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5.1 Introduction 

The production of optically active compounds has a central role in the fine chemical industry as 

many pharmaceuticals, fragrances and agrochemicals are chiral.
1
 The preparation of 

enantiomerically enriched compounds has therefore been studied intensely and numerous 

synthetic methods that can supply optically active products have been developed. Among these 

methods, the metal-catalyzed asymmetric hydrogenation (AH) is one of the most efficient 

synthetic tool for the production of chiral compounds as it fulfills most of the conditions required 

for production processes: high atom economy, high reaction rates, high selectivity and limited 

amount of waste production.
2
 Several metals can catalyze the AH but only a few of them are 

applied in industry. Rhodium, ruthenium and iridium are becoming omnipresent in industrial 

processes involving asymmetric hydrogenation reactions as they induce excellent selectivity and 

high reaction rates, depending on the product that needs to be formed.
3
 Among these metals, 

iridium catalysts excel in the hydrogenation of unfunctionalized olefins,
4
 imines,

5
 quinolines 

derivatives,
6
 vinylphosphonate,

7
 enol phosphinate esters

8
 and vinyl flurorides.

9
 A notable 

example is the use of iridium catalysts based on bisphosphine ligand XYLIPHOS (a, Figure 1), 

currently applied in the industrial production of the most widely used grass herbicides 

Metolachlor.
5
 

The use of iridium complexes in the hydrogenation reaction started with the discovery of the 

Crabtree catalyst (b, Figure 1) that catalyzes the hydrogenation of 1-hexene a hundred times 

faster than the Wilkinson catalyst.
10

 In the 90’s, Lightfoot and Pfaltz reported the use of a chiral 

version of the Crabtree catalyst, iridium complexes of the phosphinooxazoline (PHOX) ligands 

(c, Figure 1) in the hydrogenation of imines (high selectivity up to 89% ee).
11

 The Ir-PHOX 

catalysts have also been applied in the hydrogenation of alkenes giving highly selective catalysts, 

but with low activity. This problem was overcome by changing from coordinating anions to non-

coordinating anions.
12

 Since then, various families of ligands such as diphosphine ligands,
13

 

phosphine-phosphoramidite ligands,
14

 carbene ligands
15

 and oxazoline-carbenes ligands
16

 have 

been used in the formation of iridium catalysts for the hydrogenation of unfunctionalized 

alkenes. Although several classes of bidentate and monodentate ligands have been applied in the 

formation of iridium catalysts, only few articles report the use of supramolecular strategies for 

the formation of iridium catalysts and their application in the asymmetric hydrogenation 

reaction.
17
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Figure 1. Important ligands and catalysts in iridium catalysis. (a) Diphosphine XYLIPHOS ligand for the 

formation of iridium catalysts used in the production of metolachlor. (b) Crabtree catalyst. (c) 

Phosphinooxazoline (PHOX) ligands. 

In our laboratories, we recently developed various ligand building blocks that can assemble 

through hydrogen bonding to form supramolecular rhodium complexes.
18

 Complexes 

[Rh(1)(4)(cod)]BF4 and [Rh(2)(4)(cod)]BF4 (ligand 1, 2 and 4, Figure 2) have recently been 

introduced as supramolecular catalysts bearing a heterobidentate ligand formed by self-assembly 

through a single hydrogen bond between the NH group of a phosphoramidite and the hydrogen 

bond acceptor group of a functionalized phosphine. These complexes afford the highest 

enantioselectivity (>99% ee) reported up to now for the hydrogenation of methyl 2-

hydroxymethacrylate, a precursor to the so-called “roche ester” which is an important 

intermediate in the preparation of several biologically active compounds. 

 

Figure 2. Ligand building blocks for the formation of supramolecular metal complexes.  

Extensive mechanistic studies performed on the supramolecular catalysts Rh(1)(4) and Rh(2)(4) 

revealed that for a series of substrates bearing a hydrogen bond donor, the reaction mechanism 

was influenced in a crucial way by hydrogen bonds, formed between the substrate and the 
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catalyst leading to very high selectivity.  We were wondering if such supramolecular ligands 

could be used to form iridium complexes. In this chapter we report the preparation of such 

complexes as well as their evaluation in the asymmetric hydrogenation of several functionalized 

and unfunctionalized alkenes. 

