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Abstract 

An attractive methodology, single-electron transfer (SET) reductive cleavage of the C−S bond mediated by 

metal in presence of the external stimuli PPh3, has been applied to the kinetically inert IrCl3 in order to 

synthesize thiolato complex [IrIII(LS)Cl(PPh3)2] 3 from precursor thioether complexes [IrIII(LSR)Cl2(PPh3)] (R 

= alkyl) 2. The aforesaid cleavage process in association with (arene)C−H activation furnishes a new class of 

organosulfur compounds of iridium(III). The thiolato chelate 3 displays a reversible oxidative wave at 0.75 V 

vs Ag/AgCl signifying its remarkable nucleophilic character. The high electron density on the thiolato-S vis-

à-vis superior nucleophilicity can be envisaged through the formation of a number of S-centered derivatives.  

This observation has been accorded with the theoretical scrutiny of HOMO of 3, which assumes 49% of S3p. 

Notably, the facile oxidative nature of 3 makes it an apposite precursor for metal-stabilized thiyl radical 

species. Indeed, iridium(III)-stabilized 3••••+ can be generated by chemical/electrochemical means. The axial 

EPR spectra with g ∼2.0 along with theoretical analysis of SOMO (S3p 24% + Phπ 43% + dyz 15%) and spin 

density (ρS = +0.543, ρPh = +0.315, ρIr = +0.151) of one-electron oxidized 3
•+ validates iridium-stabilized 

thiyl radical description. This observation suggests that the CNS coordination mode in thiophenolato 

complex 3 is redox-active. Complex 3 is very much prone to S-centered oxidation under normal aerobic 

condition to yield metallosulfoxide [IrIII(LSO2)Cl(PPh3)2] 4. The enhanced nucleophilicity of thiolato-S can 

also be manifested via the smooth S−C bond making process with alkyl halides (RʹX, Rʹ = Me and allyl; X = 

Br, I) and subsequent formation of thioether complexes of type [IrIII(LSRʹ)ClX(PPh3)] 5. The organosulfur 

compounds of iridium(III) exhibit rich spectral properties including luminescence and the origin of these 

transitions are scrutinized with DFT and TD-DFT method. 
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Introduction 

Heavier transition metals including platinum-group-metals mediated C−S bond activation along with the 

transformation processes are of intriguing interest from the perspective of synthetic, mechanistic, catalytic as 

well as theoretical chemistry.1 Notably, the majority of the investigations have been carried out on transition 

metal compounds in order to understand the C–S bond activation of thiophenes, benzothiophenes, 

dibenzothiophenes and their derivatives on account of plausible application in hydrodesulfurization (HDS) 

processes.2 Recently, noble-metal mediated C–S bond activation and functionalization of the thiolato moiety 

have been applied in numerous synthetic methods,3 catalytic reactions,2b,4 as well as in spectroscopy5 and 

biochemistry6. In this perspective, new methodology along with detailed mechanistic understanding will be 

indeed helpful to unveil fundamental insight of C–S bond scission. Moreover, activation of aryl C−H bond in 

combination with C−hetero atom bond by platinum metals, leads to an easy access of cyclometallated 

compounds, which are important due to their inherent physicochemical properties.7 The major understanding 

of reactivity and mechanism on C–S activation of thiophene and its derivatives have been obtained via 

oxidative addition in a number of Rh(I) and to some extent other low valent noble metals e.g., Pt(0) and 

Ir(I).1a,2a,c,d,8 In the recent past, we have reported C(sp3)–S cleavage of alkyl 2-(phenylazo)phenyl thioether 1 

(HLSR; R = Me, CH2Ph) using Rh(III) by single-electron transfer (SET) mechanism.9 Reports of iridium-

mediated S–C bond activation are less documented in literature and  in none of them the reductive cleavage 

of the carbon–sulfur bond by a SET mechanism is involved.1a,10  It is worth mentioning that there are only a 

few reports of reductive cleavage of C–S bond via homolytic scission mediated by first transition metals.11 

Hence, our studies on noble-metal interceded C–H and C–S bond activation and transformation have been 

extended to IrCl3 through the exploration of several organoiridium(III) sulfur compounds viz. thioether 2, 

thiolato 3, sulfinato 4 and thioether 5 complexes (Scheme 1). 
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Scheme 1 Ligand and orthometallated iridium(III) sulfur compounds 
 

 The organoiridium(III) thiolato compound [IrIII(LS)Cl(PPh3)2] 3 is formed either via both C–S and 

C–H bond cleavages in 1 in one-pot reaction with IrCl3 or from the corresponding thioether complex 

[IrIII(LSR)Cl2(PPh3)] (R = Me, CH2Ph) 2 in presence of PPh3. Thiolato 3 is electro-active in solution, 
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exhibiting facile oxidative response unlike the case of its thioether 2 precursor, indicating high electron 

density on the thiolato moiety as well as superior nucleophilicity of the non-bridged thiolato-S. This 

observation leads to the exploration of iridium-bound thiyl radical species 3•+. Recently, the stabilization and 

characterization of metal coordinated thiyl complexes (M(ArS•)Ln) are of significant interest due to their 

involvement in various biochemical processes.12 Till date, work on alkyl and phenylthiyl radicals generated 

from thiolate ligands have been focused primarily on first-row transition metals.12c,13 Among noble metals, 

only a few metal-bound thiyl radicals are reported and they are mainly limited to ruthenium12a,14 and a few 

other platinum metals.9,15  

One of the most noteworthy properties of thiolato functions is their superior nucleophilicity, which 

leads to derivatives modified at the sulfur center. The sulfur-centered reactivity of transition metal thiolates is 

reflected in oxygenation16 and alkylation17 processes. Molecular oxygen is known to oxidize thiolato ligands 

to sulfenato or sulfinato and numerous studies of analogous S-centered oxidation of iron, cobalt, nickel and 

other first row transition metal complexes16e,18 have been performed as bio mimicking examples19 of certain 

sulfur-rich metalloenzymes. Nonetheless, similar scrutiny of thiolato-S oxidation of noble metal complexes 

are less cited as compared to those of the 3d metals and they are limited mostly to ruthenium, rhodium, 

palladium, osmium, platinum and gold complexes.1e,16b,19d,20 To the best of our knowledge there is no report 

of the analogous studies with iridium. It is worth mentioning that organoiridium(III) thiolato complex 3 is 

prone to similar type of oxidation under normal aerobic conditions to yield the iridium coordinated 

metallosulfoxide [IrIII(LSO2)Cl(PPh3)2] 4. The alkylation reactions with alkyl halides have been found 

exclusively at the sulfur atom of mononuclear 3 to yield neutral thioether complexes of type 

[IrIII(LSR′)ClX(PPh3)] (R′ = Me, allyl; X = Br, I) 5. 

 All the organoiridium(III) sulfur compounds are found to be stable in air as well as in presence of 

moisture. The geometry of the representative compounds have been authenticated by X-ray diffraction study. 

Finally, unification and correlation of the observed trends in terms of spectral, electrochemical, structure and 

bonding are scrutinized with the aid of theoretical study. 

