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Mixed-Valence o-Iminobenzoquinone and o- |
Iminobenzosemiquinonate Anion Radical Complexes of Cobalt:

Valence Tautomerism

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

Prasanta Ghosh*!

Abstract: 2,4-Di-tert-butyI-N-[Z-(phenylthio)]phenyl-o-imino-
benzosemiquinonate anion radical (L5PMso ™) and o-iminobenzo-
quinone (L5""q) based mixed-valence complexes of the types
trans-[COM(LPMso ™ H(LSPPQIX] defined by Robin-Day Class 1l
states, trans-[COM(LPPs®)X] {X = CI7, 1; SCN™ (thiocyanato-
kS), 2; N3~ 3; NO,~, 4 and 137, 5} are reported. The X-ray bond
parameters of 1-5, BS DFT calculations and variable-tempera-
ture X-band EPR spectra established the electronic states of 1-
5. it was confirmed that 1-5 and mixed-valence ions [1-5}* and
\[1—5]“ exhibit valence tautomeric equilibria of types: 1-5: trans-

[COMLSM > )Xl = trans-[CoM(LP s )2 XT; [1-51" transw
[COMLSPR 25 ),XI* = trans-ICo"(L* M), X]*, and [1-517: trans-
[COIII(LSPhBQO,S-—I.0-)2X]~ = tmns_[COII(LSPh'SQv—)ZX]— (LSPhIQ = o-
iminobenzoquinone state of L*"sg™). In solids ‘and frozen
glasses, the contributions of “MI(LSPh)]" states are larger,
whereas in fluid solutions the contributions of the M-
(LSPho™)]" states dominate. In CHyCly, 1-5 absorb strongly at
> 800 nm due to spin-allowed L5""5o™ — LSPheo {charge reso-
nance transfer) transitions, whereas in solids, they exhibit
M¥ 5 LSPh, (MLCT) transitions at 2 1000 nm. J

Introduction

Electronic structures of the redox non-innocent catechol
(L°°H,), o-aminophenol (LN°H,), and o-phenylenediamine
(LNNH,) complexes of transition-metal ions are complex.!'! How-
ever, the transition-metal complexes of LOOH,, LNOH,, and LNVH,
are significant and, in many cases, they expand the activity of
the central metal ion; particularly, ligand-facilitated oxidative
addition reaction and catalysis are noteworthy.!! Transition-
metal complexes LOCH,, LN?H,, and LNNH, exist in three differ-
ent electronic states, as depicted in Scheme 1, within a rela-
tively small potential range. These features of such redox non-
innocent ligands open up the opportunity to build ligand-
based mixed-valence complexes of transition-metal jons.?

The electronic states of L9°H,, LN?H,, and LNNH, complexes
depend significantly on the transition-metal ions, Pierpont et al.
developed the chemistry of 190~ with different redox-active
wransition-metal ions.! The coordination complexes of LNsq™
and LMo~ were reported by many groups, and, in this regard,
the precise elucidation of the electronic structures of these
complexes using the X-ray bond parameters, various spectra,
and DFT calculations by Wieghardt and co-workers are note-
worthy.!®!
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Scheme 1.

One of the important properties of 199%4" is that in com-
plexes, it exhibits valence tautomerism {(VT), which is an impor-
tant phenomenon in chemistry ¢! In the vast area of coordina-
tion chemistry, VT is particularly limited to u-dioxolene com- ).
plexes of transition-metal jons 7 The existence of valence tau”
tomeric equilibria of types ML 27} 3 MUDH(L9%q) and
MO-D+(L907) > M2+(L9%) with different redox-active tran-
sition-metal ions was established. Examples of coordination
complexes that exhibit valence tautomerism with ligands other
than o-dioxolene are rare.® it is surpriéing that there is no sub-
stantive report of VT on LN, except a recent report with
iron(I/ll) ions® In this project, we confirm the existence of
valence tautomeric equilibria of types M™(L"°5q7) M=
(tN%,0) both in the soiid state and in solution of a family of
LMo~ complexes of cobalt.

The precise metrical parameters and the spectral features of
(No o~ and the one-electron reduced and oxidized redox
states, LN,p2- and LN, coordinated to transition-metal ions

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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have been documented (Scheme 1).04195) In this project, the
coordination chemistry of ' 2,4-di-tert-butyl-6-{[2-(phenylthio)-
phenylfamino} phenol (L*"H,), which is a tridentate o-amino-
phenol derivative, was explored. The deprotonated and the
oxidized states of the L*PH, ligand as 2,4-di-tert-butyl-N-[2-
(phenylthio)lphenyl-o-amidophenolato dianion (L57",,%7), 2,4~
di-tert-butyl-N-[2-(phenylthio)]phenyl-o-imincbenzosemiquin-
onate anion radical (L>""s™) and the neutral 2,4-di-tert-butyl-
N-[2-{phenylthio)] phenyl-o-iminobenzoquinone (L5*h) are il-
lustrated in Scheme 2. The coordination complexes of LSPhH,
reported in this article are depicted in Scheme 3. Complexes 1~
5 were substantiated by analytical data, spectra, single-crystal
X-ray structure determinations and by density functional theory
(DFT) calculations. The members of the electron transfer series
[1-5F (z = 2+, 1+, 1-) were investigated by spectroelectrochem-
ical measurements, EPR spectroscopy, and by DFT calculations.
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Scheme 3. Isolated complexes of cobalt ions.

The X-ray bond parameters of 1-5 and the temperature-de-
pendent EPR spectra of [1-5]" and [1-5]" ions open up an op-
portunity to analvze the ground electronic states of the com-
plexes precisely both in the solid and solution state. In these
complexes, we substantiated the existence of LSPPgq, L3P0,
and L3095 states. The average C-O/N lengths, which are
more precise parameters (compared with explicit C-O and C-N
lengths) to elucidate the electronic states of these delocalized
systems, are shorter in comparison to those observed in genu-
ine bis(o-iminobenzosemiquinonate) complexes.'%' The X-ray
bond parameters in conjunction with the DFT calculations pre-
dicted a contribution of both L4~ and L3Ph states to the
ground electronic states of 1-5, which are defined as ligand-
based mixed-valence complexes of types trans-[Co"(L5Phsq™)-
(LSPhio)X]. The delocalized states are defined as Robin-Day Class
I states®! of types trans-[Co"(L5""so%),X]. The investigation
revealed that [1-5] exhibit different electronic states in solu-
tions and solids because of tautomeric equilibria of types trans-
[COM(LSPhg o5 ),X = trans-[Co™(L5PM o ™),X]; [1-51* and [1-5]-
in solutions establish tautomeric equilibria of types

