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ABSTRACT: Three chemical reactions of two 2-aminothioethers and HN
2-aminothiophenol with CpRu"CI(PPh;), (Cp~ = cyclopentadienyl B CamImenL :@
anion), under identical reaction conditions, are reported. While 2- 'g
(methylthio )aniline, H,L' and an analogous substrate, 2-(phenylthio)- ke

aniline yielded dicationic dinuclear complexes [(PPh;)CpRu'(L¥L*)- R=H MepHg R =CH,, Ph
Ru’Cp(PPh;)]Cl, (where L* = (4E)-4-(4-imino-3-(methylthio)- ¢ + 15
cyclohexa-2,5-dienylidene)-2-(methylthio)cyclohexa-2,5-dienimine =

([1a]ClL,) and L* = (4E)-4-(4-imino-3-(phenylthio)cyclohexa-2,5- v """Q R
dienylidene)-2-(phenylthio)cyclohexa-2,5-dienimine ([1b]CL,)), the \ " ) S G,
reaction with 2-aminothiophenol (H,L*) produced a mononuclear
complex [(PPh;)CpRu"(L?)]Cl (where L* = 6-iminocyclohexa-2,4-
dienethione) ([2]Cl). All these complexes are obtained in high yields
(65%—75%). Formations of the products from the above reactions
involve a similar level of oxidation of the respective substrate, although their courses are completely different. A comparison
between the above two chemical transformations are scrutinized thoroughly. Characterizations of these complexes were made
using a host of physical methods: X-ray crystallography, nuclear magnetic resonance (NMR), cyclic voltammetry, ultraviolet—
visible (UV-vis), electron paramagnetic resonance (EPR) spectroscopy, and density functional theory (DFT). The complexes
[1a]Cl, and [1b]Cl, showed intense metal-to-ligand charge transfer transition in the long wavelength region of the spectrum, at
860 and 895 nm, respectively, and displayed two reversible electron transfer (ET) processes at [1a]**: —0.28 and —0.52 V;
[1b]**: —0.13 and —0.47 V, along with an irreversible ET process at 0.76 and 0.54 V, respectively. The ET processes at negative
potentials are due to successive reductions of the bridging ligand, which are characterized by EPR and UV-vis spectroscopy. The
one-electron reduced compound, [1a]*, showed a intraligand charge transfer transition (ILCT) at 1530 nm. The complex [2]*
showed a reversible ET process at —0.36 V and two irreversible ET processes at —1.04 and 1.18 V, respectively. DFT calculations
were used to support the spectral and redox properties of the complexes and also to throw light on the difference of redox
behavior between thioether and thiophenol substrates.

B INTRODUCTION Scheme 1

Studies on redox-mediated chemical reaction in transition metal X X X

complexes of redox noninnocent ligands is an emerging field of “ . 7 e Z
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2-aminothioether'! is different, since it can undergo usual one-
electron ligand oxidation, producing a reactive radical
intermediate. Thus, unusual chemical behavior of the oxidized
aminothioether complexes of above substrate when coordinated
especially to a diamagnetic metal center is anticipated.

The present work stems from our previous observations' ">
on the chemical reactions of coordinated 2-(methylthio)anilide
producing unexpected products via ortho C—H and para C—H
activation of the phenyl ring. It was argued'' that partial
oxidation of coordinated 2-(methylthio)anilide and subsequent
nucleophilic addition (vis-a-vis, oxidation of the intermedi-
ate(s)) led to the above products. Given this background, we
now purposefully plan a stoichiometric reaction between 2-
(methythio)aniline (H,L') and the complex, CpRu"'CI(PPh,),
with an anticipation of para C—H activation. The reaction
resulted a unique bimetallic Ru,"-complex of a new tetradentate
bridging ligand containing a rigid NH-(CH;S)CsH;—
C¢H;(SCH;)—NH moiety via C—C coupling reaction. To
have an insight into the above chemical reaction a similar
chemical reaction with 2-aminothiophenol (H,L?) with the
above ruthenium complex is investigated, which yielded a
monometallic complex, as expected. The isolated complexes
were characterized thoroughly by redox, spectroscopic methods
and analysis of molecular and electronic structures. A
comparison of the above two reactions has not only revealed
knowledge on the redox behavior of coordinated 2-
(methylthio)anilide, but also has cast light on the redox-
initiated reactivity pattern of the redox active ligands that
contain a single oxidizable redox active center.

B RESULTS AND DISCUSSION

The chemical reaction of 2-(methylthio)aniline (H,L') with
CpRu"'CI(PPh;), (in 1:1 molar proportion) at 300 K
proceeded cleanly in methanol. The initial yellow color of the
solution gradually turned dull green within 6 h. The crude
product, obtained after evaporation of solvent, was purified
using a preparative TLC technique. TLC experiment showed
the presence of a major green band, which, after separation and
follow-up treatment (see the Experimental Section) yielded a
dicationic binuclear green complex of composition [(PPh;)-
CpRu"L*Ru"Cp(PPh;)]Cl, ([1a]Cl,) in a high yield (avg
70%). In this reaction, a bis-chelated NH-(CH,S)C¢H;—
C¢H;(SCH;)-NH bridging ligand L* (where L* = (4E)-4-(4-
imino-3-(methylthio)cyclohexa-2,5-dienylidene)-2-
(methylthio)cyclohexa-2,5-dienimine) was generated in situ via
an unusual C—C bond formation reaction that acts as a bridge
for connecting two [CpRu"(PPh,)] moieties via bis-chelation,
as shown in Scheme 2. A similar reaction of CpRu"CI(PPh,),
with 2-(phenylthio)aniline produced a compound, [(PPh,)-
CpRu"L*Ru"Cp(PPh;)]Cl, (where L* = (4E)-4-(4-imino-3-
(phenylthio)cyclohexa-2,5-dienylidene)-2-(phenylthio)-
cyclohexa-2,5-dienimine) (referenced hereafter as [1b]CL,),
establishing that the reaction is a general one. The overall
chemical reaction is shown in Scheme 2.