 

5.2 Coordination chemistry 

We investigated the coordination properties of ligands 1 and 4 in the formation of iridium 

complexes. Mixing one equivalent of ligand 1 with one equivalent of phosphoramidite 4 and one 

equivalent of [Ir(cod)2]BF4 (with cod = 1,5-cyclooctadiene) in CD2Cl2 results in the observation 

of several undefined species in the 
31

P NMR spectrum. The sample was heated in a sealed NMR 

tube at 50°C for 3 days, resulting in the formation of a single species (Figure 3). The 
31

P NMR 

spectrum suggests the formation of a heterocomplex [Ir(1)(4)(cod)]BF4, as the complex formed 

displays the expected patterns for a heterocomplex of iridium bearing two phosphorus ligands in 

cis position (δ P
1
 116.5 ppm, d, 

2
JP,P’ = 28.5 Hz; δ P

2
 23.4 ppm, d, 

2
JP,P’ = 28.5 Hz). 

 

Figure 3. 
31

P NMR spectrum of the complex [Ir(1)(4)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 116.56 ppm 

(d, JP,P’ = 28.5 Hz); δP2 = 23.4 ppm (d, JP,P’ = 28.5 Hz). 
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The same procedure was applied for the formation of complexes [Ir(1)(3)(cod)]BF4, 

[Ir(2)(3)(cod)]BF4 and [Ir(2)(4)(cod)]BF4.
19

 To get more details into the structure of the 

complexes, a series of NMR experiments (2D COSY 
1
H-

1
H NMR) was performed on the 

complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 revealing a large downfield chemical shift 

of the PNH group of the phosphoramidite 4 (6.24 ppm and 7.14 ppm respectively). A 2D COSY 
1
H-

1
H NMR experiment was performed on a reference complex [Ir(PPh3)(4)(cod)]BF4 (in which 

no hydrogen bonds can be formed between the two ligands) revealing a chemical shift of δ = 4.2 

ppm of the PNH group of the phosphoramidite ligand 4.
20

 When compared with the chemical 

shift of the PNH group in complex [Ir(PPh3)(4)(cod)]BF4, the upfield chemical shifts of the PNH 

groups in the complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 indicates that a hydrogen 

bond is formed between the two ligands. Also, the difference between the chemical shifts of the 

PNH group of the H-bonded complexes [Ir(1)(4)(cod)]BF4 and  [Ir(2)(4)(cod)]BF4 (Δδ = 0.9 

ppm) suggests the formation of a stronger hydrogen bond in complex [Ir(2)(4)(cod)]BF4, the 

complex based on the phosphine oxide ligand 2 (Table 1). 

Table 1. Chemical shifts of the PNH group in the complexes [Ir(L)(4)(cod)]BF4 and the corresponding 

differences in chemical shift Δδ(NH) with respect to the PNH group of complex [Ir(PPh3)(4)(cod)]BF4. 

Entry Ligand δ(NH) in ppm Δδ(NH) in ppm 

1 PPh3 4.2 - 

2 1 6.24 2.04 

3 2 7.14 2.94 

5.3 X-ray spectroscopy 

By slow diffusion of pentane into solutions of [Ir(1)(3)(cod)]BF4 in dichloromethane, crystals 

were obtained and were analyzed by X-ray crystallography. As expected, the solid state structure 

of complex [Ir(1)(3)(cod)]BF4 displays an iridium center to which is coordinated a 

phosphoramidite 4 and the functionalized phosphine (Figure 4). Interestingly, the crystal 

structure of complex [Ir(1)(3)(cod)]BF4 clearly shows a hydrogen bond between the PNH group 

of phosphoramidites 4 and the carbonyl group of the urea-functionalized phosphine 1. In order to 

evaluate the influence of the metal center on the hydrogen bond strength, we also studied the 

crystal structure of an analogous complex of rhodium bearing the ligands 1 and 3 (complex 

[Rh(1)(3)(cod)]BF4, Figure 5). The bonds length and angles around the metal center in the X-ray 

structures of complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4 are reported in Table 2.
21

  As 

can be seen from Table 2, the metal-phosphorus bond lengths of the complexes are very close. 

