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Abstract

A series of halocarbonyliridium(I) complexes of the type [Ir(CO)(P~Se)2X] (1) {where P-Se 

= 1,2-bis(diphenylphosphinomethaneselenide); X = Cl (1a), Br (1b), I (1c)} have been 

synthesized by the reaction of [Ir(CO)2X2]- with the ligand Ph2PCH2P(Se)Ph2. The complexes 

exhibit a single (CO) band in the region 1926 cm-1 which is significantly lower in frequency 

compared to Vaska’s complex, trans-[Ir(CO)Cl(PPh3)2] (1965 cm–1), and substantiate the 

enhanced electron density at the metal centre. The complexes undergo oxidative addition 

(OA) reactions with electrophiles like CH3I and C2H5I to form Ir(III) alkyl species like 

[Ir(CO)R(P~Se)2IX]; [R = CH3 (2), C2H5 (3)]  which exhibit (CO) bands in the region of 

2070 cm-1. Kinetic measurements for the CH3I oxidative addition with complex 1a indicate a 

first order reaction. The complexes have been characterized by elemental analyses, IR and 

NMR spectroscopy. Density functional calculations reveal that the activation barrier for the 

OA is the lowest with 1a, which is also in tune with the experimental observations.
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1. Introduction

Platinum metal complexes of functionalized poly phosphines, like 

Ph2P(CH2)nP(X)Ph2, Ph2As(CH2)nP(X)Ph2, Ph2PNHP(X)Ph2 and Ph2As(X)(CH2)nP(X)Ph2  (X 

= O, S, Se; n = 1-4) have attracted much attention in recent times because of their structural 

novelty, reactivity and widespread catalytic applications [1-16]. These types of ligands are of 

great importance due to their hemilabile nature, which facilitate oxidative addition (OA), a 

key step in many homogenous catalysis reactions. The activation of small molecules via OA 

at d8 metal centers is of fundamental importance in homogenous hydrogenation, 

hydroformylation and carbonylation catalysis. Many of the fundamental studies of OA 

reactions have been carried out using Vaska’s complex, trans-[Ir(CO)(PPh3)2Cl], and its 

analogues [17-21]. Such square planar d8 Ir(I) complexes react with a variety of substrates, 

including H2, HX, X2 and RX (X = Cl, Br, I; R = alkyl, aryl or acyl). The kinetics and 

thermodynamics of the oxidative addition depend on the steric and electronic properties of 

the coordinated ligands and on the substrate being added. The OA of methyl iodide and 

reductive elimination of acetyl iodide are key steps in the industrial processes for 

carbonylation of methanol to acetic acid, catalysed by [M(CO)2I2]-   (M = Rh and Ir). Dutta et. 

al. [7] have demonstrated that Rh(I) complexes of hemilabile phosphine-chalcogen donor 

ligands are efficient catalysts for the carbonylation of methanol in which the metal chalcogen 

interactions are responsible for increasing the rate of the OA reaction.

In view of the above, we report here the synthesis, characterization and DFT studies 

of Ir(I) carbonyl complexes of the bis-phosphine monoselenide ligand Ph2PCH2(Se)PPh2 and 

their oxidative reactivity towards different electrophiles, such as CH3I and C2H5I. 

2. EXPERIMENTAL

2.1. Materials and methods

All the solvents used were distilled under nitrogen prior to use. IrCl3·3H2O was 

purchased from M/S Arrora Matthey Ltd, Kolkata, India. Analytically pure Ph2P(CH2)PPh2 

and elemental selenium were purchased from M/S Aldrich, USA and used without further 

purification. The ligand Ph2PCH2P(Se)Ph2 was prepared by refluxing a solution of 

Ph2P(CH2)PPh2 in toluene with one molar equivalent of elemental selenium for 3 h under 

nitrogen (yield: 97%) and purified by chromatographic techniques [22-24]. FT-IR spectra in 

the range 400-4000 cm−1 were recorded using a Perkin-Elmer 2000 spectrophotometer with 

KBr disks. Carbon and hydrogen analyses were carried out on a Perkin-Elmer 2400 elemental 



analyzer. NMR data were recorded on a Bruker DPX 300 MHz spectrometer and the 1H and 
31P NMR chemical shifts were quoted relative to SiMe4 and 85% H3PO4 as internal and 

external standards respectively, using CDCl3 and d6-acetone as solvents. 