To follow the above reaction further, a parallel reaction with
the corresponding thiol, 2-aminothiophenol (H,L?), was
performed. In this reactant, the thiol proton is dissociable
and the redox behavior of coordinated thiolato function is
different than that of the thio-ether substrate. Under identical
conditions, the reaction resulted a monometallic complex [2]Cl
of the ligand, 6-iminocyclohexa-2,4-dienethione, L? in almost
quantitative yield. The chemical reaction is shown in Scheme 3.
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Scheme 2. Synthesis of Complexes [1a]Cl, and[1b]Cl,: (a)
Overall Reaction and (b) Schematic Presentation

(a) 2CpRu"CI(PPh3); + 2H,L' —» [1a]Cl, + 2PPh; + 4H*+ 4¢”

HoN :

I
R

(b) 2 CpRuU"CI(PPhy), + 2

Methanol
RT, Stir

[1a]Cl, (R = CHy); [1b]Cl, (R = Ph)

Scheme 3. Synthesis of Complex [2]Cl: (a) Overall Reaction
and (b) Schematic Presentation
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Formulation and Characterization. Electrospray ioniza-
tion mass spectra of the complexes [1a]Cl, and [1b]Cl,
corroborate with their formulations as [(PPh,)CpRu"(L%/
L*)Ru"'Cp(PPh;)]Cl,: these showed an intense peak, at m/z
566 and 628 amu, respectively, that was due to ([M]**/2),
where “M” represents the molecular mass of [la]**/[1b]**
The spectrum of the complex [2]Cl displayed a peak at m/z
552 amu, because of the molecular ion [(PPh,)CpRu(L*)]*.
Moreover, the experimental spectral features of the spectra
match well with their simulated isotopic patterns for the given
formulations. ESI-MS spectra of the compound together with
the simulated spectra are submitted in the Figures S1—S3 in the
Supporting Information. Their compositions were verified
further by their elemental analyses (cf,, see the Experimental
Section).

The complexes [1a]Cl,, [1b]Cl,, and [2]Cl all possess an S =
0 ground state, as determined by their magnetic susceptibility
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measurements at room temperature. These displayed sharp 'H
NMR signals in the normal range for diamagnetic compounds.
The low number of resonances for the complexes [1a]Cl, and
[1b]Cl, indicate high symmetry of the molecules in solutions.
Signal due to imino (=NH) proton resonance of the bridging
ligands L* and L* appeared at § 8.6 and 6.9 ppm, respectively,
which disappeared on D,O shake. The aromatic proton
resonances of the complex [1a]Cl, appeared in the region
7.7—6.8 ppm. Proton resonances from the L* ligand appeared
as a doublet at 7.75, a singlet at 6.80 ppm and another one
proton signal overlapped with the —PPh; protons. The methyl
and cyclopentadienyl ring proton resonances of [1a]Cl,
appeared at 6, 2.7 and 4.9 ppm, respectively. Because of
serious overlap of proton resonances for [1b]Cl, (S-Ph, —PPh,,
and L*) the assignment of aromatic protons signals was not
possible. However, cyclopentadienyl ring protons of [1b]Cl,
appeared at 4.57 (3H) and 4.62 (2H) ppm. The 'H NMR
spectrum of the compound [2]Cl appeared in the region of
7.4—6.8 ppm: two triplet proton resonances appeared at 6.8
and 7.0 ppm, one doublet signal appeared at 7.47 ppm, and
another resonance overlapped with the phenyl proton
resonances. A signal due to imino (=NH) proton resonance
of the ligand L? appeared at 6 15.3, which disappeared on D,0
shake. The 'H NMR spectra of [1a]Cl,, [1b]Cl,, and [2]Cl are
submitted as Supporting Information (Figures $4—S6).

X-ray Crystal Structures. X-ray diffraction (XRD)-quality
single crystals of the complex [1a]Cl, were obtained by slow
evaporation of its solution in dichloromethane-methanol (1:1)
solvent mixture. ORTEP presentation of the cationic complex
[1a]** with partial atom numbering scheme is displayed in
Figure 1, and metrical parameters are collected in Table 1.

Figure 1. ORTEP and partial atom numbering scheme of [la]*".
Counter anions (Cl7), water (H,0) molecules, and all hydrogen
atoms are omitted for clarity.

