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Chapter 4 

 

The Reactivity of Rh(I) and Pd(II) Complexes with  

Multi-Site Cooperative PNN(O) Pincer Ligands 

 

 

 

Abstract The coordination chemistry of tridentate ‘pincer’ ligands L1 and L2, featuring two 

different sites of reactivity in the side arms, with different Rh(I) and Pd(II) precursors is 

described, as well as the ensuing reactivity and potential catalytic activity of the resulting 

complexes. Site-selective deprotonation of the 2-hydroxypyridine functionality was achieved 

using mild base (e.g. NEt3), whilst the use of stronger bases (e.g. KOtBu) resulted in 

deprotonation of the phosphine arm as well. For the rhodium complexes, oxidative addition 

of iodine resulted in the formation of Rh(III)-species and the bifunctional addition reaction of 

MeI demonstrated the versatile chemistry of ligands L1 and L2. Application of the Rh 

complexes in the transfer hydrogenation reaction of acetophenone resulted in the discovery 

of one active complex, that produced the corresponding alcohol in 89% yield. The novel 

palladium complexes proved inactive in the intramolecular hydroamination of N-substituted 

aminoalkenes, which may be attributed to steric hindrance of the large tert-butyl substituents 

at phosphorus.  
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4.1 Introduction 

Tridentate pincer ligands with a PNP or PNN motif are well-known nowadays,1-3 but these 

systems typically contain only one cooperative site, or occasionally two identical ones. Ligands 

with two different reactive side arms (dual-mode reactivity) are much rarer. A dual-mode 

Ru(PNN) system is known to effectively catalyze the acceptorless dehydrogenative coupling of 

alcohols to esters and the hydrogenation of esters (Scheme 1, a).4 We have investigated the 

coordination chemistry of PNN(O) ligands L1 and L2 to Ru(II) and the resulting reactivity of 

these species (see Chapter 3 and Scheme 1b). Herein, we discuss the coordination chemistry 

of these dual-mode ligands with several monovalent rhodium and divalent palladium 

precursors, as well as the reactivity and potential catalytic activity of the ensuing species. 

 

 
Scheme 1. a) Dual-mode Ru(PNN) as discussed by Milstein et al.4 b) Dual-mode Ru(PNN(O)) as 

detailed in Chapter 3. 

 

Only a limited number of systems is known where PNN pincer ligands are coordinated to 

rhodium(I). Hemilabile ligand classes have been investigated, in which the N-sidearm donor 

readily dissociates or is displaced by an incoming nucleophile (Scheme 2, a – c).5,6 Complex c 

is active in the activation of amine N-H bonds, in which metal-ligand cooperation plays a 

crucial role.7 

 

 
Scheme 2. a) Three classes of hemilabile ligands, in which the N-sidearm is flexible and able to 

dissociate (when required).5-7  

 

Another example of a cooperative Rh(I)PNN complex has been applied in the photochemical 

activation of an azide to form a nitridyl radical (Scheme 3), but to date, no chemical reactivity 

or catalytic applications with this type of complexes has been reported.8 
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Scheme 3. Photolysis of a Rh(PNN)-azide complex furnished a nitridyl radical-bridged {Rh(N ●)Rh} 

complex.8 

 

The last example defines a dual-mode ligand, with two different cooperative sites, which is 

capable of formation of an imine and subsequent deprotonation to give the dearomatized 

complex (Scheme 4).9 This system is able to accommodate the reversible formation of an 

aminal C-N bond under mild conditions by the incorporation of o-toluenesulfonamide. 

Furthermore, the selective mono-alkylation of sulfonamides under mild conditions, which is 

still a challenging task in organic synthesis, was demonstrated with this Rh(PNN) system. 

 

Scheme 4. A dual-mode PNN ligand that shows the formation of an imine and subsequent 

deprotonation to the dearomatized complex.9 

 

Rh(I) complexes of tridentate PNN(O) ligands will be discussed in this chapter to elaborate on 

Rh(I) dual-mode complexes. Furthermore, their application in the transfer hydrogenation of 

ketones will be explored, as such systems have not been investigated to date. It is envisioned 

that this reaction might benefit from the more accessible cooperative site (for proton shuttling 

or substrate-preorganization) within this scaffold compared to previous cooperative pincer 

systems. 