2.2. Starting material

The starting metal complexes [Ir(COE)2Cl]2 and Ph4As[Ir(CO)2X2] (X = Cl, Br, I) 

were synthesized by following the published literature methods [25-26].

2.3. Synthesis

2.3.1. [Ir(CO)X(P~Se)2] X = Cl (1a), Br(1b), I(1c); P~Se = PPh2CH2P(Se)Ph2:

0.25 mmol of Ph4As[Ir(CO)2X2] was dissolved in 10 cm3 CH2Cl2 and to this 0.50 

mmol of the ligand P~Se in 10 cm3 CH2Cl2 was added. The reaction mixture was stirred at 

room temperature (r.t.) for about 30 min. and the solvent was evaporated under vacuum. The 

reddish-brown compound thus obtained was washed with diethyl ether and stored over silica 

gel in a desiccator.

 2.3.2. [Ir(CO)RIX(P~Se)2] X = Cl(a), Br(b), I(c); R = CH3(2); C2H5(3)                           

0.325 mmol of 1 was dissolved in 10 cm3 CH2Cl2 and 3 cm3 of each of the 

corresponding RI (R = CH3 and C2H5) were added. The reaction mixture was stirred for 30 

min. and 1 hr. for CH3I and C2H5I respectively. Solvent and excess of alkyl halides were 

evaporated under reduced pressure to obtain a dark brown solid compound in each case. 

2.4. Kinetic experiments

 The kinetic experiments of the OA reaction of the complexes with CH3I were 

monitored using FTIR spectroscopy in a solution cell (CaF2 windows, 1.0 mm path length). 

In order to obtained pseudo first-order conditions, an excess of CH3I relative to the metal 

complex was used. FTIR spectra  (4.0 cm-1 resolution) were scanned in the (CO) region 

(2200-1600 cm-1) and saved at regular time intervals using spectrum software. After 

completion of the experiment, absorbance versus time data for the appropriate (CO) 

frequencies were extracted by subtracting the solvent spectrum and analyzed off line using 

OriginPro 7.5 software. Kinetic measurements were made by following the decay of the 

lower frequency (CO) band of the complexes. The pseudo first-order rate constants were 



found from the gradient of the plot of ln(A0/At) versus time, where A0 is the initial 

absorbance and At is the absorbance at time t.

3. Results and discussion

The phosphine-phosphine monoselenide ligand Ph2PCH2P(Se)Ph2 reacts with 

Ph4As[Ir(CO)2X2] (X = Cl, Br, I) in a 1:2 molar ratio to afford halocarbonyliridium(I) 

complexes of the type [Ir(CO)(P~Se)2X] where X = Cl (1a), Br (1b), I (1c) (Scheme 1). The 

chloro complex 1a was directly obtained (Scheme 2) via treatment of the ligand P~Se with 

[Ir(CO)2Cl]2 generated in situ by carbonylation of the chlorobridged dimer [Ir(COE)2Cl]2 

(COE = cyclooctene). The yields, elemental analyses and other characteristics of the 

synthesized complexes are shown in Table 1. The molecular compositions of the complexes 

are well supported by the elemental analysis data (Table 1). The IR spectra of the complexes 

(Table 2) exhibit a single terminal (CO) absorption at 1930-1920 cm-1, indicating high 

electron density at the metal centre. The (P-Se) bands of the complexes, observed at 530-

Scheme 1: Synthesis of the Ir(I) carbonyl complexes of the P~Se donors ligand.

527 cm-1 are closer to the corresponding (P-Se) band of the free ligand P~Se (Table 2). This 

indicates that the ligand is coordinated to the metal center through only the P-donor site. It 

has been observed that the (CO) stretching frequencies of 1a-c follow the order 1a < 1b < 

1c. It is well known that the π donor ability of halogen ligands increase in the order F < Cl < 

Br < I, therefore the observed trend of the (CO) stretching frequencies of 1a-c is due to the 

variation in the  donation ability of the attached halo group to the metal centre. The 1H 

NMR spectra of the complexes (Table 2) display two multiplet resonances in the range δ 

7.16-7.43 and 7.57-7.82 ppm, attributed to non-equivalent phenylic protons and triplet 

resonances at around δ 3.89-4.25 ppm for the methylene protons of the P-Se ligand. The 

methylene protons of the complexes show a small downfield shift compared with the 
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Scheme 2: Synthesis of the Ir(I) carbonyl complex 1a.

corresponding free ligand, which further substantiates the non-chelating mode of the ligand. 

