo] states.

As expected, 1 exhibits a valence tautomeric equilibrium in
solution. The EPR spectra of 1in CH,Cl, at 115 and 296 K were
recorded. The spectra areé shown in Figure 4 {b) and-the simu-
lated g values are listed in Table S2.1n fluid solution at 296 K,
the isotropic spectrum with g = 1.995 corroborates- the exis-
tence of L5%sq™ coordinated to the rhodium(lti) ion, whereas
in frozen glasses, the contribution of the rhodium(ll) tautomer
with g values, gy = 1994 92 = 2.118, and g; = 2.332 dominates.
In the frozen glass at 115K, the g anisotropy is Ag = 0.34, which

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. X-band EPR spectra of (a) solid 1 at 296 K: (i) experimental; (ii} simu-
lated, considering the pure component [RhH(LSPho)PPh3)CLL; (i) simulated,
considering the pure component of [RR™LSPPso=)(PPh3)CL); (iv) simulated,
considering 1:1 components of {ii}.and i), and {b) CH,Cl, solution of 1 (115
and 296 K).

S,[‘h T/Ph

= Ba

iBu
.—\Rh’“(}’l’hﬂ(:lz

ROU(PPhy)Cly

s

Bu tBu

Scheme 4. Valence tautomerism (V1) of 1.

correlates well with those of rhodium(ll) complexes.® The fea-
ture confirms the existence of a valence tautomeric equilibrium
of type [RAMLS™Mso)(PPh)Cly) = [RAMLS™Q)(PPh,)CI,), of 1 in
solution, as depicted in Scheme 4.

The electronic structure of 1 was further verified by DFT cal-
culations on [Rh{LSPM-8u)(PMe;)Cl,] (1Me’). The gas-phase geomn-
etry of 1M was optimized with the doublet spin state. The
calculated average C-O/N lengths of 1M (1,332 A), are longer
than those of 2™ The atomic spin densities, as illustrated in
Figure 2 (a), are primarily localized on the ligand backbone,
revealing 1 as a LMo~ complex of rhodium(ill) of type
[RA(LSPh-)(PPh3)CLL). In comparison, the contribution of the
“[RUMLSPP 01" state to 2 is relatively small.

Generally, o-iminobenzosemiquinonate anion radicals in
complexes do not undergo nucleophilic substitution reactions;
however, 1 undergoes a C-N bond cleavage in moist solvent
affording 3. This may be due to the existence of a tautomeric
equilibrium of [RhM(LSPP o) (PPh,)CL] = [RhLSPRG)(PPh;)CI,)
states, the quinoidal state is electrophilic in nature and under-
goes substitution reaction as depicted in Scheme 5. Complex

Eur. J. Inorg. Chem. 2016, 3691-3697 www.eurjic.org
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3.CH,Cl, crystallizes in the Pbea space group. The molecular
structure in the crystal and the atom labeling scheme are de-
picted in Figure 1 and selected bond parameters are summa-
rized in Table S4. With respect to three Cl atoms, the molecule
has mer geometry. The average Rh"-Cl lengths are 2.35 A,
which are shorter than the average Ru'-Ci lengths in 2. The
Rh™-S and Rh"-p distances are similar to those of 2. The redox
activities of 1 and 2 in CH,Cl, were investigated by cyclic vol-
tammetry at 296 K. The redox potential data referenced to fer-
rocenium/ferrocene (Fc*/Fc) couple are summarized in Table S5.
The cyclic voltammograms are shown in Figure 5. Complex 2
exhibits one reversible anodic wave at 0.76 V because of the
Ru'/Ru'" redox couple, whereas two irreversible cathodic peaks
are due to L5No/L5PM o= and L3Py /L5Ph,,2~ redox couples.”
Complex 2* is a ruthenium(ill) complex, as predicted by the
frozen glass EPR spectrum and by DFT calculations.

Fh
#Bu N Ha0 J{\ "
7 RN PRyl —> <j: RETEPhs)Cl
\O/
Bu N
I’b
[(hlﬂ b C] Q l" h
I PP
/‘ Rl( )+
H.z PPh3
3

Scheme 5. Plausible paths for the C-N bond cleavage of 1.