Eur. J. Inorg. Chern. 2016, 3680-3690 www.eurjic.org
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[CO"'(LSPhﬁQO‘S")zX]* = [CO“(LSPh|Q)2X]+ and [CO"'(LSPh|5Qo'S'_1‘0");>-
XI" = [CoM(L3PPeqm)oXT

Results and Discussion

Syntheses and Characterization

The cobalt complexes of L5PH, isolated in this work are sum-
marized in Scheme 3. The complexes were prepared by the
paths depicted in Scheme 4. In the bis(L""sg™) complexes of
cobalt, the N or the O atoms of the two ligands lie trans to each
other and the complexes are abbreviated as trans-
[COMLSPhso%5),X]. Complexes 1-5 were characterized by ele-
mental analyses, mass spectrometry, 'H, '*C NMR and IR spec-
troscopic analyses, and by single-crystal X-ray structure deter-
minations. The elemental analyses and the spectroscopic data
are summarized in the experimental section. The symmetric.
and asymmetric stretching vibrations of the SC=N bond of 2
appeared at 2101 and 2060 cm™'. The strong absorption band
at 1983 cm™' of 3 was assigned to the stretching vibration of
the coordinated N;~ ion. The symmetric and asymmetric
stretching vibrations of the NO bonds of the coordinated NO,
in 5 resonate at 1282 and 1264 cm™,

Col'Cly + 2L, + 32 0, g 1432 1,0 + HCL

CollCly + 2LSPRH, + 3/2 Oy + NaSCN = 2+ 3/2 H,0 -+ HC] -~ NaCi

CollCly + 2L, + 32 05+ NaN;  ———= 3.4 3/2 Hy0 + HCL + NaC

CollCly -+ 2L 59, + 3205 + NaNOy - = 4+ 3/2 H,0 + HCI = NaCl

3320 5+ 312N,

Scheme 4. Synthetic reactions of 1-5.

Assignments of the NMR spectra ('H and '3C) of these com-
plexes are difficult. However, to support the assignments, '+
and "C NMR spectra of [Co(LSPM-B4),Cl} (1) were calculated at
the B3LYP/DFT level of the theory using singlet state
{LSPh-tBuy, = | SPhH, Jigand without tert-buty! substituent). The
calculated data are listed in Chart S1 (Supporting Information).
It is noted that the hydrogen atoms of the aminophenol rings
of complexes 1-5 are shielded in comparison to those of the
ligand. *C NMR spectroscopic data reveal that two carbon at-
oms bonded to O, N atoms are deshielded more than that of
the free ligand. The *C NMR spectrum of 1 is illustrated Fig-
ure 51. In the free ligand, they appear at 14966 and
148.65 ppm. The experimental **C NMR signals at 182.0-185.0
and 167.0-168.0 ppm due to these two carbon atoms of 1-5
correspond to those of sp? carbon atoms, reflecting the quin-
oidal distortion of the ring in the complexes.?

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 1-5 and the members of their electron-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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transfer series. The single-crystal X-ray structure determinations
of 1-5 confirmed the molecular geometries and the bond pa-
rameters of the complexes in-the crystalline state. The crystallo-
graphic data are summarized in Table S1. The molecular geome-

tries and the atom labeling schemes are illustrated in Figure 1.
The X-band EPR spectral parameters of CH,Cl, solutions of [1~
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S1* and [1-5] ions are summarized in Table S2. To analyze the
bond parameters and atomic spin densities, DFT calculations
were performed on [Co(LSPh—84),CI] (1) and [Co(LSPh-tBY),N,]
(3); [Co(LSPMBu),Cllt (17, [Co(LSPh-tBu),Cll (1), and [Co-
(LSPh—8u),N51- (3™) and the optimized coordinates are listed in
Tables 512-17.

Figure 1. Molecular geometries of 1-5 in crystals (40 % thermal ellipsoids, hydrogen atoms and solvent are omitted for clarity).

Eur. J, Inorg. Chem. 2016, 3680-3690 www.eurjic.org
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Mixed-Valence Complexes 1-5, {1-5]", and [1-5]*

Complexes 1-5 are isostructural and crystallize in P, C2/¢, P2,/
¢, P1, and' P2,/n space groups. Selected bond parameters are
simmarized in Table 1. Complexes 1-5 exhibit square-pyramid
geometries with the halide or pseudo halide or nitrite at the
apical positions, The bond . parameters of the coordination
spheres and the ligands of 1-5 are similar (Table 1). The Co-O
and Co-N [engths span the ranges of 1.865+0.016 and
1.856 + 0.009 A. The average C-O and C-N lengths of the o-
aminophenol derivatives of 1-5 are as follows: 1, C-0, 1.292(2)
and C-N, 1.337(2); 2, C-0, 1.297(2) and C-N, 1.345(2); 3, C-O,
1.297(2) and C-N, 1.347(2); 4, C-0, 1.299(2) and C-N, 1.344(2);
5, C-0, 1.294(2) and C-N, 1.335(2) A. The C-C lengths of the
central phenyl rings of the two ligands exhibit quinoidal long-
short-long-short-long types of distortions, as indicated in
Table 1. The C-0O and C-N bond parameters explicitly indicate
that both ligands are oxidized.'>'"! In cases of 1-5, there are
two possibilities: either both ligands are oxidized to L5"sg™, as
in trans-[Co™(L>™Msq™),X] (S, = 0), or one ligand Is oxidized to
L*Pheq ™ and the second is oxidized by two electrons to L5,
affording mixed-valence complexes of types trans-{Co" (L5 Mgy
NLSPhG)IXT or the delocalized Robin-Day Class I states of types
trans-[CoML5PPc % °),X], as depicted in Scheme 5. To distin-
guish these two states, the average C-O/N lengths of the two
equivalent ligands were used. The average C-O/N lengths of

Table 1. Selected lengﬂws {A} of 1-5 determined expetimentally.
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the trans-[Co™LPhy)oX]  state  are expected to be
1335+ 0.010 A, whereas the same for the valence tautomers,
trans-[CoM(L5PPq05),X] are 1,308 + 0.010 A, as listed in Table 2.

