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ABSTRACT 

 The Iridium(I) carbonyl hydride Ir(H)(CO)(PPh3)3 (1) cleaves the Sn−F and Sn−Cl bonds 

of the four-coordinate stannanes {o-(Ph2P)C6H4}3Sn(X) (X = F (2a), Cl(2b)) to afford the 

stannyl complex [{o-(Ph2P)C6H4}3Sn]Ir(CO) (3) and HX (X = F, Cl) thanks to phosphine 

chelation. A plausible intermediate [{o-(Ph2P)C6H4}3(Cl)Sn]Ir(H)(CO) (6) featuring Z-type 

Ir→R3SnCl interaction was synthesized by the reaction of 3 with HCl. Compound 6 readily 

regenerated 3 upon treatment with Brønsted bases, enabling reversible switching between 

X-type stannyl and Z-type stannane ligands. DFT calculations suggest plausible pathways 

for Sn−F and Sn−Cl bond cleavage reactions, and support that the species bearing a Z-type 

Ir→R3SnX interactions (X = F, Cl) are intermediates for Sn−X bond cleavage. 
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INTRODUCTION 

 Transition metal-mediated bond activation participates in a range of catalytic systems,1 

and therefore the study of bond activation by transition metals is essential for opening the 

possibility of novel catalytic reactions. Heavier group 14 elements such as silicon and 

germanium form a polar and considerably strong -bonds with fluorine,2,3 and the E−F 

-bonds (E = Si, Ge) in four-coordinate silanes and germanes are rarely activated by 

transition metals.4 Tin also makes very strong -bond with a fluoride,3 however it is known 

that early transition metal complexes can cleave not only Sn−F -bonds in hypervalent 

species but also Sn−F -bonds in four-coordinate stannanes.5,6 Roesky et al. reported that 

Cl/F exchange effectively occurs in reactions between Me3SnF and early transition metal 

chloride species.6,7 For example, titanocene chloride dimer [(Cp2Ti)( -Cl)]2 reacts with 

Me3SnF to afford the fluoride analogue [(Cp2Ti)( -F)]2 and Me3SnCl (Scheme 1a).6a On 

the other hand, late transition metal complexes rarely cleave Sn−F bond of four-coordinate 

stannanes. This is probably attributed to high affinity between relatively electropositive 

early transition metals and fluorine, the most electronegative element. Actually, the Cl/F 

exchange is thermodynamically feasible in titanocene chloride dimer ( G0298K = −7.1 



4 
 

kcal/mol), while Cl/F exchange in Vaska type complex is endergonic ( G0298K = 7.8 

kcal/mol).8 For the development of Sn−F activation by late transition metals, a new method 

besides Cl/F exchange is required. Holland et al. achieved reductive Sn−F bond cleavage 

through a radical pathway (Scheme 1b), in which a cobalt(I) complex cleaved the Sn−F 

bond in Me3SnF to afford a doubly-bridged fluoride cobalt(II) complex accompanied with 

the formation of several stannanes bearing Sn−Sn bonds.9 

 

 

Scheme 1.  (a) Cl/F exchange reaction of [(Cp2Ti)( -Cl)]2 with Me3SnF.6a (b) Reductive 

Sn−F bond cleavage via a radical pathway by the cobalt(I) complex.9 

 

  Recently, we reported iridium-hydride-mediated bond activation reactions using 

phosphine chelation.10 The cleavage of Si−F bonds10c in {o-(Ph2P)C6H4}2Si(F)2 and 
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{o-(Ph2P)C6H4}3Si(F) as well as Ge−F bond10d in {o-(Ph2P)C6H4}2Ge(F)2 were achieved by 

the reactions with the iridium hydride Ir(H)(CO)(PPh3)3 (1) (Scheme 2) through -bond 

metathesis involving Ir−H and E−F bonds (E = Si, Ge) (Figure 1a). The chelation strategy 

also facilitates the cleavage of Si−Cl and Ge−Cl bonds in chloro analogues 

{o-(Ph2P)C6H4}2E(Cl)2 (E = Si, Ge) by 1, in which SN2-type pathway was proposed (Figure 

1b).10e These findings prompted us to investigate the activation of Sn−F and Sn−Cl bonds. 

We herein report iridium-mediated Sn−F and Sn−Cl bond activation together with 

mechanistic studies using DFT calculations. Further, interconversion between Z-type (2 

electron acceptor)11 stannane and X-type stannyl coordination is substantiated. 

 

Scheme 2.  Si−F -bond cleavages of {o-(Ph2P)C6H4}nSi(F)(4-n) (n = 2, 3)10c and Ge−F 

-bond cleavage of {o-(Ph2P)C6H4}2Ge(F)210d by iridium hydride 1. 
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Figure 1.  (a) -bond metathesis for Si−F and Ge−F -bond cleavage. (b) SN2-type 

reaction for Si−Cl and Ge−Cl -bond cleavage. 