 

Results and Discussion 

Syntheses 

The reaction of IrCl3⋅3H2O and alkyl 2-(phenylazo)phenyl thioether 1 (HLSR; R = Me, CH2Ph) in the 

presence of 10-fold excess of PPh3 in ethanol at reflux gave a mixture of organothioether 2, organothiolato 3 

and organosulfinato 4 in approximately 25, 40, and 10% yield respectively (Scheme 2). The C(sp2)−H bond  
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Scheme 2 One-pot synthesis of cyclometallated iridium(III) thioether 2, thiolato 3 and sulfinato 4 complexes 
under normal aerobic condition 
 
was cleaved in situ prior to the cleavage of the C(sp3)−S bond and the general accepted mechanism of the 

formation orthometallation of azobenzene proceeds via initial coordination of azo-nitrogen followed by 

electrophilic substitution at the pendant phenyl ring.21 It is worth noting that the C−S bond scission was not 

observed when the reaction was performed with 1 equiv of PPh3 relative to both 1 and IrCl3⋅3H2O and only 

greenish brown organothioether 2 was obtained in good yield. Significantly, the thioether functionality of 2 is 

transformed to a thiolato group in the presence of excess PPh3 to afford 3 via in situ C(sp3)−S bond scission 

(Scheme 3). Although the S-dealkylation is not observed with IrCl3 in the absence of PPh3, [IrCl(PPh3)3] 

alone is competent of furnishing 3 under analogous conditions in low yield. The organothiolato 3 is found to 

be highly prone to S-centered oxidation under normal aerobic conditions (atmospheric oxygen) to yield a 

dark orange metallosulfoxide IrIII(LSO2)Cl(PPh3)2] 4 in boiling acetonitrile (Scheme 3). The analogous 

rhodium complex [RhIII(LS)Cl(PPh3)2] did not afford any S-oxygenated species under similar reaction 
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Scheme 3 Conversion of thioether 2 to sulfinato 4 , thioether 5 and thiyl radical 3••••++++ species via thiolato 3 
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conditions.9 Facile S-centered oxidation of 3 relative to the rhodium analogue was reflected in the 

electrochemical study (vide supra). Superior M → S π back-donation in 3 relative to that in the analogous 

rhodium compound can be accounted to the enhanced S-center reactivity of the former.  Better back-donating 

efficacy of iridium (5d) as compared to that of rhodium (4d) is attributable to the more dilated d orbitals of 

the former owing to the relativistic effects.22 It is likely that the formation of sulfinato {S(=O)2} moiety in 4 

from 3 proceeds via intramolecular and/or intermolecular addition of dioxygen.20a,f,23 The sulfur-centered 

reactivity of iridium(III) thiolate was also reflected in its reactivity during alkylation processes. The reaction 

of 3 with R′X (R′ = Me and allyl; X = Br and I) in refluxing toluene afforded orange organoiridium(III) 

thioether complexes of type [IrIII(LSR′)ClX(PPh3)] 5 in good yields via S−C(sp3) bond formation. Redox-

active thiophenolato coordination in 3 undergoes facile oxidation by chemical/electrochemical means 

yielding a iridium-bound thiyl radical 3•+ in solution (Scheme 3).  

 
C−S Cleavage Mechanism  

Two important features are observed in the course of the S−C bond scission mediated by Ir(III). First, the 

oxidation state of iridium remains the same in both the starting organothioether 2 as well as the 

organothiolato product 3 and this appears peculiar in the sense that the involvement of metal atom in the 

cleavage process. Second, the presence of a PPh3 molecule is necessary during the cleavage process. The 

latter finding provides a unique opportunity to cleave the C−S bond in a more controlled way since this 

cleavage reaction does not occur in the absence of PPh3. Indeed, PPh3 acts as efficient external stimuli in the 

cleavage process. Based upon these observations, we propose that an iridium(II) intermediate species must 

have been formed that could plausibly be involved in the C−S cleavage reaction. However, attempts to detect 

any iridium(II) intermediates along the reaction pathway were unsuccessful.  

A plausible mechanism of the C−S cleavage process is presented in Scheme 4.9 We anticipate that, 

after the initial coordination of LSR with metal, the organothioether iridium(III) compounds 2 get reduced in 

the presence of excess phosphine to the intermediate organothioether iridium(II) complex. In consideration 

of the anticipated mechanism illustrated in Scheme 4, it is logical to conclude that the conversion of 2 to 3 

proceeds through the intermediacy of the Ir(II) species [Ir(LSR)Cl(PPh3)2] (electron-rich d7 system), which is 
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Scheme 4 Proposed mechanism of C−S cleavage 
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active toward the one-electron reduction of the coordinated S−C(sp3) bond of thioether group from LSR (via 

electron donation into the C−S σ* antibonding orbital).1e,24 This results in reductive cleavage of the pendant 

S−C(alkyl) bond with concurrent extrusion of an alkyl radical (R•). Indeed, open debates linger about the 

preferred pathway for C−S bond cleavage among the three possibilities as shown in Scheme 5. Notably, the 

anticipated products derived from the cleaved alkyl group vary appreciably with the nature of cleavage 

process.25 To ascertain the underlying mechanistic process, a selected ion monitoring GC-MS experiment has 

been performed with the reaction mixture using benzyl derivative of 1, HLSCH2Ph. The cleaved alkyl group is 

 

Expected productsPossible fate

R      R-Cl, R-OEt+

R      R-H

R      R-H, R-Cl, R-OEt, R-R

 S   R

 

    Scheme 5 Possible routes of C−S bond cleavage 

 

transformed to a range of products and the structure-specific signals in the chromatogram are identified as 

R−H, R−Cl, R−OEt and R−R (Fig. S1, ESI†). The chromatogram is consistent with the reductive cleavage 

by the single-electron transfer (SET) mechanism since the products (comparable yield of toluene and ethyl 

benzyl with little benzyl chloride and dibenzyl) appear to be derived from radical species. Since the observed 

products obtained from the cleaved alkyl group are best matched with the third possibility (Scheme 5), we 

propose that the cleavage via radical pathway is most likely to be operative.26 The reductive cleavage of the 

C(sp3)−S bond of coordinated thioether moiety has been explored as an attractive route to functional ligands 

and new materials.  

 

Description of the Crystal Structures 

The X-ray crystal structures of 2a, 3, 4 and 5b were determined to explore the geometries about the metal 

ions and three different bonding modes ([LSR]−, [LS]2− and [LSO2]2−) of the tridentate C^N^S ligand were 

ascertained. In the all organosulfur compounds, the ligands are orthometallated and coordinate to iridium(III) 

via the ortho-carbon C(1), azo-nitrogen N(1), and thiolato sulfur S(1) so as to form two contiguous five-

membered chelates. It is to be noted that the iridium(III) cyclometallates with azo function are sparse.27 

Suitable single crystals for X-ray analysis of the respective complex were grown by slow diffusion of hexane 
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into dichloromethane solution at room temperature. Experimental crystallographic data are summarized in 

Table S1† in the ESI. Selected metrical parameters are listed in Table 1. 

2a. Fig. 1 shows the molecular view and atom numbering scheme of a thioether complex 2a (R = 

CH2Ph). Crystallographic analysis of the thioether complex reveals a distorted octahedral structure with 

meridional C^N^S coordination and the ligand, [LSCH2Ph]−, acts as a tridentate monoanionic donor. The 

coordination sphere of the metal atom is completed by one triphenylphosphine and two trans chloride atoms. 

Expectedly, S1−C12 length is shorter than S1−C13 length (1.783(5) and 1.848(5) Å, respectively, C(sp2) vs 

C(sp3)). Both S1−C12 and S1−C13 bond lengths of the complex are longer by ca. 0.023 and 0.031 Å as 

compared to those of the free ligand.9 

 

 

Fig. 1 ORTEP of 2a with ellipsoids at the 40% probability level. Hydrogen atoms are omitted for clarity.  

