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Abstract: Acetonitrile suspensions of the dichlorido complexes [MCl2(κ
4C,N,N’,P−L)] 

(M = Rh (1), Ir (2)) react with AgSbF6 in a 1/2 molar ratio affording the bis-acetonitrile 

complexes [M(κ4C,N,N’,P−L)(NCMe)2][SbF6]2 (3, 4). The reaction takes place in a 

sequential manner. In a 2/1 molar ratio, it affords the dimetallic monochlorido-bridged 

compounds [{MCl(κ4C,N,N’,P−L)}2(μ-Cl)][SbF6] (5, 6). In a 1/1 molar ratio, the 

monosubstituted solvato-complexes [MCl(κ4C,N,N’,P−L)(Solv)][SbF6] (Solv = H2O, 

MeCN, 7-10) were obtained. Finally, in a 2/3 molar ratio, it gives complexes 11 and 12 

of formula [{M(κ4C,N,N’,P−L)(NCMe)(μ-Cl)}2Ag][SbF6]3 in which a silver cation joints 

two cationic monosubstituted acetonitrile-complexes [MCl(κ4C,N,N’,P−L) (NCMe)]+ 

through the remaining chlorido ligands and two Ag···C interactions with one of the 

phenyl rings of each PPh2 group. In all the complexes, the aminic nitrogen and the central 

metal atom are stereogenic centers. In the trimetallic complexes 11 and 12, the silver atom 

is also a stereogenic center. The configuration at the silver is predetermined by the 

configuration of the rhodium or iridium fragments. The  
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arrangement of the four coordinating atoms of the tetradentate ligand L is retained 

throughout the chlorido abstraction process. This is compatible with the retention of the 

absolute configuration of the complexes. The formation of the cation of the dimetallic 

complexes 5 and 6, as well as that of the trimetallic complexes 11 and 12, takes place 

with chiral molecular self-recognition: only di or trimetallic complexes containing 

monometallic fragments with the same absolute configuration at the metal and at the 

nitrogen atoms within each moiety have been detected R-X polvo. Experimental data and 

DFT calculations provide plausible explanations for the observed molecular recognition. 

The new complexes have been characterized by analytical and spectroscopic means and 

by X-ray diffraction methods for the compounds 3, 5, 10, 11 and 12. 
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Introduction 

Metal complexes are extensively used as one of the most powerful approaches for the 

catalytic synthesis of nonracemic chiral compounds. Typically, a chiral environment is 

generated around the metal by coordination of enantiopure organic ligands and centered, 

axial or planar chirality, residing in the ligands, is transferred to the substrates.[1] Taking 

into account that the most common manner in which substrates are activated toward 

chemical transformations is through metal coordination, it seems reasonable to assume 

that catalysts based on stereogenic metal centers would offer the most promising approach 

for achieving efficient transfer of chirality during an asymmetric process.[2] 

Reactions mediated by Lewis acid metal complexes necessarily involve the formation 

and cleavage of chemical bonds in which the metal is implicated, with the concomitant 

potential erosion of the metal enantiopurity. Moreover, a major requirement for metallic 

catalyst precursors is the existence of coordination position(s) available for the substrates, 

these positions being usually occupied by solvent molecules. In summary, a good 

candidate for catalyst containing a metal center as source of chirality has to be 

substitutionally labile but stereochemically stable. Building up metallic complexes 

fulfilling both requirements at once is a challenging task. 

To tackle this problem, we contemplate the possibility of preparing octahedral 

complexes of the d6 metal ions Rh+3 and Ir+3 bearing tetradentate ligands. The resulting 

tetracoordinate frame would be responsible of maintaining the configuration at the metal 

whereas the two remaining coordination sites would be available for catalytic 

transformations. 

Catalysts based on metal complexes containing tetradentate ligands have been 

extensively studied. Paradigmatic examples of ligands employed to this end are salen and 
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related derivatives with an ONNO set of donor atoms,[3] bisphosphane-bisimine or 

bisamine compounds containing a PNNP donor set[4] and a variety of nitrogenated 

compounds bearing a N4 donor set.[5] 

N N

PPh2

 

Scheme 1. Tripodal tetradentate tertiary amine HL. 

In this context, we selected the tetradentate tripodal ligand HL (Scheme 1) in which 

a tertiary amine bears three different substituents i. e. a pyridine ring, a 

diphenylphosphane group and an aromatic ring with ortho positions available for 

metalation. This ligand is able to coordinate to an octahedral metal keeping the two 

remaining coordination sites mutually cis as it has been shown in the dichlorido 

compounds [MCl2(κ
4C,N,N’,P−L)] (M = Rh (1), Ir (2)) that we have recently prepared[6] 

as racemic mixtures of the (RNam)-OC-6-54-C and (SNam)-OC-6-54-A[7,8] isomers (Scheme 

2). 

M

N
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(SNam)-OC-6-54-A(RNam)-OC-6-54-C

M = Rh (1), Ir (2)
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Scheme 2. (RNam)-OC-6-54-C and (SNam)-OC-6-54-A enantiomers of the dichlorido rhodium and 
iridium compounds [MCl2(κ4C,N,N’,P−L)]. 

The ligand topology makes interdependent the configuration at the metal and at the 

aminic nitrogen center and only up to three pair of enantiomers can form. DFT 

calculations[6] showed that the isomer in which the phosphorus atom is trans to the 
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pyridinic nitrogen is the most stable and, notably, only this pair of enantiomers (Scheme 

2) was detected and isolated.[6] 

As for octahedral bis-cyclometalated rhodium(III) and iridium(III) complexes, a high 

thermal and configurational stability is expected for their congeners bearing tripodal 

tetradentate ligands.[9] Hence, a retention of the configuration in the course of subsequent 

transformations can be envisaged, which is undoubtedly an important feature from the 

point of view of an efficient transmission of chirality. 

As stated above, to get suitable catalyst precursors, the chlorido ligands of these 

complexes have to be replaced by labile ligands such as solvent molecules. Silver salt 

metathesis is the widely preferred method of halide abstraction to generate transition-

metal fragments with vacant sites.[10] However, despite the widespread use of this method, 

it is not free of shortcomings. Incomplete chloride abstraction, leading to dinuclear 

bridged chlorido complexes, or formation of silver containing heteronuclear complexes 

are among the most common disadvantages.[10] 

We here wish to report the results obtained in the reaction of the dichlorido complexes 

[MCl2(κ
4C,N,N’,P−L)] with silver hexafluoroantimoniate on route to labile solvato-

complexes of formula [M(κ4C,N,N’,P−L)(Solv)2]
2+. A detailed study of the course of the 

reaction reveals that it takes place in a sequential manner. In fact, we show here that 

mono- di- and trinuclear intermediates are involved in the process. Interestingly, the 

complete characterization of these intermediates unveils that the formation of the 

polynuclear species is completely diastereoselective with chiral self-recognition between 

the involved chiral fragments R-X polvo. Moreover, in the silver containing trinuclear 

intermediates, the silver cation presents an unusual distorted-tetrahedral chiral 
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environment with predetermined chirality.5d,e DFT calculations, also included in this 

article, support the observed stereoselectivity. 
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Results and Discussion 

Reaction of [MCl2(κ4C,N,N’,P−L)] (M = Rh (1), Ir (2)) with AgSbF6 in 1/2 molar 

ratio 

Refluxing acetonitrile suspensions of the racemic rhodium complex 1 in the presence of 

AgSbF6 (molar ratio 1/2) for 40 h afforded the cationic bis-acetonitrile complex 

[Rh(κ4C,N,N’,P−L)(NCMe)2][SbF6]2 (3) in 92 % isolated yield. The iridium homologue 

[Ir(κ4C,N,N’,P−L)(NCMe)2][SbF6]2 (4) was isolated, in 79 % yield, by treating a 

suspension of the racemic dichlorido [IrCl2(κ
4C,N,N’,P−L)] (2), in acetonitrile, with two 

moles of AgSbF6, at 130 ºC in a sealed tube, for 4 days (Eq. 1). 

[MCl2(4C,N,N',P-L)]     +     2 AgSbF6

M = Rh (1), Ir (2)

[M(4C,N,N',P-L)(NCMe)2][SbF6]2                       (1)

M = Rh (3), Ir (4)

MeCN, 

- 2 AgCl

 

The compounds were characterized by analytical and spectroscopic methods (see 

Experimental Section) and by the X-ray determination of the crystal structure of the 

rhodium compound 3 (vide infra). The metal atom and the aminic nitrogen of the ligand 

are stereogenic centers. However, the NMR spectra of complexes 3 and 4 consist of only 

one set of sharp resonance signals. Taking into account that the samples of the starting 

compounds 1 and 2 were racemic mixtures of RN,CM and SN,AM isomers[8] (Scheme 2), 

compounds 3 and 4 should have been obtained as racemic mixtures of only 

N
N
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Hpro-RHpro-S
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CH2(P)

CH2(P)

CH2(Py)

 

Scheme 3. Assignment of the methylene descriptors (A) and NOE pattern (B) on (RNam)-OC-6-
35-C isomers of complexes 3 and 4. 
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one of the three possible isomers. The geometry of the isolated isomer can be unveiled 

by NMR measurements. The value of the J(PH) coupling constants together with COSY, 

HSQC and HMBC experiments permit the assignment of the six diastereotopic protons 

which have been labeled as CH2(Py), CH2(Ph) and CH2(P) (see Scheme 3A). Scheme 3B 

shows the NOE pattern measured for these six methylene protons. Additionally, the 

methyl protons of the acetonitrile ligand trans to the aminic nitrogen atom exhibit NOE 

relationship with the 6-CH(Py) and 6-CH(Ph) protons of the tetradentate ligand (see 

Scheme 4). All these NMR data are only compatible with the pair of enantiomers (RNam)-

OC-6-35-C (RN,CM) and (SNam)-OC-6-35-A (SN,AM) in which the phosphorus and the 

pyridine nitrogen atoms are mutually trans (Scheme 4). Accordingly, a J(PH) coupling 

constant of about 4.6 Hz (complex 3) or 5.7 Hz (complex 4) was measured for the proton-

6 of the pyridine moiety (6-CH(Py)). Hence, we propose that compounds 3 and 4 have 

been obtained as racemic mixtures of the isomers RN,CM and SN,AM shown in Scheme 4 

as, in fact, it has been corroborated by the X-ray determination of the crystal structure of 

compound 3. 

M

N

N NCMe

PPh2

NCMe

2+

(SNam)-OC-6-35-A(RNam)-OC-6-35-C

M = Rh (3), Ir (4) M = Rh (3'), Ir (4')

M

N

NMeCN

Ph2P

MeCN

2+

H H

HH

 

Scheme 4. Isolated enantiomers of the complexes 3 and 4. 

Single crystals of 3, suitable for X-ray analysis, were obtained from dichloromethane 

solutions of the compound. A view of the structure of the cation of the complex is depicted 

in Figure 1 and relevant characteristics of the metal coordination sphere are summarized 

in Table 1. 
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The cation exhibits a distorted-octahedral coordination geometry around the central 

metal atom. Two acetonitrile ligands coordinated through the nitrogen atom occupy two 

cis coordination sites and four ligating atoms of the tetradentate ligand complete the 

coordination metal sphere. As indicated by solution NMR data, the phosphorus atom is 

trans to the pyridinic nitrogen N(2), while the nitrile nitrogen atoms N(3) and N(4) are 

found to be trans to the aminic nitrogen N(1) and to the aromatic C(28) carbon atoms, 

respectively. 

 
Figure 1. Molecular structure of the cation of complex 3 (thermal ellipsoids at a 30% probability 
level). Only the (RNam)-OC-6-35-C enantiomer is shown. For clarity, hydrogen atoms have been 
omitted. 

 

Table 1. Bond lengths (Å) and angles (°) for complex 3/3’. 