This is explained by the close values of the ionic radii of iridium (68 pm) and rhodium (75 pm). 

However, the bite angle is significantly different between the two complexes with a larger bite 
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angle for the iridium complex. Also, we measured the lengths of the hydrogen bonds between the 

two ligands in both complexes, revealing that the hydrogen bond length between the two ligands 

is longer in the iridium complex. As the cone angle of the ligands is the same in both complexes, 

the difference between the hydrogen bond lengths can be attributed to three possible contributing 

factors:  1) The metal center has an electronic effect on the H-bond donor properties of the PNH 

group of the phosphoramidite. 2) The difference in bite angles induces a modification in the 

geometry of the complex with a change in the P1-P2 distances (as can be seen from Table 2) 

resulting in different H-bond lengths between the two ligands. 3) The difference in bite angles 

and hydrogen bond lengths is due to a crystal packing effect. 

Table 2. Length (Å) and angles (°) of important bonds around the metal center in the solid state structure 

of complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4. 

M = Ir, Rh [Ir(1)(3)(cod)]BF4 [Rh(1)(3)(cod)]BF4 

M-P1 [Å] 2.2550 (12) 2.2583 (8) 

M-P2 [Å] 2.3179 (11) 2.3180 (8) 

P1-M-P2 [°] 93.69 (4) 89.29 (3) 

P1-P2 [Å] 3.3363 (16) 3.2161 (11) 

H
…

O [Å]
a
 2.27 (4) 2.14 

NH
…

O [°] 168 (5) 170 
a
 uncorrected values 

In order to determine which of these parameters is the dominant one, we studied the effect of the 

metal center on the acidity of the proton of the PNH group. For this, we compare the chemical 

shifts of the PNH groups in the complexes [Ir(PPh3)(4)(cod)]BF4 and [Rh(PPh3)(4)(cod)]BF4 

(Figure 4, Figure 5). Since no hydrogen bond between the two ligands can be formed in these 

complexes, the difference between the chemical shifts of the PNH groups for the non-H-bonded 

complexes is reflecting the electronic effect of the metal on the acidity of the H-bond donor. The 

chemical shifts of the PNH groups measured for the iridium and the rhodium complexes are δ = 

4.2 ppm and δ = 4.29 ppm, respectively. The small difference in chemical shift of the PNH 

groups between the two complexes [Ir(PPh3)(4)(cod)]BF4 and [Rh(PPh3)(4)(cod)]BF4 (Δδ = 

0.09 ppm) indicates that the metal has only a minor influence on the H-bond properties of the 

PNH group of the phosphoramidite. Because the strength of an hydrogen bond also depends on 

the angle between the NH group and the hydrogen bond acceptor, we analyzed the contribution 

of the hydrogen bond donor group by comparing the chemical shift of the PNH group between 

the complexes [M(PPh3)(4)(cod)]BF4 and [M(1)(4)(cod)]BF4 (with M = Ir or Rh). In solution, 

the contribution of the hydrogen bond acceptor in the difference in chemical shift between the H-
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bonded ligands and the non-H-bonded ligands is of the same order for both the iridium complex 

and the rhodium complex (Δδ(Ir) = 2.04 ppm and Δδ(Rh) = 1.95 ppm).  

The NMR analysis of the H-bond between the two ligands shows that no significant differences 

in hydrogen bonds are observed between the complexes [Ir(1)(4)(cod)]BF4 and 

[Rh(1)(4)(cod)]BF4 in solution. In light of the similarities between ligand 3 and 4, the same 

conclusions on the influence of the nature of the metal on the hydrogen bond in solution should 

be obtained for the complexes formed with ligand 3 and ligand 1. Therefore, the differences 

observed in the solid state structures of the complexes [Ir(1)(3)(cod)]BF4 and [Rh(1)(3)(cod)]BF4 

is likely due to a crystal packing effect on the hydrogen bond. Although the analysis of the 

crystal packing for both crystals shows strong similarities in the environment around the 

complexes, the involvement of anions and solvent molecules in the crystal can also strongly 

influence the packing. 