 

3.2CH2Cl2. The unit cell of 3 consists of [Ir(LS)Cl(PPh3)2] neutral molecules, with dichloromethane as 

solvate. The complex is distorted octahedral with the central iridium(III) surrounded by the tridentate 

dianionic ligand (C^N^S) as well as two trans-PPh3 and one chloride ion. The metal center along with the 

ligands ([LS]2− and Cl−) lie on a crystallographic plane indicating the Cs symmetry of 3 (Fig. 2). 

A number of dissimilarities have been observed between the thioether 2a and the thethiolato 3, 

notably: (i) Ir1−S1(thioether) distance is longer by 0.04 Å than the analogous Ir1−S1(thiolato) distance, 

indicating enhanced bonding ability of the latter; (ii) Ir1−N1(trans to π-acid ligand PPh3) length of 2a is 
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Fig. 2 ORTEP of 3 with ellipsoids at the 40% probability level. Hydrogen atoms are omitted for clarity.  

 

significantly longer (∼0.05 Å) than Ir1−N1(trans to chloride ligand) length of 3, which is consistent with the 

superior overlap of the PPh3 d/σ* orbital with metal-d orbital compared to the poorer overlap between  

 

Table 1 Selected Metrical Parameters for 2a, 3, 4 and 5b 

Bond 
parameter 

Compounds 

 2a 3 4 5b
§
 

     
Ir1–C1 2.025(5) 2.036(4) 2.045(5) 2.010(13) 
Ir1–N1 2.038(4) 1.983(4) 2.004(5) 1.994(12) 
Ir1–S1 2.434(1) 2.475(2) 2.356(1) 2.427(3) 
Ir1–P1 2.326(1) 2.388(2) 2.389(1)  2.281(3) 
Ir1–Br1    2.552(1) 
Ir1–Cl1 
Ir1–Cl2 

2.361(1) 
2.362(1) 

2.407(2) 2.380(2) 2.383(3) 

N1–N2 1.275(5) 1.308(5) 1.274(6) 1.243(16) 
S1–O1   1.459(2)  

§average distance 
 

chloride-d and metal-d orbitals; (iii) N1−N2 azo distances in coordinated thioether, thiolato, and free ligand9 

are 1.275(5), 1.308(5), and 1.251(3) Å, respectively, symptomatic of that significant IrIII(5d)→N(azo π*) 

back-bonding occurs in thiolato 3 and such back donation severely impedes in presence of π-acceptor PPh3 

ligands in the trans position of 2a; (iv) Ir1−P1(trans to azo) length of 2a is significantly shorter by ca. 0.06 Å 

than Ir1−P1(trans to PPh3 ligand) length of 3 and this event is a clear indicative of the π-acidity order: PPh3 > 
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azo); (v) Ir1−Cl1 (trans to chloride) average length of 2a is significantly shorter by ca. 0.05 Å than 

Ir1−Cl1(trans to azo) length of 3 (trans influence order: azo > chloride); and (vi) the N, S chelate bite angle 

of the bianionic ligand [LS]2− of 3, 83.73(11)°, is marginally larger than that of the monoanionic ligand 

[LSCH2Ph]− of 2a, 83.07(11)°. 

 4.CH2Cl2. The sulfinato complex 4 is somewhat similar to that of the thiolato 3. Both of them 

crystallize in Cmc21 space group indicating the presence of a crystallographic mirror that passes through the 

metal and anionic ligands, thereby bisecting the O−S−O angle. The coordination environment of 4 is exactly 

similar to that of 3 with the only disparity of the dioxygenated thiolato-S center (Fig. 3). Coordination of the 

oxidized sulfur leads to significant changes in the bonding pattern primarily within the tri-coordinated ligand 

as compared to that in 3. Noteworthy features include (i) Ir1−S1(sulfinato) length is radically shortened by 

0.12 Å than the analogous Ir1−S1(thiolato) bond of 3, symptomatic of the coordination of oxidized sulfur 

with Ir(III), (ii) slight decrease ca. 0.03 Å of N−N (azo) distance of 4 relative to 3 is indicative of moderate 

impediment of IrIII(5d)→N(azo π*) back-bonding. This can be rationalized by the reduced of π-donor ability 

induced by S−oxygenation via the drifting of π electron of t2-rich iridium toward the SO2 moiety, thereby 

decreasing IrIII
→Nazo back-bonding efficacy in presence of traditional π-acceptors.1c,16f,18b,20c Notably, the 

other metrical parameters within the coordination sphere viz. Ir−C, Ir−N, Ir−Cl and Ir−P are found to be 

practically unaffected in 3 and 4 (Table 1), signifying that there occurs only minor perturbations around  the 

  

 

Fig. 3 ORTEP of 4 with ellipsoids at the 40% probability level. Hydrogen atoms are omitted for clarity.  
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iridium centre during the course of thiolato to sulfinato transformation. Significant decreased of Ir1−S1 

length in the sulfinato 4 as compared to its thiolato analogue 3 can be ascribed to the following effects: (a) 

decreased e−e repulsion between the Ir-t2 and the nonbonding π-donor/out-of-plane S3p orbital of thiolato 

function upon oxidation (b) the contracted radius of the oxidized sulfur (SO2Ar) as compared to the thiolate 

sulfur (SAr) vis-à-vis increased ionic interaction between iridium and sulfinato-S, (c) IrIII(t2)→SO2(π*) back 

donation.16f,18b,19a,23 The plausible IrIII(t2
6) → SO2(π*) back-donation in 4 can be nicely substantiated with the 

theoretical analysis (Fig. 4). The optimized Ir−S bond in sulfinato 4 (2.473 Å) is 0.05 Å shorter than the 

computed Ir−S bond in 3 (2.520 Å), reproducing the trend observed in the crystal structures. Moreover, a 

slight decrease in calculated N−N azo length in 4 (by 0.02 Å) relative to 3 signifies that the IrIII(t2
6) → azo-π* 

back-bonding becomes less important in former complex. The S−O distance for the sulfinato, S1, of 1.459(2) 

 

 

 

Fig. 4 Illustration of IrIII(dxy) → SO2(π*) back-donation in HOMO of 4. 
 

Å lie in the usual range (1.42-1.48 Å)18b,d with the O−S−O angle Å 113.4(2)° and O⋅⋅⋅O nonbonding distance 

2.435 Å. 

 5b. The complex crystallizes in P21 space group with two molecules in the asymmetric unit (Z′ = 2). 

Diffraction study authenticates the formation of S−C(alkyl) bond in 5b and it has been to be isomeric with 2, 

except for the nature of halides (Fig. 5). It is worth mentioning that the halide ion of the reactant alkyl halide 

(CH2CHCH2Br) enters into the trans position relative to PPh3.  
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Fig. 5 Molecular view and atom labeling scheme of 5b. Hydrogen atoms have been omitted for clarity. 