X-ray crystal structure analysis of [1a]Cl, confirmed its
formulation as a Ru,-complex. The asymmetric unit of the
complex consists of a cationic molecule [1a]** and two CI” as
counteranions. Each ruthenium center is coordinated to one
bidentate end (N,S) of the bridging ligand (L*), one
monoanionic cyclopentadienyl ring, and one neutral PPh;
ligand (see Figure 1). The molecule resides on a crystallo-
graphic center of symmetry, where the two [(PPhy)CpRu"L']
fragments are equivalent. The two C¢Hj; units of the bridging
ligand are planar'® and the two PPh; and methyl groups are
oriented anti to this plane. The Ru—N1 bond distance is
2.049(6) A, which is comparable to the observed Ru'—
N(imine) bond distances in previously known'*'* imine
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Table 1. Selected Bond Distances and Bond Angles of
Complexes [1a]**, [1a]*, and [1a]°

[1a]** (1a]* (1a]°
parameter expt calcd caled caled
Bond Lengths (A)
Rul—S1 2.359(2) 2452 2437 24311
Rul—P1 2.320(2) 2,408 2.385 2355
Rul—-N1 2.049(6) 2.045 2.085 2.103
S1-C6 1.776(6) 1.803 1.799 1.7956
N1-Cl1 1.298(8) 1.327 1.337 1.349
C1-Cé6 1.432(9) 1.439 1431 1423
C1-C2 1.443(10) 1435 1431 1427
Cc2-C3 1.380(10) 1.366 1.374 1.383
C3-C4 1.443(10) 1439 1426 1416
C4-C5 1.414(8) 1.437 1.420 1.403
C4-C4 a 1.438(9) 1432 1452 1.479
C5—-Cé6 1.375(9) 1.367 1.379 1.395
Bond Angles (deg)
S1-Rul—P1 88.22(6) 90.605 91.618 93.012
$1-Rul-N1 81.91(13) 79.777 79.850 79.85
P1-Rul-N1 91.46(14) 93.307 90.675 88.352
Rul-N1-C1 122.2(4) 126.603 124.903 123.344
Rul-$1-C6 98.9(2) 98.980 99.697 100.10

complexes. The bond distance, (C4—C4_a) between the two
fused rings is 1.438(9) A, which is shorter''® than a typical
C—C single bond (1.54 A). For example, a similar C—C bond
length (1.425(10) A) was reported™ in a closely related Ru,-
complex, [TpRu{P(OMe);},NH(C4H,-)],[OTf], (where Tp
= hydridotris(pyrazolylborate). In addition, the N1—C1 bond
distance (1.298(8) A) is shorter than expected for a N—C
single bond length (1.47 A).'""* Similar trend of bond lengths
were noted previously in several related imino complexes.® The
S1—C6 bond distance (1.776(6) A) is similar to that of typical
S—C single bond length."” Notably, the C2—C3 and C5—C6
bond lengths 1.380(10) and 1.375(9) A, respectively are
significantly shorter than the bond lengths of C1-C2
(1.443(10) A), C4—CS5 (1.414(8) A), C1-C6 (1.432(9) A),
and C3—C4 (1.443(10) A), indicating quinoid-type localization
of the z-electrons in the C4Hj; rings. It is worth noting here that
L? is redox noninnocent and this issue has been addressed in a
later section. Since the ligand L% in this complex, coordinates as
a neutral (oxidized) ligand, the oxidation state of the two
ruthenium centers in the complex is +2. Assessment of
oxidation states has also been supported by the analyses of
EPR spectrum of the electrogenerated species and scrutiny of
the results of DFT calculations. Binuclear ruthenium complexes
of biphenyl bridging ligands bearing O,0 and O,N, as well as
N,N donors, have been known in the literature;’'® however,
complexes that contain the oxidized quinone form with planar
orientation of the two rings is rarely observed.'®

The chloride salt of the cationic complex [2]" is micro-
crystalline; however, its hexafluorophosphate salt [2]PFq
formed suitable crystals for single-crystal X-ray structure
determination. Its ORTEP presentation and partial atom
numbering scheme are shown in Figure 2, and selected bond
parameters are collected in Table 2. The X-ray structure of this
complex revealed that the ruthenium center is coordinated to a
neutral bidentate ligand L? one monoanionic cyclopentadienyl
ring, and one neutral PPh; ligand. The Ru—N1 bond distance is
1.970(3) A, which is comparable to that in previously reported
Ru'-imine complexes.'"* The most notable feature in this
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Figure 2. ORTEP and partial atom numbering scheme of [2]*.
Counter anion (PFg) and hydrogen atoms are omitted for clarity.

Table 2. Selected Bond Distances in Complexes [2]* and

[2]°

Bond Length (A)

Table 3. Cyclic Voltammetric Data and UV-vis-NIR Spectral
Data of [1a]*', [1b]?, and [2]*

Cyclic Voltammetric Data®

UV-vis Spectral Data”

compound E, " (V) AE, (mV) Amax (M) &2 M em™)
[1a]* 0.76% 940° 5.8 x 10*
—028 90 860
—0.52 90 460 1.03 x 10*
315 1.8 x 10*
[1b]?** 0.547 895 4.1 x 10*
—-0.13 90 477 0.8 x 10*
—0.47 90 310 1.3 x 10*
[2]* 1187 800°
-0.36 470 1.57 x 10*
—1.044 70

