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ABSTRACT: An electron rich PCsp2P ligand, incorporating N,N-dimethylamino groups para to 

the anchoring carbene donor of the ligand, was prepared and coordinated to iridium, producing 

the iridium carbene chloride 2. This species undergoes facile reaction with N2O to afford an 

iridaepoxide complex, 3, in which an oxygen atom has been transferred to the Ir=C bond. The 

rate of this reaction is significantly faster than that observed for the less electron rich, 

unsubstituted ligand. However, further reaction of 3 involving cleavage of one of the ligand C-C 

bonds was observed, producing the bis-phosphine chorido complex 4. This process was 

accelerated by the presence of H2.  Heating 4 under H2 resulted in hydrogenolysis of the ortho-

metalated phosphine ligand to give a hydrido complex (5) and decarbonylation of the acyl 

phosphine ligand to give, finally, the Vaska’s complex analog 6.  All compounds were fully 

characterized, and the sequence represents the dismantling of the PCsp2P ligand framework. 

 

Introduction 

Tridentate “pincer” ligands with a PCP donor pattern(1) hold a privileged place within this 

versatile family of ligands due to the strongly sigma donating properties of the ligating groups. 

Additionally, they were among the original pincer ligands, with the PCsp2P ligand I(2) and the 

PCsp3P ligand II(3) having been introduced by Shaw et al. in the 1970’s (Chart 1). Since those 

pioneering studies, various iterations of this motif have been introduced,(4-5) and used to 

support the chemistry of a variety of transition metals.(6) 

These ligands have also figured prominently in the area of C-C bond activation,(7-8) a notably 

challenging bond to cleave at a metal center due both to its high bond strength and steric 

inaccessibility.  Typically, relief of bond strain has been key in overcoming the thermodynamic 
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challenges for successful C-C bond cleavage, but the proximity enforced by pincer type ligand 

arrays can lead to C-C bond breakage in unstrained systems. For example, the textbook system 

first reported by Milstein (ligand III, Chart 1) is a variation on the classic Shaw ligand which 

upon coordination to a rhodium (I) centre eventually leads to the product expected via C-C bond 

activation of the aryl-CH3 bond (in red) between the phosphine donor arms.(9) While C-H bond 

activation is competitive, the thermodynamic products are those resulting from carbon-carbon 

bond rupture, showing that engineering spacial proximity can overcome the kinetic barriers 

associated with the steric challenges in C-C bond cleavage.  
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Recently, our group has introduced a novel variation on the PCP pincer ligand framework,(10) 

incorporating aryl groups linking the arms as depicted in IV, Chart 1. Like the fully saturated 

Shaw system II, this ligand offers the possibility of formation of complexes with either PCsp3P or 

PCsp2P motifs while avoiding decomposition pathways involving β-hydrogen elimination that 

feature in the chemistry of ligand II.(11) Our initial forays into the coordination chemistry of 

these PCP ligands involved iridium chemistry(10, 12-13) and subsequently reports on Ni,(14-15) 

Pd,(16-17) and Fe(18) complexes supported by these ligands have appeared.  
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In the iridium and nickel manifolds, we have demonstrated that the C=M anchoring linkage 

can get involved in the reactivity of the complexes supported by these ligands. For example, 

addition of hydrogen across this bond is reversible for M = Ir,(10) while in the nickel 

compounds, several different E-H bonds add across the Ni=C linkage.(14) In the most recent 

example of this ligand family’s reactivity, we have shown that the closely related bis-

benzothiophene linked ligand depicted in iridium complex V reacts slowly but cleanly with N2O 

to produce an “iridaepoxide” by transfer of the oxygen atom to the Ir=C bond.(19) With this 

result in hand, we returned to the original PCsp2P compounds IV and explored their reactivity 

with N2O. While the PCsp2P iridium complexes of these ligands undergo a clean reaction with 

N2O at room temperature, the reactions are slow and upon heating begin to the yield other 

products, as judged by 31P NMR spectroscopy. Here, we utilize a more electron rich derivative of 

ligand framework IV to reveal the nature of this reactivity, which provides insight into the ligand 

features necessary to control the reactions of these compounds with N2O. 
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Results and Discussion 

The chemistry we recently reported concerning the reactivity of V with N2O is summarized in 