 

Figure 4. X-ray structure of complex [Ir(1)(3)(cod)]BF4 (with cod= 1,5-cyclooctadiene). The anion, all 

C-H hydrogen atoms (except the hydrogen atom involved in H-bonding) and solvent molecules are 

omitted for clarity. The orange dotted line represents the hydrogen bond between the two ligands. 
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Figure 5. X-ray structure of complex [Rh(1)(3)(cod)]BF4 (with cod= 1,5-cyclooctadiene). The anion, all 

hydrogen atoms (except the hydrogen atom involved in H-bonding) and solvent molecules are omitted for 

clarity. The orange dotted line represents the hydrogen bond between the two ligands. 

5.4 Catalysis 

First, the iridium-catalysts Rh(1)(4), Rh(2)(4), Rh(1)(3) and Rh(2)(3) were evaluated in the 

hydrogenation reaction of several functionalized alkenes: dimethyl itaconate, methyl α-

acetamidocinnamate, methyl 2-acetamido acrylate, N-(3,4-dihydro-2-naphthalenyl)acetamide 

and several derivatives of the methyl-2-hydroxymethylacrylate (Figure 6). The reactions were 

carried out in CH2Cl2, at room temperature under 50 bar of H2 in the presence of 0.5 mM pre-

formed Ir-complex, which was prepared according to the procedure described in section 2. 
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Figure 6. Functionalized and unfunctionalized alkenes evaluated in the reaction of hydrogenation using 

iridium catalysts. 

No conversion was obtained in the hydrogenation of substrates A-D and only very low 

conversions were obtained in the hydrogenation of methyl-2-hydroxymethylacrylate derivatives 

E-G (lower than 5%). The coordinating moieties on the functionalized substrates E-G (ester and 

amide groups) collaborate with the olefin to form a strong chelate ring with the metal center.
9
 

Therefore, the low conversion observed for the series of functionalized substrates is most likely 

due to irreversible coordination of the substrate on the iridium center leading to a deactivation of 

the iridium catalysts. Also, no activity was obtained in the hydrogenation of trans-α-

methylstilbene H.  

Next, we evaluated the iridium complexes in the hydrogenation of (E)-2-methyl-3-phenylprop-2-

en-1-ol. This substrate has a hydroxyl group that may lead to substrate preorganization effects 

similar to that observed for the analogues rhodium complexes. To explore the influence of these 

hydroxyl groups, we also evaluated an analogues substrate, in which the hydroxyl group was 

replaced by a methoxy group (Table 3). Moderate conversions (30-67%) were obtained in the 

hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and only low conversions (2-10%) were 

obtained for the methoxy analogue at same catalyst concentration. Therefore, a higher activity is 

observed for the substrate bearing a hydroxyl group. Because the conversions were too low 

determine the enantiomeric excess, we performed these reactions also at higher catalyst loading 

(entry 9, 10, 11, 12, Table 3). The analysis of the enantiomeric excess of the products of 
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hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and the methoxy derivative revealed only 

low selectivity. Small but significant differences between the two substrates are observed, with 

the hydroxyl substrate being converted with higher ee (entry 1 vs 9, entry 2 vs 10). If these 

enhanced selectivities are a result of the possibility to form a hydrogen bond is difficult to 

conclude. 

Table 3. Ir-catalyzed hydrogenation of (E)-2-methyl-3-phenylprop-2-en-1-ol and the methoxy analogue 

substrate.
a
 

 

Entry L L’ R Conv. [%] ee [%] 

1 1 3 H 30 35 

2 2 3 H 65 17 

3 1 4 H 40 11 

4 2 4 H 67 2 

5 1 3 OMe 10 n.d. 

6 2 3 OMe 4 n.d. 

7 1 4 OMe 4 n.d. 

8 2 4 OMe 2 n.d. 