The average C~O/N lengths of 1-5 obtained from the single-
crystal X-ray structure determinations as listed in Table 2, are
1319 £ 0.004 A, which are shorter than for LNOo™. The.average
C-O/N lengths of LN9sq~ in the complexes, where VT are not
expected, are listed in Chart S2. In this context, the C-O/N
lengths of [Co™(LN%o),NOI complex are significant'% The
C-0 and C-N lengths are longer than those of 1-5. The average
C-O/N lengths of [Co"™(LN%54™),NO] precisely correlate to the
bis(o-iminpobenzosemiquinonate) state because tautomeriza-
tion to the [CoMLN%sqHLqINO] state with [CONOI™ is not ener-
getically favorable.

The average C-O/N lengths {1.319 + 0.004 A) do not unam-
biguously support the existence of the trans-[Co"™(L5™ sy ),X]
state in the solids of 1-5; rather, the bond parameters are con-
sistent with trans-[Co"(L3P%s,05-),X] states. The existence of
these trans-[CoM(L57hs,05),X] states in 1-5 was further estab-
lished by using broken symmetry (BS) DFT calculations (see be-
low). )

The bond parameters of the axial ligands are summarized in
Table 54. The Co-Cl, Co-SCN, Co-N3, Co-NO,, and Co-l; lengths
are 2.235(2), 2.287(1), 1.982(2), 1.928(2), and 2.602(2) A, respec-
tively. The chloride ion is a o-bonding ligand and the Co'-Cl

1 (100 K) 5 (296 K)
Co(1)-0(1) 1.865{(2) 1.883(2) 1.865(2) 1.871(2) 1.850(1) 1.857(3)
Co{1)-N{8) 1.862(2) 1.849(2) 1.856(2) 1.851(2) 1.859(2) 1.864(4)
Co(1)-0(31} 1.848(2) 1.868(2) 1.874(2) 1.882(2) 1.857(1) 1.865(3)
Co(1)-N(38) 1.866(2) 1.858(2} 1.844(2) 1.842(2) 1.855(2) 1.859(4)
0(1}-C(2) 1.293(2) 1.293(3) 1.296{2) 1.294(3) 1.298(2) 1.297(6)
C(2)-C(3) 1.429(2) 1.436(4) 1.435(2) 1.428(3) 1.429 (2) 1.432(7)
C(3)-C(4) 1.373(2) 1.364(5) 1.374(2) 1.371(3) 1.375 (2) 1.378(7)
CA)-C(s) 1.442(2) 1.444(5) 1.441(2) 1.422(4) 1.439 (2) 1.444(7)
C(5)-C(6} 1.363(2) 1.359(4) 1.368(2) 1.353(3) 1.371(2) 1.351(7)
C(6)-C(7) 1.416(2) 1.412(4) 1.420(2) 1.412(3) 1.422(2) 1.427(6)
C(7)-N(8) 1.340(2) 1.341(3) 1.345{(2) 1.344(3) 1.343(2} 1.340(6)
C(2)-C(7) 1.443(2) 1.442(4) 1.440(2) 1.437(3) 1.443(2) 1.435(7)
0(31)~C(32) 1.292(2) 1.298(3) 1.298(2) 1.300(3) 1.302(2) 1.291(5}
C(32)-C(33) 1.429(2) 1.431(4) 1.431(2) 1.431(3) 1.435(2) 1.429(7)
C(33)-C(34) 1.365(2} 1.371(4) 1.376(2) 1.367(4) 1.377(2) 1.373(7)
C(34)-C(35) 1.434(3) 1.435(5) 1.435(2) 1.428(4) 1.437{2) 1.436(8)
C(35)-C(36) 1.366(4) 1.358(4) 1.371(2) 1.356(3) 1.370(2) 1.354(7)
. C(38)-C(37) 14212) 1.417(4) 1.414(2) 1.439(3) 1.421(2) 1.431(7)
C(32)-C(37) 1.441(2) 1.438(4) 1.441(2) 1.439(3) 1.438(2) 1.448(7)
C(37)~N(38}) 1.333(2) 1.342(4) 1.346(2) 1.350(3) 1.345(2) 1.335(6)

(LEPHQ)ICOMLI NSO )
Scheme 5. Electronic states of 15,

Eur. J. Inorg. Chem. 2016, 3680-3690 www.eurjic.org
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Table 2. Expected average C-O/N lengths of bis(Lisq™)Co™ and bis{Lisq™*-)Co" states and experimental average C-O/N lengths of 1-5 at 296 K.

R

|
A R

X

X R
fz\' /0:© IEI\I _-0 R X o
Q= LA Qts=c0 &30 @Tom"_R:@

|
B R 1-6

A B 1 2 3 4 5
avg C-N 1.360 £ 0.010 1335 £ 0010 1341(3) 1.345) 1347(3) 1344(2) 1337(6)
avg C-0 1310 £0.010 1.280 £ 0.010 1.28503) 1.296(2) 1.297(3) 1.299(2) 1.294(6)
avg C-O/N 133540010 1.308 % 0010 1.318(3) 1.32002) 1322(3) 132202) 1.315(6)

and Co'-Cl lengths are significantly different in the com-
plexes.’™ To investigate the effect of temperature on the contri-
butions of [Co"(L3"50%5),X] and [Co™(LPM s ), X] components
to the crystals of 1-5, the X-ray structure of 1 was determined
at 296 and 100 K. Selected bond parameters are summarized
in Table 1. it is observed that the average C-O/N lengths are
1.314(2) A, which are shorter than those observed at 296 K,
inferring a higher contribution of the [Co™(L"Msq%),Cll state
to 1 at lower temperature. The higher contribution of cobalt(ll)
ion is reflected in the longer Co~Cl length (2.251(1) A) in 1 at
100 K compared with that at 296 K (2.235(2) A). The data indi-
cates the existence of a thermal equilibrium of trans-
[CoML5PPisq™),X] and [CoM(L3PP 0%}, X] states in solids of 1-5.

DFT calculations were performed on trans-[Co(L5P"#4),C1} (1)
to predict the electronic structures of 1-5. The gas-phase ge-
ometry of 17 was optimized with the singlet spin state. Similar
to 2, the HOMO and LUMOs of the CSS state of 17 scatter on
cobalt and 7t orbitals of two ligands. Further analyses estab-
lished that the CSS solution of 17 is unstable due to 0SS pertur-
bation. Broken symmetry (BS) calculations confirmed that the
0SS solution of 17 is more stable than the CSS solution by
11.2 kJ/mol. The calculated bond parameters of the BS state of
1, as summarized in Table S5, are similar to those obtained
from the single-crystal X-ray structure determinations of 1-5,
The calculated average C-O/C-N lengths of 1’ are 1314 A, the
experimental lengths are 1.319(3) A at 296 K and 1.314(2) at
100 K. A plot of atomic spin densities obtained from Mulliken
spin population analysis of 1° are depicted in Figure 2 (a). It is
observed that the beta spin (1.00) is only localized on the cobalt
ion and that the alpha spin is delocalized over two ligands. This
feature is consistent with Robin-Day Class Ill state,
[Co™(L3PMso®*),CH). Thus, the results of this combined experi-
mental and theoretical Investigation indicate that
[CoM(L5Phsq®5),X] are the ground electronic states of the solids
of 1-5.