Rh-P 2.2941(12) N(1)-Rh-N(2) 81.34(16) 

Rh-N(1) 2.069(4) N(1)-Rh-N(3) 175.08(16) 

Rh-N(2) 2.099(4) N(1)-Rh-N(4) 92.96(16) 

Rh-N(3) 2.022(4) N(1)-Rh-C(28) 84.46(18) 

Rh-N(4) 2.187(4) N(2)-Rh-N(3) 93.92(16) 

Rh-C(28) 2.005(4) N(2)-Rh-N(4) 90.21(16) 

P-Rh-N(1) 93.86(11) N(2)-Rh-C(28) 85.30(17) 

P-Rh-N(2) 174.08(12) N(3)-Rh-N(4) 88.36(16) 

P-Rh-N(3) 90.79(11) N(3)-Rh-C(28) 93.87(18) 

P-Rh-N(4) 93.52(12) N(4)-Rh-C(28) 175.11(17) 

P-Rh-C(28) 90.81(13)   
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The complex crystallizes in the C2/c centrosymmetric space group and, therefore, 

pairs of enantiomers, specifically the RN,CM (3) and SN,AM (3’) isomers[8] (see Scheme 3) 

are present in its unit cell. 

Structural features of complex 3 are very close to those of the parent dichlorido 

compound 1.[6] As a consequence of the strong trans influence of the sp2 carbon atom, 

the Rh−N(4) bond length is 0.165(6) Å longer than that of the Rh−N(3) bond. The 

tetradentate coordination of the ligand L leads to the formation of two five-membered 

and one six-membered metalacycles.[11] In the RN,CM enantiomer 3, the Rh-N(1)-C(20)-

C(21)-N(2) metalacycle exhibits an E2 envelope conformation slightly distorted toward a 

3T2 conformation, the Rh-N(1)-C(26)-C(27)-C(28) metalacycle is almost planar, as 

indicated by the value of the puckering amplitude (0.032(5) Å), and the six-membered 

metalacycle shows a screw-boat disposition (5S6) with a slight distortion towards a 2T6 

conformation.[12] 

 

Figure 2. Views of the isomer of configuration (RNam)-OC-6-35-C of the complex 3 along the 
Rh−N(1) and P−Rh directions. 

Taking into account the potential application of these compounds as catalyst 

precursors in asymmetric transformations, it is interesting to point out that the phenyl 

groups of the phosphano arm of the ligand L shields one of the faces of the plane defined 

by the metal atom and the two acetonitrile ligands. However, the other face of this plane 

remains essentially clear (Figure 2). Hence, if a prochiral substrate replaces one or two 
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acetonitrile ligands, one of its enantiofaces would be more shielded than the other and, 

therefore, enantioselective attacks would be anticipated. 

Sequential reactivity of the dichlorido complexes 1 and 2 with silver cations 

NMR spectra show the formation of several metallic intermediates over the course of the 

reaction leading to the solvato complexes 3 and 4. When dealing with the mechanism of 

formation of these complexes, it is worth mentioning that in the starting compound the 

chlorido ligands are located one trans to the aminic nitrogen and the other trans to a 

metalated carbon atom of a phenyl ring. The strong difference in trans influence between 

these two organic functions gives rise to M−Cl bond lengths more than 0.1 Å longer for 

the M−Cl bond trans to the carbon atom than for the M−Cl bond trans to the nitrogen 

atom.[6] Consequently, it may be envisaged that the abstraction of the former chlorido 

ligand would be preferential over the abstraction of the latter (vide infra). 

2 [MCl2(4C,N,N',P-L)]     +     AgSbF6

M = Rh (1), Ir (2)

[{MCl(4C,N,N',P-L)}2(-Cl)][SbF6]                       (2)

M = Rh (5), Ir (6)

CH2Cl2, RT

- AgCl

 

Trying to clarify this point, AgSbF6 was added to dichloromethane solutions of 1 and 

2, in a 2/1 molar ratio, at room temperature. After 2 h under these conditions, solids of 

formula [{MCl(κ4C,N,N’,P−L)}2(μ-Cl)][SbF6] (M = Rh (5), Ir (6)) were isolated from the 

reaction medium in good yield (Eq. 2). 

Single crystals suitable for X-ray analysis were obtained from dichloromethane 

solutions of the rhodium compound 5. The X-ray structure reveals that the complex cation 

contains two Rh(κ4C,N,N’,P−L)Cl moieties bridged by a chlorido ligand (Figure 3). The 

Rh(1)···Rh(2) distance (4.7833(6) Å) excludes any significant metal-metal interaction. 

The metal atoms and the aminic nitrogens are stereogenic centers. As the  
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Figure 3. Molecular structure of the cation of complex 5. Only the cation with (RNam)-OC-6-65-C 
configuration in both metallic moieties is shown. For clarity hydrogen atoms have been omitted 
and only the ipso carbons of the PPh2 groups are shown. 

Table 2. Bond lengths (Å) and angles (°) for complex 5/5’ 

Rh(1)-Cl(1) 2.5516(6) Rh(2)-Cl(1) 2.5343(6) 

Rh(1)-Cl(2) 2.3625(6) Rh(2)-Cl(3) 2.3517(6) 

Rh(1)-P(1) 2.2757(7) Rh(2)-P(2) 2.2681(7) 

Rh(1)-N(1) 2.085(2) Rh(2)-N(3) 2.086(2) 

Rh(1)-N(2) 2.093(2) Rh(2)-N(4) 2.092(2) 

Rh(1)-C(28) 2.001(2) Rh(2)-C(60) 1.999(2) 

Cl(1)-Rh(1)-Cl(2) 91.15(2) Cl(1)-Rh(2)-Cl(3) 91.57(2) 

Cl(1)-Rh(1)-P(1) 89.19(2) Cl(1)-Rh(2)-P(2) 92.89(2) 

Cl(1)-Rh(1)-N(1) 89.02(6) Cl(1)-Rh(2)-N(3) 89.60(6) 

Cl(1)-Rh(1)-N(2) 92.59(6) Cl(1)-Rh(2)-N(4) 91.72(6) 

Cl(1)-Rh(1)-C(28) 172.79(7) Cl(1)-Rh(2)-C(60) 173.68(7) 

Cl(2)-Rh(1)-P(1) 91.34(2) Cl(3)-Rh(2)-P(2) 91.46(2) 

Cl(2)-Rh(1)-N(1) 173.01(6) Cl(3)-Rh(2)-N(3) 173.77(6) 

Cl(2)-Rh(1)-N(2) 92.41(6) Cl(3)-Rh(2)-N(4) 92.89(6) 

Cl(2)-Rh(1)-C(28) 95.98(7) Cl(3)-Rh(2)-C(60) 94.74(7) 

P(1)-Rh(1)-N(1) 95.65(6) P(2)-Rh(2)-N(3) 94.59(6) 

P(1)-Rh(1)-N(2) 175.81(6) P(2)-Rh(2)-N(4) 173.57(6) 

P(1)-Rh(1)-C(28) 91.72(7) P(2)-Rh(2)-C(60) 87.33(7) 

N(1)-Rh(1)-N(2) 80.60(8) N(3)-Rh(2)-N(4) 80. 96(8) 

N(1)-Rh(1)-C(28) 83.77(9) N(3)-Rh(2)-C(60) 84.10(9) 

N(2)-Rh(1)-C(28) 86.04(9) N(4)-Rh(2)-C(60) 87.60(9) 

 

compound was found to crystallize in the centrosymmetric P21/n space group, an 

equimolar mixture of the enantiomers, 5 and 5’ is present in its unit cell. Notably, within 

each cation both metallic moieties adopt the same absolute configuration i. e. both present 
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(RNam)-OC-6-65-C (5) or (SNam)-OC-6-65-A (5’) configuration. Only the unprimed isomer 

5 is shown in Figure 3. Some structural parameters of the metal coordination are listed in 

Table 2. They nicely agree with those reported for the parent dichlorido complex 1.[6] A 

non-crystallographic binary axis, passing through the bridging chlorine atom, relates the 

two moieties of the dinuclear molecule. 

Formally, the dinuclear cation is the result of the dissociation of the chlorido ligand 

trans to the sp2 coordinated carbon atom in the starting complex [RhCl2(κ
4C,N,N’,P−L)] 

followed by the coordination at the generated vacant site of the chlorido ligand trans to 

the sp2 coordinated carbon atom of a second molecule of 1. The linkage isomer in which 

the bridging chlorido is trans to one aminic nitrogen and one carbon atom was not 

detected. The terminal rhodium chlorido (trans to an aminic nitrogen) bond lengths 

(Rh(1)−Cl(2) 2.3625(6) Å, Rh(2)−Cl(3) 2.3517(6) Å) are significantly shorter than those 

of the rhodium bridging chlorido (trans to an sp2 carbon atom, (Rh(1)−Cl(1) 2.5516(6) 

Å, Rh(2)−Cl(1) 2.5343(6) Å). The elongation of the latter bond lengths should be 

reasonably due to the trans influence together with the fact that in complex 5 both metal 

atoms are sharing the bridging chloride charge density. In fact, they are longer than the 

terminal Rh−Cl bond, trans to sp2 carbon atoms, of the parent dichlorido mononuclear 

compound 1 (2.5222(12) Å). 

Unsupported chloride bridges are not very frequent in dinuclear Rh/Ir complexes and their 

structural parameters have been mainly related to steric constraints of the metal 

environment.[13] The Rh(1)−Cl(1)−Rh(2) angle in 5 (140.28(3)º) is similar to those 

reported for related octahedral Rh/Ir complexes bearing bulky ligands with an 

unsupported chlorido bridge: [{RhClMe(iPr-pybox)}2(μ-Cl)]+ (138.15(7)º),[14] 

[{IrH[{PPh2(o-C6H4CO)}2H]}2(μ-Cl)]+ (130.3(1)º),[15] [{IrCl(C2H5)(
iPr-pybox)}2(μ-
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Cl)]+ (139.17(11)º),[16] [{IrH2(PMe3)3}2(μ-Cl)]+ (139.6(3)º).[13b] In complex 5, the value 

of the Rh−Cl−Rh angle allows the separation of the two bulkiest PPh2 fragments as well 

as the approach of the two pyridine rings via non-covalent π···π intramolecular 

interactions. Indeed, the centroid-centroid distance between the pyridine rings is 

4.0041(16) Å and the dihedral angle between their mean planes is of only 14.68(13)°. 

This arrangement is similar to that found in related metallic complexes containing π···π 

stacked heterocycles.[17] Furthermore, the ring planes are offset in such a way that the 

C(25) and C(57) carbon atoms lie near over the center of the other pyridine ring and their 

hydrogen atom is placed almost on the top of a pyridine ring C=C bond (Figure 4). This 

slipped π···π stacking is characterized by offset angles of 23.7 and 31.0° between the ring 

normals and the vector between the centroids. 

 

Figure 4. A view of the π···π stacking of the pyridine rings in complex 5. 

On the other hand, DOSY 1H NMR measurements[18] were carried out in CD2Cl2 to 

obtain information about the nuclearity in solution of compounds 5 and 6. For 

comparative purposes, the rhodium mononuclear compounds [RhCl2(κ
4C,N,N’,P−L)] 

(1)[6] and [RhCl(κ4C,N,N’,P−L)(NCMe)][SbF6] (9) and their iridium homologues 2 and 

10, respectively, were also studied. The preparation and characterization of complexes 9 

and 10 is reported below. The translational self-diffusion coefficients (Dt, Table 3) show 

that 5 and 6 diffuse slower than 1, 2, 9 and 10 and that the diffusion coefficients ratio 

between the latter and the former (in the range 1.24-1.35) is very close to the ideal 
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calculated value (1.26) for diffusing species with a 2-fold volume one respect to the other. 

Accordingly, the hydrodynamic radii of complexes 1, 2, 9, and 10 (rH, Table 3) exhibit 

values in the 4.71-5.07 Å range. However, rH values of 6.27 and 6.36 Å were determined 

for complexes 5 and 6, respectively. In summary, the performed diffusion experiments 

support a dinuclear structure for complexes 5 and 6 in dichloromethane solution. 

Table 3. Diffusion coefficient (Dt,  
m2s-1), hydrodynamic radius (rH, Å) for 
compounds 1, 2, 9, 10, 5 and 6. 

Comp. 1010 Dt rH 

1 10.78 4.71 

2 10.06 5.05 

9 10.60 4.79 

10 10.01 5.07 

5 8.100 6.27 

6 7.986 6.36 

Conditions: CD2Cl2, 293 K, 7.75 ×  
10-3 mM. Solvent viscosity: 0.43 cP at 
293 K. 