9
b
 1 3 OMe 23 14 

10
b
 2 3 OMe 100 5 

11
b
 1 4 OMe 37 2 

12
b
 2 4 OMe 100 17 

a
 Reagents and conditions: [cat] = 0.5 mM, [sub] = 0.1 M, CH2Cl2, Reaction performed at 50 bar H2 at 

298K for 20 h. 
b
 [cat] = 1 mM, [sub] = 0.05 M. 

The iridium catalysts were also evaluated in the hydrogenation reaction of geraniol and the 

corresponding methoxy analogue (Table 4). While the hydrogenation of geraniol provides the 

product of the reaction with good conversions (45-75%), only low conversions are obtained in 

the hydrogenation of the methoxy analogue (9-15%).
22

 Importantly, only the double bond 

adjacent to the hydroxyl (or methoxy) group is hydrogenated under these conditions and at this 

degree of conversion. The experiment was repeated for the hydrogenation of geraniol using a 

higher catalyst loading (entry 9, 10, 11, 12, Table 4). The analysis of the enantiomeric excess 

revealed low selectivity while a full hydrogenation (reduction of both double bonds) was 

observed using the iridium catalyst based on ligand 2 (entries 10, 12, Table 4). The enantiomeric 
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excess of the hydrogenation of the methoxy analogue (entries 5, 6, 7, 8, Table 4) could not be 

analyzed due to difficulties in separating the enantiomers of the product using the analytical 

equipments available in our laboratories. 

Table 4. Ir-catalyzed hydrogenation of geraniol and the methoxy analogue. 

 

Entry L L’ R Conv. [%] ee [%] 

1 1 3 H 45 - 

2 2 3 H 62 - 

3 1 4 H 56 - 

4 2 4 H 75 - 

5 1 3 OMe 9 - 

6 2 3 OMe 15 - 

7 1 4 OMe 10 - 

8 2 4 OMe 14 - 

9
b
 1 3 H 100  44% 

10
b
 2 3 H 100

c
 - 

11
b
 1 4 H 100 23% 

12
b
 2 4 H 100

c
 - 

a
 Reagents and conditions: [cat] = 0.5 mM, [sub] = 0.1 M, CH2Cl2, Reaction performed at 50 bar H2 at 

298K for 20 h. 
b
[cat] = 1 mM. 

c
 both double bond were hydrogenated. 

5.5 Discussion 

The differences in conversions obtained in the hydrogenation of (E)-2-methyl-3-phenylprop-2-

en-1-ol, geraniol and their corresponding methoxy derivatives suggests that the hydroxyl group 

in the substrate influences the activity of the reaction. The origin of the higher activity observed 

for the substrates bearing a hydroxyl group is not clear at this stage and can be due to several 

reasons. Next to pre-organization via hydrogen bonds, the coordination of the hydroxyl groups to 

the iridium center or the difference in the steric hindrance of the substrates induced by the 

methoxy group could play a role. The distance between the hydroxyl group and the double bond 

excludes the possibility of polarization of the double bond (as it has been observed in the 

iridium-catalyzed hydrogenation of olefins with nontraditional functional substituents).9 Most 

likely is the formation of a hydrogen bond between the catalyst and the substrate as also has been 
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suggested by Hu et al. in the reaction of hydrogenation of imines catalyzed by iridium catalysts 

based on heterobidentate phosphine-phosphoramidite ligands.
14

 This is also in line with the 

conclusions made in the previous chapters of this thesis (chapters 2, 3 and 4) for the rhodium-

catalyzed asymmetric hydrogenation. 

5.6 Conclusion 

A series of ligand building blocks was evaluated in the formation of iridium complexes based on 

supramolecular bidentate ligands. A series of NMR experiments and the solid state structure of 

the complex [Ir(1)(3)(cod)]BF4 revealed that a hydrogen bond between the two ligand building 

blocks is formed. The supramolecular iridium complexes were evaluated in the asymmetric 

hydrogenation of functionalized and non-functionalized substrates. No activity was observed in 

the hydrogenation of ester- and amide-functionalized substrates as well as for the non-

functionalized substrate trans-α-methylstilbene. However, the hydrogenation of (E)-2-methyl-3-

phenylprop-2-en-1-ol and geraniol gives moderate to good conversions while the corresponding 

methoxy derivatives are converted with low conversions. The origin of this higher activity for 

the substrates bearing a hydroxyl group could be caused by a hydrogen bond formation between 

the substrate and the catalyst, but more experiments are required to confirm this. 