Complex [1-5]* ions are mixed-valence species of types
[COMLPMLPPse )XTY.  The  delocalized  states  are
[CoM(LSPMa05-),X]*, as shown in Scheme $2. The EPR spectra
confirmed that, in solutions, [1-5]* ions exhibit tautomeric
equilibria of types [CoM(L5"Mgo%5=),X]* = [CoM(LSMg),XT%. In
CH,Cl, at 296 K, they generate an isotropic EPR signal at g =
2.000 consistent with [Co™(L3""sq0%),X]* states. The isotropic
{g = 2.001) EPR spectrum of 4* ion at 296 K displays hyperfine
couplings due to %7%9Co (/ = 7/2) nuclei, as illustrated in Fig-

Eur. J. Inorg. Chem. 2016, 3680-3690 www.eurjic.org
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Figure 2. Spin density plots of {a) 1/, (b) 1", (c) 1, and (d) 3™ (yellow, « spin;
red, B spin) and values from Mulliken spin population analyses (spin density,
1% Cot 1.006; CI1 0.08; O1 -0.06; N8 -0.19; 031 ~0.06; N38 ~0.19; 1*: Co1l
0.87; C1 -0.01; 01 ~0.01; 031 ~0.01; 1™~: Co1 ~0.78; O1 0.16; N8 0.36; 031 0.16;
N38 0.36; 3™ Co1 -0.67; 01 0.15; N8 0.32; 031 0.15; N38 0.34).

ure S2. However, the EPR spectra of 1* and 3* in the frozen
glass state, as depicted in Figure 3 (a and d), are anisotropic.
The EPR signals at g = 2.00 due to L""s,~ anion radical split
in the frozen glass state and the corresponding g values are:
1,91 =1.972, g, = 2.193, g; = 2.409, Ag = 0.437; 3%, g, = 1.965,
g2 = 1.996, g3 = 2.021 and Ag = 0.056. The g parameters and
the anisotropy correlate with the higher contributions of
[Co™(L5Phq)X]* states to the ground electronic states of [1-5]*
ions at 115 K. The data supports the conclusion that 1-5 are
hybrid states of [Co™(L5Phs~),X] and [Co(LM6,95),X] tauto-
mers. ‘

DFT calculations on 1'% ion predicted a similar trend. The
calculated bond parameters of the doublet state are summa-
rized in Table S5. A plot of atomic spin densities obtained from
the Mulliken spin population analyses is illustrated in Figure 2

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figurg._},N\/ariable-terﬁpemture X-band EPR spectra of (a) 1* (296 and 115 K),
{b) 1~ (296 K), 1y 1" (115 K), (d) 3% (296 and 115 K), {e) 3~ (296 K, black
spectrum corresponts o 2 x 107% m DPPH), and {f) 3~ {115 K, the simulated
spectrum (ii).is obtaied considering [CoML3 o251 0-),N,]- state, the spec-
trum (jii) is generated considering [Co™(L5P;5™),N3]" state and the spectrum
(iv) is produced considering a hybrid state of these two (1:1) states} in CHCl,
{blue, experimental; red, simulated).

(b). Localization of the spin density predominantly on the cobalt
ion (87 %) in the 1* ion inferred a major contribution of the
[CoM(LS"M ), X]* states to the ground electronic states of [1-5]*
jons, as determined from the frozen glass EPR spectra.
Complex [1-5]" ions are mixed-valence complexes of types
[COIII(LSPhAPZ—)(LSPI1|SQ~—)X]- defined by [COIII(LSPh|SQO.S--—1.0-)2)(]—
states, as depicted in Scheme S2. Similar to [1-5]* ions, the EPR
spectra of [1-5]" ions in CH,Cl, are temperature dependent.
The EPR spectra of the CH,Cl, solutions of [1-5]" ions are iso-
tropic at 296 K and the simulated g values in all cases are g =
2.00. This result corresponds to the electronic states of types
[CoM(LSh 0510 ), X]~, which contain an uncoupled L57hq~
anion radical. Similar to the 4" ion (Figure S2), the EPR spectrum
of 37 ion . exhibits hyperfine coupling due to N ({ = 1, A =
2.5 G) and >*%Co (I = 7/2, A = 3.8 G) nuclei and the signal was
compared to that of DPPH (ca. 2 X 107* m in CH,Cl,) as illus-
trated in Figure 3 (e). The EPR spectra of the CH,(l, frozen
glasses of [1-5]" are anisotropic. The frozen glass EPR spectra
at 115 K of 17 and 3~ ions are shown in Figure 3 (c and f). The
anisotropic EPR spectrum of the CH,Cl, frozen glass of 1~ exhib-
its hyperfine splitting due to %75%Co {I = 7/2, A; = 60, A, = 120,
A; = 80 G) nuclei. The data are consistent with the [Co'-
(LSPhsq™),Cl state following the coupling scheme of type
(LS50 ) TCOMT (L") T as observed in cases of bis(semi-
quinonate) complexes reported by Wieghardt and co-work-
ers'%f The simulated g values of 1~ ion are g, = 1.957, g, =
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2.003, g3 = 2.980 and Ag = 1.02. The cobalt-centered EPR spec-
trum of the frozen glass attributes the above coupling scheme
only, the other coupling scheme [{LPMsq™) TCOM L5 T1
correlates to the ligand-centered EPR spectra, which is observed
in fluid solution. Notably, the frozen glass EPR spectrum of
3~ ion was simulated satisfactorily by considering the contribu-
tions of the [Co™LSPM 8 19),N,I" and [COMLSPMyeg ™) Nal
states. The isotropic EPR spectrum (g = 1.998), {if) of Figure 3
(f) is due to [Co™LSP %5 10),Ns1- component, whereas the
anisotropic EPR spectrum (g, = 1.941, g, = 1.998, and g5 =
2.015) (iii) was obtained by considering the contribution of the
[CoM(L5PM s ")-N3]™ component, The simulated spectrum (iv) was
achieved by considering the hybrid (1:1) state of these two
components. The feature is similar to that observed in the fro-
zen glass and solid-state EPR spectra of 1.