 

RESULTS AND DISCUSSION 

To investigate the possibility of Sn−F bond cleavage by 1, we attempted to synthesize 

P2SnF2-type compound {o-(Ph2P)C6H4}2Sn(F)2. However, the synthesis of this precursor 

was unsuccessful despite of a lot of efforts. Therefore we employed the P3SnF-type 

compound {o-(Ph2P)C6H4}3Sn(F)12 (2a) (Scheme 3). Reaction of iridium hydride 1 with 2a 

took place over 60 °C, and the reaction was completed at 80°C within 32 hours to afford a 

mixture of [{o-(Ph2P)C6H4}3Sn]Ir(CO) (3)13 and [{o-(Ph2P)C6H4}2(F)Sn]Ir(CO)(PPh3) (4a) 

in a ratio of 41:59.14 Product 3 was produced through the expected Sn−F bond activation, 

while 4a was probably formed through the oxidative addition of Sn−CAr bond15 of 2a 

followed by the reductive elimination of the H−CAr bond (Scheme 4). Although one may 

expect that the Sn−C bond in 3 is cleaved by HF, the Sn−C bond remained unchanged in 
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the reactions of 3 with HF∙pyridine and K[HF2] (vide infra). Similar types of Sn-C bond 

cleavages were reported by our group10a and Iwasawa et al,16 and in this study the 

feasibility of the Sn−CAr bond cleavage was ascertained by DFT calculations (see page S21 

in Supporting Information). Although the formation of HF and HF2− could not be confirmed 

by 1H and 19F NMR spectroscopy, 19F and 31P NMR spectra indicated the formation of 

several intractable products, which were the same as the products from the reaction of PPh3 

with K[HF2]. Therefore, it is likely that PPh3 acts as a scavenger of HF in a similar way to 

Si−F and Ge−F bond cleavage reactions by 1.10c,10d  

Next, Sn−Cl bond activation was investigated by using the P3SnCl-type precursor 

{o-(Ph2P)C6H4}3Sn(Cl) (2b).17 The reaction of 1 with 2b took place under similar 

conditions to those of the reaction with 2a to afford a mixture of Sn−Cl and Sn−CAr cleaved 

products 3 and [{o-(Ph2P)C6H4}2(Cl)Sn]Ir(CO)(PPh3) (4b) in a ratio of 70:30 (Scheme 3).14 

Although HCl was not detected by 1H NMR spectroscopy, 31P NMR measurements 

supported the formation of phosphonium [HPPh3][Cl] (  = 6.1 ppm in THF-d8) together 

with several intractable products. Monitoring the reactions of 1 with 2a and 2b by 31P NMR 

spectroscopy demonstrated that the ratio of the products 3 and 4 remained unchanged 

during the reactions. These observations strongly suggested that Sn−X and Sn−CAr cleaved 
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products 3 and 4 were formed through competitive independent pathways. Compounds 4a 

and 4b were isolated from the reactions of 1 with {o-(Ph2P)C6H4}2Sn(Ph)(X) (5a: X = F, 

5b: X = Cl)18 in an excellent yield via the selective Sn−CPh bond cleavage (Scheme 5), and 

these molecular structures were confirmed by X-ray diffraction analysis (Figure 2).19  

  

 

Scheme 3.  Competing Sn−X and Sn−CAr -bond cleavages in {o-(Ph2P)C6H4}3Sn(X) 

(2a: X = F, 2b: X = Cl) by iridium hydride 1. 

 

 
Scheme 4.  Possible mechanism for the formation of 4a and 4b. 
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Scheme 5.  Synthesis of 4a and 4b through exclusive Sn−CPh -bond cleavages in 

{o-(Ph2P)C6H4}2Sn(Ph)(X) (5a: X = F, 5b: X = Cl) by iridium hydride 1. 

 

     

Figure 2.  Molecular structures of stannyl complexes 4a (left) and 4b (right). Hydrogen 

atoms, phenyl groups (except for ipso-carbons), and solvent molecules are omitted for 

clarity. Thermal ellipsoids set at 40% probability. Selected bond distances [Å] and angles 

[deg]. 4a: Ir1-Sn1: 2.5948(4), Ir1-P1: 2.3169(14), Ir1-P2: 2.3197(13), Ir1-P3: 2.3146(13), 

Ir1-C1: 1.875(6), Sn1-F1: 1.975(3), P1-Ir1-P2: 117.96(5), P1-Ir1-P3: 119.48(5), P2-Ir1-P3: 

120.40(5), Sn1-Ir1-C1: 167.65(15). 4b: Ir1-Sn1: 2.5794(6), Ir1-P1: 2.3248(16), Ir1-P2: 

2.3291(18), Ir1-P3: 2.3331(16), Ir1-C1: 1.873(7), Sn1-Cl1: 2.4006(16), P1-Ir1-P2: 

126.95(6), P1-Ir1-P3: 116.41(6), P2-Ir1-P3: 115.66(6), Sn1-Ir1-C1: 164.2(2). 
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Because no intermediates were detected spectroscopically in these Sn−X bond (X = F, 

Cl) cleavages reactions, reverse transformations, namely reactions of HX with 3, were 

performed to isolate plausible intermediates. Reactions of 3 with HF∙pyridine and K[HF2] 

provided mainly [{o-(Ph2P)C6H4}3SnIr(H)(CO)][BF4] (6-BF4)13 in addition to several 

intractable products, and the B atom in the tetrafluoroborate would stem from glass vessels. 