 

Ground State Geometries and Frontier Molecular Orbital Compositions  

The optimized geometries and partial MO diagram of 2a, 3 and 4 are shown in the ESI (Fig. S2-S3†), and the 

significant metrical parameters are listed in Table S2†. Isodensity plots of some selected orbitals of the 

complexes are depicted in Fig. 6. The partial FMO compositions of the complexes are listed in Table S3-S5† 

in the ESI and energy levels of few selected orbitals along with HOMO−LUMO energy gap are displayed in 

ESI (Fig. S4†). Significant changes of FMOs and alteration of orbital composition are apparent during the 

modification of sulfur center of the ligand and the noteworthy features can be summarized as: (i) energies of 

HOMO of 2a and 4 are appreciably stabilized than that of 3 and this can be rationalized by the considerable 

incorporation of out of plane nonbonding S3p (∼50%) into HOMO of 3. (ii) The contribution of metal 5d in 

HOMO of these compounds varies appreciably and gradually increases in the sequence: 3 (10%) < 4 (18%) < 

2 (42%). Minimal involvement of metal in HOMO for 3 is consistent with the ligand-center oxidation 

description in the redox process. (iii) Unlike 2 and 3, a strong σ interaction is found between iridium 5dzx and 

π* S(=O)2 moiety in 4 as evident from its HOMO (Fig. 4).16f,18b,19a,23 (iv) Appreciable decrease in the 

HOMO−LUMO gap  in 3 relative to others (Fig. S4†) is associated with the bathochromic shift of the lowest 

energy UV-vis excitation. 
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LUMO + 2 

   

LUMO + 1 

   

LUMO 

   

HOMO 

   

HOMO − 1 

   

HOMO − 2 

   

 2a 3 4 

 

Fig. 6 Isodensity surface plots of some selected frontier molecular orbitals for the complexes 2a, 3  
and 4 at their optimized S0 geometry in gas phase. Isodensity value 0.05 e Bohr−3. 
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Ligand Redox and EPR 

Electron-transfer property of the organosulfur iridium(III) complexes was studied by using cyclic 

voltammetry in 1:1 dichloromethane/acetonitrile solution (0.1 M NEt4ClO4) by using a platinum working 

electrode at 25°C (Table 2). The reported potential is referenced to the Ag/AgCl electrode. The value for the 

ferrocenium–ferrocene couple, under our experimental conditions, was 0.51 V. The one-electron nature of 

the redox couples has been verified by comparing the current height (ipa) with that of the standard ferrocene–

ferrocenium couple under identical experimental conditions. 

 

 Table 2 Electrochemical Data of Compoundsa  measured vs Ag/AgCl reference  
             electrode in acetonitrile  

Compound E1/2/V (∆Ep/mV) 
2a  [Ir(LSR)Cl2(PPh3)] −1.28,b  
3    [Ir(LS)Cl(PPh3)2] −1.30,b    +0.75(82) 
4    [Ir(LSO2)Cl(PPh3)2] −1.20,b 
5b  [Ir(LSR)ClBr(PPh3)] −1.29,b 

  
a Solute concentration ≈ 10−3 mol dm−3; scan rate, 50 mV s−1; E1/2 = 0.5(Epa − Epc) 
for reversible one-electron process, where Epa and Epc are the anodic and cathodic 
peak potentials, respectively ∆Ep = Epa − Epc.

b 
Epc = cathodic peak potential value. 

 

Unlike all other organosulfur compounds of iridium(III), the mononuclear 3 exhibits a reversible 

oxidative response at E1/2 = +0.75 V vs Ag/AgCl, characterized by a rather small peak-to-peak separation 

(∆Ep = Epa − Epc = 82 mV) (Fig. 7) and such response is absent in the other organosulfur compounds of 

iridium(III). This observation suggests that the concern redox orbital is primarily associated with the thiolato-

S centre and derivatization at thiolato-S eradicates this response. Ligand center nature of the oxidative wave 
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Fig. 7 Voltammogram of 3 in 1:1 CH2Cl2/CH3CN at 50 mV s−1. 
 

is further supported by the observation that the corresponding rhodium analogue9 shows alike oxidative 

couple with merely a difference of 0.07 V. Notably, the redox response for typical metal center oxidation 

process usually differs by ∼0.2 V for analogous complexes of 4d and 5d series for a given group due to 

relativistic destabilization of valance d in case of third transition complex.28 Redox noninnocence of the 

thiophenolato function in the mononuclear species is substantiating by the EPR and theoretical studies. The 

compound 3 is susceptible to the facile electrochemical as well as chemical oxidation. Coulometric study at 

300 K confirms the oxidation to be a one-electron process and demonstrates a fully reversible 3•+/3 couple. It 

is very likely that this process corresponds to the oxidation of the thiophenolate sulfur atom, yielding a 

iridium-bound thiyl radical (eq 1).12-14 

 

[IrIII(LS−II)Cl(PPh3)2] − e− 
↔ [IrIII(LS−I)Cl(PPh3)2]

+ : E1/2 (1) 

 

Similar type of reddish brown oxidized species is observed upon addition of conc. sulfuric acid to the 

dichloromethane solution of 3. The oxidized compound obtained by both the methods displays complex EPR 

spectra with g values close to 2.0 in fluid solution (Fig. 8). The structured feature of the EPR signal signifies 

somewhat axial nature of the spectra and this can be attributed to the participation of metal orbital into the 

magnetic orbital.  

6 µA 

E/V vs Ag/AgCl 
-1.0 0.0 1.0 
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Fig. 8 X-band EPR spectrum of 3•+ in CH2Cl2 in presence of conc. H2SO4 at 300 K (Instrument settings: 
microwave frequency, 9.063 GHz; microwave power, 0.998 mW; modulation frequency, 100 kHz) (top), 
electrochemically generated 3•+ in CH3CN at 300 K (Instrument settings: microwave frequency, 9.064 GHz; 
microwave power, 2.000 mW; modulation frequency, 100 kHz) (bottom). 
 

The overall intense feature of the spectra, indicated by a rather small ∆Hpp values, with small anisotropic 

nature implies the petite contribution of iridium-d to the spin-bearing orbital.29 It has been found that most of 

the reported six coordinated metal stabilized thiyl radical species contain metal atom possessing half or full 

filled t2 configuration and we believe that the thiyl radical in the one-electron oxidized form 3
•+ is stabilized 

by coordination to a kinetically inert IrIII-t2
6 center. All the complexes exhibit one-electron irreversible 

reductive wave near −1.3 V vs Ag/AgCl. These responses are believed to be centered on the terdentate ligand 

with substantial contribution of the azo moiety (Fig. 6). 

 To gain insight into the nature of the redox orbitals, we performed DFT calculation by optimizing the 

geometry of 2−4 at B3LYP/(6-31G + LANL2DZ) level. Calculation indicates that HOMO for 3 is the most 

destabilized one among the other organosulfur compounds and mainly delocalized over the phenylthiolato 

framework with an appreciable contribution from S3p (49%) and phenyl (34%) along with  Ir-dxz (10%) while 

LUMO is exclusively constituted of azo-π* (45%) and phenyl-π* (43%) of the ligand. Accordingly, the 

g = 1.929, ∆∆∆∆Hpp = 1.5 mT

g = 2.102, ∆∆∆∆Hpp = 2.7 mT

240 260 280 300 320 340 360 380 400

g = 2.069, ∆∆∆∆Hpp = 6.8 mT

H/T
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oxidative response of 3 is ascertained to be the 3p orbital of thiolato-S (eq 1). It is worth noting that the 

absence of reversible oxidative response for other complexes is nicely corroborated with the insignificant 

contribution of nonbonding out-of-plane S3p orbital in the respective HOMO of 2a and 4. Comparison of the 

optimized geometry of 3 and 3•+ species reveals that structures of both are comparable except to the marked 

shortening of Ir−S bond length by 0.09 Å and moderate lengthening of Ir−P bond by 0.05 Å in 3•+. Analysis 

shows that the metal-d and PPh3 contributions are enhanced by 5% and 10% respectively along with a 

reduction of S3p by 25% in HOMO of 3•+ relative to that of 3 (Table S6†). The most appropriate formulation 

of the one-electron paramagnetic 3•+ can be described as [IrIII(LS−I)Cl(PPh3)2]
•+ where the unpaired spin is 

delocalized mainly over phenylthiolato(π) ring (S3p 24% and phenyl-π 43%) with significant involvement of 