“Acetonitrile solution (supporting electrolyte [Et,N]ClO,), reference
electrode Ag/AgCl “Molar extinction coefficients in acetonitrile
solvent. “E;/, = 0.5(E,, + E,), where E,, and E, are anodic and
cathodic geak potentials, respectively. AE, = E,, — E,, scan rate = 50

Expt Caled mV s~ “Irreversible. “Shoulder.

parameter 21 21 2° Cyclic voltammetry of complex [1a]** exhibits two reversible
Rul-N1 1.970(3) 1.988 2044 electron transfer (ET) processes at potentials —0.28 and —0.52
Rul-S1 22620(16) 2320 2.383 V, together with one irreversible ET process at a potential of
Rul—P1 2.3332(16) 2398 2337 0.76 V (Figure 3). Similarly, complex [1b]** showed two
N1-Cl 1.329(5) 1.340 1.358

$1-C6 1.691(4) 1.710 1.743

c1-c2 1.422(5) 1.428 1424

C2—C3 1.351(6) 1.370 1.380

C3-C4 1.406(6) 1.426 1412

C4—C5 1.362(6) 1.376 1.387 §

Cs5-C6 1.409(6) 1416 1.407

C6-Cl1 1.425(6) 1.440 1431

structure is the short C—S bond distance and, in fact, is a typical
double bond."” Moreover, this bond is considerably shorter
than that in the Ru,-complex, [1a]*": 1.691(4) [2]* (C6—S1)
versus 1.776(6) A [1a]** (C6—S1). Furthermore, the N1-C1
bond distance (1.329(5) A) is much shorter than a N—C single
bond implying a double bond'"'* character. The bond pairs
C1-C2 and C5—C6 (1.422(5) and 1.409(6) A, respectively)
are single bonds, while the bond pairs C2—C3 and C4—CS are
double bonds with bond lengths of 1.351(6) and 1.362(6) A,
respectively. This trend is a clear indication of a quinoid
oxidation state of L* Thus, the metrical parameters indicated
that the ruthenium ion in this complex is bivalent and the
charge is satisfied by one cyclopentadienyl anion and one
counterion: hexafluorophosphate.

Cyclic Voltammetry and EPR. Redox properties of all the
complexes [1a]**, [1b]*, and [2]* were examined by cyclic
voltammetry in acetonitrile solution containing 0.1 M [Et,N]-
ClO, as the supporting electrolyte in the potential range from
+1.8 V to —1.5 V, using platinum disk as the working electrode.
The potentials are referenced to the saturated Ag/AgCl
electrode, and the results are summarized in Table 3. The
E,/, value of the ferrocenium—ferrocene couple under our
experimental conditions was 0.40 V. The stoichiometry of the
redox processes was confirmed by the coulomb count of
constant-potential electrolysis experiments for the reversible
waves.
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Figure 3. Cyclic voltammogram of complex [1a]*". The EPR spectrum
of the electrogenerated complex [1a]* is shown in the inset.

reversible ET processes, at potentials of —0.13 and —047 V,
and an irreversible ET process at a potential of 0.54 V (see
Figure S7 in the Supporting Information). Complex [2]*, on
the other hand, showed one reversible ET process at a potential
of —0.36 V and two irreversible ET processes at —1.04 V and
1.18 V (see Figure 4). To gain further insight into the electron
transfer events associated with the reversible ET processes, the
EPR spectra of the electrogenerated reduced complexes were
studied at 120 K. The monocationic complex [1a]*, generated
by exhaustive electrolysis at —0.30 V, showed a ligand centered
single line EPR spectrum (Figure 3, inset) at g = 1.999.
However, attempts to study the neutral complex [1a] by bulk
electrolysis (at —0.70 V) failed because of the unstable nature
of the generated compound. Similar EPR spectral results were
also observed for compound [1b]**. DFT analyses of the
complexes, [1a]**, [1a]*, and [1a]° have revealed successive
reductions of the bridging ligands (see later discussion), as
shown in Scheme 4.

DOI: 10.1021/acs.inorgchem.5b00457
Inorg. Chem. 2015, 54, 6235—6244


http://dx.doi.org/10.1021/acs.inorgchem.5b00457

Inorganic Chemistry

0.0 0.5 1.0 15

E (V)

Figure 4. Cyclic voltammogram of complex [2]" in an acetonitrile
solvent.

However, the metal-centered oxidation (Ru"/Ru™) of the
above complex is irreversible and is attributed to degradation of
the complex upon electron transfer. The monometallic brown
compound [2]*, upon electrolysis at —0.56 V, became intense
blue and the one-electron-reduced compound is EPR active,
which showed an almost isotropic signal at g = 1.992 with little
metal contributions (see Figure S8 in the Supporting
Information). Accordingly, this response is assigned to the
reduction of the coordinated ortho-thioquinoneimine ligand.