As previously reported, compound 6-BF4 was readily synthesized from the reaction of 3 

with [HOEt2][BF4],13 and reanalysis of X-ray diffraction in this study (Figure 3a) 

demonstrated that one of F atoms in BF4 weakly interacted with the stannyl moiety in the 

cationic part (Sn1−F1: 2.971(21) Å), which is consistent with the 19F{1H} NMR spectrum 

(in THF-d8) showing two singlets at  = −151.41 and −151.47 ppm in an intensity ratio of 

1:3 (Figure S5).20 This indicated significant Lewis acidity of the stanyl moiety in the 

cationic part. In contrast to the reactions with HF∙pyridine and K[HF2] affording no desired 

HF adduct,21 HCl readily reacted with 3 to afford the chlorostannane complex 

[{o-(Ph2P)C6H4}3(Cl)Sn]Ir(H)(CO) (7) (Scheme 6). Compound 7 reacted with PPh3 and 

NEt3 to exclusively regenerate 3, supporting that 7 is an intermediate for Sn−Cl bond 

activation. X-ray diffraction study of 7 (Figure 3b) clearly revealed the presence of Sn−Cl 

and Ir−H bonds, and the short Ir−Sn distance (2.8009(3) Å)22 and the large value of the sum 
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of three C−Sn−C angles (358.33(17)°) imply the presence of strong dative 

LP(Ir)→ *(Sn−Cl) interaction.23,24 This was supported by significantly longer Sn−Cl bond 

(2.7512(7) Å) in 7 relative to that of Ph3SnCl (2.360 Å).25 NBO analysis of DFT 

computational results also supported the presence of significant LP(Ir)− *(Sn−Cl) CT 

interaction (69.4 kcal/mol)26 (The optimized geometry (in gas phase) at B3PW9127 (SDD(Ir, 

Sn), 6-311G*(P, Cl, Hydride), 6-31G*(C, O, H except Hydride)) level of theory reproduced 

X-ray structure well; see page S15 in Supporting Information.) CO frequency of 7 was 

observed at 1992 cm−1 (KBr pellet), which is intermediate between neutral iridium(I) 1 

(1920 cm−1)28 and cationic stannyl iridium(III) 6 (6-BF413: 2019 cm−1, 6-BPh4: 2021 cm−1) 

complexes. These results indicate that the coordination of Z-type stannane ligand decreases 

the electron density of the Ir center but its effect is less than that of stannyl cation.29  

In contrast to the solid state, the Sn−Cl linkage would be ionized or generate a contact 

ion pair in solution. DFT calculations (B3PW91) in gas phase provided no stable 

intermediate for fluorine dissociation modeled by the elongation of the Sn−F bond, while 

dissociation of the Sn−Cl bond was exergonic in tetrahydrofuran solution (PCM model) 

( G0 = −1.3 kcal/mol; larger stabilization energies are observed in PBE, B3LYP, and M06 

functionals; the details are shown on Page S16 in Supporting Information). 31P{1H} NMR 
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signals of 7 in THF-d8 exhibited mutually-coupled resonances (2JPP = 13.3 Hz) at  32.8 (d, 

2P) and  33.8 (t, 1P) ppm (Figure S1 in Supporting Information), which are significantly 

different from those of cationic stannyl complex 6-BPh4 with a non-coordinating 

tetraphenylborate anion (  25.8 (d, 2JPP = 9.4 Hz, 2P) and 27.4 (m, 1P)). These spectral data 

implied that the significant interaction of Lewis acidic moiety with the Cl atom exist even 

in solution, and strongly influence on the coordination environment around the iridium 

center.  

 

  

Figure 3.  Molecular structures of stannyl complex 6-BF4 (a),30 stannane complex 7 (b), 

and silyl complex 9-Cl (c). Hydrogen atoms (except for a hydride), phenyl groups (except 

for ipso-carbons), Cl anion, and solvent molecules are omitted for clarity. Thermal 

ellipsoids set at 40% probability. The hydride in 9-Cl could not be determined by difference 

Fourier synthesis due to poor quality of single crystals. Selected bond distances [Å] and 

(a)                         (b)                            (c) 
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angles [deg]. 6-BF4: Ir1-Sn1: 2.6290(12), Ir1-P1: 2.335(2), Ir1-P2: 2.408(3), Ir1-P3: 

2.342(2), Ir1-C1: 1.931(13), Ir1-H1: 1.63(9), Sn1-F1: 2.971(21), P1-Ir1-P2: 102.99(8), 

P1-Ir1-P3: 145.98(9), P2-Ir1-P3: 103.54(9), P1-Ir1-C1: 97.6(3), P2-Ir1-C1: 101.5(3), 

P3-Ir1-C1: 97.6(3), C2-Sn1-C20: 103.3(3), C2-Sn1-C38: 133.8(3), C20-Sn1-C38: 112.1(3). 

7: Ir1-Sn1: 2.8009(3), Ir1-P1: 2.3189(7), Ir1-P2: 2.3710(7), Ir1-P3: 2.3032(7), Ir1-C1: 

1.927(3), Sn1-Cl1: 2.7512(7), Ir1-H1: 1.49(4), P1-Ir1-P2: 104.14(2), P1-Ir1-P3: 143.89(2), 

P2-Ir1-P3: 103.21(2), P1-Ir1-C1: 98.26(9), P2-Ir1-C1: 103.14(10), P3-Ir1-C1: 98.01(9), 

C2-Sn1-C20: 110.20(10), C2-Sn1-C38: 132.04(10), C20-Sn1-C38: 116.09(10). 9-Cl: 

Ir1-Si1: 2.368(3), Ir1-P1: 2.337(3), Ir1-P2: 2.337(3), Ir1-P3: 2.341(2), Ir1-C1: 1.962(11), 

P1-Ir1-P2: 105.41(9), P1-Ir1-P3: 149.51(11), P2-Ir1-P3: 100.44(9), P1-Ir1-C1: 94.3(3), 

P2-Ir1-C1: 102.8(4), P3-Ir1-C1: 95.5(3), C2-Si1-C20: 113.5(5), C2-Si1-C38: 113.7(5), 

C20-Si1-C38: 104.5(5). 

 

 

Scheme 6.  Reversible HCl addition to stannyl and silyl complexes 

[{o-(Ph2P)C6H4}3E]Ir(CO) (3: E = Sn, 8: E = Si). 