The calculated bond parameters of 1~ and 3~ ions are sum-
marized in Tables $5 and S6. The plots of atomic spin densities
of 1~ and 3" are shown in Figure 2 (c and d). The calculated
atomic spin densities indicate the co-existence of [Co"-
(L5505 107),XT and [Co™(LSPMsq™),X1" states in [1-5]" ions.
The calculated atomic spin densities as shown in Figure 2 (¢
and d) disperse on both cobalt (-0.78 and -0.67 for 1~ and
3) and the ligand backbone, indicating the co-existence of
[COMLSPMso)X1™ and [CoM™(LSPMisq®5~197),X]™ states in [1-5/-
ions.

Electrochemical Study

The redox activities of 1-5 in CH,(l, were investigated by cychic
voltammetry at 296 K. The redox potential data referenced to
the ferrocenium/ferrocene (Fc*/Fc), couple are summarized in
Table S7. The cyclic voltammograms are shown in Figure 4 and
in the Supporting Information (Figure $3). The redox properties
of 1-5 are similar, with all these complexes exhibiting. two
anodic redox waves and one cathodic wave. The analyses -of
the EPR spectra of the CH,Cl, solutions of the electrogenerated
species confirmed that [1-5]* and [1-5]" ions are cobalt(ll})
complexes of o-iminobenzosemiquinonate/e-iminobenzoquin-
one. The [1-5]1*/[1-5] reduction waves at 0.16-0.34 V (£,,,') de-
pend marginally on the axial ligands, reflecting the minor con-
tributions of [Co™L5Ms%5),X] states in solutions of 1-5, which
are defined by [Co™{L5Phso™),X] electronic states. The isotropic
EPR spectra correlate to the {Co™(L5PP %), X1+ descriptions of
[1-5]* ions in solutions. Thus, the first anodic waves of 1-5 are
assigned to LSPho/LSPPico~ oxidation couples. Similarly, the

0, -1
Potential (V)

Figure 4. Cyclic voltammograrn of 1 in CH,Cl, at 296 K. Conditions: 0.2 m
[N{nBu),IPFs supporting electrolyte; scan rate, 100 mV s™*; platinum working
electrode.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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{1-5]**/{1-5}* redox waves at 0.73-0.83 V (£, 2?), are due to the The electronic spectra of [1-5}*, [1-5]%%, ‘and [1-5]" were
LM o/15PNsq™ redox waves, obtained from spectroelectrochemical measurements in CH,Cl,

As the [1-5]" ions are defined by [CoM(LSPPso®519-),X]" de-  at 296 K. The change of electronic spectra with several isosbes-
scriptions, the cathodic waves of 1-5 at ~0.76 to -1.03 V (£,,*)  tic points during the redox reactions are shown in Figure 6 and
are assigned to LSPhgq/L5P% reduction couples. The redox  Figure $6. The general trend is that during oxidation or reduc-
series of 1-5 are depicted in Scheme 6. tion, the intensities of the A, of the original complexes gradu-

ally decrease.

§ .t \ . 50— o
[(_-Om(L.SPhw):-x]zf v_:? l(/i‘m(1~5"h;sg°'” )Zx_r

0.3 P )

(-5 151"

te te . -
= [T aX] == €Oy 07Xy

{1-5} {8

450 800 1200

Scheme 6. Redox series of 1-5.
400 800 1200 ajom
Alom
i | oe e i)

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

% 0.10
UV/Vis/NIR absorption spectra of L*"H, and 1-5 were recorded % | |

3

in CH,Cl, at 296 K. The spectrum of LSP™H, is shown in Figure 54 0.05 {

and the spectra of the complexes are shown in Figure 5. The \’k

absorption spectroscopic data are summarized in Table S8. The 400 60 806 1000 1200

UV/Vis absorption spectra in CH,Cl, depend on temperature, as Mo

filustrated in Figure 5. The general trend is that with a decrease:  Figure 6. Spectroelectrochemical measurements showing the change of elec-
of temperature, the intensity of the bands > 600 nm-increases.  tronic spectra during the conversions of 1= [1]7 {n = 1%, 17} in CHyCl, at
TD DFT calculations were employed to explore the excitation 296K

parameters of 17 in CH,Cl, by using the CPCM model. The abil-
ity of TD DFT calculations to predict charge-transfer transitions
has limitations;' however, it is used to predict approximately
the transition types. The excitation energies with the oscillator
strengths and the transition types are summarized in Table 59.

The results are consistent with the di-radical singlet states of
complexes 1-5 , which absorb strongly in the NIR region due
to spin-allowed (AS = 0) and dipole-allowed (A # 0) [(L5™Msq™)-
M{LSPhsq™)] = [ILSPPgIMLSPP,R27)] transitions. Another feature
is that the absorption maxima of the cations and anions are
0.8 relatively broad and that the 4., are redshifted in comparison
to those of the neutral analogues. In fluid solutions, [1-51* ions

- 06 absorb due to L5~ -5 L3PP, transitions, whereas in [1-5]"
E jons the charge transfers are due to L% — 13PN~ and
i 041 L5Phap?2™ — M?*/3* transitions. The Au are closer to zero for
".’% U™ IMIL PRI — [LPRMIL P T and [(L3Mysg ™)
w

MILSPP 2] = [(LSPP a2 IMILEPP o)1 transitions, which occur
at lower energies, and the intensities of the absorptions de-
200 600 800 1000 1200 crease upon oxidation or reduction.

anm

Figure 5. Electronic spectra of 1 (black), 2 (red), 3 (blue), 4 {green), and 5  Solid-State Electronic Spectra
(pink) in CH,Cl, at 296 K.
The solid-state absorption spectra (Kubelka-Munk plot)"® of 1-