Scheme 1. As can be seen, the iridaepoxide complex formed upon oxygen atom transfer from 
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N2O to V reacts with dihydrogen to form a dihydride complex that subsequently can be induced 

to eliminate water; this constitutes a formal hydrogenation of N2O,(20-21) a potent greenhouse 

gas.(22) Despite this observed sequence, attempts to carry out the catalytic hydrogenation of N2O 

with V met with failure; we hypothesized that one reason was the relatively slow kinetic 

behavior for the reaction of V with N2O, which takes several hours at room temperature. In an 

effort to increase the rate of the reaction of N2O with the Ir=C linkage, we sought a more electron 

rich system to lower the barrier for this oxidative process.  Introduction of electron donating 

groups to the pincer linker turned out to be operationally more convenient with the PCsp2P 

ligands IV than in the bis-benzothiophene systems and we were able to incorporate 

dimethylamino groups para to the carbene carbon with relative ease, synthesizing proligand 1 

(Scheme 2) from 4,4'-methylene-bis-(3-bromo-N,N-dimethylaniline)(23) in 75% yield. As 

further shown in Scheme 2, this ligand is easily installed onto iridium using previously reported 

double C-H activation procedures.(10, 24) In fact, while the parent, unsubstituted ligand (IV) 

requires forcing conditions to eliminate H2 to form the PCsp2P carbene chloride, in ligand 1 the 

intermediate Ir(III) hydrido chloride is not observed and direct production of carbene chloride 2 

(isolated in 81% yield) via H2 loss is facile. Compound 2 was fully characterized and exhibits a 

characteristic triplet resonance at 204.0 ppm in the 13C NMR spectrum (2JCP = 3.2 Hz) and a 31P 

NMR signal at 48.6 ppm in the phosphorus NMR spectrum. The molecular structure of 2 was 

determined by X-ray crystallography and a thermal ellipsoid depiction is shown in Figure 1 

(top). The compound crystallizes with 1.5 molecules in the asymmetric unit; metrical parameters 

are similar for both and only one is shown in the Figure; it features an Ir(1)-C(1) distance of 

1.902(6)Å, comparable to the distances found in other compounds of this type.(10, 13) Also 
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similar to the parent, unsubstituted ligands, the linking aryl groups are not co-planar, and a 

dihedral angle of 44.3(3)˚ is observed between the two C6 rings.  
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Figure 1. Thermal ellipsoid diagrams of 2 (Top) and 3 (Bottom) (50 % probability ellipsoids, 

solvent molecules and all hydrogens, are omitted for clarity).  Selected metrical data for 2:  Bond 

distances (Å); Ir(1)-C(1), 1.902(6); Ir(1)-P(1), 2.288(2); Ir(1)-P(2), 2.270(2); Ir(1)-Cl(1), 

2.401(2).  Bond angles (˚); P(1)-Ir(1)-P(2), 167.79(6); C(1)-Ir(1)-Cl(1), 172.7(2). Selected 

metrical data for 3:  Bond distances (Å); Ir(1)-P(1), 2.269(4); Ir(1)-P(2), 2.309(4); Ir(1)-C(1), 

2.087(13); Ir(1)-O(1), 2.076(9); C(1)-O(1), 1.388(17); C(1)-C(2), 1.495(18); C(1)-C(16), 

1.53(2).  Bond angles (˚); C(1)-Ir(1)-O(1), 38.9(5); C(1)-O(1)-Ir(1), 70.9(7); Ir(1)-C(1)-O(1), 

70.1(7) P(1)-Ir(1)-P(2), 167.79(13). 

This ruffled conformation is due to steric interactions between aryl C-H units ortho to the 

carbene carbon (C1). 

With carbene chloride 2 in hand, we tested our hypothesis that oxygen atom addition to the 

Ir=C bond with N2O would proceed at a faster rate with this more electron rich ligand. This in 

fact turned out to be the case; instead of taking several hours at room temperature, the reaction of 

2 with N2O to produce the iridaepoxide 3 was complete in less than 15 minutes in the 

dimethylamino substituted system. Product 3 was isolated in 82% yield as a red, crystalline solid 

and its identity was confirmed both crystallographically (Figure 1, bottom) and 
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spectroscopically. The resonance for the former carbene carbon shifted upfield to 82.4 ppm (2JCP 

= 2.8 Hz), while the signal for the phosphorus nuclei appeared at 28.6 ppm in the 31P NMR 

spectrum.  The pattern for the ligand resonances in the proton NMR spectrum reflected the 

change from idealized C2v to Cs symmetry. The metrical parameters for the core of the structure 

are very similar to those found for the analogous compound derived from V(19) and won’t be 

commented on further here. 