The 31P NMR spectra of the complexes (Table 2) exhibit two doublet resonances at δ 32.36-

44.30 ppm for the tertiary phosphorus atom (P1) and δ 24.79-28.20 ppm for pentavalent 

phosphorus atom (P2). The large downfield shifts of about 52-70 ppm for the P1 resonances 

compared to free ligand P~Se also substantiate the monodentate coordination to the metal 

centers through the tertiary phosphorus atom.

3.1. Reactivity of the complexes 1a-c towards various alkyl halides

The Ir(I) carbonyl complexes 1a-c are coordinatively unsaturated and undergo OA 

with different electrophiles, like CH3I and C2H5I, to yield the corresponding Ir(III) products. 

In contrast to the Rh(I) system, OA of alkyl halides to Ir(I) carbonyl complexes form stable 

Ir(III) alkyl products for which migratory insertion occurs only at elevated temperatures or in 

the presence of CO to form the Ir(III) acyl species. Compared to the rhodium complexes, the 

relative rates of OA and migratory insertion steps for the iridium complexes have been 

estimated as ca.150 and 10-5-10-6, respectively [27]. This can be explained in terms of the 

relative strength of the metal-carbon bonds for the 4d and 5d transition metals. The strength 

of a metal-carbon bond of a 5d metal is generally higher than that of a 4d transition metal 

[28]. As a consequence, if metal-carbon bond making plays a key role in a particular step, 

then the 5d metal is more likely to react faster (OA), whereas if a metal-ligand bond 

weakening or breaking step plays a key role in a process (as in migratory insertion), it is 

likely that the 4d metal will be the faster. 
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OA of CH3I to the complexes 1a-c yielded hexacoordinated Ir(III)-methyl species 

(Scheme 3) of the type [Ir(CO)CH3(P~Se)2IX] (2), X = Cl (a), Br (b), I (c). The IR spectra of 

the complexes (Table 2) show a single terminal (CO) band in the region 2040-2050 cm-1. 

The high value of the terminal (CO) band indicates the formation of the oxidized product. 

The (P-Se) bands of the complexes appear at 530-528 cm-1 confirming the monodentate 

coordination nature of the ligands. Apart from the characteristic resonances of the ligands, the 
1H NMR spectra of complexes 2a-c (Table 2) show a singlet in the region  1.80-2.03 ppm, 

.

indicating the formation of the COCH3 group. In a similar manner, OA reactions of C2H5I 

with the complexes 1a-c also afforded six coordinated Ir(III)-alkyl complexes, viz. 

[Ir(CO)C2H5(P~Se)2IX], X = Cl (3a), Br (3b), I (3c) (Scheme 3). The IR spectral values 

(Table 2) of the (PSe) bands of these complexes clearly imply the tertiary P coordination of 

the ligands to the metal. The (CO) bands of the complexes occur in the range 2051-2064 cm-

1, attributable to the terminal carbonyl groups. The 1H NMR spectra of complexes 3a-c show 

one triplet in the range  2.15-2.26 ppm for the methyl protons and one quartet signal at 

around  3.28-3.54 ppm for the methylene protons of the ethyl group, in addition to the 

characteristic ligand peaks. The 31P NMR data of all the oxidized complexes (Table 2) show a 

similar pattern of the spectral data to their corresponding parent complexes.

3.2. Kinetic study of the oxidative addition (OA) of CH3I with Ir(I) carbonyl complexes 

containing a bis phosphine-phosphine monoselenide ligand

Ir(I) carbonyl complexes of the type [Ir(CO)X(L)2]; where X = Cl (1a), Br (1b), I (1c) 

and L = Ph2PCH2P(Se)Ph2, undergo OA with CH3I to yield the stable methyliridium 

Ir
CO

Se~P X

P~Se

P~Se = 1coordinated Ph2PCH2P(Se)Ph2

RI
OA Ir

CO

Se~P X

P~Se
I

R

R = -CH3(2), -C2H5(3), X = Cl(a), Br(b), I(c)

Scheme 3: Oxidative reactivity of Ir(I) carbonyl complexes with a P~Se donor ligand 
towards alkyl halides
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complexes 2a-c, for which migratory insertion occurs at elevated temperature or in the 

presence of carbon monoxide.  The kinetics of the reaction was monitored using IR 

Fig. 1 Series of IR spectra {(CO) region} illustrating the reaction of 1a with CH3I at 25 °C. 