Interestingly, HCl addition to the Si analogue [{o-(Ph2P)C6H4}3Si]Ir(CO) (8) of 3 

provided the cationic silyl complex [{o-(Ph2P)C6H4}3SiIr(H)(CO)][Cl] (9-Cl), in which the 

Cl anion does not bind to silicon (Scheme 6 and Figure 3).31 A pair of 31P{1H} resonances 
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in THF-d8 at 23.2 (d, 2JPP = 10.6 Hz, 2P) and 24.0 (t, 2JPP = 10.6 Hz, 1P) of 9-Cl is 

essentially the same as those of cationic silyl iridium complex 

[{o-(Ph2P)C6H4}3SiIr(H)(CO)][BF4] (9-BF4),13 suggesting that the Cl anion does not 

strongly interact with the Si atom in solution either. It should be noted that the stannyl 

moiety in 3 exhibits larger Lewis acidity than the silyl moiety in 8 toward Cl anion, 

although Cl atoms generally make stronger bonds with Si than with Sn atoms. This has 

probably to do with the Ir−Si/Sn interactions which affect the Lewis acidity of the group 14 

element, as well as the geometric constraints associated with the cage structure of the 

complexes. 

To consider the reaction mechanism of Sn−F and Sn−Cl bond activations, we performed 

DFT(B3PW91) calculation using model compounds, where phenyl groups on phosphine 

ligands were replaced by methyl groups.32 Considering reactions of 1 with 5a and 5b did 

not provide the products of Sn−X bond cleavage (X = F, Cl), the coordination of three 

phosphine arms was essential for inducing Sn−F and Sn−Cl bond cleavage. Hence we 

considered pathways starting from a model {(o-Me2PC6H4)3(Cl)Sn}Ir(H)(CO) (B1) for 7 

and its F analogue {(o-Me2PC6H4)3(F)Sn}Ir(H)(CO) (A1Sn) (Figure 4). Due to difficulty in 

locating pathways for Sn-X bond cleavage in gas phase, we included solvent effect using 
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PCM (THF solution) for optimizing all model compounds. Prior to bond cleavage, 

phosphine exchange between Ir(H)(CO)(PMe3)3 with (o-Me2PC6H4)3Sn(X) (X = F, Cl) 

takes place with significantly negative Gibbs energy change to afford A1Sn and B1, 

respectively (A1Sn: G0 = −36.8 kcal/mol in Figure 5, B1: G0 = −37.4 kcal/mol in Figure 

6). This Gibbs energy change is much more negative than that in the reaction of 

Ir(H)(CO)(PMe3)3 with Si analogue (o-Me2PC6H4)3Si(F) ( G0 = −20.0 kcal/mol) (Figure 5), 

which is attributed to the relatively higher stability of hypervalent structure of tin than that 

of silicon. The presence of significant d(Ir)→ *(Sn−X) charge transfer (CT) interactions 

(X = F, Cl) was confirmed not only in B1 but also in A1Sn; LP(Ir)→ *(Sn−F) and 

LP(Ir)→ *(Sn−Cl) CT interactions were evaluated by NBO to be 58.7 and 101.1 kcal/mol, 

respectively.  

 

Figure 4.  Optimized structures of {(o-Me2PC6H4)3(F)Sn}Ir(H)(CO) (A1Sn) and 

{(o-Me2PC6H4)3(Cl)Sn}Ir(H)(CO) (B1) from the B3PW91 functional. Hydrogen atoms 
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except for hydrides are omitted for clarity.  

 

First, we investigated an SN2-type pathway starting from A1Sn for Sn−F bond cleavage. 

However, models bearing the elongated Sn−F bond did not provide any stable intermediates, 

indicating that the possibility of SN2-type pathway for Sn−F bond cleavage was ruled out. 

Second, -bond metathesis involving Ir−H and Sn−F bonds was considered (Figure 5). This 

reaction takes place via transition state TSA1/A2Sn to afford A2Sn with a Gibbs activation 

energy ( G0‡) of 25.4 kcal/mol and a Gibbs reaction energy ( G0) of 14.0 kcal/mol. In the 

Sn−F bond activation process, the geometry around the Ir atom changes from octahedron to 

trigonal pyramid geometry, in which three P−Ir−P angles are averaged (P−Ir−P angles[°]. 

A1Sn: 151.9, 101.5, 99.5. A2Sn: 140.5, 106.9, 106.2). Although this geometrical change 

alleviates the distortion around Sn, the bond activation process of Sn−F bond is uphill in 

Gibbs free energy, which is marked contrast with previously reported Si−F bond activation 

(vide infra). The subsequent elimination process of HF from A2Sn to A3Sn is further uphill 

in Gibbs energy by 1.0 kcal/mol. Probably, the subsequent reaction of HF with PPh3 drives 

the Sn−F cleavage reaction forward,33 despite the unfavorable energetic balance. Although 

this pathway is basically similar to Si−F bond cleavage in {o-(Ph2P)C6H4}3Si(F) by 1,10c we 
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found two significant differences between Si−F bond and Sn−F bond cleavages (Figure 5); 

(i) The Gibbs activation energy is significantly larger in Sn−F bond cleavage than in Si−F 

bond cleavage and the Gibbs reaction energy is positive in Sn−F bond cleavage but 

negative in Si−F bond cleavage, although Si−F bond is much stronger than Sn−F bond. (ii) 

The intermediate A4Sn is absent (corresponding to the intermediate A4Si in the Si−F bond 

cleavage) prior to Sn−F bond cleavage. These differences are attributed to significantly 

high stability of A1Sn bearing a pentacoordinate tin center owing to the larger tendency of 

tin versus silicon to form hypervalent structures.34,35 This feature would be responsible for 

the isolation of a plausible intermediate of stannane complex 7, while that of the 

corresponding Si analogue was impracticable. 
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Figure 5.  Comparison of energy profiles between Sn−F and Si−F bond cleavages.  
 