 

Palladium pincer complexes have been reported since 1985,10-16 where the ligand skeleton 

typically contains either a PCP or PNP framework. PNN Ligands in combination with a Pd(II) 

precursor are rare. In fact, only two examples are known.17,18 Activation of both N-H bonds of 

aniline by a PNF-type pincer complex results in incorporation of the anilide into the metal-

ligand bond, thereby generating a PNN ligand (Scheme 5).17 
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Scheme 5. Double activation of aniline and incorporation of the anilide into the metal-ligand bond to 

make a PNN ligand.17 

 

The other example demonstrates the formation of several bidentate and tridentate ligands, 

amongst them a PNN framework.18 In combination with various nickel(II) and palladium(II) 

complexes, the catalytic cyclization of 1,5-hexadiene has been explored, but the PdPNN system 

is quite inactive under the applied conditions. Pd(PNP) systems based on lutidinyl-

diphosphine scaffolds have previously been applied in the intramolecular hydroamination of 

substituted aminoalkenes.19-25 In Chapter 2, the Pd(II)PN complexes proved inactive in the 

hydroamination, which is hypothesized to be related to the formation of a vacant site (for 

substrate binding) trans to the phosphorus donor, whereas the Pd(PNP) systems feature a 

potential vacant site trans to a pyridine nitrogen. The tridentate PNN(O) ligands explored in 

this chapter are very similar to these PNP systems, but exhibit a more accessible cooperative 

site. Therefore, the Pd(II) complexes were selected for investigation in the intramolecular 

hydroamination reaction, as we believe they have an advantage over the known systems. 

 

4.2 Results and Discussion 

4.2.1 Formation of Rh(I) species with ligands L1 and L2 

In Chapter 3, we reported that ligands L1 (R = H) and L2 (R = TBDMS) coordinate to a 

ruthenium precursor in a strictly tridentate fashion. When coordinated to various rhodium 

precursors however, these ligands afforded several different interesting species (Scheme 6). 

When L1 and L2 were reacted with [Rh(CO)2(-Cl)]2, cationic complexes 1 and 2 were formed, 

respectively, with a chloride atom as a non-coordinating counterion. This was ascertained by 
31P and 1H NMR and IR spectroscopy. The 31P NMR spectrum of both species displays a 

doublet at δ 95.2 (1JRhP = 154 Hz) and 115.1 (1JRhP =152 Hz), respectively, and these values are 

similar to previously reported rhodium(I) PNN structures.8 The IR spectra for both complexes 

displayed a clear band for the CO-stretch, while the 1H NMR data supports coordination of the 

pyridyl side arm, with a resonance of thy hydroxyl proton at 14.3 and 13.5 ppm, respectively. 

Upon coordination of L1 and L2 to Rh(acac)(CO)2 (acac = acetylacetonate), complexes 3 and 

4 are obtained, respectively. The acac ligand acts as internal base to deprotonate the 

hydroxypyridine fragment, generating the overall neutral derivative of 1 and 2. This is 

observed clearly in 1H NMR, where the broad signal for the OH-moiety disappears. The signals 

in 31P NMR are shifted slightly upfield compared to complexes 1 and 2 (δ 92.1 (1JRhP = 148 Hz 

and δ 112.64 (1JRhP = 145 Hz)). The relatively small Δδ (2 ppm) and ΔJ (±6-8 Hz) between 1 – 

3 or 2 – 4 indicates that the charge in the N-N(O) fragment is likely not very localized at the 

pyridone nitrogen atom, but rather at the pyridonate oxygen.26 When the neutral complexes 
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3 and 4 were treated with 1 equivalent of hydrochloric acid, the cationic complexes could be 

cleanly generated. 

 

Scheme 6. Coordination of L1 and L2 to precursors [Rh(CO)2(-Cl)]2 and Rh(acac)(CO)2, gives rise to 

the formation of complexes 1 and 2, and 3 and 4, respectively. The interconnection between those 

complexes was shown by treatment with either HCl or base. Coordination of L1 to [Rh(-Cl)(coe)2]2 

afforded complex 5. 

 

Coordination of L1 to precursor [Rh(-Cl)(coe)2]2 afforded neutral complex 5, which was 

obtained as a black crystalline powder. The 31P NMR spectrum displays a doublet (1JRhP = 189 

Hz) at δ 81.7. When complex 5 was subsequently treated with TlPF6, complex 6 could be 

obtained, which is solvent stabilized by an acetone molecule (Scheme 7). Alternatively, [Rh(-

Cl)(coe)2]2 was first treated with AgBF4 in acetone and then reacted with L1, forming cationic 

complex 6 as well, as deduced from NMR spectroscopy. These species are only slightly 

different and display a doublet (1JRhP ≈ 175 Hz) around 86 ppm in the 31P NMR spectrum and 

a singlet for the coordinated acetone molecule in the 1H NMR spectrum. 

 

Scheme 7. Reaction of complex 5 with TlPF6 afforded the acetone-stabilized complex 6. Alternatively, 

complex 6 could also be formed from coordination of L1 to the in situ generated [Rh(acetone)2(coe)2]BF4. 
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4.2.2 Ligand backbone reactivity of rhodium complexes 1 – 5  

In analogy to structurally related PNP ligands,3,27 the addition of a (strong) base to these 

rhodium complexes is expected to result in the deprotonation of the ligand backbone. 