Electronic Structures of [1a]*?*/° and [2]*"°. Because of
the redox noninnocence nature of both the bridging ligand and
the ruthenium metal, the assignment of electronic structures of
the redox isomers of [1a]** (z = +2, +1, 0) is an important issue
in the context of their multiple electronic structure possibilities.
Notably, the in situ formed bridging ligand, L% can formally
exist in three redox states: neutral, L% radical monoanion
[L’]°7; and dianion [L?]*". The following two possible
electronic structure descriptions of the diamagnetic complex
[1a]** were considered: (i) [(PPh;)CpRu"(L*)’Ru"Cp-
(PPh;)]** and (i) [(PPh;)CpRu™(L?)>"Ru""Cp(PPh,)]*,
where (L*)° and (L?)*>” are as shown in Scheme 4.
Diamagnetism of description (ii) is due to complete spin-
pairing via antiferromagnetic coupling between the unpaired
spins on two Ru™ (d°) atoms and the unpaired spins of the
radical bridging ligand. This description is energetically higher
than the former by 0.97 eV/mol (see Table Sl in the
Supporting Information). Moreover, the calculated metrical
parameters for the former description are closer to the
crystallographically observed metrical parameters, which are
collected in Table S1 in the Supporting Information.

The energies and compositions of the DFT calculated
frontier orbitals of [1a]** are summarized in the Supporting
Information (Table S2). Analyses of the molecular orbitals of

the complexes reveal that the highest occupied MO (HOMO)
is formed by a combination of metal d orbitals and the bridging
ligand orbitals, with the major contribution coming from the
metal orbitals (Ru, 47% and L? 27%). Closely lying occupied
orbitals HOMO-1 and HOMO-2 are formed by a combination
of metal d orbitals (major) and L? ligand orbitals (HOMO-1:
Ru, 57%, L%, 9%; and HOMO-2: Ru, 58%, L*, 10%). The lowest
unoccupied molecular orbital (LUMO) is represented primarily
by ligand orbitals with minor contributions of the metal center
(Ru, 19% and L? 58%), whereas the LUMO+1 orbital is fully
localized over the ligand orbitals (92%). The electron density
distributions of HOMOs and LUMOs, with their relative
contributions from metal and ligand orbitals, are shown in the
Supporting Information (Table S2 and Figure S9).

Geometry optimizations were also carried out on its two
redox isomers: [la]® and [la]’. Optimized structural
parameters for the computed ground states of these are
collected in Table 1; molecular orbitals for the computed
ground states of [1a]* and [1a]° are listed in Tables S3 and S4
in the Supporting Information, respectively, and are depicted in
Figures S10 and S11 in the Supporting Information,
respectively. The partially reduced complex [1a]* has a doublet
ground state (Figure 3, inset), and the net spin density plot
(see the Supporting Information (Figure S12)) indicates that
the first reduction occurs at the ligand center. The two-
electron-reduced neutral complex [1a]’ has a closed-shell
singlet state, which again is a ligand-centered redox process.
Overall oxidation states of metal and ligand in the isolated
dicationic complex and two successive reduced complexes may
therefore be described as [(PPh;)CpRu"(L*)Ru"Cp(PPh,)]*,
[(PPh;)CpRu'(L;)* "Ru"Cp(PPh;)]* and [(PPh,)-
CpRu"(L*)* Ru"Cp(PPh;)]% respectively. Significantly, the
two connected rings in the dication are planar while that in
the monocation and in the neutral complex’ both are
nonplanar with dihedral angles'® of 19.96° [1a]* and 33.45°
[1a]° respectively. Moreover, there is a gradual elongation of
the connecting C—C bond length in the same order: 1.432 A <
1452 A < 1479 A. All of these factors taken together, we
conclude that the successive step electron transfer in [1a]*
occur at the bridging ligand, as shown in Scheme 4.

The monometallic complex [2]* is optimized in a closed-
shell singlet and the optimized metrical parameters matched
well with the experimentally observed parameters (see Table
2). The HOMO is localized over the L* ligand (50%) and Ru
atom (40%), whereas LUMO is primarily localized on the L?
ligand (65%) (see Figure S13 and Table SS in the Supporting
Information). The one-electron-reduced complex [2]° has a
doublet ground state with the spin localization (Figure S14 in
the Supporting Information) mainly over the L? ligand (~75%)
and a small part of it resides on the Ru-metal orbitals (~20%),

Scheme 4. Observed Two-Step Reductions of Ligand L?

(L3*
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which is consistent with the observed small anisotropy in the
EPR spectrum of [2]° (Figure S8 in the Supporting
Information).

Electronic Spectra. Electronic spectra of the compounds
[1a]*, [1b]*, and [2]* were recorded in acetonitrile solution.
The experimental spectral results are collected in Table 3, and
two representative spectra of [1a]** and [2]" are displayed in
Figures 5-6, respectively. Assignments of spectral transitions are

0.6 4

£+ 10°mol” cm™
(=]
-y
1

o
N
1

oo I\/_\/I\I
500 1000 1500 2000
Wavelength (nm)

Figure 5. UV-vis-NIR spectra of complexes [1a]** (green) and [1a]*
(red).
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Figure 6. UV-vis-NIR spectra of complexes [2]* and [2]°.

guided by the results of TD-DFT calculations on the
complexes. The calculated excitation energies using TD-DFT
for the complex are collected in Tables S6 and S7 in the
Supporting Information. The color of the solutions changes
upon reduction. For example, the color of the respective
complexes are green [1a]*, dull green [1a]*, brown [2]*, and
blue [2]° Spectral changes are shown in Figures S and 6,
respectively.