The arrows indicate the behavior of each band as the reaction progresses.

spectroscopy.  During the reaction, the single intense (CO) band of the reactant 1a at 1924 

cm-1 decayed and a new absorption due to the product 2a grew at 2042 cm-1, as shown in Fig. 

1. Absorbance versus time plots for the decay of the lower frequency band was well fitted by 

an exponential curve, revealing that the reaction is first order with respect to the Ir(I) 

complex. Values of the observed pseudo-first-order rate constant were calculated from the 

slope of the plot of ln(A0/At) versus time, where A0 and At are the absorbance at time t = 0 

and t, and these were found to be 4.41x10-3, 3.35x10-3 and 1.59x10-3 s-1, respectively, for the 

complexes 1a, 1b and 1c. The values of these rate constants clearly indicate that the rate of 

OA follows the order 1a > 1b > 1c.  The observed trend of the rate constants may be due to 

the attachment of different X (X = Cl, Br and I) groups to the Ir(I) center. 

4. Computational details

For the sake of computational analysis, we have made a simple modification of the 

experimental geometry. The phenyl groups attached to the tetracoordinate P atoms were 



replaced by methyl groups (Scheme 4). All the structures were fully optimized without any 

symmetry constraints at the M06-2X level of theory [29]. We used 6-311++G** for the main 

group elements, while the relativistic small-core effective core potential of Stuttgart/Dresden 

(SDD) [30] was used for the iridium metal. Harmonic vibrational frequency calculations were 

carried out at the same level of theory to understand the nature of the stationary states. All 

these structures were found to be at their local minimum with all real values of the hessian 

matrix, while the transition states were characterized by one imaginary frequency. Natural 

bond orbital (NBO) [31] calculations were also performed to understand the electronic 

features of these complexes. All these calculations were performed using the Gaussian16 

suite of programs [32].

Scheme 4. Experimental geometries and the model geometries for the computational 

analysis.

Figure 2 shows the optimized geometries of the square planar Ir complexes. In all the 

complexes, the P~Se ligand coordinates to the metal centre through only one P atom. This is 

also evident from the experimental IR analysis. The C-O distance follows the order 1a' > 1b' 

> 1c'. This is also in tune with the experimental evidence that the CO stretching frequency 

follows the opposite order, i. e. 1a' < 1b' < 1c'. Even the calculated un-scaled CO stretching 

frequencies of these complexes are 2231 cm-1 for 1a', 2254 cm-1 for 1b' and 2287 cm-1 for 

1c'. This is due to fact that the π donating ability of the halides follows the order Cl < Br < I . 

The π donating ability of halides has been extensively proven by Frenking et. al. [33]. 



1a' 1b'

1c'

Figure 2. Optimized geometries of the square planar Ir(I) complexes. Bond lengths are in Å.

These square planar complexes are found to undergo oxidative addition with alkylhalides, 

with high rate constants. We, therefore, calculated the highest occupied molecular orbitals 

(HOMO) of these molecules. The higher the HOMO, the higher will be the tendency of these 

square planar complexes to undergo oxidative addition. Figure 3 shows the HOMO of 1a'. It 

is evident from Figure 3 that the HOMO for 1a' is the dz
2 orbital. The eigen values of the 

HOMO for the complexes follow the order 1c' < 1b' < 1a' (-0.45eV for 1c', -0.40 eV for 1b' 

and -0.21 eV for 1a'), which suggests that the oxidative addition will be fastest with 1a'. The 

experimentally determined rate of this oxidative addition is also found to be the highest with 

1a. Thus, the theoretical calculations are in tune with the experimental observations. 



Figure 3. HOMO of complex 1a'.

We have further carried out mechanistic investigations on the OA with the alkyl 

iodide CH3I. Alkyl iodides are known to undergo oxidation addition via a SN
2 type pathway 

[34-35]. The activation energies of the reactions follow the order 1a' (13.4 kcal/mol) < 1b' 

(21.3 kcal/mol) < 1c' (32.2 kcal/mol). The optimized geometries of the transition states 

involved in the SN
2 pathway are shown in Figure 4. The low activation barrier for 1a' 

suggests that it is the most reactive towards OA among the synthesized complexes. This is in 

tune with our experimental observations.

Figure 4. Optimized geometries of the transition states involved in the SN
2 pathway for the 

oxidative addition. Bond lengths are in Å.