In solution, the absorption at 685 nm due to MMLLCT is 5 were recorded by using the diffuse reflection method at
stronger than that at 1022 nm because of MLCT. The electronic 296 K; the spectra are shown in Figure 7. The significant absorp-
spectra of 1-5 are similar, exhibiting two lower energy absorp-  tion peaks of solids are summarized in Table $8. The electronic
tion bands in the ranges of 850-900 and 615-765 nm  spectra of solids are different from those of CH,(l, solutions
(Table $8). The calculated wavelength of 1 at 928 nm is due to  (Figure 5). The spectra of solids are broad and are composed
the de, + Tusq — Misq transitions. In solutions, the excitations  of multiple Gaussian components. They display NIR absorption
are dominantly due to L5"sq™ — LMo~ (charge resonance  bands that are absent in solutions. The solid-state electronic
transfer) transitions, which are invariant on the types of axial spectra of 1-5 exhibit absorption bands at > 1000 nm that are
ligands. Similar types of transitions for planar bis(semiquinone) absent in solutions. The NIR absorption bands of 1-5 depend
complexes were predicted by Wieghardt, Neese, and co-work-  significantly on the axial ligands.and appear at 1502, 1360,
ers.ifl 1485, 1202, and 1354 nm, which are assigned to co-
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balt(ll) - LSPh, transitions. In CH,Cly, the LSPMgq™ — LMoy~
(charge resonance transfer) transitions appear at 890, 880, 851,
881, and 900 nm, whereas insolids they are bathochromically
shifted to 1047, 1022, 1041, 1078, and 980 nm. The MLCT and
(charge resonance transfer) transition features are consistent
with the existence of Robin-Day Class il complexes of type
trans-[CoM{L>Msc,” *),X] in the solids of 1-5.

1.5+
% 1.04
=3
=
£
F
2 0.54
0.045—— - T )
500 1000 1500 2000
A/nm

Figure 7. Solid-state UV/Vis/NIR spectra of 1 (black), 2 (red), 3 (blue), 4 (green),
and 5 (pink) at 296 K.

Conclusions

The precise assignment of the electronic state of an imino-
benzosemiguinonate anion radical (LN%gq™) coordinated to a
redox-active transition-metal ion is complex; indeed, it becomes
more complex in the case of bis(LN%sq™) complexes. In this arti-
cle, mixed-valence complexes of 24-di-tert-butyl-N-[2-(phenyl-
thio)lphenyl-o-iminobenzosemiquinonate anion radical
(LSPhsq) and its quinone state {L5P"g) with cobalt ions were
disclosed. Neutral bis(ligand) complexes constitute a family of
mixed-valence complexes' of type [CoMLSPP ey HL3PPIX] de-
fined by delocalized Robin-Day Class Ili states, trans-
[COM(LSPM 25 ),X] §X = CI, 1; SCN- {thiocyanato-kS), 2; N5, 3;
NO,™, 4 and 15, 5}. The average C~-O/N lengths (1.335 + 0.010 A
for LSPPgo and 1.308 +0.01 A for LSPhg .05~ states), which are
a measure of the contribution of LPhq /L5, states in crys-
tals, are: 1, 1.319(3); 2, 1.320(2); 3, 1.322(3); 4, 1.322(2); 5,
1.315(6) A. The shorter average C-O/N lengths than those of
L9~ and the localization of the beta spin exclusively on co-
balt ion and alpha spin equally on two ON-chelates obtained
from the BS solution confirmed the mixed-valence states of 1~
5. The temperature-dependent X-ray bond parameters and the
MLCT absorptior bands in solids, which are absent in solutions,
inferred that 1-5 exhibit tautomeric equilibria of [Co"-
(L5Phee™)a] = [CoM(L3PMiso®),1 states. Similarly, [1-51* and [1~
5] are mixed-valence complex ions that exhibit tautomeric
equilibria of type [CoM(L"Meq 11" = [CoM(LSPMo) ]t and [Co-
(L3P 05107, = [CoM(L5Pisq ™))" The isotropic EPR signals
of CH,Cl, solutions of [1-5]* at 296 K at g = 2.00 correlate
with the existence of [Co™L5Phsq®5),XI* states in solutions,
whereas the. anisotropy EPR signals of the frozen glasses at
115 K at g = 1.97-2.41 are due to [Co'(L5Pg),X]* states. The
variable-temperature EPR spectra established that, in solutions,
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[1-5]" exist exclusively as [Co"™{LSPhso®519-),Xi~, whereas in
frozen glasses the [CoM{LSMgo ™), X1 states dominate,

Experimental Section

Materials and Physical Measurements

General: Reagents or analytical grade materials were obtained from
commercial suppliers and used without further purification. Spe_c—
troscopic grade solvents were used for spectroscopic and electro-
chemical measurements. The C, H and N content of the compounds
were obtained with a Perkin-Elmer 2400 Series Il elemental analy-
zer. Infrared spectra of the samples were measured from 4000 to
400 cm™! with KBr pellets at room temperature with a Perkin-Elmer
Spectrum RX 1 FTIR spectrophotometer. *H NMR spectra in CDCl;
solvent were obtained at 296 K with a Bruker DPX 300 MHz spec-
trometer. ESI mass spectra were recorded with a micro mass Q-TOF
mass spectrometer. Electronic absorption spectra in solution were
obtained with a Perkin-Elmer Lambda 750 spectrophotometer in
the range 3300-175 nm. The X-band EPR spectra were measured
with a Magnettech GmbH MiniScope MS400 spectrometer
(equipped with temperature controller TC H03), where the micro-
wave frequency was measured with an FC400 frequency counter.
The EPR spectra were simulated by using EasySpin software. For
electroanalytical investigations, a BASi Epsilon-EC instrument was
used for cyclic voltammetric experiments in CH,Cl, solutions con-
taining 0.2 m tetrabutylammonium hexafluorophosphate as sup-
porting electrolyte. The BASi platinum working electrode, platinum
auxiliary electrode, and Ag/AgC! reference electrode were used for
the measurements. The redox potential data are referenced vs.
ferrocenium/ferracene (Fc*/F¢) couple. BASI SEC-C thin-layer quariz
glass spectroelectrochemical cell kits {light path length of 1 mm)
with platinum gauze working electrode and SEC-C platinum coun-
ter electrode were used for spectroelectrochemistry measurements.