The complexes, [1a]** and [1b]** exhibited an intense low-
energy transition in the NIR region at 860 and 895 nm,
respectively. This transition of [1a]** compared well with the
HOMO/HOMO-2 — LUMO transition: for comparison, the
TD-DFT value appeared at 890 nm (Table S6 in the
Supporting Information). Thus, the transition may be ascribed
as a metal-to-ligand charge transfer transition (MLCT, see
before). Upon one-electron reduction, this MLCT band in
[1a]" shifted slightly to lower energy at 880 nm but its intensity
diminished considerably, together with the appearance of a
weak and broad band near 1535 nm (¢ = 1.06 X 10* M™
cm™). The electronic transition of [1a]* compared well with a
HOMO(f) — LUMO(f) transition: the TD-DFT value
appeared at 1387 nm (Table S6 in the Supporting
Information). Notably, HOMO(f) is delocalized over the
metal (38%) and ligand (41%) orbitals, whereas the LUMO(f)
is primarily delocalized over the ligand (65%) orbitals (see
Table S3 in the Supporting Information). Thus, this transition
may be attributed primarily to intraligand charge-transfer
(ILCT) transition. This low-energy ILCT transition in [1a]*,
as expected, is due to partial reduction of the bridging ligand.

Complex [2]* is brown in color and absorbs strongly at 470
nm. Based on the values of the oscillator strength predicted by
using TD-DFT, the most intense transition at 470 nm for
compound [2]* is ascribed to the excitation from the HOMO-1
— LUMO (46%) transition and the HOMO-2 — LUMO
(44%) transition; the corresponding transition (calculated)
appeared at 480 nm (Table S7 in the Supporting Information).
The one-electron-reduced compound, [2]° is blue in color and
absorbs strongly at 600 nm. The experimental transitions
compared well with the calculated (580 nm) values for the
HOMO-2(ff) - LUMO(f) (82%) transition. Note that the
orbital HOMO-2(f) is delocalized over Ru (52%) and L?
(37%) orbitals, whereas the LUMO(/f3) is primarily delocalized
over the L? (72%) ligand (see Figure S1S and Table S8 in the
Supporting Information). Thus, this transition may be
attributed to charge transfer from a mixed metal—ligand orbital
to a ligand orbital.

Scheme §. Overall Redox Events Occurring at H,L' and H,L*
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Rational of Chemical Transformations. Based on the
above results, we note that, in the above two reference chemical
reactions, there is no change of redox state of metal ion (Ru"),
but the 2-substituted aniline substrates underwent oxidation
[—(2¢” + 2H")/mol] during the reactions. The chemical
transformations of the above two substrates are as shown in
Scheme S.

We also note here that the oxidation of deprotonated 2-
aminothiophenol is usual and follows the literature report®® on
it and its closely related substrates. However, similar 2e”
oxidation of anilidothio-ether is not possible, because of the
redox innocent character of the C-SR bond, although
delocalization of unpaired spin of one electron in the partially
oxidized monocation of coordinated deprontonated amine (as
shown in Scheme 6) is a genuine possibility. Subsequent

Scheme 6. Proposed Redox Tautomers of Partially Oxidized
HL' and Step Subsequent Chemical Transformation
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oxidative dimerization of the above intermediate radical has
resulted the bis-chelated tetradentate ligand. To establish our
above proposition, a series of following reactions were
investigated. First, the above reaction of anilidothio ether
does not proceed at all under deaerated conditions or in the
presence of a radical scavenger, TEMPO (where TEMPO =
2,2',6,6'-tetramethylpiperidinoxyl). Second, the above reaction
of 2-thioether substituted aniline, in air, produced a dull-green
intermediate within about an hour, which, upon further stirring,
produces the final intense green product within 6 h.

The intermediate complex (dull green product), however,
was not isolable but its spectral properties were studied: (i)
ESI-MS spectrum matches well with a composition, [RuCp-
(HL")PPh;]* (Figure S16 in the Supporting Information) and
(ii) the EPR spectrum of the solution showed a ligand-centered
radical-like isotropic spectrum at g = 1.997 (Figure S17 in the
Supporting Information). Therefore, it is likely that a ligand
radical compound intermediate originated,"”*" because of
partial oxidation of the deprotonated amine. A blank experi-
ment that consisted of 1 h of stirring of a methanolic solution of
H,L' did not produce the paramagnetic solution, which
excluded the possibility of oxidation of free amine in the
above reaction. Furthermore, the results of DFT calculations
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also revealed the presence of unpaired spin in the partially
oxidized complex, [CpRu"(HL')PPh,]*, which is primarily
delocalized over the phenyl ring (Figure S18 in the Supporting
Information) making it susceptible toward an oxidative homo
coupling'® reaction to result in the final product. Here, we also
compare the charge distributions in DFT generated between
the complex intermediates, [CpRu"(HL')PPh,]* and
[CpRu"(L*)PPh,], [2]° In the later complex, a significant
part of the unpaired spin is distributed over S (~22%) and N
(~32%) (see Figure S14 in the Supporting Information),
whereas that in the former is located on N (~38%), and the
phenyl ring (~40%), and virtually no spin over the S atom.