While the reactions of 2 with N2O to give 3 were notably faster than the reactions of V with 

N2O, production of 3 was always accompanied by another product in amounts between 5-10% as 

judged by 31P NMR spectroscopy. This product was characterized by two doublets in the 31P 

NMR spectrum, appearing at 50.8 and -30.1 ppm (JPP = 344 Hz), and prolonged stirring of the 

reaction mixture under an atmosphere of N2O (70˚C) resulted in complete conversion to this 

product after 18 hours. This allowed for rigorous characterization of this species, which turned 

out to be a product (4) resulting from cleavage of one of the ligand Caryl-Canchor bonds (Scheme 3). 
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Compound 4 is an air stable orange solid whose structure was determined crystallographically 

(Figure 2).  The geometry at the Ir(1) center is a distorted trigonal bipyramid, with the  
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Figure 2. Thermal ellipsoid diagram of 4 (50 % probability ellipsoids, solvent molecules and all 

hydrogens, are omitted for clarity).  Selected metrical data:  Bond distances (Å); Ir(1)-C(1), 

1.977(4); Ir(1)-C(16), 2.054(4); Ir(1)-P(1), 2.2736(11); Ir(1)-P(2), 2.3705(11); Ir(1)-Cl(1), 

2.4053(11); C(1)-O(1), 1.204(5).  Bond angles (˚); P(1)-Ir(1)-P(2), 162.75(4); C(1)-Ir(1)-C(16), 

81.08(18).  

phosphorus nuclei occupying the trans axial sites, accounting for the large 2JPP coupling 

constant observed.  The upfield shift of one of these phosphorus nuclei to -30.1 ppm is consistent 

with the ortho metallated motif of P(2),(25) and the Ir(1)-P(2) is elongated by 0.1 Å compared to 

the Ir(1)-P(1) length. The acyl group is derived from the central anchoring carbon of the former 

PCP pincer ligand, and is characterized by a resonance in the 13C NMR spectrum at 180.9 ppm 

and a band at 1622 cm-1 in the IR spectrum. 

While we succeeded in the goal of improving the kinetic behavior of oxygen atom transfer 

from N2O to the Ir=C bond, the propensity of 3 to undergo C-C bond cleavage to 4 is an 

unwelcome development in the context of N2O hydrogenation activity. Interestingly, the 

conversion of 3 to 4 is slowed considerably when 3 is heated in the absence of excess N2O; only 
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70% conversion of 3 to 4 is observed upon heating a sample of pure, isolated 3 at 120˚C for 24 

hours in toluene. However, the C-C bond cleavage reaction is accelerated dramatically in the 

presence of dihydrogen, proceeding to completion at room temperature in less than five minutes 

under 1 atmosphere of H2. Obviously, this precludes catalytic hydrogenation of N2O in this 

system and furthermore suggests that the rate of C-C bond cleavage is accelerated in the 

presence of N2O and H2. We are unsure as to the origin of this effect, since addition of other 

stronger donors (THF, CH3CN) did not result in accelerated conversion of 3 to 4.  A related Si-C 

bond cleavage process has been observed by Turculet et al. in a similar silyl-anchored PSiP 

complexes of nickel and palladium.(26)  In this instance, the Si-C bond cleavage is reversible 

under certain conditions, but the formation of 4 from 3 is irreversible both thermally and 

photochemically. 

When the hydrogen-accelerated reaction is monitored by 31P NMR spectroscopy, evidence for 

a further product was observed in the form of another pair of doublets at 58.5 and 42.9 ppm (2JPP 

= 334 Hz).  This product is formed in trace amounts at room temperature, but when the reaction 

is heated at 60˚C for ≈ 30 hours, this species is the sole product observed and can be isolated as a 

yellow solid in 67% yield.  We assign it as the five coordinate hydrido chloride complex 5, in 

which the Ir-C bond of the cyclometallated phosphine in 4 has been hydrogenated, presumably 

via oxidative addition of H2 to 4 and C-H reductive elimination to give the ArPiPr2 ligated 

product. This is consistent with the downfield movement of the 31P NMR resonance for this 

phosphine ligand from -30.1 ppm in 4 to a more “normal” chemical shift of 42.9 ppm in 5.  

Additionally, a doublet of doublets at -22.7 ppm (2JHP = 10.1 and 15.8 Hz) in the 1H NMR 

spectrum indicates the presence of a hydrido ligand coupled to two inequivalent phosphorus 

nuclei, while a signal at 182.1 ppm in the 13C NMR spectrum coupled with a band at 1615 cm-1 in 
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the IR spectrum indicates that the acyl group has been retained.  The precise geometry of 5 is not 

known, but the large 2JPP coupling constant indicates that the two inequivalent phosphine atoms 

remain in a trans relationship. 