However, the NMR spectra of 5 and 6, in the presence of substoichiometric amounts 

of donor solvents, such as water or acetonitrile, indicate that the complexes 

asymmetrically split into the neutral dichlorido compounds [MCl2(κ
4C,N,N’,P−L)] (1, 2) 

and the cationic solvato-complexes [MCl(κ4C,N,N’,P−L)(Solv)]+ (Solv = H2O; M = Rh 

(7), Ir (8). Solv = NCMe; M = Rh, (9), Ir (10) Scheme 5) and that the metallic fragments 

are in equilibrium in dichloromethane solution. The solvato-complexes 7-10 have been 

independently prepared following an alternative route (vide infra). As a confirmation, the 

equilibrium of Scheme 5 was also achieved by mixing equimolar amounts of isolated 

dichlorido compounds 1 or 2 with the corresponding cationic compounds 7/8 or 9/10. 
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Scheme 5. Solution equilibrium for complexes 5 and 6. 

Notably, 1H-1H EXSY cross-peaks reveal the exchange between corresponding 

nuclei of the dichlorido and solvato-complexes and those of the dimetallic complexes 5 

and 6 (see SI). It is noteworthy to point out that the sole isomer observed for compounds 

5 and 6 is the same as the one obtained from complexes 1 and 2 according to Eq. 2. The 

X-ray molecular structure of complex 5 reveals that the configuration of each metallic 

moiety within the dinuclear cation is the same: RN,CM or SN,AM (see above). Hence, the 

reaction between the dichlorido compounds and the aquo or acetonitrile solvato-

complexes to afford the dinuclear compounds 5 and 6 (see Scheme 5) takes place with 

molecular self-recognition: only dimetallic cations of absolute configuration 

RN,CM,RN’,CM’ or SN,AM,SN’,AM’ form.[19] 

The solid state molecular structure of complex 5 reveals that π···π interactions 

between the two pyridine rings of the molecule are operating (see above). Most probably, 

these interactions are maintained in solution because, in complexes 5 and 6, the resonance 

peak attributed to the 6-CH(Py) proton appears 1.18 and 1.17 ppm upfield shifted with 

respect to that assigned to this proton in the starting mononuclear complexes 1 and 2, 

respectively. This shift should be attributed to the shielding produced by the diamagnetic 

electronic current of the other pyridine group (see Figure 4). 

 

DFT calculations on complexes 5 and 6 
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DFT calculations were carried out in order to assess the relative stability of the possible 

isomers of the cations I-IV of formula [{MCl(4C,N,N’,P−L)}2(-Cl)]+ (M = Rh, Ir). 

Figure 5 shows their calculated structures and relative free energies. As far as the metal 

environment is concerned, III and IV are linkage isomers of I and II, respectively. 

Indeed, both I and II contain two metalated carbon atoms trans to the bridging chlorido 

ligand, while the bridging chlorido ligand of III and IV is trans to the metalated carbon 

of one MCl(4C,N,N’,P−L) moiety and trans to the aminic nitrogen atom of the other  

Figure 5. Structures and relative free energies (G, kcal·mol–1, 298 K, CH2Cl2) of isomers I-IV of 

formula [{MCl(κ4C,N,N’,P-L)}2(μ-Cl)]+ (M = Rh, Ir). Only the structures with M = Rh are shown, 

those with M = Ir being similar. For clarity all hydrogen atoms are omitted and only ipso carbons 

of the PPh2 moiety are shown. 

moiety. When dealing with the configuration of the stereogenic centres, I and III contain 

two superimposable MCl2(CNamNPyP) moieties. On the other hand, II and IV contain two 
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MCl2(CNamNPyP) moieties with opposite configurations. Nevertheless, it should be noted 

that, as a consequence of the priority rules, the C/A descriptors assigned to isomers III 

and IV are different from those assigned to I and II. 

For both rhodium and iridium, the isomers III and IV are observed at significantly 

higher free energies thus suggesting that its formation can be ruled out. Further, similar 

to the solid state structure of 5, the most stable isomer I contains two equal configured 

(RN,CM)−MCl2(κ
4C,N,N’,P−L) moieties and features a slipped π···π stacking of the 

pyridinic rings, similar to that above described for 5 (Figure 6). 

 

 

Figure 6. Views of the π···π stacking in I. Only the structure with M = Rh is shown, that with M = 

Ir being similar. Selected angles (º) and distances (Å) are: centroid-centroid distance 3.78 (Rh), 

3.78 (Ir); dihedral angle between pyridinic rings 9.06 (Rh), 8.89 (Ir); averaged angle between ring 

normal and centroid-to-centroid vector 28.8 (Rh), 29.1 (Ir). 
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Accordingly, the isomer II with a configuration RN,CM,SN’,AM’ is less stable than I 

and, interestingly, features a mutual disposition of the MCl(κ4C,N,N’,P−L) moieties 

around the bridging chlorido ligand that prevents the stacking of the pyridinic moieties  

and, eventually, of any other pair of aromatic rings. Thus, for both metals, the stabilizing 

effect of the π···π stacking of the pyridinic moieties in I reasonably seems to be the key 

factor causing the higher stability of I with respect to II-IV. Consequently, this π···π 

stacking should be considered the origin of the molecular recognition leading to the regio- 

and stereoselective formation of 5 and 6 both in the reaction of 1 and 2 with AgSbF6 in 

CH2Cl2 (Eq. 2) and in the reaction between 7/9 or 8/10 with 1 or 2 (Scheme 5). 

Reaction of the dichlorido complexes 1 and 2 with AgSbF6 in 1/1 molar ratio 

Solutions of 1 and 2, in wet dichloromethane, treated with AgSbF6 in 1/1 molar ratio, at 

room temperature for two hours, afforded the cationic mononuclear aquo-complexes 

[MCl(κ4C,N,N’,P−L)(OH2)][SbF6] (M = Rh (7), Ir (8)). Under similar conditions, but 

employing acetonitrile as solvent, the acetonitrile complexes [MCl(κ4C,N,N’,P−L) 

(NCMe)][SbF6] (M = Rh (9), Ir (10)) were isolated (Eq. 3a). Complexes 9 and 10 can 

also be prepared by adding AgSbF6, in 1/1 molar ratio, to dichloromethane/acetonitrile 

solutions of the dinuclear compounds [{MCl(κ4C,N,N’,P−L)}2(μ-Cl)][SbF6] (M = Rh (5), 

Ir (6)) (Eq. 3b). 

[MCl2(4C,N,N',P-L)]     +     AgSbF6

M = Rh (1), Ir (2)

[MCl(4C,N,N',P-L)(Solv)][SbF6]                                 (3a)
Solvent

- AgCl

M = Rh; Solv = H2O (7), MeCN (9)
M = Ir; Solv = H2O (8), MeCN (10)

[{MCl(4C,N,N',P-L)}2(-Cl)][SbF6]     +     AgSbF6

M = Rh (5), Ir (6)

CH2Cl2/MeCN

- AgCl

2 [MCl(4C,N,N',P-L)(NCMe)][SbF6]           (3b)

M = Rh (9), Ir (10)
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The NMR spectra of the mononuclear complexes 7-10 indicated that only one 

geometrical isomer has been isolated and NOESY experiments in solution and the X-ray 

determination of the crystal structure of the iridium complex 10 indicated that only the 

chlorido ligand trans to the phenyl carbon atom has been replaced with the solvent 

molecule. 

Molecular structure of the compound [IrCl{(κ4C,N,N’,P−L)}(NCMe)][SbF6] (10) 

The crystal structure of complex 10 was determined by X-ray diffractometric methods. 

Single crystals were obtained from dichloromethane solutions of the complex. A view of 

the molecular structure is depicted in Figure 7 and relevant characteristics of the metal 

coordination sphere are summarized in Table 4. 

As complexes 3 and 5, compound 10 crystallizes in a centrosymmetric space group 

and therefore the crystal structure is found to be a racemate of enantiomers RN,CM (10) 

and SN,AM (10’). The asymmetric unit contains two crystallographically independent 

molecules. No statistically significant difference is observed in their bond lengths and 

angles. 

 
 

Figure 7. Molecular structure of the cation of complex 10. Only the (RNam)-OC-6-35-C enantiomer 
is shown. For clarity, hydrogen atoms have been omitted. 
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Table 4. Bond lengths (Å) and angles (°) for the two independent molecules of complex 
10/10’. 

Ir(1)-Cl(1) 2.352(2) 2.360(2) P(1)-Ir(1)-N(1) 95.83(19) 94.97(19) 

Ir(1)-P(1) 2.267(2) 2.276(2) P(1)-Ir(1)-N(2) 175.6(2) 175.8(2) 

Ir(1)-N(1) 2.090(6) 2.102(7) P(1)-Ir(1)-N(3) 91.65(19) 90.61(19) 

Ir(1)-N(2) 2.098(7) 2.106(7) P(1)-Ir(1)-C(28) 94.5(2) 96.6(2) 

Ir(1)-N(3) 2.133(7) 2.104(7) N(1)-Ir(1)-N(2) 80.1(3) 81.4(3) 

Ir(1)-C(28) 2.011(8) 2.031(9) N(1)-Ir(1)-N(3) 93.2(3) 93.3(3) 

Cl(1)-Ir-P(1) 90.92(8) 91.08(7) N(1)-Ir(1)-C(28) 83.3(3) 83.5(3) 

Cl(1)-Ir(1)-N(1) 173.06(19) 173.73(19) N(2)-Ir(1)-N(3) 87.0(3) 87.7(3) 

Cl(1)-Ir(1)-N(2) 93.2(2) 92.7(2) N(2)-Ir(1)-C(28) 86.7(3) 84.9(3) 

Cl(1)-Ir(1)-N(3) 88.26(19) 88.31(19) N(3)-Ir(1)-C(28) 173.2(3) 172.3(3) 

Cl(1)-Ir(1)-C(28) 94.6(3) 94.2(3)    

 

The octahedral metal coordination environment reveals a κ4C,N,N’,P coordination of 

the ligand L, with structural features similar to those observed in the related complexes 3 

and 5. As a minor dissimilarity, the Ir-N-C-C-C metalacycle is slightly more deviated 

from the planarity in complex 10 than in complexes 3 and 5 (see SI). The coordinated 

acetonitrile is found to be trans to the C(28) phenyl carbon, in good agreement with the 

spectroscopic results. In this geometrical arrangement, one of the faces of the plane 

containing the metal atom and the chlorido and acetonitrile ligands becomes shielded by 

the phenyl rings of the phosphano fragment. This feature, similar to that found in the 

cation of compound 3 (see Figure 2), is relevant from the point of view of potential 

catalytic applications. 

In order to elucidate the selective formation of compounds 7-10, the structures and 

relative free energies of the cations V-VIII have been calculated (Figure 8). The 

acetonitrile solvato cations VIIIa/b −with the acetonitrile molecule trans to the aminic 

nitrogen atom− and their isomers VIIa/b −with the acetonitrile molecule trans to the  
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Figure 8. Structures and relative free energies (G, kcal·mol–1, 298 K, CH2Cl2) of isomers V-VIII of 
[MCl(κ4C,N,N’,P-L)(Solv)]+ (M = Rh, Ir; Solv = H2O, MeCN). Only the structures with M = Rh are 
shown, those with M = Ir being similar. For clarity, most hydrogen atoms are omitted and only 
ipso carbons of the PPh2 moiety are shown. 

carbon atom– feature similar calculated stabilities. Thus, a kinetic control can be 

envisaged in the selective formation of 9 and 10. In order to confirm this hypothesis, the 

relative stabilities of the putative 16-electron intermediates [MCl(4C,N,N’,P−L)]+ 

(IXa/b, Xa/b) were calculated (Figure 9). The cations IXa and Xa (IXb and Xb) exhibit 

significantly different stabilities (G > 15 kcal·mol–1). In addition, a relaxed PES scan 

showed that the chlorido ligand abstraction from both 1 and 2 is a barrierless process 

leading to IXa/b or Xa/b (see SI). On this background, it can be reasonably argued that 

besides a higher trans influence (vide supra), the metalated carbon atom in 1 and 2 exerts 

a higher trans effect than the aminic nitrogen atom, thus preventing the observation and 

isolation of the cations Xa/b and allowing the isolation of only the isomers of 9 and 10 

with the acetonitrile trans to the carbon atom.[20] 
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Figure 9. Cations [MCl(κ4C,N,N’,P-L)]+ (IXa/b, Xa/b) and free energy profiles (G, kcal·mol–1, 298 
K, CH2Cl2) for the reaction [MCl2(κ4C,N,N’,P-L)] + MeCN  [MCl(κ4C,N,N’,P-L)(NCMe)]+ + Cl– (M 
= Rh, Ir). 