 
Figure 6.  Energy profiles for Sn−Cl bond cleavage.  
 



19 
 

Next, the reaction of Sn−Cl bond activation starting from B1 was investigated (Figure 6). 

Unlike Sn−F bond activation, no pathway involving -bond metathesis was found on the 

potential energy surface but an SN2-type transition state TSB1/B2 was located. The Gibbs 

activation energy is very small ( G0‡ = 0.3 kcal/mol) and the Gibbs free energy is slightly 

negative ( G0 = −1.3 kcal/mol). Although the subsequent HCl elimination was significantly 

endergonic ( G0 = 16.5 kcal/mol), it is likely that PPh3 acts as an acceptor and/or scavenger 

of HCl to make the reaction feasible in a similar way to that proposed for the Sn−F bond 

cleavage.33 DFT computational results of Sn−Cl bond activation are basically consistent 

with the early study on Sn−Cl bond activation36 by Pt complexes, in which SN2-type 

pathway was proposed.36d The mechanistic difference between Sn−F and Sn−Cl bond 

activation would be attributed to the bonding natures of the Ir→Sn−X interactions, and the 

simultaneous formation of strong H−F bond appears to be required for the cleavage of 

stronger Sn−F bond than Sn−Cl bond. 

 

CONCLUSION 

In conclusion, we report here challenging Sn−F bond cleavage reaction by a late 

transition metal, and this is, to our knowledge, the first example of iridium-mediated Sn−F 
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bond cleavage with a four-coordinate stannane. Thanks to phosphine chelation, the iridium 

hydride 1 cleaves the Sn−F bond of fluorostannane 2a and Sn−Cl bond of chlorostannane 

2b to afford the stannyl complex 3 and HX (H = F, Cl). Addition of HCl to 3 provided a 

plausible intermediate 7, which readily regenerated 3 upon treatment with Brønsted bases. 

The addition and elimination of HCl induce reversible interconversion between X-type 

stannyl to Z-type stannane ligands. This phenomenon is reminiscent of the coordination 

behavior of Sb-based ligands recently reported by Gabbaï et al.,37 but such a coordination 

switch was unprecedented with Sn-based ligands. DFT calculations support that the 

pentacoordinate species featuring a dative LP(Ir)− *(Sn−X) interaction (X = F, Cl) are key 

intermediates, and that Sn−F and Sn−Cl bond cleavages operate via two different pathways, 

namely -bond metathesis and SN2-type reaction.38 Sn−F bond cleavage by transition 

metals potentially would provide novel synthetic strategy for tin compounds, and we are 

working on its applications to asymmetric synthesis and multi-component coupling 

reaction. 

 

General procedures. All experiments were performed under dry nitrogen atmosphere 

using standard Schlenk techniques. Diethylether, tetrahydrofuran, toluene, benzene-d6, and 
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tetrahydrofuran-d8 were dried over sodium and distilled under a dinitrogen atmosphere. 

Chloroform-d and dichloromethane were dried over 4Å molecular sieves. The other 

reagents used in this study were purchased from commercial sources and used without 

further purification. 1H, 13C{1H}, 19F{1H}, 31P{1H}, and 119Sn{1H} NMR spectra were 

recorded with a JEOL JNM-AL 400 spectrometer. The 1H and 13C{1H} NMR data were 

analyzed with reference to the residual peaks of the solvent, and the 19F{1H}, 31P{1H}, and 

119Sn{1H} NMR chemical shifts were referenced to external hexafluorobenzene (−164.9 

ppm), 85% H3PO4 (0 ppm), and tetramethylstannane (0 ppm) samples, respectively. 

Elemental analyses were conducted using a J-Science Lab JM-10 or FISONS Instrument 

EA1108 elemental analyzer. IR measurements were performed by the KBr pellet method. 

{o-(Ph2P)C6H4}Li∙Et2O,17 Ir(H)(CO)(PPh3)3 (1),28 and {o-(Ph2P)C6H4}3Sn(F) (2a),12 

{o-(Ph2P)C6H4}3Sn(Cl) (2b),17 [{o-(Ph2P)C6H4}3E]Ir(CO) (3: E = Sn, 8: E = Si),13 and 

[{o-(Ph2P)C6H4}3SnIr(H)(CO)][BF4] (6-BF4)13 were prepared as described in the literature. 

Preparation of {(o-Ph2P)C6H4}2Sn(Ph)(Cl) (5b) A Schlenk tube was charged with 

{o-(Ph2P)C6H4}Li·Et2O (481 mg, 1.40 mmol), toluene (12 mL), and the solution was 

cooled to −78 °C. PhSnCl3 (0.63 mmol), 1 M solution in toluene, was added slowly to the 

prepared reaction solution, and the mixture was allowed to room temperature. The reaction 
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mixture was stirred at 100 °C for 14 h. The solution was filtered and the volatile materials 

were removed under vacuum to afford a white solid. The residue was washed with a 1:5 

mixture of ether and n-hexane (6 mL×3), and dried under vacuum to afford 5b (344 mg, 

0.458 mmol) in 73 % yield as a white powder. 1H NMR (400 MHz, CDCl3):  6.86-7.43 (m, 

29H), 7.84 (d, J = 7.4 Hz, 2H), 7.96 (d, J = 7.1 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3): 