5. Conclusions

In conclusion, we have synthesized a series of new halocarbonyliridium(I) complexes 

of the type [Ir(CO)(P~Se)2X]  {where P-Se = 1, 2-bis(diphenylphosphinomethaneselenide); X 

= Cl, Br, I}. The complexes exhibit a single (CO) band in the region 1926 cm-1, which is 

significantly lower in frequency compared to Vaska’s complex, trans-[Ir(CO)Cl(PPh3)2] 



(1965 cm–1), and substantiate the enhanced electron density at the metal centre. The 

complexes undergo an oxidative addition (OA) reaction with electrophiles like CH3I and 

C2H5I to form Ir(III) alkyl species like [Ir(CO)R(P~Se)2IX]; [R = CH3(2), C2H5(3)], which 

exhibit (CO) bands in the region 2070 cm-1. Kinetic measurements for the CH3I oxidative 

addition with complex 1a indicate a first order reaction. Density functional calculations also 

reveal that the activation energy associated with the OA with 1a is the lowest, which is in 

tune with the experimental observations. 
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Table 1. Elemental analysis and other characteristics of the iridium carbonyl complexes 

containing the P-Se donor ligand.

Elemental analysis (%)

Found (Calc.)

Complex Yield

(%)

Colour

C H

1a 92 Yellow 51.79 (51.76) 3.76 (3.72)

1b 94 Yellow 49.92 (49.88) 3.63 (3.58)

1c 96 Yellow 48.15 (48.04) 3.57 (3.45

2a 94 Reddish-brown 47.21 (47.11) 3.36 (3.55)

2b 92 Reddish-brown 44.16 (44.07) 3.41 (3.32)

2c 93 Reddish-brown 45.65 (45.59) 3.56 (3.43)

3a 89 Brown 47.63 (47.52) 3.82 (3.66)

3b 96 Brown 46.05 (45.99) 3.65 (3.54)

3c 94 Brown 44.54 (44.48) 3.46 (3.43)



Table 2. IR and NMR (1H and 31P) spectral data of the iridium carbonyl complexes 

containing the P-Se donor ligand.

Complex IR data (cm-1) 1H NMR data ( / ppm) 31P NMR data

( / ppm)

(CO) (P-Se) C6H5 CH2

(P~Se)

CH2 CH3 P  P=Se

1a 1924 528 7.16-7.45 m

7.66-7.85 m

4.02 t - - 32.36 d 27.54 d

1b 1925 527 7.19-7.43 m

7.67-7.83 m

4.16 t - - 44.30 d 26.66 d

1c 1927 528 7.22-7.49 m

7.61-8.06 m

4.03 t - - 36.56 d 26.39 d

2a 2042 529 7.19-7.68 m

7.65-8.06 m

4.15 t - 2.03 s 32.38 d 26.56 d

2b 2043 530 7.21-7.49 m

7.68-7.82 m

4.25 t - 1.96 s 41.26 d 26.49 d

2c 2048 527 7.16-7.45 m

7.66-7.85 m

3.96 t - 1.80 s 36.45 d 24.79 d

3a 2051 528 7.29-7.55 m

7.57-7.85 m

3.89 t 3.28 q 2.15 s 33.36 d 26.53 d

3b 2059 528 7.17-7.45 m

7.62-7.89 m

4.01 t 3.36 q 2.26 s 37.54 d 28.20 d

3c 2064 528 7.24-7.44 m

7.75-7.97 m

4.10 t 3.54 q 2.21 s 38.23 d 26.56 d

Free ligand (P~Se):

IR : (PSe): 527 ; 31P NMR : P and P=Se:  -26.4, 31.3d; 1H NMR: -(CH2)- : 3.49d

s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet
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Graphical abstract:

Electron-rich iridium(I) carbonyl complexes of an unsymmetrical phosphine-phosphine 

monoselenide ligand have been synthesized and characterized. The complexes exhibit a 

single (CO) band in the region 1926 cm-1 which is significantly lower in frequency 

compared to Vaska’s complex, trans-[Ir(CO)Cl(PPh3)2] (1965 cm–1). The complexes undergo 

oxidative addition (OA) reactions with electrophiles like CH3I and C2H5I to form Ir(III) alkyl 

species like [Ir(CO)R(P~Se)2IX]; [R = CH3 (2), C2H5 (3)] which exhibit (CO) bands in the 

region of 2070 cm-1. DFT study indicates that the theoretical calculations are in agreement 

with the experimental observations.

Electron-rich iridium(I) carbonyl complexes of an unsymmetrical phosphine–phosphine 

monoselenide ligand have been synthesized. DFT studies have also been performed. 