Finally, when dealing with the formation of compounds 7 and 8, the aquo complexes 

VIa/b (H2O trans to nitrogen, Figure 8) were calculated to be less stable (+6.8, Rh; +7.2 

kcal·mol–1, Ir) than the corresponding isomers Va/b (H2O trans to carbon). Thus, the 

clean formation of 7 and 8 should be the consequence of both the lower free energy of 

the putative intermediates IXa/b vs. Xa/b and the higher stability of Va/b vs. VIa/b. 

Reaction of the dichlorido complexes 1 and 2 with AgSbF6 in 2/3 molar ratio 

At room temperature, acetonitrile suspensions of the complexes 1 and 2 reacted with 

AgSbF6, in 2/3 molar ratio, affording the silver containing compounds 

[{M(κ4C,N,N’,P−L)(NCMe)(μ-Cl)}2Ag][SbF6]3 (M = Rh (11), Ir (12)) (Eq. 4a). These 

compounds were also isolated from dichloromethane/acetonitrile solutions of the 

acetonitrile complexes 9 and 10 containing AgSbF6, in 2/1 molar ratio (Eq. 4b). 
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2 [MCl2(4C,N,N',P-L)]     +     3 AgSbF6

M = Rh (1), Ir (2)

[{M(4C,N,N',P-L)(NCMe)(-Cl)}2Ag][SbF6]3                  (4a)

- 2AgCl
M = Rh (11), Ir (12)

MeCN

2 [MCl(4C,N,N',P-L)(NCMe)][SbF6]    +     AgSbF6

M = Rh (9), Ir (10)

CH2Cl2/MeCN
[{M(4C,N,N',P-L)(NCMe)(-Cl)}2Ag][SbF6]3                  (4b)

M = Rh (11), Ir (12)  

Crystals suitable for X-ray analysis were obtained from dichloromethane solutions 

of the complexes. As most of the features of the two crystals are similar, we will discuss 

here the molecular structure of the rhodium complex 11. For details about the molecular 

structure of the iridium complex 12 see SI. 

A view of the molecular structure of the cation of the complex is depicted in Figure 

10 and relevant characteristics of the metal coordination spheres are summarized in Table 

5. In the cation, two distorted-octahedral Rh(κ4C,N,N’,P−L)(NCMe)Cl fragments are 

bridged by a silver atom. The two halves of the cation are related by a 2-fold rotation axis 

passing through the silver atom. The complex crystallizes in the C2/c centrosymmetric 

space group and, therefore, pairs of enantiomeric cations 11/11’ are  

 

Figure 10. Molecular structure of the cation of complex 11 (thermal ellipsoids at a 30% probability 
level). Only the enantiomer with (RNam)-OC-6-54-C configuration in both rhodium fragments is 
shown. The configuration of the silver center is Δ (see text). For clarity hydrogen atoms have been 
omitted. Primed atoms are related to the unprimed one by the symmetry transformation 1−x, y, 
½−z. 
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Table 5. Bond lengths (Å) and angles (°) for complex 11/11’. 

Rh-Cl(1) 2.3869(13) P-Rh-N(1) 94.78(13) 

Rh-P 2.2753(14) P-Rh-N(2) 175.37(14) 

Rh-N(1) 2.079(4) P-Rh-N(3) 91.33(15) 

Rh-N(2) 2.089(5) P-Rh-C(28) 93.93(15) 

Rh-N(3) 2.178(5) N(1)-Rh-N(2) 80.65(18) 

Rh-C(28) 2.007(5) N(1)-Rh-N(3) 90.85(18) 

Ag-Cl(1) 2.5360(15) N(1)-Rh-C(28) 84.14(18) 

Cl(1)-Rh-P 90.83(5) N(2)-Rh-N(3) 89.5(2) 

Cl(1)-Rh-N(1) 174.35(13) N(2)-Rh-C(28) 84.9(2) 

Cl(1)-Rh-N(2) 93.75(14) N(3)-Rh-C(28) 173.02(19) 

Cl(1)-Rh-N(3) 88.40(14) Cl(1)-Ag-Cl(1’) 120.19(8) 

Cl(1)-Rh-C(28) 96.10(14)   

 

present in the unit cell. Only the cation of the unprimed isomer 11 is shown in Figure 10. 

Within each cation both rhodium moieties adopt the same absolute configuration i. e. both 

present (RNam)-OC-6-54-C (11) or (SNam)-OC-6-54-A (11’) configurations. 

Notably, while the chlorido ligand trans to the phenyl carbon in the starting 

compound [RhCl2(κ
4C,N,N’,P−L)] (1) has been substituted by a MeCN molecule in 

complex 11, the chlorido ligand trans to the aminic nitrogen remained coordinated to the 

rhodium atom, in spite of its interaction with a silver cation. The distance of 4.2552(6) Å 

between Rh and Ag excludes any significant intermetallic interaction. 

The Ag−Cl bond length is 2.5360(15) Å and a Cl−Ag−Cl angle of 120.19(8)° was 

found. As far as we know, only four previous structures exhibit unsupported X2Ag (X = 

halogen atom) bridges. Remarkably, in three of them, namely, (NBu4)x[{Pt(C6Cl5)2(μ-

Cl)}2Ag]x,
[21] [{PtCl(Me)(N,N-chelate)(μ-Cl)}2Ag],[22] and [{Ru2(ap)4(μ-Cl)}2Ag],[23] 

linear Cl−Ag−Cl bridges are present, while the compound [{TpRe(N-p-tol)-(Ph)(μ-

I)}2Ag] exhibits a smaller angle (124.3°).[24] In the latter, the silver atom additionally 

interacts with two carbon atoms of two aromatic rings, each one belonging to one of the 

two mononuclear subunits (Ag−C, 2.528(13) Å) completing a distorted-tetrahedral 
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environment for the silver. In a similar manner, in complex 11, the silver atom lies at a 

relatively short distance of the aromatic C(8) and C(8’) carbon atoms (2.711(6) Å). 

The resulting stereochemistry on the silver center deserves some comments. Taking 

into account the two Ag···C attractive interactions, the silver cation presents a distorted-

tetrahedral geometry. Furthermore, the two rhodium fragments 

Rh(κ4C,N,N’,P−L)(NCMe)Cl, each one acting as a “chelate ligand” through the Cl and 

one carbon atom, create a chiral environment around the silver atom. The relative spatial 

arrangement of these two chelates defines a Δ or  configuration for the silver center 

(Figure 11).[25] Taking into account that metallic fragments of RN,CRh and SN,ARh 

configuration are present in the solution, three pairs of enantiomeric diastereomers, 

 
Figure 11. Assignment of the Δ configuration to the silver center in complex 11. 

namely, RN,CRh,Δ,RN’,CRh’ / SN,ARh,,SN’,ARh’; RN,CRh,Δ,SN’,ARh’ / SN,ARh,,RN’,CRh’ and 

SN,ARh,Δ,SN’,ARh’ / RN,CRh,,RN’,CRh’ could form. Notably, only the pair of enantiomers 

RN,CRh,Δ,RN’,CRh’ / SN,ARh,,SN’,ARh’ was isolated R-X polvo; Referencia en Footnote al 

espectro 31P del sólido. Thus, the configuration at the silver center is predetermined,[5d,e] 

i. e., the silver atom only adopts a  configuration when joints RN,CRh (11) moieties and 

a  configuration when is surrounded by two SN,ARh (11’) fragments. The remaining 
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possible diastereomers were detected neither in solution (from 300 to 183 K) nor in the 

solid state. 

The rhodium acetonitrile nitrogen bond length (Rh−N(3)) is 2.178(5) Å, comparable 

to that found in the bis-acetonitrile complex 3 (Rh−N(4) = 2.187(4) Å) for the acetonitrile 

trans to the sp2 carbon atom. The bridging chlorido ligand is trans to an aminic nitrogen. 

Its Rh−Cl bond length, 2.3869(13) Å, is slightly longer than that found in 

[RhCl2(κ
4C,N,N’,P−L)], 2.3636(13) Å,[6] and in complex 5, 2.36235(6) Å, for chlorido 

ligands also trans to aminic nitrogen atoms, but occupying terminal coordination 

positions. 

The solid state structure of complexes 11 and 12 is not maintained in solution. 1H, 

13C and 31P{1H} NMR spectra of their solutions in CD2Cl2 closely resemble those of the 

corresponding mononuclear cation in [MCl(κ4C,N,N’,P−L)(NCMe)][SbF6] (M = Rh (9), 

Ir (10)). Hence, we propose that in solution the complexes dissociate according to the 

equilibrium depicted in Scheme 6. In fact, the hydrodynamic radii, evaluated by DOSY 

experiments, for dichloromethane solutions of the complexes 11 and 12 exhibit values of 

5.11 (11) and 5.19 Å (12) and their diffusion coefficients are similar to that of the related 

mononuclear compounds 9 and 10 ((Dt)9/(Dt)11 and (Dt)10/(Dt)12 ratio, 1.06 and 1.02, 

respectively, see Table 3). 

MN

N

Cl

PPh2

NCMe

M N

N

Ph2P

MeCN

Cl

Ag

M = Rh (11), Ir (12)

[SbF6]3

M = Rh (9), Ir (10)

+   Ag+  +   3SbF6
-2

M
N

N Cl

PPh2

NCMe

+

CD2Cl2

 

Scheme 6. Solution equilibrium for complexes 11 and 12. 
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Finally, treatment of the complexes [{M(κ4C,N,N’,P−L)(NCMe)(μ-Cl)}2Ag][SbF6]3 

(M = Rh (11), Ir (12)) with equimolar amounts of AgSbF6, at 80 ºC, in 

dichloromethane/acetonitrile, afforded the mononuclear acetonitrile complexes 

[M(κ4C,N,N’,P−L)(NCMe)2][SbF6]2 (M = Rh (3), Ir (4)), according to NMR 

measurements (Eq. 5). 

2 [M(4C,N,N',P-L)(NCMe)2][SbF6]2                       (5)

M = Rh (3), Ir (4)

[{M(4C,N,N',P-L)(NCMe)(-Cl)}2Ag][SbF6]3     +     AgSbF6

M = Rh (11), Ir (12)

CH2Cl2/MeCN,   

- 2 AgCl

 

Regarding the stereochemical features of the new complexes 3-12, it is interesting to 

note that all of them present only two distinct arrangements for the four ligating atoms in 

the M(κ4C,N,N’,P−L) entity. Each one corresponds to each one of the two isolated 

enantiomers of the compounds. Inversion of the chirality at the metal and at the aminic 

nitrogen atoms are two interconnect phenomena that take place concomitantly. For 

inverting the configuration at these centers, at least three M−L and/or Nam−C bonds have 

to be broken and, therefore, we speculate that this inversion must be a high energy-

demanding process. Consequently, it may be envisaged that these metallic compounds 

are configurationally stable and, therefore, no changes on their configuration can be 

expected under the usual catalytic conditions. 

DFT calculations on complexes 11 and 12 

As mentioned above, the solid state structure of the cations 

[{M(κ4C,N,N’,P−L)(NCMe)(μ-Cl)}2Ag]3+ (M = Rh, Ir) reversibly breaks up upon 

dissolving and only one among three pairs of diasteroisomers is isolated namely, the pair 

RN,CM,Δ,RN’,CM’/SN,AM,,SN’,AM’ (vide supra) R-X polvo. In order to gain insight into 

the selective formation of 11 and 12, the structures of the three possible (pairs of) 
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diasteroisomers were elucidated by computational methods. The optimized structures of 

diasteroisomers XI-XIII and their relative energies are given in Figure 12.[26] 

 

Figure 12. Structures and relative energies of isomers XI-XIII of [{M(κ4C,N,N’,P−L)(NCMe)(μ-
Cl)}2Ag]3+ (M = Rh, Ir). For brevity only the structures with M = Rh are shown, those with M = Ir 
being similar. For clarity all hydrogen atoms are omitted and only the ipso carbon of the PPh 
moiety apart from silver is shown. 