H CONCLUSION

The present work has further demonstrated that 2-amino-
thioether is an excellent candidate for the study of redox-
induced C—C coupling reactions at the phenyl ring that
otherwise do not occur. Upon one-electron oxidation, the
coordinated 2-thioether-substituted anilido substrate produces
a radical that is delocalized over the aryl ring, thus developing
the possibility of radical-induced chemical reactions at the
aromatic ring. Previously, we noted'' an example of aromatic
ring hydroxylation of coordinated 2-(methylthio)anilide sub-
strate. In the present case, an example of dimerization via C—C
coupling between the two activated phenyl rings is noted. The
resulting Ru,-complex containing a planar bridging ligand is
noteworthy, because this belongs to a rare category'® of
compounds that are of interest’” for various reasons.
Furthermore, redox properties in this system have been
successfully followed, using various spectroscopic techniques
and DFT analysis.

B EXPERIMENTAL SECTION

Materials. The starting compound, RuCl; was collected from
Arora—Matthey (Kolkata, India). The ligands 2-(methylthio)aniline, 2-
aminothiophenol, and 2-(phenylthio)aniline were purchased from
Sigma—Aldrich, Fluka, and Acros Chemicals, respectively. The
mediator complex CpRu"CI(PPh;),”® and the supporting electrolyte
tetraethylammonium perchlorate, [Et,N]ClO,** were prepared and
crystallized following published procedures. [ Caution! Perchlorate salts
must be handled with care and appropriate safety precautions.] Solvents
and chemicals used for syntheses were of analytical grade and used as
received.

Instrumentation. UV-vis-NIR absorption spectra were recorded
either on a Perkin—Elmer Model Lambda 950 UV/vis spectropho-
tometer or on a J&M TIDAS instrument. The infrared (IR) spectra
were recorded with a Perkin—Elmer Model 783 spectrophotometer.
Cyclic voltammetry was carried out in 0.1 M [Et,N]ClO, solutions,
using a three-electrode configuration (platinum working electrode,
platinum counter electrode, Ag/AgCl reference electrode) and a PC-
controlled electrochemistry system (PAR, Model 273A). The E,,
value for the ferrocenium—ferrocene couple, under our experimental
conditions, was 0.40 V. EPR spectra in the X-band were recorded with
a JEOL Model JES-FA200 spectrometer. An elemental analyzer
(Perkin—Elmer, Model 240C) was used to collect microanalytical data
(C, H, N). 'H NMR spectra were obtained using a spectrometer
(Bruker, Model Avance DPX 300/400/500), and SiMe, was used as
the internal standard. ESI mass spectra were recorded on a micro mass
Q-TOF mass spectrometer (Serial No. YA 263).

Synthesis of [(PPh;)CpRu'(L3)Ru"Cp(PPh,)ICl, ([1alCl,). To a
solution of 200 mg (0.28 mmol) CpRu"CI(PPh;), in 30 mL of
methanol, 45 mg (0.32 mmol) 2-(methylthio)aniline, H,L' was added
and the mixture was stirred for 6 h. During this period, the color of the
solution changed from yellow to dull green. The crude compound,
obtained after evaporation of the solvent, was purified on a preparative
alumina TLC plate. A chloroform—methanol solvent mixture was used

DOI: 10.1021/acs.inorgchem.5b00457
Inorg. Chem. 2015, 54, 6235—6244


http://dx.doi.org/10.1021/acs.inorgchem.5b00457

Inorganic Chemistry

as the eluent. A broad green zone was collected. Evaporation of the
solvent yielded the compound [(PPh;)CpRu"(L*)Ru"'Cp(PPh;)]Cl,
([1a]CL,). It was finally crystallized by slow evaporation of its solutions
in a dichloromethane—methanol solvent mixture, which yielded a
highly crystalline solid in 68% yield (110 mg). Anal. Caled for
CgoHs,N,P,Ru,S,Cl,: C, 59.94; H, 4.53; N, 2.33. Found: C, 57.64; H,
470; N, 2.28. IR (KBr disk, cm™): 1635 (C=N). ESI-MS: m/z 566
for ([1a]**)/2. "TH NMR (500 MHz, CD,0OD): 8.55 (s, 1H, N—H),
7.73 (d, 1H, J = 13.5 Hz), 7.4—7.34 (m, 16H), 6.82 (s, 1H), 4.9 (s, SH,
Cp), 2.76 (s, 3H, CH,).

Synthesis of [(PPh;)CpRu"(L*)Ru"Cp(PPh;,)ICl, ([1b]Cl,). Com-
plex [1b]Cl, was prepared following a procedure identical to that
described for [1a]Cl, using 2-(phenylthio)aniline in place of 2-
(methylthio )aniline. The isolated yields are characterization data are as
follows:

Yield: (65%). Anal. Caled for CyoHggN,P,Ru,S,CL: C, 63.39; H,
4.41; N, 2.11. Found: C, 62.64; H, 4.75; N, 2.06. IR (KBr disk, cm™):
1630 (C=N). ESI-MS: m/z 628 for ([1b]*>*)/2. '"H NMR (500 MHz,
CD,OD): 7.45—7.24 (m, 23H), 692 (s, 1H, N—H), 4.62 (s, 2H, Cp),
4.57 (s, 3H, Cp).