Ir-dzx (15%) orbital (Fig. 9). Similar computational study on the rhodium analogues reveals more or less 

same feature except for the relatively poor involvement of Rh-d in HOMO (Table S6†) and this is no 

exception from the usual trend of lower participation of 4d as compared to that of 5d. This description is 

nicely substantiated with the observed g value, which is typically that of free-electron. The small axial nature 

of the observed EPR spectra is a clear indication of the delocalization of some part of the electron spin from 

the thiophenolato ring toward iridium.29 Notably, metal contribution is more pronounced in iridium complex 

relative to the rhodium analogue (Table S6†) and this phenomenon can be attributed to the higher spin-orbit 

interaction of iridium (spin-orbit coupling constant, ξ = 3909 cm−1).30 The net spin density of one-electron 

oxidized form 3•+ (ρS = +0.543, ρPh = +0.315, ρIr = +0.151) is depicted in Fig. 9, unambiguously demonstrates 

the essentially thiophenolato-based oxidation with a little involvement of Ir-t2. Ligand centered 

electrochemical responses vis-à-vis stability of metal-bound thiyl radical complex reveal the redox 

noninnocent nature of the phenyl-azo-thiolato ligand.  

 

 

                                
 

Fig. 9 Isodensity surface plot of SOMO (left) and net spin density of the one-electron oxidized thiyl 
radical 3•+. Isodensity value 0.003 e Bohr−3. 
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 In contrast, the components of LUMOs of all the complexes are essentially identical in nature and 

comprise exclusively azo-π* and phenyl-π* of coordinated organosulfur ligand with practically no 

participation of S orbitals. Accordingly, irreversible reductive responses can be attributed to the coordinated 

ligand (primarily azo moiety) reduction (Fig. 6). 

 

Spectroscopic Properties 

IR Spectra  

The complexes exhibit several sharp and strong vibrations within 1600-400 cm−1 in the Infrared spectra. The 

bands near 1430 cm−1 are assigned to the νNN for all the complexes and they are at somewhat lower energy 

region relative to that of the free ligand, HLSCH2Ph (νNN 1453 and 1492 cm−1)28, plausibly due to the Ir(III)-d 

→ azo-π* back-bonding. Theoretical study reveals that the dominant features near 1370 and 1400 cm−1 in all 

the three types of compounds are attributable to N−N stretching. Strong features near 520 and 690 cm−1 are 

indicative of metal-phosphine bonding. A pair of additional intense features at 1042 and 1161 cm−1 was 

observed in the case of 4, presumably due to the stretching in  Ir−S(=O)2 moiety (Fig. S5 in the 

ESI†).1c,16a,e,19d The significant frequencies of 2−4 have been assessed at B3LYP/(6-31G + LANL2DZ) level 

of theory and listed in ESI, Table S7†.  A good qualitative agreement is achieved between theory and 

experiment and hence no attempt has been made to scale the computed data. The νIrP vibrations of the 

compounds are calculated in the region ∼430−550 cm−1. It is noteworthy that these modes are mixed with νPC 

stretching and δPC deformation modes. The computed symmetric and asymmetric S−O stretches are found 

near 975 and 1100 cm−1 respectively (with the difference of ∼120 cm−1) and it is fairly consistent with the 

observed data. 

 

NMR 

All the complexes gave satisfactory elemental analyses and have been found to be diamagnetic, which 

corresponds to the trivalent iridium (t2
6, S = 0). All the reported neutral organoiridium(III) sulfur complexes 

are soluble in both non-polar and polar organic solvents such as benzene, toluene, chloroform, 

dichloromethane, acetone, acetonitrile and so on. 1H NMR spectra are depicted in the ESI, Fig. S6-S7†. 

Absence of alkyl resonance in the 1H NMR spectrum of iridium(III) thiolato complex 3 authenticates the 

occurrence of S-dealkylation. The alkyl proton signals of thioether compounds 2a and 2b appeared as a 

doublet at δ 6.1 (SCH2Ph, 1
JHH = 7.8 Hz) and a singlet at δ 3.2 (SCH3) resonances, respectively. The 31P 

NMR spectra of the complexes 3 and 4 display only a singlet resonance in spite of the presence of two 

phosphine groups, this is indicative of the presence of magnetically equivalent phosphine environment i.e., 

they are disposed trans to each other (Fig. S8†). The NMR and MASS spectral studies of 3, unequivocally 

established its substantial stability in solution (Fig. S9† in the ESI).  
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Absorption Spectra 

Electronic spectra of organoiridium(III) sulfur compounds were recorded in dichloromethane at room 

temperature. The UV-vis spectra of 3 and 4 along with their respective theoretical spectra are depicted in Fig. 

10 and that of 2a is presented in ESI (Fig. S10†). There are multiple low-energy transitions and these 

excitations are primarily due to charge-transfer transitions within the phenyl-azo-sulfur ligand with different 

amounts of metal-d participation. The spectral patterns of 2−−−−4 are comparable except for the fact that greater 

numbers of transitions are observed in the lower energy region of 3. To gain deeper insight into the electronic 

properties of the transitions involved in the optical absorption processes, we have investigated the complexes 

by means of time-dependent density functional theory (TD-DFT) in CH2Cl2 solvent using CPCM model (see 

Computational Method for details). The computed vertical transitions were calculated at the equilibrium 

geometry of the S0 state and described in terms of one-electron excitations of molecular orbitals of the 

corresponding S0 geometry. The most relevant transitions involved along with their energy, character, 

oscillator strengths computed in solvent and their assignments as well as experimental results of compounds 

2a, 3 and 4 are listed in the ESI (Table S8-S10†).  The calculated transitions with moderate intensities (f ≥ 

0.02) can be envisaged. 

For 3, the HOMO, HOMO − 1, HOMO − 2 and HOMO − 3 have been scrutinized and these involve 

exclusively the delocalized π orbitals encompass over azo-thiolato ligands, along with substantial 

participation of metal-d. The HOMO is mainly composed of S3p (∼50%) and Phπ
§ (34%) in addition to minor 

contribution of Ir-dzx (10%). In contrast, HOMO – 1 has been found to be Ir-dxy (36%) with comparable  

 

§ Phπ/Ph reported in this work representing the phenyl ring of ligand 1. 

contributions from S3p and Cl3p (~24% each). The HOMO – 2 comprises of Phπ (37%) and Cl3p (22%) along 

with Ir-dzx and phosphine-π whereas the HOMO – 3 is mainly of Phπ (60%) with significant contribution 

from Ir-dyz (19%) and phosphine-π (12%). In contrast, LUMO is an exclusively π* orbital delocalized mostly 

over azo and phenyl ring (~44% each) of the ligand. The LUMO + 1 is principally composed of phosphine-

π* (~68%) along with substantial contribution from Ir-dz
2 orbital (~25%). The LUMO + 2 and LUMO + 3 

are basically similar in nature, having almost exclusive contribution from phosphine-π* orbital. 