 128.4 (m), 128.5 (m), 128.8 (s), 129.2 (s), 130.2 (d, JP-C = 20.7 Hz), 133.0 (m), 133.5 (m), 

134.4 (s, JC-119Sn = 62.8 Hz), 136.0 (m), 136.7 (t, JP-C = 18.1 Hz), 136.8 (m), 142.3 (t, JP-C = 

6.6 Hz), 143.6 (d, JP-C = 1.7 Hz, JC-119Sn = 69.4 Hz), 155.1 (dd, JP-C = 76.8, 6.6 Hz). 31P{1H} 

NMR (162 MHz, CDCl3):  2.0 (s, JP-119Sn = 13.9 Hz). 119Sn{1H} NMR (187 MHz, CDCl3): 

 −100.1 (t, JP-119Sn = 13.9 Hz). Anal. Calcd for C42H33ClP2Sn: C, 66.92; H, 4.41. Found: C, 

66.71; H, 4.45.  

Preparation of {(o-Ph2P)C6H4}2Sn(Ph)(F) (5a) A Schlenk tube was charged with 5b 

(336 mg, 0.446 mmol), CsF (351 mg, 2.31 mmol), and toluene (25 mL). After stirring at 

50 °C for 76 h, the volatile materials were removed under vacuum to afford a white solid. 

The residue was washed with methanol (4 mL × 3) and a 1:3 mixture of ether and n-hexane 

(4 mL × 3), and dried under vacuum to afford 5a (215 mg, 0.292 mmol) in 66% yield as a 

white powder. 1H NMR (400 MHz, CDCl3):  6.92-7.30 (m, 25H), 7.35-7.45 (m, 4H), 7.79 
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(d, J = 6.4 Hz, 2H), 7.90 (d, J = 7.2 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3):  128.4 

(m), 128.6 (s), 128.8 (s), 129.1 (s), 130.2 (d, JP-C = 10.5 Hz), 133.0 (t, JP-C = 8.1 Hz), 133.5 

(t, JP-C = 9.1 Hz), 134.1 (s, JC-119Sn = 63.0 Hz), 135.9 (m), 136.5 (t, JP-C = 18.7 Hz), 136.9 

(m), 142.5 (m), 143.8 (s, JC-119Sn = 36.3 Hz), 155.9 (dd, JP-C = 86.8, 15.2 Hz). 19F{1H} 

NMR (376 MHz, CDCl3):  −214.1 (t, JP-F = 39.1 Hz, J119Sn-F = 2359.0 Hz). 31P{1H} NMR 

(162 MHz, CDCl3):  4.1 (d, JP-F = 39.1 Hz). 119Sn{1H} NMR (187 MHz, CDCl3):  −143.3 

(d, J119Sn-F = 2359.0 Hz). Anal. Calcd for C42H33FP2Sn: C, 68.41; H, 4.51. Found: C, 68.21; 

H, 4.48. 

Preparation of [{(o-Ph2P)C6H4}2Sn(F)]Ir(CO)(PPh3) (4a) A Schlenk tube was charged 

with Ir(H)(CO)(PPh3)3 (1) (129.0 mg, 0.128 mmol), 5a (98.7 mg, 0.134 mmol), and toluene 

(10 mL). After stirring at 80 °C for 18 h, the volatile materials were removed under vacuum 

to afford a yellow residue. The residue was washed with n-hexane (4 mL × 3), and dried 

under vacuum to afford 4a (135.0 mg, 0.118 mmol) in 92% yield as yellow solid. 1H NMR 

(400 MHz, CDCl3):  6.67-6.73 (m, 4H), 6.85-7.02 (m, 20H), 7.05-7.19 (m, 9H), 7.23-7.30 

(m, 4H), 7.47-7.53 (m, 4H), 8.29 (d, J = 6.8 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3):  

127.6 (d, JP-C = 10.5 Hz), 127.7 (t, JP-C = 4.8 Hz), 128.4 (m), 128.7 (m), 130.2 (s), 131.6 (t, 

JP-C = 3.3 Hz), 132.2 (m), 132.8 (d, JP-C = 13.4 Hz), 133.2 (t, JP-C = 6.7 Hz), 135.0 (m), 
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138.5 (t, JP-C = 24.8 Hz), 139.1 (d, JP-C = 41.1 Hz), 140.6 (m), 141.8 (m), 161.5 (m), 188.9 

(m, CO). 19F{1H} NMR (376 MHz, CDCl3):  −212.0 (dt, JP-F = 11.7 Hz, 9.8 Hz, 1J117Sn-F = 

2474.3 Hz, 1J119Sn-F = 2598.1 Hz). 31P{1H} NMR (162 MHz, CDCl3):  11.2 (td, 2JP-P = 88.8 

Hz, JP-F = 11.7 Hz, PPh3), 46.6 (dd, 2JP-P = 88.8 Hz, JP-F = 9.8 Hz, PPh2). Anal. Calcd for 

C55H43OFIrP3Sn: C, 57.81; H, 3.79. Found: C, 57.82; H, 3.94. IR (KBr, cm-1) ν (CO): 1964 

cm−1. 119Sn{1H} NMR data of 4a is not available due to the low solubility in organic 

solvents. 