~ Hﬂ

0
Poterttial (V)

-1
Potential (V)

Figure 5. Cyclic voltammograms of {a} 1 and (b} 2 in CH,Cl, at 296 K. Condi-
tions: 0.2 m [N{nBu),]PFs supporting electrolyte; scan rate, 100 mV s™Y; plati-
num working electrode.

Electronic Spectra, Spectroelectrochemical Measurements,
and Time-Dependent (TD) DFT Calculations

UV/Vis/NIR absorption spectra of 1-3 were recorded in CH,Cl,
at 296 K. The spectra are shown in Figure 6. The absorption
spectroscopic data are summarized in Table $6. TD DFT calcula-
tions were employed to explore the excitation parameters of
the 2M¢’ in CH,Cl, using the CPCM model. The excitation ener-
gies with the oscillator strengths and the transition types are
summarized in Table S7. The spectrum of 2 displays lower en-
ergy absorption bands at 1022 and 685 nm with a shoulder at
548 nm due to the transitions to the msq orbital. These transi-
tions are absent in the free ligand. The calculated band at

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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1294 nm is due to the dg, + Pa = dry + Tse® (MLCT) transition,
whereas the Ay band at 680 nm is due to dgy + Pa +
Miso — dru + Tsq (MMLLCT) transition. In solution, the absorp-
tion at 685 nm due to MMLLCT is much stronger than that at
1022 nm due to MLCT.

e10"'em’
o

)
800

@
1000

4

400 600 800

400
Amnm Ainm

Figure 6. UV/Vis/NIR absorption spectra of (a) 2 (purple) and (b) 1 {red) and
3 (green) in CH,Cl, at 296 K.

The electronic spectra of 2* were obtained from spectroelec-
trochemical measurements conducted in CH,Cl, at 296 K. The
change of electronic spectra with several isosbestic points dur-
ing the redox reactions are shown in Figure 7.

0.4+
0.3

0.2

«105mfem-1

0.1

0.0

400 600 800 1000

Xl

Figure 7. Spectroelectrochemical measurements showing the change of elec-
tronic spectra during the conversions of 2 — 2* in CH,Cl; at 296 K.

Solid-State Electronic Spectra

The solid-state absorption spectra (Kubelka-Munk plot)*® of 1
and 2 were recorded by using the diffuse reflection method at
296 K; the spectra are shown in Figure 8. Significant absorption
peaks of the solids are summarized in Table S6. The electronic
spectra of solids differ from those of CH,Cl, solutions (Figure 8).
The spectra of solids are broad, composed of multiple Gaussian
components. They display NIR absorption bands that are absent
in solutions. In solution, 1 does not exhibit any significant ab-
sorption band above 400 nm. However, in the solid state it
absorbs strongly at 405-500 nm. The Ay is 471 nm, the origin
of which is dgr, + Poi = Tox (MLCT) and 7y, — 75 (ILCT) transi-
tions. This band correlates to the existence of
[RhMLSPR)(PPh,)CI,] state in the solid, which promotes
Rh! — L5Ph, and 7, — LM transitions. The spectrum ob-
tained from solid 2 exhibits absorption peaks at 843, 1041, and
1430 nm. In solution, the ratio of absorbance at 1022 and
685 nm is 0.09, whereas in the solid the absorbance ratio at
these two wavelengths is 1.6. Thus result infers a higher contri-
bution of the [Ru'(LS""o)] state in the solid of 2, which displays
stronger MLCT transitions at wavelengths greater than 800 nm.

Eur. ). Inorg. Chem. 2016, 3691-3697 www.eurjic.org
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Figure 8. Solid-state UV/Vis/NIR spectra of 1 (blue) and 2 (red) at 296 K.