The lowest energy transitions in the visible region appear as broad band near 733 nm in 3 and this 

feature is in excellent agreement with the computed band at 719 nm (1.7253 eV, f = 0.0562), which 

essentially consist of H → L (98%) and can be ascribed as {[3p(S) + dzx(Ir)] → π*(azo)} ILCT transition 

admixed with  a little MLCT character. The shoulder around 390 nm is in good agreement with the 

theoretical band at 387 nm (3.2010 eV, f = 0.0937) which basically comprises of H − 3 → L (80%) and H − 4 

→L (13%), assigned to {[π(Ph) + π(PPh3) + 3p(Cl)] → π*(azo)} LLCT/ILCT transition. The low energy 
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absorptions near 368 and 350 nm in the UV region agreed well with the theoretically calculated bands at 375 

nm and 356 nm respectively. The first one at 375 nm (3.3034 eV, f = 0.0540) appears exclusively as H − 4 → 

L (80%) and can be referred to {[π(PPh3) + 3p(Cl)] → π*(azo)} transition, whereas the latter one at 356 nm 

(3.4786 eV, f = 0.1638) is attributed to H − 5 → L (68%) and H − 7 → L (12%) transition, mainly due to 

{π(PPh3) → [π*(azo) + π*(Ph)]}. Both the excitations are characterized as LLCT transition. The next 

observed higher energy transition near 278 nm is computed at 296 nm (4.1797 eV, f = 0.0454), 293 nm 

(4.2270 eV, f = 0.0316) and 292 nm (4.2326 eV, f = 0.1177). The former excitation can be described in terms 

of linear combination of H → L + 9 (62%), H − 2 → L + 1 (12%) and H − 3 → L + 1 (10%) and it is 

assigned to {[3p(S) + π(Ph)] → π*(PPh3)}LLCT transition; while the second one is attributed to the 

combination of H − 16 → L (64%) and it is assigned to {[3p(S) + π(PPh3) + 3p(Cl) + dzx(Ir)] → π*(azo)} 

LLCT/MLCT transition. The last one can be assigned as {[3p(S) + 3p(Cl) + dxy(Ir) + dzx(Ir)] → [π*(PPh3) + 

π*(azo)]} LLCT/MLCT transition with calculated contributions from H − 16 → L (24%), H − 1 → L + 4 

(21%), H − 1 → L + 7 (13%) and H − 1 → L + 10 (10%). The schematic representation of the energy levels 

of molecular orbitals involved in the electronic transitions of 2a, 3 and 4 are depicted in the ESI (Fig. S11-

S13†). 

For the organoirium(III) thiolato complex 3, the occupied FMOs show strongly mixed π character of 

the coordinated ligand along with moderate metal t2 character while the virtual FMOs comprise primarily 

ligand π* with some admixture of iridium 5dz
2. In the visible region, the excitation near 733 nm can be best 

described as primarily singlet-manifold intra-ligand charge-transfer (1ILCT), mainly π(S3p) to π*(azo) within 

phenyl-azo-thiolato ligand, along with little contributions from Ir-dzx to π*(azo) 1MLCT transition. This 

transition is shifted bathochromically by 22 nm relative to the analogous rhodium compound.9 
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Fig. 10 Experimental (green) and theoretical (violet) absorption spectra of 3 (left) and 4 (right) in 
dichloromethane. 
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The occupied MOs (HOMO to HOMO − 3) of 2 and 4 differ appreciably as compared to that of 3. For 2, 

analogous MOs comprise mainly strongly mixed character of Cl3p and Phπ with extensive metal t2 character. 

In contrast, these MOs of 4 exhibit noteworthy involvement of SO2 moiety, Phπ, Cl and PPh3 with significant 

metal t2 participation. Among the virtual orbitals (LUMO to LUMO + 3), composition of LUMO is alike for 

all the compounds and involves ∼45% of each π*(azo) and π*(phenyl) of the C^N^S ligand. While the other 

three virtual orbitals of 2 contain strongly mixed π* of aromatic rings of ligand and PPh3 by different extent 

with little participation of metal except L + 1, which is dominated by ca. 43% 5dz
2 character. Analogous 

orbitals of 4 comprise mainly the π* of PPh3 with slight participation of metal except L + 1, which is 

dominated by ca. 30% 5dz
2 character. 

In the visible region, the lowest energy excitations of 2 around 630 nm is ascribed as Η → L (97%) 

and can be recognized by {[dzx(Ir) + 3p(Cl)] → [π*(azo + Ph)]} 1MLCT admixed with 1LLCT. Lowest 

energy transition in the UV region is observed as shoulder near 390 nm and is dominated by strongly mixed 
1LLCT/1ILCT/1MLCT character while slightly higher energy excitations near 367 and 350(sh) nm are 

ascribed as exclusively {[Ph(PPh3) + 3p(Cl) + Ph(CH2Ph)] → [π*(azo + Ph)] 1LLCT/1ILCT transitions. In 

sulfinato 4, shoulder near 390 nm can be assigned as 1LLCT admixed with 1LLCT/1MLCT with contributions 

from {[π(PPh3) + 3p(Cl) + π(SO2) + dxy(Ir)] → [π*(azo + Ph)]} and absorptions near 370 and 350(sh) nm are 

exclusively {π(PPh3) → [π*(azo + Ph)]} 1LLCT in nature. While the next higher energy transition near 270 

nm is basically {[3p(Cl) + π(SO2) + π(Ph)] → [dz
2(Ir) + π*(PPh3)]} 1LMCT/1LLCT involving metal e orbital. 

Unlike 2 and 4, electronic transitions of 3 are found to be shifted toward higher energy of the spectrum 

indicating the occurrence of energetically more favorable transitions. This is caused by small 

HOMO−LUMO gap due to the involvement of nonbonding S3p in HOMO. 

 

Luminescence Spectra 

The emission spectral behaviour of the organoiridium(III) sulfur complexes were studied at room 

temperature in dichloromethane solution. All complexes upon excitation at the wavelengths, where their 
3ILCT/3LLCT absorption maxima were observed, exhibit broad luminescent maxima within the range 

400−450 nm and these remain unaffected with the energy of excitation wavelengths. The complexes 2−4 are 

found to be moderate to strong emitters (Φ = 0.29 × 10−1
−1.23 × 10−1). Table 3 summarizes the emission 

maxima (λem), quantum yield (Φ), lifetime (τ), radiative (kr) and nonradiative (knr) decay rate constants. The 

luminescence spectra are presented in Fig. 11 and time-resolved photoluminescence decay are depicted in 

ESI, Fig. S14†. Notably, luminescence study of transition metal complexes incorporating azo ligands is less 

known.31 
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Fig. 11 Luminescence spectra of complexes 2a (blue), 3 (green) and 4 (orange) in dichloromethane. 