Preparation of [{(o-Ph2P)C6H4}2Sn(Cl)]Ir(CO)(PPh3) (4b) A Schlenk tube was 

charged with Ir(H)(CO)(PPh3)3 (1) (68.4 mg, 0.0677 mmol), 5b (93.3 mg, 0.0711 mmol), 

and toluene (5 mL). After stirring at 80 °C for 18 h, the volatile materials were removed 

under vacuum to afford a yellow residue. The residue was washed with n-hexane (4 mL × 

3), and dried under vacuum to afford 4b (73.4 mg, 0.0633 mmol) in 94% yield as yellow 

solid. 1H NMR (400 MHz, CDCl3):  6.66-6.73 (m, 4H), 6.96-7.02 (m, 20H), 7.05-7.12 (m, 

9H), 7.24-7.30 (m, 4H), 7.43-7.53 (m, 4H), 8.31 (d, J = 6.8 Hz, 2H). 13C{1H} NMR (100 

MHz, CDCl3):  127.6 (d, JP-C = 10.0 Hz), 127.8 (t, JP-C = 4.8 Hz), 128.5 (m), 130.5 (s), 

131.6 (t, JP-C = 6.0 Hz), 132.1 (s), 133.0 (d, JP-C = 12.9 Hz), 133.2 (t, JP-C = 7.2 Hz), 135.6 

(t, JP-C = 11.7 Hz), 138.3 (t, JP-C = 25.3 Hz), 138.4 (d, JP-C = 41.5 Hz), 140.1 (m), 141.7 (m), 
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161.0 (m), 188.3 (m, CO). 31P{1H} NMR (162 MHz, CDCl3):  11.8 (t, 2JP-P = 89.2 Hz, 

PPh3), 46.0 (d, 2JP-P = 89.2 Hz, PPh2). Anal. Calcd for C55H43OClIrP3Sn: C, 56.99; H, 3.74. 

Found: C, 56.99; H, 3.99. IR (KBr, cm-1) ν (CO): 1969 cm−1. 119Sn{1H} NMR data of 4b is 

not available due to the low solubility in organic solvents. 

Preparation of [{(o-Ph2P)C6H4}3Sn(Cl)]IrH(CO) (7) A Schlenk tube was charged with 

{(o-Ph2PC6H4)3Sn}Ir(CO) (53.7 mg, 0.0478 mmol) and tetrahydrofuran (5 mL). After 

addition of HCl (1M diethylether solution, 0.15 ml), the reaction mixture was allowed to 

stir at ambient temperature for 15 h. After the volatile materials were removed under 

vacuum, the white residue was washed with Et2O (5 mL). Slow diffusion of n-hexane into 

dichloromethane solution of the residue afforded 7 (43.2 mg, 0.0377 mmol) in 78% yield as 

colorless crystals. 1H NMR (400 MHz, CDCl3):  −12.28 (td, JP-H= 97.2Hz, JP-H = 18.8Hz, 

1H, Ir-H), 6.47 (t, J = 7.4 Hz, 1H ), 6.73-6.80 (m, 3H, Ar), 6.83-6.92 (m, 17H, Ar), 

7.07-7.13 (m, 6H, Ar), 7.21-7.33 (m, 10H, Ar), 7.52 (t, J = 7.2Hz, 2H, Ar), 9.12 (d, J = 

7.2Hz, 1H, Ar), 9.40 (d, J = 7.6Hz, 2H, Ar). 13C{1H} NMR (100 MHz, CDCl3):  127.5 (m), 

127.8 (d, JP-C = 9.9 Hz), 128.2 (m), 128.4 (m), 129.2-130.9 (6 overlapping), 132.6 (m), 

132.7 (m), 133.5 (d, JP-C = 10.0 Hz), 138.7 (d, JP-C = 19.3 Hz), 139.0 (d, JP-C = 6.9Hz), 

139.0 (d, JP-C = 6.9 Hz), 139.2 (m), 139.6 (m), 141.2 (t, JP-C = 36.2 Hz), 154.1 (m), 154.8 (t, 
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JP-C = 20.5 Hz), 177.1 (td, JP-C = 3.6Hz, JP-C = 1.5Hz, CO). 31P{1H} NMR (162 MHz, 

THF-d8):  32.8 (d, 2JP-P = 13.3 Hz, PPh2), 33.8 (t, 2JP-P = 13.3 Hz, PPh2). Anal. Calcd for 

C55H43OClIrP3Sn: C, 56.99; H, 3.74. Found: C, 56.79; H, 3.70. IR (KBr, cm-1) ν (CO): 

1992 cm−1. 119Sn{1H} NMR data of 7 is not available due to the low solubility in organic 

solvents. 

Preparation of [{(o-Ph2PC6H4)3Si}IrH(CO)][Cl] (9-Cl) A Schlenk tube was charged 

with {(o-Ph2PC6H4)3Si}Ir(CO) (34.0 mg, 0.0329 mmol) and tetrahydrofuran (2 mL). After 

addition of HCl (1M diethylether solution, 0.10 ml), the reaction mixture was allowed to 

stir at ambient temperature for 15 h. After the volatile materials were removed under 

vacuum, the white residue was washed with Et2O (3 mL). Slow diffusion of n-hexane into 

dichloromethane solution of the residue afforded 9-Cl (29.2 mg, 0.0278 mmol) in 84% 

yield as colorless crystals. 1H, 31P{1H} NMR and IR spectra are essentially the same as 

those of [{(o-Ph2PC6H4)3Si}IrH(CO)][BF4] (9-BF4).13  

Reactions of 7 with Brønsted Bases. (i) Reaction of 7 with NEt3. An NMR tube was 

charged with 7 (5.9 mg, 0.0050 mmol) and tetrahydrofuran (0.50 mL), and a capillary filled 

with a toluene solution of trimesitylphosphine was placed in the NMR tube as an internal 

standard. Addition of NEt3 (2.2 L, 0.016 mmol) to the mixture immediately resulted in the 
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quantitative formation of 3. (ii) Reaction of 7 with PPh3. An NMR tube was charged with 

7 (5.9 mg, 0.0050 mmol), PPh3 (4.1 mg, 0.016 mmol) and tetrahydrofuran (0.50 mL), and a 

capillary filled with a toluene solution of trimesitylphosphine was placed in the NMR tube 

as an internal standard. The reaction was performed at 80 °C for 24 hours to afford 3 

quantitatively.  