Conclusions

In the preceding article!*®, ligand-based mixed-valence 2,4-di-
tert-butyl-N-[2-(phenylthioc)Jphenyl-o-iminobenzosemiquinon-
ate anion radical (L5""sq™) and iminobenzoquinone (L")
complexes of cobalt(ll/lil} ions and their valence tautomerism
were reported. In this article, rhodium and ruthenium com-
plexes of types [Rh(LSPPysq™)(PPhy)Cl] (1) and  cis-
[RUM(LSPP)(PPh3)C;] (2) were established. In moist solvent, 1
undergoes hydrolytic C-N bond cleavage to afford
IRAMLSPRy ) (PPh3)CLS) (3). Complex 1 exhibits a valence tauto-
meric equilibrium of [RA(LSPPgo™)] = [RA(LSPMG)] states. In
solid and frozen glass samples, 1 is a hybrid state of
“IRALSPhQ)]” and “[RRM(LSPM o))" states, whereas in fluid solu-
tion, 1 is dominantly a L3~ complex of rhodium(il). The
shorter average C-O/N lengths (1.325(2} A), the NIR MLCT ab-
sorption band in solid, and the small amount of spin density
{0.15) on ruthenium ion obtained from BS DFT calculations sug-
gest a major contribution of the nonradical [Ru*(L*""g)] state in
crystals of 2.

Experimental Section

Materials and Physical Measurements: As described in the prece-
ding article.'®

2,4-Di-tert-butyl-6-{[2-(phenylthio)phenyllamino}phenol
(LSPPH,): Prepared by following a procedure described in the prece-
ding article!?.

cis-[RRM(LSPhc o) (PPh;)CE,] (11 To a solution L*™"H, (200 mg,
0.5 mmol) in absolute ethanof (25 mb), RhCl; (0.5 mmol) and PPhs
(1.2 mmol) were added successively, and the reaction mixture was
heated to reflux for 40 min {351 K) under argon atmosphere. A
reddish yellow solid separated out. The solution mixture was cooled
to 296 K and filtered. The residue was dried in air and collected,
yield 430 mg {ca. 92 % with respect to rhodium). MS (ESI, positive
jon, CH3CN): m/z = 840.27 [11*; CasHaaCl,NOPRNS (839.7): caled. C
62.94, H 5.28, N 1.67; found C 62.92, H 527, N 1.67. IR (KBr): ¥ =
3120 (vs, tBu), 3077 (vs, tBu), 3042 (s, tBu), 1597 (m), 1549 (s), 1481
(s), 1268 (m), 1191 (s), 695 (vs, PPhs), 529 (vs, PPh3) cm™h

cis-[RUMLSPMIPPh;)CI,) (2): To a warm solution of L*"H, (40 mg,
0.1 mmol) in anhydrous toluene (30 mL) was added [Ru(PPhs);Cl;]
{95 mg, 0.1 mmol), and the reaction mixture was heated to reflux
for 30 min. The solution became first green and then blue violet. A
dark crystalline solid separated out. The reaction mixture was
coaled to 296 K and filtered. The residue was dried in air and col-
lected, yield 65 mg (ca, 77 % with respect to ruthenium). For single-
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crystal X-ray structure determination, spectroscopic and electro-
chemical measurements, the crystals were recrystallized by diffus-
ing n-hexane into a dichloromethane solution of the crude product
at room temperature. MS (ESI, positive ion, CH;OH): m/z = 801.81
[2-Cl}*; CasHasCLNOPRUS (838.9): caled. € 63.08, H 5.29, N 1.67;
found C 63.12, H 5.27, N 1.67. 'H NMR (300 MHz, CDCl;3): 6 = 7.79
(d, 2 H), 7.66-7.75 {m, 9 H), 7.63 (5, 1 H), 7.53 (d, 4 H), 7.46 (1, 4 H),
7.25 (s, H), 7.19 (d, 2 H), 7.16 {t, 4 H), 1.55 (5, 18 H) ppm; "3C NMR
(75 MHz, CDCly): 0 = 182.9, 167.4, 154.1, 145.7, 143.5, 133.7, 133.5,
133.2, 131.2, 131.0, 129.9, 129.5, 129.3, 129.0, 128.9, 1286, 1277,
127.6, 121.85, 112.3, 35.6, 34.7, 29.7, 29.1 ppm. IR (KBr): ¥ = 3055
(m, Ar-H), 2947 (s, tBu), 2905 (s, tBu), 2860 (m, tBu), 1585 (), 1480
{m), 1432 (s), 1298 (m), 1176 (m), 1080 (m),741 (s), 693 (s, PPhs), 518
{s, PPH3) cm™".