30 

 

Interestingly, for XI and XIII the Cl−Ag−Cl moiety features a bent angle (126-127º) 

and similar Ag−Cl bond lengths (2.54-2.56 Å). In addition, short interatomic Ag···C 

distances have been observed between silver and one of the PPh group (2.66-2.72 Å), 

rendering a pseudo-tetrahedral coordination geometry around the metal. When dealing 

with XII, a different environment was observed for the silver. Indeed, a wider Cl−Ag−Cl 

angle (M = Rh, 144.3º; M = Ir, 138.6º) is observed along with slightly shorter Ag−Cl 

bond lengths (M = Rh, 2.49 Å; M = Ir, 2.51 Å). Further, the shortest Ag···C interatomic 

distances between the silver atom and the PPh2 moiety are significantly longer (M = Rh, 

3.15 Å; M = Ir, 3.09 Å) than those observed in XI and XIII. Additionally, short C-H···Ag 

interatomic distances (M = Rh, 2.49 Å; M = Ir, 2.43 Å) have been observed between the 

silver atom and both metalated phenyl rings. In spite of these structural differences, for 

the sake of comparison the -configuration of the silver atom in XII has been assigned 

considering the closest PPh ring and the chlorido ligands. 

The most stable enantiomer XI features the RN,CM configuration at both 

MCl(κ4C,N,N’,P−L)(NCMe) moieties and a  configuration of the silver atom, thus 

nicely fitting in with the solid state structure of the cation [{M(κ4C,N,N’,P−L)(NCMe)(μ-

Cl)}2Ag]3+ in 11 and 12. It is worth noting that, at variance with 5 and 6, the most stable 

diasteroisomer XI does not present unique intramolecular interactions that can be 

considered responsible for its higher stability. Indeed, as mentioned before, besides the 

Ag−Cl bonds, the diasteroisomers feature Ag···C contacts (XI, XIII) and Ag···HC 

interactions (XIII), thus ruling out that the origin of the higher stability of XI vs. XII and 

XIII is the presence of the Ag···C interactions observed in the solid state and confirmed 

by DFT calculations. Alternatively, it can be argued that simply a better match-up among 

two (RN,CM)-MCl(κ4C,N,N’,P−L)(NCMe) fragments and a silver ion, rendering a  
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environment for the latter, should be the basis of the higher stability of XI and, eventually, 

of the formation of the isolated isomers of the compounds 11 and 12. 

Conclusions 

In summary, the abstraction of the two chlorido ligands in complexes 1 and 2 takes place 

in a sequential and selective manner. The chlorido trans to the carbon atom of the phenyl 

ring is removed preferentially to the one trans to the aminic nitrogen. While the former 

is replaced at room temperature, the abstraction of the latter requires harder conditions 

such as 80 ºC and the presence of donor solvents. This difference allows for the detection 

and characterization of the chlorido-bridged complexes 5 and 6, the mononuclear mono-

solvato compounds 7-10 and the silver containing trimetallic derivatives 11 and 12. 

Notably, the formation of the intermediates 5, 6 and 11, 12 takes place with chiral self-

recognition: only complexes containing monometallic fragments with the same absolute 

configuration have been detected. Moreover, the configuration of the chiral silver center 

present in complexes 11 and 12 is predetermined by the configuration of the involved 

rhodium or iridium fragments. DFT calculations support that π···π stacking interactions 

between the two pyridine rings in compounds 5 and 6, also experimentally detected by 

NMR spectroscopy and X-ray crystallography, should be considered responsible for the 

molecular recognition observed in these compounds. However, a better match-up among 

two (RN,CM)−MCl(κ4C,N,N’,P−L)(NCMe) fragments and a silver cation, rendering a Δ 

environment for the latter (and, obviously, also among two 

(SN,AM)−MCl(κ4C,N,N’,P−L)(NCMe) fragments giving a  environment for the silver) 

should be responsible of the higher stability of the observed isomers and explain the 

preferential formation of the isolated isomers R-X polvo of complexes 11 and 12. 
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On the other hand, no geometrical isomerization was observed over the whole 

process from the dichlorido 1/2 to the bis-solvato 3/4 complexes and the encountered 

stereochemistries hint that the absolute configuration is retained within monometallic 

fragments based on the M(κ4C,N,N’,P−L) unit. Consequently, with the tetracoordinate 

ligand L it would be possible to generate species with two cis substitutionally labile 

coordination positions but, in a rather paradoxical way, stereochemically stable. Hence, 

after optical resolution, these species would be excellent candidates for catalyst 

precursors in enantioselective catalysis. We are currently attempting the resolution of 

these complexes with the intention of applying them in asymmetric transformations. 
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Experimental Section 

General 

All preparations have been carried out under argon, unless otherwise stated. All solvents 

were treated in a PS-400-6 Innovative Technologies Solvent Purification System (SPS). 

Infrared spectra were recorded on Perkin-Elmer Spectrum-100 (ATR mode) FT-IR 

spectrometer. Carbon, hydrogen and nitrogen analyses were performed using a Perkin-

Elmer 240 B microanalyzer. 1H, 13C and 31P spectra were recorded on a Varian UNITY 

300, a Bruker AV-300 (300.13 MHz), a Bruker AV-400 (400.16 MHz) or a Bruker AV-

500 (500.13 MHz) spectrometers. Chemical shifts are expressed in ppm up field from 

SiMe4 or 85% H3PO4 (
31P). J values are given in Hz. COSY, NOESY, HSQC, HMQC, 

and HMBC 1H-X (X = 1H, 13C, 31P) correlation spectra were obtained using standard 

procedures. DOSY experiments were carried out using the PFGSE (Pulsed-Field Gradient 

Spin-Echo) NMR Diffusion methods and analyzed with the software implemented by 

Bruker on a NMR AV500 spectrometer. Hydrodynamic radii (rH) were calculated from 

the Stokes-Einstein equation: rH = kT/6Dt, where T is the absolute temperature, k is the 

Boltzmann constant,  is the solvent viscosity and Dt is the translational self-diffusion 

coefficient. Mass spectra were obtained with a Micro Tof-Q Bruker Daltonics 

spectrometer. 

Preparation and characterization of the complexes 

[M(κ4C,N,N’,P−L)(NCMe)2][SbF6]2 (M = Rh (3) Ir (4)) 

Compound 3: To a solution of [RhCl2(κ
4C,N,N’,P−L)] (400.0 mg, 0.620 mmol) in 20 mL 

of acetonitrile, 425.9 mg (1.240 mmol) of AgSbF6 were added. The resulting suspension 

was placed under reflux 40 h and then was filtered to remove any insoluble material. The 

resulting clear yellow solution was evaporated to ca. 1 mL. Slow addition of Et2O led to 
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the precipitation of a pale yellow solid that was filtered off, washed with Et2O (2 × 3 mL) 

and vacuum-dried. Yield: 643.4 mg (92 %). Compound 4: In a sealed tube, to a suspension 

of [IrCl2(κ
4C,N,N’,P−L)] (500.0 mg, 0.681 mmol) in 20 mL of acetonitrile, 467.6 mg 

(1.361 mmol) of AgSbF6 were added. The resulting suspension was heated at 130 ºC for 

4 days and then was filtered to remove any insoluble material. The resulting clear yellow 

solution was evaporated to ca. 1 mL. Slow addition of Et2O led to the precipitation of a 

crystalline pale yellow solid that was filtered off, washed with Et2O (2 × 3 mL) and 

vacuum-dried. Yield: 643.4 mg (79 %). 

 

Compound 3. Anal. calcd. C36H34F12N4PRhSb2·2H2O: C, 37.70; H, 3.14; N, 4.89. Found: 

C, 37.30; H, 2.98; N, 4.82. IR (solid, cm-1): (CN) 2310 (br), (SbF6) 654 (s). HRMS (µ-

TOF): C36H34F12N4PRhSb2 [M−SbF6−MeCN]+: calc. 850.0248, found 850.0280. 1H 

NMR (500.13 MHz, CD2Cl2, RT, ppm): δ = 8.40 (brpt, J = 4.6 Hz, 1H, 6-CH(Py)), 7.99 

(ptd, J = 7.8, 1.5 Hz, 1H, H(Ar)), 7.80 (ptpt, J = 7.8, 1.5 Hz, 1H, H(Ar)), 7.77-7.65 (m, 

5H, H(Ar)), 7.61-7.49 (m, 3H, H(Ar)), 7.40 (m, 2H, H(Ar)), 7.31 (m, 2H, H(Ar)), 7.25 

(ddd, J = 10.8, 7.8, 0.9 Hz, 1H, H(Ar)), 6.87 (m, 2H, H(Ar)), 6.78 (brpt, J = 9.4 Hz, 2H, 

H(Ar)), 6.54 (brdd, J = 7.1, 1.9 Hz, 1H, 6-CH(Ph)), 6.50 (brdd, J = 7.0, 2.3 Hz, 1H, 

H(Ar)), 5.15 (d, J = 15.9 Hz, 1H, pro-S-CH2(Py)), 4.67 (d, J = 14.0 Hz, 1H, pro-R-

CH2(P)), 4.65 (d, J = 15.9 Hz, 1H, pro-R-CH2(Py)), 4.54 (d, J = 17.4 Hz, 1H, pro-R-

CH2(Ph)), 4.44 (ddd, J = 14.0, 5.2, 1.8 Hz, 1H, pro-S-CH2(P)), 3.90 (d, J = 17.4 Hz, 1H, 

pro-S-CH2(Ph)), 2.64 (s, 3H, NCMe cis to C), and 1.98 (s, 3H, NCMe trans to C). 13C{1H} 



35 

 

NMR (125.77 MHz, CD2Cl2, RT, ppm): δ = 156.12 (d, J = 2.0 Hz, 2-C(Py)), 149.80 (s, 6-

CH(Py)), 147.06 (s, 2-C(Ph)), 146.79 (brdd, JRh-C = 27.5 Hz, JP-C = 7.9 Hz, CRh), 141.45 

(s, CH(Ar)), 139.83 (d, J = 16.7 Hz, 2-C(PhP)), 135.69 (d, J = 2.5 Hz, CH(Ar)), 135.19 

(d, J = 9.6 Hz, CH(Ar)), 134.80 (d, J = 2.5 Hz, CH(Ar)), 134.50 (d, J = 9.3 Hz, 2C, 

CH(Ar)), 134.16 (d, J = 9.4 Hz, 2C, CH(Ar)), 133.99 (s, 6-CH(Ph)), 133.39 (d, J = 2.8 

Hz, CH(Ar)), 133.06 (d, J = 2.8 Hz, CH(Ar)), 131.33 (d, J = 8.2 Hz, CH(Ar)), 130.24 (d, 

J = 10.7 Hz, 2C, CH(Ar)), 129.05 (d, J = 11.4 Hz, 2C, CH(Ar)), 128.80 (s, CH(Ar)), 

127.18 (d, J = 3.5 Hz, CH(Ar)), 126.71 (d, JRh-C = 5.9 Hz, NCMe cis to C), 125.98 (s, 

CH(Ar)), 125.85 (d, J = 50.4 Hz, C(Ar)), 124.29 (brs, NCMe trans to C), 124.18 (d, J = 

2.4 Hz, CH(Ar)), 123.51 (d, J = 59.8 Hz, C(Ar)), 121.64 (d, J = 56.5 Hz, C(Ar)), 121.16 

(s, CH(Ar)), 74.76 (s, CH2(Py)), 67.75 (d, J = 8.2 Hz, CH2(P)), 66.96 (s, CH2(Ph)), 4.54 

(s, NCMe cis to C), and 3.28 (brs, NCMe trans to C). 31P{1H} NMR (202.46 MHz, CD2Cl2, 

RT, ppm): δ = 28.75 (d, J = 116.3 Hz). 