Anion (BF4/BPh4) Exchange of 6-BF4. A Schlenk tube was charged with 6-BF4 (20.1 

mg, 0.0166 mmol), NaBPh4 (56.5 mg, 0.165 mmol), and methanol (2 mL). After the 

reaction mixture was allowed to stir at ambient temperature for 24 h, the volatile materials 

were removed under vacuum. The white residue was washed with methanol (2 mL x 3) to 

afford 6-BPh4 (19.8 mg, 0.0137 mmol) in 83% yield as white solid. 6-BPh4: 1H NMR (400 

MHz, THF-d8):  −12.44 (td, JP-H= 98.9Hz, JP-H = 18.9Hz, 1H, Ir-H), 6.65-7.43 (m, 57H, 

Ar), 7.66 (t, J = 7.3Hz, 2H, Ar), 8.31 (d, J = 7.9Hz, 1H, Ar), 8.59 (d, J = 7.3Hz, 2H, Ar). 

31P{1H} NMR (162 MHz, THF-d8):  25.9 (d, 2JPP = 9.4 Hz, 2P), 27.2 (m, 1P). Anal. Calcd 

for C79H63BIrOP3Sn: C, 65.76; H, 4.40. Found: C, 65.99; H, 4.53. IR (KBr, cm-1) ν (CO): 

2021 cm−1. 

Determination of NMR yield. (a) Reaction of 1 with 2a. An NMR tube was charged 

with 1 (5.0 mg, 0.0050 mmol), 2a (4.6 mg, 0.0050 mmol), and tetrahydrofuran (0.50 mL), 
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and a capillary filled with a toluene solution of trimesitylphosphine was placed in the NMR 

tube as an internal standard. The reaction at 80 °C was monitored by 31P NMR spectroscopy. 

After 30 hours, 3 and 4a were formed in 41% and 59% NMR yield, respectively. (b) 

Reaction of 1 with 2b. An NMR tube was charged with 1 (5.0 mg, 0.0050 mmol), 2b (4.6 

mg, 0.0049 mmol), and tetrahydrofuran (0.50 mL), and a capillary filled with a toluene 

solution of trimesitylphosphine was placed in the NMR tube as an internal standard. The 

reaction at 80 °C was monitored by 31P NMR spectroscopy. After 32 hours, 3 and 4b were 

formed in 70% and 30% NMR yield, respectively.  

Structure Determination by X-ray Diffraction. Suitable single crystals of 4a, 4b, 7, 

9-Cl, and 9-BF4 were obtained from the slow diffusion of n-hexane into a dichloromethane 

solution (4a, 4b, and 7), a chloroform solution (9-Cl), a tetrahydrofuran solution (9-BF4), 

and a tetrahydrofuran/dioxane mixed solution (6-BF4). Diffraction intensity data were 

collected with a Rigaku/MSC Mercury CCD diffractometer at 200 K (4a and 4b), a 

Rigaku/Saturn724 CCD diffractometer at 200 K (6-BF4 and 9-BF4), and a Rigaku/R-AXIS 

RAPID IP diffractometer at 173 K (7 and 9-Cl), and a semiempirical multi-scan 

absorption39 correction was performed. The space groups were chosen based on the 

systematic absences in the diffraction data. The structures were solved using SIR9740 by 
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subsequent difference Fourier synthesis, and refined by full matrix least-squares procedures 

on F2. All non-hydrogen atoms were refined with anisotropic displacement coefficients. 

The hydrogen atoms except for hydrides were treated as idealized contributions and refined 

in rigid group model. The hydride ligands in 7 and 9-BF4 was determined by difference 

Fourier synthesis and refined isotropically. All software and sources of scattering factors 

are contained in the SHELXL97 program package.41 CCDC 1520115 (4a), 1520116 (4b), 

CCDC 1533991 (9-BF4), 1533992 (6-BF4), 1533993 (7), and 1533994 (9-Cl) contain 

supplementary crystallographic data for this paper. These data can be obtained free of 

charge from the Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

Density Functional Theory (DFT) Calculation. The Gaussian09 program was 

employed for all calculations here.42 All of the geometry optimizations were performed by 

the density functional theory (DFT) with the B3PW91 functional in THF solution, where 

the polarizable continuum model (PCM)43 was used to calculate solvation effect. The 

effective core potentials (ECPs) of the Stuttgart-Dresden-Bonn group were employed for 

the core electrons of iridium and tin and the corresponding basis sets44 were used for the 

valence electrons. Usual 6-311G(d,p) basis sets45 were used for all other atoms. The 



30 
 

vibrational frequencies were calculated to identify the structure in the equilibrium state, i.e., 

the structure that was true minima or transition states. Here, the Gibbs activation energy 

( G°‡) is defined as a difference in the Gibbs energy at 298.15 K between a transition state 

and an intermediate, when the intermediate exists before the transition state and it is more 

stable than the reactant. Otherwise, G°‡ is defined as the Gibbs energy difference between 

the transition state and the reactant. The Gibbs reaction energy ( G°) is defined as the 

difference in Gibbs energy between the product and the reactant. In the calculation, we 

employed model compounds where the phenyl groups of the phosphine were replaced by 

methyl groups to save the CPU time. 
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