The reductive dismantling of the PCsp2P ligand in 3 was completed by further heating of 5 at 

120˚C in toluene in the presence or absence of H2.  In this higher temperature regime, complex 5 

undergoes a deinsertion of the acyl carbonyl group which then must be subject to rapid C-H bond 

formation via reductive elimination to give the Vaska’s complex(27) analog 6 in essentially 

quantitative yield.  Loss of the acyl C=O stretch in the IR spectrum is accompanied by the 

appearance of a new band at 1952 cm-1, assignable to the newly formed carbonyl ligand.  The 

now-equivalent phosphine ligands appear as a singlet in the 31P NMR spectrum at 42.5 ppm.  

Furthermore, upon removal of the H2, yellow crystals suitable for X-ray crystallography could be 

grown from toluene layered with n-pentane, confirming the structure of 6 as that shown in 

Scheme 3 (see Supporting Information for details).  This process cleaves the second Caryl-Canchor 

bond of the original ligand and the anchoring carbon ends up as the carbonyl ligand carbon.  

Conclusions 

The chemistry described herein epitomizes the highs and lows of ligand design. We introduced 

electron-donating dimethylamino groups into the PCsp2P ligands IV in an effort to increase the 

rate of oxygen atom transfer from N2O to the Ir=C bond. This was a success; the reaction of 2 

with N2O was significantly faster than the analogous reactions with the parent systems IV and V. 

However, this modification also rendered these systems prone to facile C-C bond activation 

involving the critical bond holding the PCP pincer ligand system together.  Under H2 and with 

further heating, a further C-C bond cleavage step yielded the thermodynamically stable Vaska’s 
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complex analog 6. While C-C bond activation is certainly desirable in some contexts, here it 

results in the systematic dismantling of a carefully designed ligand! 

These C-C bond cleavages are much less facile in the planar bis-benzothiophene linked ligand 

V; the iridaepoxide derived from V undergoes no spectroscopically detectable reaction when 

heated for several hours at temperatures of ≈ 100˚C.(28) This observation suggests that the 

ruffled conformation of the ligand in the phenyl-linked ligands may play a role in the relative 

ease with which C-C bond cleavage takes place in these ligands and point to the next steps in 

ligand design.  These include finding a way to planarize the ligands IV, or to incorporate 

electron-donating substitutents into the framework of ligand V. We are currently working on 

these ideas in an effort to develop facile catalysts for the hydrogenation of N2O. 

Experimental Section.  See the Supporting Information for a full description of experimental 

procedures and compound characterization data. 
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Synopsis:  The incorporation of electron donating NMe2 groups into the PCsp2P ligand accelerates 

formation of the iridaepoxide shown compared to the unsubstituted compound, but also leads to 

facile C-C bond cleavage.  Treatment with H2 results in complete dismantling of the PCP ligand 

framework. 
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Figure Captions 

Figure 1. Thermal ellipsoid diagrams of 2 (Top) and 3 (Bottom) (50 % probability ellipsoids, 

solvent molecules and all hydrogens, are omitted for clarity).  Selected metrical data for 2:  Bond 

distances (Å); Ir(1)-C(1), 1.902(6); Ir(1)-P(1), 2.288(2); Ir(1)-P(2), 2.270(2); Ir(1)-Cl(1), 

2.401(2).  Bond angles (˚); P(1)-Ir(1)-P(2), 167.79(6); C(1)-Ir(1)-Cl(1), 172.7(2). Selected 

metrical data for 3:  Bond distances (Å); Ir(1)-P(1), 2.269(4); Ir(1)-P(2), 2.309(4); Ir(1)-C(1), 

2.087(13); Ir(1)-O(1), 2.076(9); C(1)-O(1), 1.388(17); C(1)-C(2), 1.495(18); C(1)-C(16), 

1.53(2).  Bond angles (˚); C(1)-Ir(1)-O(1), 38.9(5); C(1)-O(1)-Ir(1), 70.9(7); Ir(1)-C(1)-O(1), 

70.1(7) P(1)-Ir(1)-P(2), 167.79(13). 

Figure 2. Thermal ellipsoid diagram of 4 (50 % probability ellipsoids, solvent molecules and all 

hydrogens, are omitted for clarity).  Selected metrical data:  Bond distances (Å); Ir(1)-C(1), 

1.977(4); Ir(1)-C(16), 2.054(4); Ir(1)-P(1), 2.2736(11); Ir(1)-P(2), 2.3705(11); Ir(1)-Cl(1), 

2.4053(11); C(1)-O(1), 1.204(5).  Bond angles (˚); P(1)-Ir(1)-P(2), 162.75(4); C(1)-Ir(1)-C(16), 

81.08(18). 

 