Compound 4. Anal. calcd. C36H34F12IrN4PSb2·CH2Cl2: C, 34.13; H, 2.78; N, 4.30. Found: 

C, 33.92; H, 2.66; N, 4.43. IR (solid, cm-1): (CN) 2320 (br), (SbF6) 653 (s). HRMS (µ-

TOF): C36H34F12IrN4PSb2 [M−SbF6−MeCN]+: calc. 940.0775, found 940.0817. 1H NMR 

(500.13 MHz, CD2Cl2, RT, ppm): δ = 8.45 (dddd, J = 5.7, 3.3, 1.4, 0.7 Hz, 1H, 6-CH(Py)), 

8.01 (ptd, J = 7.8, 1.5 Hz, 1H, H(Ar)), 7.83-7.65 (m, 6H, H(Ar)), 7.58-7.47 (m, 3H, 

H(Ar)), 7.39-7.28 (m, 4H, H(Ar)), 7.20 (ddd, J = 11.2, 7.8, 1.2 Hz, 1H, H(Ar)), 6.85-6.72 

(m, 4H, H(Ar)), 6.51 (brd, J = 7.3 Hz, 1H, H(Ar)), 6.45 (brd, J = 7.6 Hz, 1H, 6-CH(Ph)), 

5.12 (d, J = 15.8 Hz, 1H, pro-S-CH2(Py)), 4.97 (d, J = 15.6 Hz, 1H, pro-R-CH2(Py)), 4.94 

(d, J = 13.1 Hz, 1H, pro-R-CH2(P)), 4.86 (dd, J = 13.8, 3.1 Hz, 1H, pro-S-CH2(P)), 4.61 

(d, J = 17.3 Hz, 1H, pro-R-CH2(Ph)), 3.86 (d, J = 17.3 Hz, 1H, pro-S-CH2(Ph)), 2.81 (d, 

J = 0.5 Hz, 3H, NCMe cis to C), and 2.07 (s, 3H, NCMe trans to C). 13C{1H} NMR (125.77 

MHz, CD2Cl2, RT, ppm): δ = 156.95 (brs, 2-C(Py)), 149.29 (s, 6-CH(Py)), 148.53 (s, 2-
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C(Ph)), 141.71 (s, CH(Ar)), 139.69 (d, J = 15.1 Hz, 2-C(PhP)), 135.28 (s, CH(Ar)), 

135.24 (d, J = 7.8 Hz, CH(Ar)), 134.53 (s, CH(Ar)), 134.37 (d, J = 9.6 Hz, 2C, CH(Ar)), 

133.85 (d, J = 9.3 Hz, 2C, CH(Ar)), 133.24 (s, 6-CH(Ph)), 133.19 (s, CH(Ar)), 132.86 

(brs, CH(Ar)), 131.34 (d, J = 8.9 Hz, CH(Ar)), 130.18 (d, J = 10.7 Hz, 2C, CH(Ar)), 

128.96 (d, J = 11.6 Hz, 2C, CH(Ar)), 127.61 (s, CH(Ar)), 127.39 (brs, CH(Ar)), 126.86 

(brd, JP-C = 8.1 Hz, CIr), 125.63 (s, CH(Ar)), 125.06 (d, J = 58.7 Hz, C(Ar)), 124.15 (brs, 

CH(Ar)), 123.76 (s, NCMe trans to C), 123.02 (d, J = 66.2 Hz, C(Ar)), 121.47 (brs, 

NCMe cis to C), 121.35 (d, J = 62.7 Hz, C(Ar)), 120.18 (s, CH(Ar)), 76.64 (s, CH2(Py)), 

69.72 (s, CH2(Ph)), 69.22 (d, J = 7.5 Hz, CH2(P)), 4.57 (s, NCMe cis to C), and 3.54 (brs, 

NCMe trans to C). 31P{1H} NMR (202.5 MHz, CD2Cl2, RT, ppm): δ = 12.20 (s). 

Preparation and characterization of the complexes [{MCl(κ4C,N,N’,P−L)}2(μ-

Cl)][SbF6] (M = Rh (5), Ir (6)) 

At room temperature, to a solution of the corresponding complex [MCl2(κ
4C,N,N’,PL)] 

(100.0 mg; 0.155 mmol (Rh), 0.136 mmol (Ir)) in 10 mL of CH2Cl2, 0.078 mmol (Rh) or 

0.068 mmol (Ir) of AgSbF6 were added. The resulting suspension was stirred for 2 h and 

then was filtered to remove the AgCl formed. Keeping at room temperature the filtrate, 

pale yellow crystals of the rhodium complex 5 were formed (yield: 72.4 mg, 63 %). 

Evaporating to dryness the filtrate, pure yellow samples of the iridium compound 6 were 

obtained (yield: 93.7 mg, 97 %). 

Compound 5. Anal. calcd. for C64H56Cl3F6N4P2Rh2Sb: C, 51.56; H, 3.79; N, 3.76. Found: 

C, 51.34; H, 3.72; N, 3.32. IR (solid, cm-1): (SbF6) 651 (s). HRMS (µ-TOF): 

C64H56Cl3F6N4P2Rh2Sb [M−SbF6]
+: calc. 1255.1126, found 1255.1124. 1H NMR (500.13 

MHz, CD2Cl2, RT, ppm): δ = 7.92 (brs, 2H, 6-CH(Py)), 7.70-7.46 (m, 12H, H(Ar)), 7.35-
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7.18 (m, 10H, H(Ar)), 6.74 (m, 6H, H(Ar)), 6.81 (d, J = 7.9 Hz, 2H, 6-CH(Ph)), 6.81 (br, 

2H, H(Ar)), 6.61 (brs, 4H, H(Ar)), 6.55 (pt, J = 7.2 Hz, 2H, H(Ar)), 

6-CH(Py)

CH2(P)

CH2(Ph)

CH2(Py)

N Rh

PPh2

Cl

Cl
Rh

Cl

Ph2P

N

N

N

+

M = Rh (5), Ir (6)  

6.38 (pt, J = 7.6, 1.5 Hz, 2H, H(Ar)), 6.30 (brd, J = 7.7 Hz, 2H, H(Ar)), 6.00 (brd, J = 

13.9 Hz, 2H, CH2(Py)), 4.79 (brd, J = 14.0 Hz, 2H, CH2(P)), 4.37 (d, J = 17.1 Hz, 2H, 

CH2(Ph)), 4.12 (brd, J = 14.5 Hz, 2H, CH2(Py)), 43.79 (brd, J = 13.9 Hz, 2H, CH2(P)), 

and 3.65 (d, J = 17.3 Hz, 2H, CH2(Ph)). 13C{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm): 

δ = 158.38 (d, J = 2.1 Hz, 2C, 2-C(Py)), 151.82 (br, 2C, CRh), 148.61 (s, 2C, 6-CH(Py)), 

146.97 (s, 2C, 2-C(Ph)), 142.06 (d, J = 17.5 Hz, 2C, 2-C(PhP)), 138.37 (s, 2C, CH(Ar)), 

137.06 (s, 2C, CH(Ar)), 135.32 (brs, 2C, 6-CH(Ph)), 135.04 (brd, J = 8.6 Hz, 4C, 

CH(Ar)), 134.24 (d, J = 8.8 Hz, 4C, CH(Ar)), 133.75 (d, J = 9.4 Hz, 2C, CH(Ar)), 133.11 

(d, J = 2.2 Hz, 2C, CH(Ar)), 130.51 (d, J = 50.7 Hz, 2C, C(Ar)), 130.31 (brs, 4C, CH(Ar)), 

129.65 (d, J = 6.8 Hz, 2C, CH(Ar)), 129.58 (brd, J = 59.1 Hz, 2C, C(Ar)), 128.54 (d, J = 

10.4 Hz, 4C, CH(Ar)), 127.50 (d, J = 10.8 Hz, 4C, CH(Ar)), 127.33 (s, 2C, CH(Ar)), 

125.44 (d, J = 48.7 Hz, 2C, C(Ar)), 124.99 (d, J = 3.8 Hz, 2C, CH(Ar)), 123.55 (s, 2C, 

CH(Ar)), 122.65 (d, J = 2.5 Hz, 2C, CH(Ar)), 119.73 (s, 2C, CH(Ar)), 75.21 (s, 2C, 

CH2(Py)), and 68.58 (brs, 4C, CH2(P), CH2(Ph)). 31P{1H} NMR (202.46 MHz, CD2Cl2, 

RT, ppm): δ = 31.60 (d, J = 128.1 Hz, 2P). 
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Compound 6. Anal. calcd. for C64H56Cl3F6Ir2N4P2Sb·1.5CH2Cl2: C, 43.78; H, 3.31; N, 

3.12. Found: C, 43.96; H, 3.30; N, 3.22. IR (solid, cm-1): (SbF6) 653 (s). HRMS (µ-

TOF): C64H56Cl3F6N4P2Ir2Sb [M−C32H28Cl2F6IrN2PSb]+: calc. 699.1295, found 

699.1288. 1H NMR (500.13 MHz, CD2Cl2, RT, ppm): δ = 7.97 (brpt, J = 3.8 Hz, 2H, 6-

CH(Py)), 7.72 (ptd, J = 7.7, 1.5 Hz, 2H, H(Ar)), 7.63 (brpt, J = 7.5 Hz, 2H, H(Ar)), 7.58 

(brd, J = 7.8 Hz, 2H, H(Ar)), 7.53-7.42 (m, 6H, H(Ar)), 7.36-7.29 (m, 6H, H(Ar)), 7.26 

(brptd, J = 7.4, 1.8 Hz, 2H, H(Ar)), 7.20 (brpt, J = 7.4 Hz, 2H, H(Ar)), 6.94 (brptd, J = 

8.2, 2.7 Hz, 4H, H(Ar)), 6.88 (brpt, J = 9.6 Hz, 2H, H(Ar)), 6.83 (brpt, J = 6.5 Hz, 2H, 

H(Ar)), 6.59 (m, 4H, H(Ar)), 6.57 (d, J = 7.9 Hz, 2H, 6-CH(Ph)), 6.50 (brptd, J = 7.4, 0.9 

Hz, 2H, H(Ar)), 6.35-6.27 (m, 4H, H(Ar)), 5.87 (d, J = 14.7 Hz, 2H, CH2(Py)), 4.87 (d, J 

= 13.8 Hz, 2H, CH2(P)), 4.33 (d, J = 16.8 Hz, 2H, CH2(Ph)), 4.30 (d, J = 14.7 Hz, 2H, 

CH2(Py)), 4.11 (brd, J = 13.8 Hz, 2H, CH2(P)), and 3.55 (d, J = 16.9 Hz, 2H, CH2(Ph)). 

13C{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm): δ = 159.32 (s, 2C, 2-C(Py)), 147.96 (s, 

2C, 2-C(Ph)), 147.71 (s, 2C, 6-CH(Py)), 141.72 (d, J = 15.7 Hz, 2C, 2-C(PhP)), 138.50 

(s, 2C, CH(Ar)), 136.58 (s, 2C, CH(Ar)), 135.01 (d, J = 8.5 Hz, 4C, CH(Ar)), 134.10 (d, 

J = 8.8 Hz, 4C, CH(Ar)), 133.68 (s, 2C, 6-CH(Ph)), 133.65 (d, J = 9.0 Hz, 2C, CH(Ar)), 

132.92 (brs, 2C, CH(Ar)), 130.24 (brs, 4C, CH(Ar)), 130.03 (d, J = 59.2 Hz, 2C, C(Ar)), 

129.95 (d, J = 7.4 Hz, 2C, CH(Ar)), 128.98 (d, J = 7.3 Hz, 2C, CIr), 128.90 (d, J = 64.2 

Hz, 2C, C(Ar)), 128.51 (d, J = 10.4 Hz, 4C, CH(Ar)), 127.45 (d, J = 10.8Hz, 4C, CH(Ar)), 

126.28 (s, 2C, CH(Ar)), 125.29 (d, J = 3.0 Hz, 2C, CH(Ar)), 125.27 (d, J = 56.4 Hz, 2C, 

C(Ar)), 123.39 (s, 2C, CH(Ar)), 122.64 (brs, 2C, CH(Ar)), 118.88 (s, 2C, CH(Ar)), 77.86 

(s, 2C, CH2(Py)), 69.55 (s, 2C, CH2(Ph)), and 67.53 (d, J = 4.0 Hz, 2C, CH2(P)). 31P{1H} 

NMR (202.46 MHz, CD2Cl2, RT, ppm): δ = 12.47 (s, 2P). 
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Preparation and characterization of the complexes [MCl(κ4C,N,N’,P−L)(OH2)] 

[SbF6] (M = Rh (7), Ir (8)) 

At room temperature, to a solution of the corresponding [MCl2(κ
4C,N,N’,PL)] (150.0 

mg; 0.232 mmol (Rh), 0.204 mmol (Ir)) in 10 mL of wet CH2Cl2, 0.232 mmol (Rh) or 

0.204 mmol (Ir) of AgSbF6 were added. The pale yellow suspension was stirred for 2 h 

and then was filtered to remove the AgCl formed. The light yellow filtrate was evaporated 

to dryness to afford the complexes [MCl(κ4C,N,N’,PL)(OH2)][SbF6] (M = Rh (7), Ir 

(8)) as microcrystalline solids. Yield: 160.6 mg, 80 % (7); 188.7 mg, 97 % (8). 