 
In order to investigate the geometrical rearrangement as well as to understand the electronic nature of 

the emitting excited state, geometrical optimization of the lowest lying triplet-manifold excited state (T1) was 

performed by means of DFT using the unrestricted Kohn−Sham approach at (U)B3LYP/(6-31G + 

LANL2DZ) level. The most meaningful geometrical parameters are listed in ESI, Table S11-S13†. The 

isodensity surfaces of the Highest and Lowest Singly Occupied Molecular Orbitals, viz. HSOMO and 

LSOMO, of mononuclear compounds at the relaxed T1 geometry are depicted in Fig. 12. The complexes 

display comparable metrical parameters for Ir−C, Ir−N, Ir−P, Ir−S and Ir−Cl linkages at the T1 optimized 

geometry as well as in the S0 state (average displacement range 0.007−0.03 Å) (Table S2† in ESI) except 

Ir−S (0.05 Å) of 3, Ir−N (0.06 Å) and Ir−Cl (0.06 Å) of 4. It is noteworthy that the N−N(azo) bond distance 

significantly lengthens at the T1 optimized geometry relative to the S0 state by 0.07−0.12 Å). The absence of 

appreciable distortion around iridium signifies that the population of the T1 state results in only minor 

deviations in the geometrical arrangement of the coordination spheres i.e., metal-ligand interactions only 

 
Table 3 Luminescence spectral dataa for iridiumsulfur complexes in dichloromethane at room temperature 

Compound λem, nm τ, ns Φ kr, × 106 s−1 knr, × 108 s−1 

1a 367 6.743 0.291 43.156 1.051 
2a 442 9.101 0.031 3.406 10.647 
3 436 4.328 0.123 28.419 20.263 
4 439 7.066 0.029 4.104 13.741 

aThe compounds 1a, 2, 3 and 4 are excited at 310, 356, 367 and 370 nm respectively. 

 
slightly altered during S0 → T1 excitation. This is consistent with the comparable quantum yield (Φ) of the 

synthesized iridium(III) complexes with that of the free ligand 1a. Nonetheless, quantum yield (Φ) is 

diminished in the complexes relative to the free ligand and this fact is possibly caused by the perturbation of 

PPh3 and metal-t2 in the overall LC emissive states. Quenching of luminescence in the presence of tertiary 

phosphine is known.31f The considerable geometrical variation is confined primarily to N−N(azo) linkage 

(elongated by ∼0.1 Å) and to a certain extent in some other iridium−ligand bonds in the excited T1 state (ESI,  
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Fig. 12 Isodensity surface plots of the highest and lowest singly occupied molecular orbitals, HSOMO and 
LSOMO, respectively, along with the corresponding electron spin density for compounds 2a, 3 and 4 at their 
T1 geometry. Blue and turquoise colors show regions of positive and negative differences between the alpha 
and the beta electron densities respectively. 
 

Table S2†). This can be ascribed to the drifting of electron density from iridium-t2 along with S atom for 2 

and the phenyl as well as S/SO2 moiety of ligand for 3 and 4 respectively towards the azo moiety in the 3T1 

state.  

 Upon analyzing the singly occupied molecular orbitals at the relaxed T1 geometry for thiolato 3 it 

was found that HSOMO assumes exclusively π(azo + Ph) while that of LSOMO comprises of primarily 

π(Ph) of ligand with some admixture of [3p(S) + π(azo)] along with minor contribution from metal t2 (ESI, 

Table S12†). Out of these singly occupied MOs, HSOMO resembles nicely with the LUMO of the 

corresponding S0 equilibrium geometry (Table S4†). Though there is no precise analogue of LSOMO at S0 

state, HOMO of the corresponding S0 equilibrium geometry appears somewhat closer to it. Notably, the 

electron spin density plots for organoiridium(III) sulfur complexes disclose that the spin is located mainly on 

the coordinated ligand (Fig. 12). 

 The luminescent band of the thiolato 3 in experimental spectrum at 435 nm is computed at 427 nm 

(2.8974 eV, f = 0.0307) with significant transition having 216 → 211 (24%), 211 → 209 (22%), 214 → 211 

(11%) character. This can be assigned exclusively to {π*(PPh3) → [π(azo) + π(Ph) + 3p(S) + dyz(Ir)]} 
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LLCT/ILCT/3LMCT transition. Similarly, for thioether 2 the experimental emission spectrum (λem = 442 nm) 

is computed at 415 nm (2.9866 eV, f = 0.0164) with 175 → 173 (79%) character. This can be assigned 

mostly to {[π*(azo) + π*(Ph)] → [dxy(Ir) + 3p(Cl)]} 3LMCT transition mixed with LLCT/ILCT nature. The 

analogous band present in the experimental emission spectrum (λem = 438 nm) of sulfinato 4 complex is 

computed at 454 nm (2.7260 eV, f = 0.0208) with 218 → 196 (80%) character. This can be assigned mainly 

to {dxy(Ir) → [3p(Cl) + π(PPh3)]} 3MLCT transition.  

The plots of frontier molecular orbitals associated with the emissions of orgasnosulfur compounds of 

iridium(III) are presented in Fig. S15† in the ESI. The most relevant transitions involved along with their 

energy, character, oscillator strengths computed in solvent and their assignments as well as experimental 

results of iridiumsulfur compounds are listed in the ESI (Table S14†). 

 

Experimental Section 

Syntheses 

General. All syntheses were performed under normal aerobic conditions unless otherwise specified. Solvents 

were dried by standard methods and distilled under argon prior to use. Ligands32 HLSR (R = Me, CH2Ph and 

Ph) and complex [IrCl(PPh3)3]
33 used in this work have been synthesized following the methods previously 

described. 

Materials. The chemicals used were purchased from the following sources: 2-aminothiophenol, 2-

(Methylmarcapto)aniline, triphenylphosphine, triphenylarsine, methyl iodide, allyl bromide and IrCl3⋅3H2O 

from Aldrich Chemical Company. All solvents were purchased from Merck, India 

and dried before use according to standard methods. 

Syntheses of Complexes. [Ir(L
SR

)Cl2(PPh3)] 2, [Ir(L
S
)Cl(PPh3)2] 3 and [Ir(L

SO2)Cl(PPh3)2] 4. A mixture 

of 1a (R = CH2Ph), (95 mg, 0.312 mmol), IrCl3⋅3H2O (100 mg, 0.104 mmol) and triphenylphosphine (0.22 g, 

0.832 mmol) in ethanolic (50 ml) solution were heated to reflux for 24 h till the color of the solution turns to 

dark greenish brown. The solvent was removed under reduced pressure. Upon chromatographic purification 

of the solid on neutral silica gel, three fractions were eluted sequentially: (1) dark-green, 3 eluted first with 

1:3 hexane-toluene mixture, followed by (2) a greenish-brown fraction corresponding to 2a eluted with 1:20 

acetonitrile-toluene mixture and (3) an orange fraction eluted with 1:10 acetonitrile-toluene mixture 4. The 

chromatographically separated fractions were concentrated and dried in vacuum. Yield: (42%) for 3; (27%) 

for 2b; and (11%) for 4. Analogous reaction with 1b (R = Me) under identical condition afforded 2a, 3 and 4 

in 24, 39 and 9% yield respectively. For compound 2a: FT-IR (KBr, cm−1): 1433 (νNN), 693 and 518 (νIrP). 
1H 

NMR (300 MHz, CDCl3): δ 6.28 (d, J = 7.8 Hz), 6.899–7.461 (m), 7.69 (d, J = 7.5 Hz), 7.84(m), 8.23 (d, J 

=7.2 Hz), 8.39 (d, J = 8.2 Hz). 31P NMR (CDCl3): δ -14.91 (s). Elem. Anal. Calcd (%) for 2a, 

C37H30N2PSCl2Ir: C, 53.62; H, 3.65; N, 3.38. Found: C, 53.18; H, 3.72; N, 3.14. For compound 2b: FT-IR 
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(KBr, cm−1): 1428 (νNN), 690 and 522 (νIrP). 
1H NMR (300 MHz, CDCl3): δ 3.15 (s), 6.82−7.49 (m) 7.68 (d, J 

= 7.4 Hz), 7.89 (m), 8.27 (d, J = 8.0 Hz). 31P NMR (CDCl3): δ -23.73(s). Elem. Anal. Calcd (%) for 2b, 

C31H26N2PSCl2Ir: C, 49.47; H, 3.48; N, 3.72. Found: C, 49.18; H, 3.59; N, 3.53. For compound 3: FT-IR 