cis-[RhM(LSPR ) (PPh;)CL5T (3): Compound 1 (84 mg, 0.1 mmol)
was stirred in CH,Cl, (20 mb) for 5 h at 296 K, The solution was
then filtered and the filtrate was evaporated under vacuum. A yel-
low solid was obtained, which was thoroughly washed with boiling
n-hexane to remove PPh; as one of the products. The crude product
was purified on a silica gel column. Complex 3 was collected by
using CHCl; as eluent. Diffusion of n-hexane into a dichloromethane
solution of 3 generated single crystals of 3.CH,Cl, suitable for X-
ray structure determination. MS (ESI, positive ion, CH;OH): m/z =
672.32 [3]" CioHeCIsNPRNS (672.8): caled. € 53.55, H 3.89, N 2.08;
found C 53.52, H 3.88, N'2.08. '"H NMR (CDCl;, 300 MHz): d = = 813
{t, 2 H), 7.99 (m, 3 H), 7.79 (d, 3 H), 7.70-7.53 {m, 10 H), 7.28 {t 3
H), 6.92 (t, 2 H), 6.49 (d, 1 H), 4.15 (s, 2 H) ppm. IR (KBr): ¥ = 3249
{m, ~NH,), 3120 (m, ~NH,), 3077 (s, Ar-H), 1597 (m), 1549 (s), 1481
(s), 1490 (m), 1436 (m), 1268 {(m), 1092 (m), 744 (s), 693 (vs, PPh;),
531 {vs, PPh3) cm™

Single-Crystal X-ray Structure Determination of the Complexes:
Single crystals of 2 and 3-CH,Cl, were picked up with nylon loops
and mounted on Bruker APEX-Il CCD and Bruker AXS D8 QUEST
ECO diffractometers equipped with a Mo-target rotating-anode X-
ray source and a graphite monochromator (Mo-K,, 4 = 0.71073 A).
Final cell constants were obtained from least-squares fits of all
measured reflections. Intensity data were corrected for absorption
using intensities of redundant reflections. The structures were read-
ily solved by direct methods and subsequent difference Fourier
techniques. The crystallographic data are listed in Table 51. Siemens
SHELXS-97"! software package was used for solution, and SHELXL-
9719 was used for the refinement and XS. Ver. 2013/1,11%1 XT. Ver.
2014/4798) and XL. Ver. 2014/771%1 was used for the structure solu-
tion and refinément. All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were placed at the calculated positions
and refined as riding atoms with isotropic displacement parameters.

CCDC 1451718 (for 1), and 1451719 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

DFT Calculations: All calculations reported in this article were per-
formed with the Gaussian 03W!'"! program package supported by
GaussView 4.1. DFT''2 and TD DFT'3! calculations were performed
at the level of Becke three parameter hybrid functional with the
non-local correlation functional of Lee-Yang-Parr (B3LYP).l'#} Gas-
phase geometries of [Ru(LSP"B4)(PMe;)Cl,] (2M¢), with singlet spin
state, and [RR(LSPP-BY)(PMe;)Cly) (1M), [Ru(LSPP—8v)(PMe;)Clyl*
(2Me'+), with doublet spin state, were optimized by using Pulay's
Direct Inversion!'®! in the lterative Subspace (DHS), “tight” conver-
gent SCF procedure'® ignoring symmetry. As the closed shell sin-
glet state solution of 2™’ was unstable, broken symmetry (BS) DFT
calculations were performed to obtain stable solutions. in all calcu-
lations, a LANL2DZ basis set along with the corresponding effective
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core potential (ECP) was used for ruthenium, cobalt, and rho-
dium.'7 Valence double zeta basis set 6-31G!*®! for H was used. For
C, N, Cl and P, non-hydrogen atoms valence double zeta with diffuse
and polarization functions, 6-31+G* as basis set!'® was employed
for all calculations. The percentage contributions of metal and i-
gands to the frontier orbitals were calculated by using the Gauss-
Sum program package.?% The sixty lowest singlet excitation ener-
gies on each of the optimized geometries of 2M* in CH,C, using
the CPCM model2" were calculated by using the TD DFT method.
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