5.7 Experimental section 

General Remarks. All reactions and experiments were carried out under argon atmosphere 

using standard Schlenk techniques. Chromatographic puirification were performed by flash 

chromatography on silica gel 60-200 μm, 60 Å, purchased from Screening Devices. 

Dichloromethane was distilled from CaH2 under nitrogen. NMR spectra were measured on a 

Bruker AMX 400 (400.1 MHz, 100.6 MHz and 162.0 MHz for 
1
H, 

13
C and 

31
P respectively). 

Chemical shifts are referenced to the solvent signal (5.32 ppm in 
1
H and 53.84 ppm in 

13
C for 

CD2Cl2, 2.05 ppm in 
1
H and 29.84 ppm in 

13
C for d6-acetone). CD2Cl2 99.90% D and 

acetonitrile-d3 99.8% D were purchased from EURISO-TOP. The deuterated solvents were dried 

on molecular sieves (4 Å) and degassed by 3 freeze-pump-thaw cycles. High resolution ESI 

(electrospray ionization) mass spectra were recorded on a time-flight JEOL AccuTOF LC mass 

spectrometer (JMS-T100LP) equipped with an ESI source.  

 

General protocol for the synthesis of complexes [Ir(L)(L’)(COD)]BF4.  

Ligand 1 (0.025 mmol, 1 eq) and 4 (0.025 mmol, 1 eq) were added to a dry-flamed Schlenk flask 

under an argon atmosphere. CD2Cl2 (0.3 ml) was added leading to a transparent solution. The 

commercially available [Ir(cod)2]BF4 salt was placed in another flamed-dry Schlenk flask under 

an argon atmosphere and was dissolved in 0.3 ml of CD2Cl2. The solution of the metal complex 
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was added dropwise to the solution of ligands and the reaction mixture was stirred at room 

temperature. The solution was transferred to an NMR tube under an argon atmosphere. The 

NMR tube was sealed and the mixture was heated to 50°C and kept at this temperature for 3 

days. 

 

Figure 7. 
31

P NMR spectrum of complex [Ir(1)(3)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 119.38 ppm (d, 

JP,P’ = 28.9 Hz); δP2 = 23.72 ppm (d, JP,P’ = 28.9 Hz). 

 

Figure 8. 
31

P NMR spectrum of complex [Ir(2)(3)(cod)]BF4 in CD2Cl2 (162 MHz). δP1 116.59 ppm (d, 

JP,P’ = 28.4 Hz); δP2 = 24.62 ppm (d, JP,P’ = 28.4 Hz), δP3 = 32.17 ppm (s). 
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Figure 9.  
31

P NMR spectrum of complex [Ir(2)(4)(COD)]BF4 in CD2Cl2 (162 MHz). δP1 116.59 ppm (d, 

JP,P’ = 28.4 Hz); δP2 = 24.65 ppm (d, JP,P’ = 28.4 Hz), δP3 = 32.13 ppm (s). 

 

Figure 10. 2D 
1
H-

1
H COSY NMR spectrum of complex [Ir(1)(4)(cod)]BF4 (400 MHz). 

General procedure for the iridium-catalyzed hydrogenation reactions 

The hydrogenation experiments were carried out in a stainless steel autoclave (150 ml or 250 ml) 

charged with an insert suitable for, 8 or 15 reaction vessels (including Teflon mini stirring bars) 

for conducting parallel reactions. The reaction vessels were prepared in a glovebox under an N2 
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atmosphere. Except where noted, in a typical experiment, the reaction vessels were charged with 

500 μl of a 1 mM solution of catalyst, 0.1 mmol of substrate in 1ml of CH2Cl2. Before starting 

the catalytic reactions, the charged autoclave was purged three times with 10 bar of dihydrogen 

and then pressurized at 50 bar H2. The reaction mixtures were stirred at 25°C for 20 hours. After 

catalysis the pressure was released and the conversion was determined by 
1
H NMR and the 

enantiomeric purity was determined by chiral GC or HPLC. 