(KBr, cm−1): 1433 (νNN), 692 and 520 (νIrP). 
1H NMR (300 MHz, CDCl3): δ 6.04 (t, J = 8.0 Hz), 6.33 (d, J = 

8.4 Hz), 6.41(q), 6.65 (d, J = 7.9 Hz), 6.79 (t, J = 7.5 Hz), 7.07–7.19 (m), 7.41 (d, J = 7.7 Hz), 7.48–7.52 

(m); 31P NMR (CDCl3): δ -14.78(s). Elem. Anal. Calcd (%) for 3, C48H38N2P2SClIr: C, 59.77; H, 3.97; N, 

2.90. Found: C, 59.36; H, 4.33; N, 2.72. For compound 4: FT-IR (KBr, cm−1): 1434 (νNN), 1161, 1042 (νSO), 

694 and 520 (νIrP). 
1H NMR (300 MHz, CDCl3): δ 6.53 (t, J = 6.98 Hz), 6.76 (t, J = 7.2 Hz), 6.93–7.18 (m), 

7.42–7.50 (m), 8.01(d, J = 7.7 Hz), 31P NMR (CDCl3): δ -17.82(s). Elem. Anal. Calcd (%) for 4, 

C48H38N2O2P2SClIr: C, 57.85; H, 3.84; N, 2.81. Found: C, 57.42; H, 3.58; N, 3.02. 

[Ir(L
SR

)Cl2(PPh3)] 2. To an ethanolic (50 ml) solution of 1a (R = CH2Ph), (47 mg, 0.154mmol) and 

IrCl3.3H2O (50 mg, 0.142 mmol) triphenylphosphine (37 mg, 0.141 mmol) was added and heated to reflux 

under Ar for 4 h till a dark greenish-brown solution obtained. The resulting solution was evaporated to 

dryness and purified by column chromatography (neutral silica gel; CH3CN/Toluene, 1:20). Yield: 62%.  

Conversion of 2 to 3. 2a (50 mg, 0.0604 mmol) and triphenylphosphine (126 mg, 0.483 mmol) were 

dissolved in toluene (30 ml), and the mixture was refluxed for 20 h under Ar. Chromatographic purification 

was made by the above procedure. Yield: 61%. An analogous reaction with 2b producing 3 in 55% yield. 

Conversion of 3 to 4. To an acetonitrile (50 ml) solution of 3 (25 mg, 0.025 mmol) was refluxed under O2 

for 12 h till a dark orange solution obtained. Volatile organic compounds were evaporated under reduced 

pressure and purified by column chromatography (neutral silica gel; CH3CN/Toluene, 1:10). Yield: 71%. 

Analogous reaction using aerial oxygen instead of pure O2 for 24 h yields 64% of 4.  

[Ir(L
SMe

)ClI(PPh3)] 5a. To a toluene (25 ml) solution of 3, (25 mg, 0.025 mmol) methyl iodide  (4.25 mg, 

0.029 mmol) was added drop wise with stirring and then refluxed for 4 h till a dark orange solution obtained. 

The resulting solution was evaporated to dryness. Upon chromatographic purification of the solid on neutral 

silica gel with 1:10 acetonitrile−toluene mixture as eluent, orange red 5a was obtained. Yield: 59%. For 

compound 5a, FT-IR (KBr, cm−1): 1416 (νNN), 696, 535 (νRhP). 
1H NMR (300 MHz, CDCl3): δ 3.22 (s), 7. 07-

7.18 (m), 7.35-7.44 (m), 7.70 (d, J = 7.4 Hz), 7.94 (d, J = 7.4 Hz), 8.01 (d, J = 7.5 Hz). 31P NMR (CDCl3): δ 

21.86 (d, 1
JRh–P = 117.1 Hz). Elem. Anal. Calcd (%) for 5a, C31H26N2PSCl2Ir: C, 44.11; H, 3.10; N, 3.32. 

Found: C, 44.50; H, 3.22; N, 3.54.  

[Ir(L
SAllyl

)ClBr(PPh3)] 5b. To a toluene (50 ml) solution of 3, (100 mg, 0.104 mmol) Allyl bromide (14.00 

mg, 0.114 mmol) was added drop wise with stirring and heated to reflux for 10 h till a dark orange solution 

obtained. The resulting solution was evaporated to dryness. Upon chromatographic purification of the solid 

on neutral silica gel with 1:20 acetonitrile−toluene mixture as eluent, orange red 5b was obtained. Yield 

62%. For compound 5b: FT-IR (KBr, cm−1): 1416 (νNN), 696, 535 (νRhP). 
1H NMR (300 MHz, CDCl3): δ 4.23 
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(t, J = 9.4 Hz), 5.03 (q), 5.10 (t, J = 9.5 Hz), 6.43 (m), 7.08–7.33 (m), 7.51 (t, J = 9.7 Hz), 7.70 (d, J = 4.2 

Hz), 8.10 (dd, J1 = 1.6, J2 = 1.6 Hz), 8.07 (d, J = 7.6 Hz). 31P NMR (CDCl3): δ -20.785(s). Elem. Anal. 

Calcd(%) for 5b, C33H28N2PSBrClIr: C, 48.15; H, 3.43; N, 3.40. Found: C, 48.54; H, 3.39; N, 3.24. 

 

Conclusions 

A novel family of orthometalated iridium(III) compounds incorporating sulfur center has been prepared 

following the synthesis of the organothioether 2, via C(arene)−H bond activation. The most significant aspect 

among the syntheses is the iridium-mediated C−S cleavage product, organothiolato 3, in the presence of 

PPh3. The PPh3 molecule acts as external stimuli and plays a vital role in the cleavage process. This provides 

an example of the use of foreign motivating agent during bond activation processes that may modulate the 

cleavage reaction in a more controlled fashion. The underlying mechanistic pathway has been established 

and it reveals that the cleavage reaction operates through the less common single-electron transfer (SET) 

mechanism. This is different from the majority of the reported platinum-metals thiolato compounds that were 

achieved from the thioether precursors by oxidative addition during C−S bond scission. Electrochemical 

study shows the facile oxidative nature of thiolato 3 in solution unlike the other organoiridium(III) sulfur 

compounds and the redox orbital  have been resolved to be primarily the out of plane nonbonding S3p orbital 

by computation. This accounts for the remarkable nucleophilicity of thiolato-S center as apparent from the 

formation of sulfur center derivatives with electrophiles like dioxygen and carbo cations. Complex 3 is very 

much prone to S-centered oxidation and furnishes metallosulfoxide 4 almost quantitatively via activation of 

molecular oxygen under normal aerobic condition, which provides the first instance of a iridium thilato to 

iridium sulfinato conversion. Facile thiolato to thioether conversion can be accomplished from the precursor 

thiolato 3 upon reacting with alkyl halide. These thioether complexes 5 have been found to be structurally 

isomeric with 2. Finally, high electron density on the thiolato-S in 3 has been exploited to generate stable 

metal-bound thiyl radical species 3•+ in solution by chemical as well as electrochemical means. Analyses of 

SOMO, spin density and EPR spectra of the oxidized form of 3 authenticate the thiyl radical description and 

it has been concluded that both the phenyl-π as well as Ir-d play important role for the stabilization of thiyl 

radical 3•+. The organosulfur complexes of iridium(III) display rich spectral features including luminescence 

property and these attributions are scrutinized by DFT and TD-DFT. Scrutiny of C−S cleavage reaction using 

other platinum metals are currently under investigation. 
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