 

Compound 7. Anal. calcd. for C32H30ClF6N2OPRhSb: C, 44.50; H, 3.50; N, 3.24. Found: 

C, 44.60; H, 3.69; N, 3.46. IR (solid, cm-1): (SbF6) 651 (s). HRMS (µ-TOF): 

C32H30ClF6N2OPRhSb [M−SbF6−H2O]+: calc. 609.0728, found 609.0711. 1H NMR 

(500.13 MHz, CD2Cl2, RT, ppm): δ = 8.94 (brpt, J = 4.3 Hz, 1H, 6-CH(Py)), 7.91 (ptd, J 

= 7.8, 1.5 Hz, 1H, H(Ar)), 7.80-7.35 (m, 11H, H(Ar)), 7.26 (ptd, J = 8.0, 3.0 Hz, 2H, 

H(Ar)), 7.20 (d, J = 8.0 Hz, 1H, 6-CH(Ph)), 7.13 (ddd, J = 10.0, 7.9, 0.7 Hz, 1H, H(Ar)), 

6.85-6.65 (m, 4H, H(Ar)), 6.41 (brdd, J = 7.6, 1.5 Hz, 1H, H(Ar)), 5.03 (d, J = 15.4 Hz, 

1H, pro-S-CH2(Py)), 4.66 (d, J = 13.7 Hz, 1H, pro-R-CH2(P)), 4.50 (d, J = 15.6 Hz, 1H, 

pro-R-CH2(Py)), 4.47 (d, J = 17.4 Hz, 1H, pro-R-CH2(Ph)), 4.36 (ddd, J = 13.7, 4.3, 1.6 

Hz, 1H, pro-S-CH2(P)), 3.82 (d, J = 17.3 Hz, 1H, pro-S-CH2(Ph)), and 2.51 (s, 2H, OH2 

trans to C). 13C{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm): δ = 157.20 (brs, 2-C(Py)), 

149.369 (s, 6-CH(Py)), 147.48 (brs, 2-C(Ph)), 145.14 (br, CRh), 140.59 (s, CH(Ar)), 
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140.20 (d, J = 16.8 Hz, 2-C(PhP)), 137.45 (s, 6-CH(Ph)), 135.89 (s, CH(Ar)), 134.97 (d, 

J = 9.5 Hz, 2C, CH(Ar)), 134.74 (d, J = 8.9 Hz, CH(Ar)), 134.24 (d, J = 8.5 Hz, 2C, 

CH(Ar)), 133.77 (s, CH(Ar)), 132.72 (s, CH(Ar)), 131.79 (s, CH(Ar)), 130.91 (d, J = 6.6 

Hz, CH(Ar)), 130.45 (d, J = 10.2 Hz, 2C, CH(Ar)), 128.14 (d, J = 11.4 Hz, 2C, CH(Ar)), 

127.43 (s, CH(Ar)), 126.43 (d, J = 46.6 Hz, C(Ar)), 125.99 (brs, CH(Ar)), 125.52 (d, J = 

60.3 Hz, C(Ar)), 124.72 (d, J = 50.8 Hz, C(Ar)), 124.59 (s, CH(Ar)), 123.25 (s, CH(Ar)), 

120.32 (s, CH(Ar)), 73.22 (s, CH2(Py)), 67.51 (brd, J = 7.3 Hz, CH2(P)), and 65.55 (s, 

CH2(Ph)). 31P{1H} NMR (202.46 MHz, CD2Cl2, RT, ppm): δ = 31.75 (d, J = 128.9 Hz). 

Compound 8. Anal. calcd. for C32H30ClF6IrN2OPSb·H2O: C, 39.58; H, 3.32; N, 2.88. 

Found: C, 39.15; H, 3.31; N, 3.11. IR (solid, cm-1): (SbF6) 650 (s). HRMS (µ-TOF): 

C32H30ClF6IrN2OPSb [M−SbF6−H2O]+: calc. 699.1295, found 699.1304. 1H NMR 

(500.13 MHz, CD2Cl2, RT, ppm): δ = 9.00 (brpt, J = 4.0 Hz, 1H, 6-CH(Py)), 7.93 (ptd, J 

= 7.8, 1.5 Hz, 1H, H(Ar)), 7.74-7.36 (m, 11H, H(Ar)), 7.22 (ptd, J = 7.8, 2.7 Hz, 2H, 

H(Ar)), 7.02 (dd, J = 10.5, 8.1 Hz, 1H, H(Ar)), 6.99 (d, J = 7.9 Hz, 1H, 6-CH(Ph)), 6.80 

(dd, J = 11.1, 8.3 Hz, 2H, H(Ar)), 6.67 (ptd, J = 7.3, 0.9 Hz, 1H, H(Ar)), 6.61 (brpt, J = 

7.3 Hz, 1H, H(Ar)), 6.40 (brd, J = 7.4 Hz, 1H, H(Ar)), 5.01 (d, J = 15.4 Hz, 1H, pro-S-

CH2(Py)), 4.95 (d, J = 13.6 Hz, 1H, pro-R-CH2(P)), 4.77 (dd, J = 13.6, 2.4 Hz, 1H, pro-

S-CH2(P)), 4.74 (d, J = 15.5 Hz, 1H, pro-R-CH2(Py)), 4.48 (d, J = 17.0 Hz, 1H, pro-R-

CH2(Ph)), 3.74 (d, J = 17.0 Hz, 1H, pro-S-CH2(Ph)), and 2.51 (br, 2H, OH2 trans to C). 

13C{1H} NMR (125.7 MHz, CD2Cl2, RT, ppm): δ = 158.26 (d, J = 1.7 Hz, 2-C(Py)), 148.79 

(s, 2-C(Ph)), 148.61 (s, 6-CH(Py)), 140.71 (s, CH(Ar)), 140.10 (d, J = 15.2 Hz, 2-

C(PhP)), 136.50 (s, 6-CH(Ph)), 135.40 (d, J = 2.8 Hz, CH(Ar)), 134.89 (d, J = 9.3 Hz, 

2C, CH(Ar)), 134.71 (d, J = 9.5 Hz, CH(Ar)), 133.93 (d, J = 9.1 Hz, 2C, CH(Ar)), 133.43 

(brd, J = 1.5 Hz, CH(Ar)), 132.44 (brs, CH(Ar)), 131.58 (brs, CH(Ar)), 131.01 (d, J = 7.7 
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Hz, CH(Ar)), 130.41 (d, J = 10.5 Hz, 2C, CH(Ar)), 128.14 (d, J = 11.4 Hz, 2C, CH(Ar)), 

126.23 (d, J = 53.7 Hz, C(Ar)), 126.13 (s, 2C, CH(Ar)), 125.39 (d, J = 66.9 Hz, C(Ar)), 

124.80 (d, J = 59.0 Hz, C(Ar)), 124.21 (s, CH(Ar)), 123.19 (s, CH(Ar)), 119.89 (brs, CIr), 

119.06 (s, CH(Ar)), 75.57 (s, CH2(Py)), 69.43 (d, J = 5.8 Hz, CH2(P)), and 68.57 (s, 

CH2(Ph)). 31P{1H} NMR (202.46 MHz, CD2Cl2, RT, ppm): δ = -10.07 (s). 

Preparation and characterization of the complexes [MCl(κ4C,N,N’,P−L)(NCMe)] 

[SbF6] (M = Rh (9), Ir (10)) 

At room temperature, to a solution of the corresponding [MCl2(κ
4C,N,N’,PL)] (100.0 

mg; 0.155 mmol (Rh), 0.136 mmol (Ir)) in 10 mL of MeCN, 0.155 mmol (Rh) or 0.136 

mmol (Ir) of AgSbF6 were added. The pale yellow suspension was stirred for 2 h and then 

was filtered to remove the AgCl formed. The light yellow filtrate was evaporated to 

dryness to afford the complexes [MCl(κ4C,N,N’,PL)(NCMe)][SbF6] (M = Rh (9), Ir 

(10)) as microcrystalline solids. Yield: 106.9 mg, 78 % (9); 99.6 mg, 75 % (10). 

 

Compound 9. Anal. calcd. C34H31ClF6N3PRhSb: C, 46.06; H, 3.52; N, 4.74. Found: C, 

45.74; H, 3.55; N, 4.59. IR (solid, cm-1): (SbF6) 652 (s). HRMS (µ-TOF): 

C34H31ClF6N3PRhSb [MSbF6MeCN]+: calc. 609.0728, found 609.0713. 1H NMR 

(500.13 MHz, CD2Cl2, RT, ppm): δ = 8.92 (brs, 1H, 6-CH(Py)), 7.90-7.78 (m, 3H, H(Ar)), 

7.73-7.44 (m, 7H, H(Ar)), 7.42 (pt, J = 7.3 Hz, 2H, H(Ar)), 7.37 (pt, J = 6.4 Hz, 1H, 
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H(Ar)), 7.20 (d, J = 7.8 Hz, 1H, 6-CH(Ph)), 7.15 (brs, 2H, H(Ar)), 7.11 (pt, J = 8.9 Hz, 

1H, H(Ar)), 6.77-6.65 (m, 3H, H(Ar)), 6.41 (d, J = 7.2 Hz, 1H, H(Ar)), 5.13 (d, J = 15.5 

Hz, 1H, pro-S-CH2(Py)), 4.82 (d, J = 13.9 Hz, 1H, pro-R-CH2(P)), 4.56 (d, J = 15.5 Hz, 

1H, pro-R-CH2(Py)), 4.50 (d, J = 17.3 Hz, 1H, pro-R-CH2(Ph)), 4.43 (brd, J = 13.9 Hz, 

1H, pro-S-CH2(P)), 3.81 (d, J = 17.3 Hz, 1H, pro-S-CH2(Ph)), and 1.78 (s, 3H, NCMe 

trans to C). 13C{1H} NMR (125.77 MHz, CD2Cl2, RT, ppm): δ = 157.02 (s, 2-C(Py)), 

149.35 (s, 6-CH(Py)), 149.28 (brdd, JRh-C = 28.1 Hz, JP-C = 10.8 Hz, CRh), 148.46 (s, 2-

C(Ph)), 140.60 (d, J = 16.5 Hz, 2-C(PhP)), 140.04 (s, CH(Ar)), 136.42 (s, 6-CH(Ph)), 

136.82 (brs, CH(Ar)), 135.02 (d, J = 9.1 Hz, 2C, CH(Ar)), 134.77 (d, J = 9.3 Hz, 2C, 

CH(Ar)), 134.67 (d, J = 10.1 Hz, CH(Ar)), 133.61 (s, CH(Ar)), 131.93 (brs, CH(Ar)), 

131.37 (brs, CH(Ar)), 130.57 (d, J = 7.2 Hz, CH(Ar)), 129.17 (d, J = 10.3 Hz, 2C, 

CH(Ar)), 128.92 (d, J = 50.2 Hz, C(Ar)), 127.79 (d, J = 11.2 Hz, 2C, CH(Ar)), 127.46 (s, 

CH(Ar)), 126.42 (d, J = 61.5 Hz, C(Ar)), 125.69 (d, J = 2.9 Hz, CH(Ar)), 124.86 (d, J = 

51.0 Hz, C(Ar)), 124.32 (s, CH(Ar)), 123.15 (s, CH(Ar)), 121.50 (brs, NCMe trans to C), 

119.71 (s, CH(Ar)), 74.31 (s, CH2(Py)), 67.89 (brd, J = 6.3 Hz, CH2(P)), 66.10 (s, 

CH2(Ph)), and 32.99 (brs, NCMe trans to C). 31P{1H} NMR (202.46 MHz, CD2Cl2, RT, 

ppm): δ = 31.58 (d, J = 125.7 Hz). 

Compound 10. Anal. calcd. C34H31ClF6IrN3PSb·CH2Cl2: C, 39.62; H, 3.13; N, 3.96. 

Found: C, 39.47; H, 3.23; N, 4.05. IR (solid, cm-1): (CN) 2069 (br), (SbF6) 652 (s). 