2,4-Di-tert-butyl-6-{[2-(phenylthio)phenyl]lamino}phenol
(LSPPH,): To a solution of 3,5-di-tert-butylcatechol (1.1 g, 5 mmol)
and triethylamine (0.3 mL) in n-hexane (150 mL}, 2-{phenylthio)an-"
iline (1.0 g; 5 mmol) was added. The resulting mixture was stirred
in air for 3 d. A reddish oily solution was obtained, which was
poured on a basic alumina column. Elution with a mixture of chioro-
form and n-hexane solvents (1:5) afforded pure LSP"H, ligand, yield
1.72 g (ca. 84 % with respect to catechol). 'H NMR (300 MHz, CDCl;):
d = 7.18-7.30 {m, 4 H)}, 6.94-6.98 (m, 3 H), 6.59-6.61 (d, 2 H}), 6.20
(br, 2 H), 5.08 (5, 2 H), 1.39 (5, 9 H), 1.22 (5, 9 H) ppm. *C NMR
{75 MHz, CDCl;): 0 = 149.6, 146.8, 145.8, 142.2, 137.2, 1366, 131.1,
1308, 129.3, 129.0, 12838, 1268, 1259, 1240, 122.5, 1205, 116.2,
115.3, 114.1, 109.8, 34.9, 34.7, 29.8, 29.43 ppm. IR (KBr): ¥ = 3435
{m, NH), 3058 (s, tBu), 2957 (s, tBu), 1587 (s), 1477 (s), 1421 (s}, 1310
(m), 1221 (m), 1024 (s), 738 {s), 690 (s) cm~1.CyeH3,NOS (405.21):
caled. € 76.99, H 7.70, N 3.45; found C 76.75, H 7.66, N 3.43. MS (EI-
MS): m/z = 405 [L5PPH,]*,

trans-[Co™(L5PMco%5),Cl1 {1): To a solution of LSP"H, (200 mg,
0.5 mmol) in anhydrous CH;OH (15 mL}) in a 100 mL round-bottom
flask, anhydrous CoCl; (34 mg, 0.25 mmol) was added and the solu-
tion was stirred for 10 min in air. The solution was allowed to evapo-
rate slowly in air. After 2-3 d, the mixture became violet and black
crystals of 1 separated out, which were collected upon filtratioh
and dried in air (crystals for single-crystal X-ray diffraction measure-
ment were collected from this crop), yield 120 mg (53 % with re-
spect to Co). 'H NMR (300 MHz, CDCL,): & = 834 (1, 2 H), 7.49 {1, 4
H), 7.28-7.41 (m, 6 H), 7.24 (d, 2 H), 7.16 (d, 2 H), 7.01 (d, 4 H), 6.54
{s, 2 H), 1.39 (s, 18 H), 1.22 (5, 18 H) ppm. '3C NMR (75 MHz, CDCl,):

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0 =1849,167.4,151.2, 148.6, 145.6, 134.6, 132.9, 131.8, 128.8, 127.9,
127.0, 126.85, 126.1, 125.06, 124.5, 114.5, 35.6, 34.7, 29.5, 29.43 ppm.
R (KBr): ¥ = 3054 (s, Ar-H), 2957 (vs, tBu), 2902 (s, tBu), 2867
(m, tBu), 1573 {m), 1509 (m), 1487 (vs), 1330 (m), 1022 (vs), 746
(vs) cm~'. MS (ESI, positive ion, CH3OH): m/z = 865.81 [1-CIJ*.
Cy2HseCICON;0,5; (901.55): caled. € 69.28, H 6.48, N 3.1%; found C
69.22, H6.46, N 3.09.

trans-[CoM™(LSPM5o25"),SCN] {2): To a solution of L°P"H, (200 mg,
0.5 mmol) in anhydrous CHzOH (15 mL) in a 100 mL round-bottom
flask, anhydrous CoCl, (34 mg, 0.25 mmol) and NaSCN (81 mg,
1 mmol) were successively added and the solution was stirred for
10 min in air. The solution was allowed to evaporate slowly in air.
After 2-3 d the mixture became violet and black crystals of 2 sepa-
rated out, which were collected upon filtration and dried in air {crys-
tals for single-crystal X-ray diffraction measurement were collected
from this crop), yield 145 mg (64 % with respect to Co). '"H NMR
(300 MHz, CDCl3): 0 = 7.95 (t, 2 H), 7.52 {t, 4 H), 7.29-7.45 (m, 6 H),
7.25(d, 2 H),7.17 (d, 2 H), 7.04-7.12 (m, 4 H), 6.94 (s, 2 H), 1.39 (s,
18 H), 1.22 (s, 18 H) ppm. *C NMR (75 MHz, CDCly): & = 1828,
168.2, 152.4, 147.7, 1464, 134.5, 132.5, 132.0, 128.6, 128.1, 127.6,
1274,127.2,126.9, 126.5, 123.4, 114.5, 35.7, 34.7, 28.9, 28.2 ppm. IR
{KBr): ¥ = 3058 (m, Ar-H), 2959 (s, tBu), 2908 (s, tBu), 2866 (m, tBu),
2107 (vs, -SCN), 1639 (s), 1580 (s}, 1529 (s), 1471 (s), 1367 {vs), 1306
(s), 1104 (vs), 1022 (s}, 751 (vs) em~'. MS (ESI, positive ion, CH3OH):
m/z = 865.81 [2-SCNJ*. Cg3HsgCoN30,5; (924.17): calcd. € 68.88, H
6.33, N 4.55; found C 68.81, H 6.31, N 4.52.

trans-{Co"™(L5PM5005),Ns] (3): To a solution of L*"H, (200 mg,
0.5 mmol) in anhydrous CH;OH (15 ml) in a 100 mL round-bottom
flask, anhydrous CoCl, (34 mg, 0.25 mmol) and NaN; {56 mg,
1 mmol) were successively added and the solution was stirred for
10 min in air. The solution was allowed to evaporate slowly in air.
After 2-3 d the mixture became violet and black crystals of 3 sepa-
rated out, which were collected upon filtration and dried in air (crys-
tals for single-crystal X-ray diffraction measurement were collected
from this crop), yield 125 mg (55 % with respect to Co). '"H NMR
(300 MHz, CDCL3): 0 = 7.99 (m, 2 H), 7.76 (d, 2 H), 7.28-7.43 (m, 8
H), 7.26 (d, 2 H), 7.19 (d, 2 H), 7.08-7.15 (m, 4 H), 6.98 (s, 2 H), 1.39
(5,.18 H), 1.22 (s, 18 H) ppm. *C NMR (75 MHz, CDCl;): & = 185.2,
167.1, 151.2, 148.3, 145.5, 134.2, 132.5, 131.5, 130.9, 128.8, 128.1,
127.8,127.1, 126.3, 125.2, 114.0, 35.1, 34.5, 29.5, 29.2 ppm, IR (KBr):
¥ = 3063 {m, Ar-H), 2954 (vs, tBu), 2903 (s, tBu), 2864 (m, tBu), 1983
{vs, -N3), 1580 (s), 1526 (m), 1471 (vs), 1364 {vs), 1303 (s}, 1029 (m),
734 (vs) cm~'. MS (ESI, positive ion, CH;OH): m/z = 865.81 [3-N;]*.
CsoHssCoNg0,5, (908.12): calcd. € 68.78, H 6.44, N 7.71; found C
68.72, H 6.40, N 7.69.