Synthesis of [(PPh;)CpRu"(L)]CI ([2]Cl). A mixture of 100 mg
(0.14 mmol) of CpRu"CI(PPh,), and 20 mg (0.16 mmol) of H,L* in
50 mL of methanol was stirred for 4 h. The resulting brown solution
was evaporated to dryness. The brown solid was purified on a
preparative alumina TLC plate using chloroform/CH;CN (4:1) as the
eluent. A green brown band was isolated and recrystallized from by the
slow diffusion of a dichloromethane solution of the compound into
hexane. Yield: 72% (60 mg). The corresponding hexafluorophosphate
salt, [2]PF, was obtained in >90% yield by the addition of a saturated
aqueous solution of [NH,]PF, to a solution of [2]Cl in methanol.
Anal. Caled for CooH,sNP,RuSF¢: C, 50.00; H, 3.62; N, 2.01. Found:
C, 50.05; H, 3.61; N, 2.04. IR (KBr disk, cm™"): 1628 (C=N). ESI-
MS: m/z 552 for ([2]%). '"H NMR (500 MHz, CDCL,): 15.35 (s, 1H,
N-H), 747 (d, 1H, J = 9 Hz), 7.28—7.18 (m, 16H), 7.08 (t, 1H, ] =
6.5 Hz), 6.80 (t, 1H, J = 8 Hz), 5.38 (s, SH, Cp).

Computational Details. Full geometry optimizations were carried
out using the density functional theory (DFT) method at the
B3LYP.>® All elements except ruthenium were assigned the 6-311G(d)
basis set. The SDD basis set with effective core potential was employed
for the Ru atom?® The vibrational frequency calculations were
performed to ensure that the optimized geometries represent the local
minima, and there are only positive Eigen values. All calculations were
performed with Gaussian09 program package.”” The broken-symmetry
approach®®*® was employed to establish the S = 0 state of compound
[1a]*". The calculation of the ground-state singlet was performed
using spin-restricted or spin-unrestricted approaches (in Gaussian 09,
combined with guess=mix). Stability analysis of the wave functions
were performed using the “stable=opt” keyword. Mulliken spin
densities were used for analysis of the spin populations on ligand
and metal centers.>® Vertical electronic excitations based on B3LYP
optimized geometries were computed using the time-dependent
density functional theory (TD-DFT) formalism® in acetonitrile
using conductor-like polarizable continuum model (crCMm).?
GaussSum® was used to calculate the fractional contributions of
various groups to each molecular orbital.

Crystallography. Crystallographic data for the complexes [1a]Cl,-
2H,0 and [2]PFq are collected in Table 4. Suitable X-ray quality
crystals of this compound are obtained by slow evaporation of its
solution in a dichloromethane—methanol solvent mixture. The data
were collected on a Bruker SMART APEX-II diffractometer, equipped
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A), and
was corrected for Lorentz-polarization effects. Unfortunately, the
dataset for compound [1a]Cl,-2H,0 is incomplete, in terms of the
range of 26 used in the refinements; the molecular structure,
nevertheless, present no unusual features and have been determined
unambiguously. Our attempts to grow better crystals were
unsuccessful.

[1a]Cl,-2H,0. A total of 25805 reflections were collected, 3957 of
which were unique (R, = 0.132), satisfying the (I > 26(I)) criterion,
and were used in subsequent analysis.
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Table 4. Crystallographic Data of the Complexes [1a]Cl,

2H,0 and [2]PF,

parameter [1a]CL-2H,0 [2]PF
empirical formula CgoHssCLN,O,P,Ru,S,  C,oH,sNP,RuSF¢
formula weight 1238.20 696.58
temperature (K) 293 293
crystal system monoclinic monoclinic
space group P2,/n P2,/n
a (A) 10.370(S) 9.373(5)
b (A) 19.736(10) 18.972(5)
c (A) 13.744(7) 15.682(5)
a (deg) 90 90
B (deg) 94.370(15) 101.537(5)
7 (deg) 90 90
vV [A%] 2805(2) 2732.3(18)
z 2 4
Dy [g/em?] 1.466 1.693

crystal dimensions (mm?®)

6 range for data collection

(deg)

0.09 X 0.12 X 0.14
1.8—23.2

0.08 X 0.11 X 0.15
1.7-27.5

GOF on F* 1.05 1.03

reflections collected 25805 21387

unique reflections 3957 6136

final R indices [I > 20(I)] RI = 0.0555 wR2 = 0.1676
R1 = 0.0554 wR2 = 0.1246

[2]PF¢. A total of 21387 reflections were collected, 6136 of which
were unique (R, = 0.063), satisfying the (I > 26(I)) criterion, and
were used in subsequent analysis.

The structure was solved by employing the SHELXS-97 program

a

package®*
(SHELXL-97).3%

and was refined by full-matrix least-squares based on F*

The hydrogen atom (H1’) of imine group in the complexes
[1a]Cl,2H,0 and [2]PF; is located from the electron density map,
and the other hydrogen atoms were added in calculated positions.

B ASSOCIATED CONTENT

© Supporting Information
X-ray crystallographic file in CIF format for [1a]Cl,-2H,0 and

[2]PFg; figures of ESI-MS and 'H NMR spectra of [1a]Cl,
[1b]Cl, and [2]PF; cyclic voltammogram of [1b]Cl,; DFT
results of [1a]*", [1b]**, and [2]%; coordinates of the DFT
optimized structures are provided. The Supporting Information
is available free of charge on the ACS Publications website at
DOI: 10.1021/acs.inorgchem.5b00457.
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