General protocol for the crystallization procedure of complexes [Ir(1)(3)(cod)]BF4 and 

[Rh(1)(3)(cod)]BF4. 

A racemic solution of complex [M(1)(3)(cod)]BF4 in dichloromethane was prepared and placed 

in a NMR tube (0.035 M). Dry pentane was layered on the top of the solution and crystals were 

slowly formed after a couple of days. 

X-ray crystal structure determination of complex [Ir(1)(3)(cod)]BF4 

X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer equipped with a 

Triumph monochromator ( = 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 

150(2) K. Intensity data were integrated with the Bruker APEX2 software.
23

 Absorption 

correction and scaling was performed with SADABS.
24

 The structures were solved with the 

program SHELXL.
23

 Least-squares refinement was performed with SHELXL-2013
25

 against F
2
 

of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 

The H atoms were placed at calculated positions using the instructions AFIX 13, AFIX 43 or 

AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the 

attached C atoms. 

[C50H49IrN3O3P2]BF4, Fw = 1146.26, orange needles, 0.20  0.20  0.15 mm
3
, triclinic, P-1 (no. 

2), a = 10.4232(4), b = 13.8034(5), c = 19.2886(7) Å,  = 92.857(2),  = 102.782(2),  = 

106.834(2), V = 2571.05(17) Å
3
, Z = 2, Dx = 1.481 g cm

−3
,  = 2.796 mm

−1
. 56958 Reflections 

were measured up to a resolution of (sin /)max = 0.84 Å
-1

. 9064 Reflections were unique (Rint = 

0.0446), of which 8225 were observed [I>2(I)]. 705 Parameters were refined with 221 

restraints. R1/wR2 [I > 2(I)]: 0.0319/0.0801. R1/wR2 [all refl.]: 0.0381/ 0.0829. S = 1.079. 

Residual electron density between -1.13 and 1.56 e/Å
3
. 

X-ray crystal structure determination of complex [Rh(1)(3)(cod)]BF4 

[C50H49N3O3P2Rh](BF4) · CH2Cl2 + disordered solvent, Fw = 1076.51,
26

 yellow block, 0.60  

0.26  0.17 mm
3
, monoclinic, P21/c (no. 14), a = 26.9925(10), b = 15.8407(6), c = 25.4624(8) Å, 

 = 91.4964(17) °, V = 10883.5(7) Å
3
, Z = 8, Dx = 1.314 g/cm

3
,
26

  = 0.53 mm
-1

.
26

 127325 

Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 
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Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin 

/)max = 0.65 Å
-1

. The Saint software
27 

was used for the integration of the intensities. Multiscan 

absorption correction and scaling was performed with SADABS
28

 (correction range 0.67-0.75). 

24978 Reflections were unique (Rint = 0.033), of which 18940 were observed [I>2(I)]. The 

structure was solved with Direct Methods using SHELXS-97.
29

 Least-squares refinement was 

performed with SHELXL-97
29

 against F
2
 of all reflections. The crystal structure contains large 

voids (1784 Å
3
 / unit cell), filled with severely disordered solvent molecules. Their contribution 

to the structure factors was secured by back-Fourier transformation using the Squeeze routine
30 

resulting in 491 electrons / unit cell. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. The BF4 anions were refined with a disorder model. All hydrogen 

atoms were introduced in calculated positions and refined with a riding model. 1285 Parameters 

were refined with 535 restraints (distances, angles and displacement parameters in BF4 and 

CH2Cl2). R1/wR2 [I > 2(I)]: 0.0495 / 0.1492. R1/wR2 [all refl.]: 0.0678 / 0.1603. S = 1.106. 

Residual electron density between -1.75 and 1.01 e/Å
3
. Geometry calculations and checking for 

higher symmetry were performed with the PLATON
 
program.

31
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