trans-[CoM(LSPR 005, (NO,)] (4): To a solution of LS*H, (200 mg,
0.5 mmol) in anhydrous CH;OH (15 mL} in a 100 mL round-bottom
flask, anhydrous CoCl, (34 mg, 0.25 mmol) and NaNO; (69 mg,
1 mmol) were successively added and the solution was stirred for
10 min'in air. The solution was allowed to evaporate slowly in air.
After 2-3 d the mixture became violet and black crystals of 4 sepa-
rated out, which were collected upon filtration and dried in air (crys-
tals for single-crystal X-ray diffraction measurement were collected
from this crop), yield 155 mg {67 % with respect to Co). '*C NMR
(75 MHz, CDCl3): 6 = 185.0, 167.4, 151.3, 148.7, 145.7, 134.6, 1329,
131.9, 130.8, 128.8, 127.6, 127.4, 126.8, 126.1, 125.1, 114.5, 356, 34.7,
29.5, 29.43 ppm, IR (KBr): ¥ = 3073 (m, Ar-H), 2954 (vs, tBu), 2895
(s, tBu), 2865 {s, tBu), 1639 (m}, 1570 (m), 1525 (s), 1471 (vs), 1412
{vs). 1361 (vs), 1284 (vs, =NO;), 1250 (m, -NO,), 1094 (m), 1022 {m),
748 (vs) cm™'. MS (ESI, positive ion, CH;OH): m/z = 865.81 [4-NO,J*.
Co,HssCON3045, (912.10): caled. C 6847, H 641, N 4.61; found C
6842, H 6.39, N 4.59. '"H NMR (300 MHz, CDCl;): ¢ = 8.34 (t, 2 H),
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749 (t, 4 H), 7.28-7.41 (m, 6 H), 7.24 (d, 2 H), 7.14 (d, 2 1), 7.03 (d,
4 H), 698 (s, 2 H), 133 (5, 18 H), 1.24'(s, 18 H) ppm.

trans-ICOM(LSPPi5o®5-) 051 (5): To a solution of 3 (100 mg,
0.1 mmol) in CH,Cl, (20 mL) was added a solution of 1; (25 mg,
0.1 mmol) in n-hexane (20 mL}), and the solution was allowed to
diffuse at 296 K. After 4-5 d, black needles of 5 separated out,
which were filtered and dried in air (single crystals for X-ray diffrac-
tion were collected from these products), yield 56 mg (53 % with
respect to 3). "H NMR (300 MHz, CDCl;): 6 = 7.99 (t, 2 H), 749 (t, 4
H), 7.28-7.41 (m, 6 H), 7.24 (d, 2 H), 7.14 (d, 2 H), 7.03 (d, 4 H)}, 6.98
(5, 2 H), 133 (5, 18 H), 1.24 (5, 18 H) ppm. IR (KBr): ¥ = 3054 (5, Ar~
H), 2954 (vs, tBu), 2900 (s, tBu), 2860 (m, tBu), 1573 {m), 1509 {m),
1487 (vs), 1330 (m), 1022 (vs), 746 (vs) cm™'. MS (ESI, positive ion,
CH,Cl): m/z = 685.8 {5]*. Cs,H:3C010,5, (1250.79): caled. € 50.09,
H 469, N 2.25; found € 50.02, H 467, N 2.24,

Complexes [1-5]* and [1-5]": These complexes were not isolated
in this investigation. However, they were generated by coulometric
experiments in CH,Cl, at 296 K for spectroelectrochemical measure-
ments and EPR spectra. Complexes 1%, 2*, 3%, and 4* were gener-
ated upon oxidation of 1, 2, 3, and 4, respectively, at +0.56, +0.56,
+0.54, and +0.59 V with respect to F¢/kc ,cou’pie, whereas
17, 27, 37, and 4~ were produced upon reduction of 1, 2, 3, and 4
respectively, at -1.06, -1.05, -1.19, and ~1.10 V, reépectively.

Single-Crystal X-ray Struq_tt;lre Determination

Single crystals of 1-5 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 = 071073 A). Final
celf constants were obtained from least-squares fits of all measured
reflections. Intensity data were corrected for absorption by using
the intensities of redundant reflections. The structures were readily
solved by direct methods and subsequent difference Fourier tech-
niques, The crystallographic data are listed in Table S1. The Siemens
SHELXS-97!'¢! software package was used for solution, and SHELXL-
971181 was used for the refinement and XS. Ver. 2013/1,1'73 XT. Ver.
20147417781 and XL. Ver. 2014/777% was used for the structure solu-
tion and refinement. 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 1451720 (for 1, 100 K), 1451721 (for 1, 29€ K), 1451722 (for
2), 1451723 (for 3), 1451724 (for 4), and 1451725 (ur 5; contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Carmbrndoe Ceystalfographic

Data Centre.
Density Functional Theory (DFT) Calculatmm

All calculations reported in this article were performed with the
Gaussian 03W!'8 program package supported by GaussView 4.1.
The DFTI'! and TD DFT' calculations were performed at the level
of Becke three parameter hybrid functional with the non-local cor-
relation functional of Lee-Yang-Parr (B3LYP).?"! Gas-phase geome-
tries of [Co(LSPP-tBu),CI (1), [Co(LSP-®4),N,] (37), with singlet spin
state, and [Rh(LSP™-®Bu)(PMe;)Cly] (1M), [Co(LSPMBu,Cil* (17),
[Co(LSPR=tBuy,CI1- (17), and [Co(L5"M®Y),N,]- (3}, with doublet spin
state, were optimized by using Pulay’s Direct Inversion'?? in the
lterative Subspace (DHS), “tight” canvergent SCF procedure®™ ig-
noring. symmetry. As the closed shell singlet state solutions of 1’
was unstable, broken symmetry (BS) DFT calculations were per-
formed so that 1" would have stable solutions. To compare with the
doublet spin state, the gas-phase geometry of 3~ was also opti-
mized with quartet spin state. In all calculations, the LANL2DZ basis
set along with the corresponding effective core purential (ECP) was

© 2016 Wiley-VCH Verlag GmbH & Co. KGah, W(-.)inheim
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used for ruthenium, cobalt, and rhodium.24 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'2® was employed for all calculations. The per-
centage contributions of metal and ligands to the frontier orbitals
were calculated by using the GaussSum program package!?”! The
sixty lowest singlet excitation energies on each of the optimized
geometries of 1 in CH,Cl; using CPCM model'?®! were calculated
by using the. TD DFT method.
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