HRMS (µ-TOF): C34H31ClF6IrN3PSb [MSbF6MeCN]+: calc. 699.1295, found 

699.1305. To enhance the solubility, two drops of MeCN were added to the NMR tubes. 

1H NMR (400.16 MHz, CD2Cl2, RT, ppm): δ = 8.97 (dddd, J = 5.7, 2.4, 1.6, 0.8 Hz, 1H, 

6-CH(Py)), 7.90 (ptd, J = 7.8, 1.6 Hz, 1H, H(Ar)), 7.75-7.58 (m, 5H, H(Ar)), 7.58-7.48 

(m, 3H, H(Ar)), 7.46-7.34 (m, 3H, H(Ar)), 7.15 (m, 2H, H(Ar)), 7.04 (d, J = 6.7 Hz, 1H, 

6-CH(Ph)), 7.02 (m, 1H, H(Ar)), 6.79-6.59 (m, 4H, H(Ar)), 6.42 (brdd, J = 7.3, 1.4 Hz, 
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1H, H(Ar)), 5.07 (d, J = 13.3 Hz, 1H, pro-R-CH2(P)), 5.06 (d, J = 15.9 Hz, 1H, pro-S-

CH2(Py)), 4.88 (dd, J = 13.7, 2.4 Hz, 1H, pro-S-CH2(P)), 4.84 (d, J = 15.5 Hz, 1H, pro-

R-CH2(Py)), 4.50 (d, J = 17.1 Hz, 1H, pro-R-CH2(Ph)), 3.72 (d, J = 17.1 Hz, 1H, pro-S-

CH2(Ph)), and 1.87 (brs, 3H, NCMe trans to C). 13C{1H} NMR (100.62 MHz, CD2Cl2, 

RT, ppm): δ = 158.01 (d, J = 1.8 Hz, 2-C(Py)), 150.00 (s, C(i-Ph)), 148.21 (s, 6-CH(Py)), 

140.49 (d, J = 15.1 Hz, 2-C(PhP)), 140.17 (s, CH(Ar)), 135.68 (d, J = 3.3 Hz, CH(Ar)), 

135.06 (s, 6-CH(Ph)), 134.87 (d, J = 9.1 Hz, 2C, CH(Ar)), 134.65 (d, J = 9.4 Hz, CH(Ar)), 

134.40 (d, J = 9.1 Hz, 2C, CH(Ar)), 133.31 (d, J = 2.4 Hz, CH(Ar)), 131.68 (d, J = 2.6 

Hz, CH(Ar)), 131.24 (d, J = 2.7 Hz, CH(Ar)), 130.69 (d, J = 7.9 Hz, CH(Ar)), 129.82 (d, 

J = 8.0 Hz, CIr), 129.10 (d, J = 10.4 Hz, 2C, CH(Ar)), 128.16 (d, J = 56.3 Hz, C(Ar)), 

127.77 (d, J = 11.3 Hz, 2C, CH(Ar)), 126.25 (s, CH(Ar)), 125.97 (d, J = 66.4 Hz, C(Ar)), 

125.82 (d, J = 3.3 Hz, CH(Ar)), 124.65 (d, J = 58.4 Hz, C(Ar)), 123.99 (s, CH(Ar)), 

123.12 (d, J = 2.3 Hz, CH(Ar)), 120.74 (brs, NCMe trans to C), 118.80 (s, CH(Ar)), 76.79 

(s, CH2(Py)), 69.59 (d, J = 5.6 Hz, CH2(P)), 69.17 (s, CH2(Ph)), and 3.28 (s, NCMe trans 

to C). 31P{1H} NMR (161.98 MHz, CD2Cl2, RT, ppm): δ = -12.51 (s). 

Preparation and characterization of the complexes [{M(κ4C,N,N’,P−L)(NCMe)(μ-

Cl)}2Ag][SbF6]3 (M = Rh (11), Ir (12)) 

At room temperature, to a solution of the corresponding [MCl2(κ
4C,N,N’,PL)] (100.0 

mg; 0.155 mmol (Rh), 0.136 mmol (Ir)) in 10 mL of MeCN, 0.232 mmol (Rh) and 0.204 

mmol (Ir) of AgSbF6 were added. The pale yellow suspension was stirred for 2 h and then 

was filtered to remove the AgCl formed. The light yellow filtrate was evaporated to 

dryness to afford the complexes [{M(κ4C,N,N’,P−L)(NCMe)(μ-Cl)}2Ag][SbF6]3 (M = 

Rh (11), Ir (12)) as microcrystalline solids. Yield: 139.4 mg,  

85 % (11); 148.3 mg, 95 % (12). 
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Crystal Structure Determination of Complexes 3, 5, 10, 11 and 12 

X-ray diffraction data were collected with graphite-monochromated Mo Kα radiation (λ 

= 0.71073 Å) using narrow ω rotations (0.3º) at room temperature on a Bruker DUO 

diffractometer (complexes 3 and 11), and at 100(2) K on a Bruker Smart APEX 

(complexes 5, 10 and 12). Data reduction was performed with APEX 2 package, 

intensities were integrated with SAINT+,[27] and corrected for absorption effects with 

SADABS[28] and TWINABS (compound 10)[29] programs. The structures were solved by 

direct methods with SHEXLS-2013,[30] and refined by full-matrix least-squares 

refinement on F2 with SHELXL-2014[31] included in WINGX package.[32] Hydrogen 

atoms have been included in the models in calculated positions and refined with a riding 

model to decrease the number of refined parameters. Particular details concerning the 

presence of solvent or disorder are listed below. 

Crystal data for complex 3: C36H34F12N4PRhSb2·2(H2O); M = 1164.08; colourless prism, 

0.090 × 0.144 × 0.155 mm3; monoclinic, C2/c; a = 35.3605(16) Å, b = 10.1795(5) Å, c = 

24.3560(11) Å, β = 96.1780(10)°; Z = 8; V = 8716.1(7) Å3; Dc = 1.774 g/cm3; μ = 1.729 

mm-1; min. and max. absorption correction factors 0.702 and 0.847; 2θmax = 58.048°; 

47077 collected reflections, 11261 unique reflections; Rint = 0.0259; number of 

data/restraint/parameters 11261/0/506; final GoF 1.050; R1 = 0.0541 [8202 reflections, I 

>2 σ(I)]; wR2 = 0.1776 all data; largest difference peak 1.122 e·Å-3. Fluorine atoms of 

SbF6 and oxygen atoms of water have been found to be disordered. Two sets of positions 

have been defined with complementary occupancy factors (0.58/0.42(1); 0.55/0.45(1) and 

0.52/0.48(2), respectively) and isotropically refined. 

Crystal data for complex 5: C64H56Cl3F6N4P2Rh2Sb·4(CH2Cl2); M = 1830.69; yellow 

prism, 0.100 × 0.150 × 0.175 mm3; monoclinic, P21/n; a = 13.0023(6) Å, b = 20.1071(9) 
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Å, c = 26.7211(12) Å, β = 90.9350(10)°; Z = 4; V = 6985.0(5) Å3; Dc = 1.741 g/cm3; μ = 

1.379 mm-1; min. and max. absorption correction factors 0.773 and 0.865; 2θmax = 

57.666°; 99324 collected reflections, 17124 unique reflections; Rint = 0.0391; number of 

data/restraint/parameters 17124/1/856; final GoF 1.070; R1 = 0.0309 [14541 reflections, 

I >2 σ(I)]; wR2 = 0.0701 all data; largest difference peak 0.727 e· 

Å-3. Chlorine atoms of a dichloromethane molecule have been included in three sets of 

positions and isotropically refined, as they have been found to be disordered. 

Crystal data for complex 10: 2(C34H31ClF6N3PIrSb)·C2H3N; M = 1993.03; colourless 

prism, 0.090 × 0.090 × 0.180 mm3; monoclinic, P21/n; a = 14.9694(15) Å, b = 

17.1360(17) Å, c = 27.399(3) Å, β = 91.3330(10)°; Z = 4; V = 7026.5(12) Å3; Dc = 1.884 

g/cm3; μ = 4.7337 mm-1; min. and max. absorption correction factors 0.592 and 0.746; 

2θmax = 56.76°; 58942 collected reflections, 14613 unique reflections; Rint = 0.0659; 

number of data/restraint/parameters 14613/12/877; final GoF 1.006; R1 = 0.0565 [9835 

reflections, I >2 σ(I)]; wR2 = 0.1034 all data; largest difference peak 1.625 e·Å-3. 

Reflection data of complex 10 reveals the existence of two domains in the twinned crystal. 

Data for both domains have been integrated. The structural model has been refined with 

reflection data of domain 1. 

Crystal data for complex 11: C68H62AgCl2F18N6P2Rh2Sb3·2(CH2Cl2); M = 2286.86; 

yellow prism, 0.112 × 0.120 × 0.225 mm3; monoclinic, C2/c; a = 19.1983(8) Å, b = 

28.4389(12) Å, c = 16.5795(9) Å, β = 113.1180(10)°; Z = 4; V = 8325.2(7) Å3; Dc = 1.825 

g/cm3; μ = 1.892 mm-1; min. and max. absorption correction factors 0.721 and 0.809; 

2θmax = 56.542°; 60624 collected reflections, 10239 unique reflections; Rint = 0.0366; 

number of data/restraint/parameters 10239/2/481; final GoF 1.034; R1 = 0.0557 [7093 

reflections, I >2 σ(I)]; wR2 = 0.1809 all data; largest difference peak 1.283 e·Å-3. The 

counterion and the solvent molecules were found to be disordered. Fluorine atoms of both 
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SbF6 of the asymmetric unit were included in the model in two sets of positions with 

complementary occupancy factors (0.543/0.457(9) and 0.59/0.41(2), respectively) and 

isotropically refined. Similar strategy was used in the refinement of the carbon atom and 

one chlorine of CH2Cl2 with 0.52/0.48(2) occupancy factors. Geometrical restraints 

concerning C-Cl bond lengths were defined for the minority part. 

Crystal data for complex 12: C68H62AgCl2F18Ir2N6P2Sb3·2(CH2Cl2); M = 2465.44; yellow 

prism, 0.086 × 0.102 × 0.194 mm3; monoclinic, C2/c; a = 18.7285(9) Å, b = 28.6160(13) 

Å, c = 16.1348(13) Å, β = 112.4620(4)°; Z = 4; V = 7991.2(8) Å3; Dc = 2.049 g/cm3; μ = 

4.885 mm-1; min. and max. absorption correction factors 0.471 and 0.637; 2θmax = 

55.754°; 51330 collected reflections, 9433 unique reflections; Rint = 0.0383; number of 

data/restraint/parameters 9433/1/498; final GoF 0.885; R1 = 0.0291 [8106 reflections, I 

>2 σ(I)]; wR2 = 0.0824 all data; largest difference peak 1.752 e·Å-3. Dichloromethane has 

been found to be disordered. A chlorine and the carbon atom have been included in the 

model in three sets of positions with 0.44/0.29/0.27(1) occupancy factors and 

isotropically refined. 

CCDC 1538233-1538237 contain the supplementary crystallographic data for this paper. 

These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre. 

DFT calculations. Molecular structure optimizations, relaxed PSE calculations and 

frequencies calculations were carried out with the Gaussian09 program (revision D.01)[33] 

using the method B3PW91,[34] including the D3 dispersion correction scheme by Grimme 

with Becke Johnson damping[35] The def2-SVP[36] basis and pseudo potential were used 

for all atoms and the “ultrafine” grid was employed in all calculations. Stationary points 

were characterized by vibrational analysis. All the structures were optimized in CH2Cl2 
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(298 K) using the PCM method,[37] except XI-XIV which were optimized in gas phase 

(298 K, 1 atm). Atomic coordinates of calculated structures and the energies of the relaxed 

PSE scan calculations are given in the SI. 
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Let’s go step by step The chlorido ligands in complexes [MCl2(κ
4C,N,N’,P−L)] (M = 

Rh, Ir) are sequentially removed to give bis-solvato complexes of formula 

[M(κ4C,N,N’,P−L)(NCMe)2]
2+. Involved mono, di and trimetallic intermediates are 

isolated and characterized. The formation of these intermediates takes place with chiral 

self-recognition R-X polvo. The stereochemistry determined for the new species is 

compatible with the retention of the configuration of the metallic fragments throughout 

the whole process. 
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