However, the pyridone moiety is likely to be deprotonated first, as was already shown by the 

formation of complexes 3 and 4, and is therefore most likely to be also deprotonated by a 

relatively weak base such as triethylamine (pKa values in DMSO: acac – 13.3, KHMDS – 30, 

KOtBu – 29.4, Et3N – 9).28 

The interconnection between cationic rhodium complexes 1,2 and neutral complexes 3,4 is 

already shown by the addition of HCl to the neutral species. The reverse reaction, addition of 

one equivalent of NEt3 to complexes 1 and 2 cleanly yielded complexes 3 and 4, respectively 

(Scheme 8). With such a weak base, selective deprotonation of the hydroxyl-group was 

observed, with the benzylic position remaining intact. The difference in chemical shift in the 
31P NMR spectrum between the neutral and cationic species is only 2 ppm, showing that the 

non-coordinating chloride atom has only very little influence, but enough to observe a change 

in the 1H NMR spectrum. 

 

To investigate whether simultaneous (or step-wise) deprotonation of both reactive arms of 

these ligands could be achieved whilst being coordinated to rhodium, we resorted to in situ 

NMR experiments.7 An initial preparative scale reaction of 3 with one equivalent of base did 

not result in an isolable compound, which is likely due to the highly reactive (and thus 

intrinsically unstable) character of the anticipated anionic species. Upon mixing complex 3 

and one equivalent of solid KOtBu in CD2Cl2, an immediate color change from red to purple 

was apparent, with full conversion of 3 into a new species 7. The 31P NMR spectrum of this 

compound displays a signal at 84 ppm (Δδ -8 ppm with 3; JRhP = 150 Hz). In the 1H NMR 

spectrum, a signal for the methine proton is observed at 3.11 ppm, demonstrating that the 

double deprotonated species 7 is accessible in solution.  

 

Scheme 8. Deprotonation of complexes 1,2 leads to complexes 3,4, which in turn can be deprotonated 

to the highly reactive species 7,8. 

 

As expected, complex 2 reacted with NEt3 to form species 4. However, deprotonation of the 

silyl-substituted methylene position might introduce significant strain to the ligand backbone, 

as the silyl group and the phosphine would be forced to be co-planar. Nonetheless, when solid 

KOtBu was added to complex 4, NMR spectroscopy suggests that deprotonation of this 

hindered –CH position to generate complex 7 is feasible, although not in quantitative yield. 
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The 31P NMR spectrum shows a signal at δ 107.6 (Δδ -5 ppm) and disappearance of the 

methylene-CH was observed in the 1H NMR spectrum. Moreover, the tert-butyl substituents 

at phosphorus and the methyl-groups on silicon, which were all inequivalent in complex 4, 

appear as two signals in complex 8. 

 

Deprotonation of complex 5 was not as straightforward as for the CO-complexes, as the 

addition of NEt3 did not induce any reaction. The close proximity of the hydroxyl moiety and 

the chlorido ligand likely results in the formation of a hydrogen bond (Scheme 9), which is 

supported by the chemical shift difference of the hydroxyl proton in the two complexes (1: δ = 

14.30, 5: δ = 13.65). However, KOtBu was strong enough to invoke the deprotonation, 

affording complex 9. 31P NMR displays a doublet at δ 86.0 (1JRhP = 175 Hz, Δδ 4.3 ppm). In 

the 1H NMR spectrum, the signal for the –OH disappeared and at 1.55 ppm a singlet arose for 

the coordinated acetonitrile.  

 

 
Scheme 9. Deprotonation of complex 5 with KOtBu gives rise to deprotonated complex 9. 

 

4.2.3 Oxidative addition reactions on Rh(I) complexes 

In many processes catalyzed by rhodium complexes, the rhodium center is oxidized from 

Rh(I) to Rh(III). Rhodium(III) complexes bearing proton-responsive/reactive ligands are 

relatively scarce and only a few examples of Rh(III) complexes with PNP ligands are reported 

to date.29-31 In the case of the complexes we have studied, experiments were performed to 

generate Rh(III) species from the corresponding Rh(I) complexes of L1 or L2. Table 1 shows 

the results of the oxidative addition reactions with molecular iodine and methyl iodide (see , 

based on 31P NMR and IR spectroscopic data and comparison with the relevant Rh(I) 

counterparts. 
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Table 1. Relevant chemical shifts in 31P NMR and CO stretches from IR data for Rh(I) and Rh(III) 

complexes 1 – 4 and 10 – 17. 

 “Rh + L” Addition of I2 Addition of MeI 

                                                                                           

 
 

             1 

δ31P: 94.9 ppm 
1JRhP = 154 Hz 

CO = 1974 cm-1 

δ31P: 89.5 ppm 
1JRhP = 102 Hz 

CO = 2097 cm-1 

– 

                                        

           2 

δ31P: 114.6 ppm 
1JRhP = 152 Hz 

CO = 1976 cm-1 

δ31P: 115.1 ppm 
1JRhP = 100 Hz 

CO = 2089 cm-1 

– 

                                                              

     

              3 

δ31P: 92.1 ppm 
1JRhP = 148 Hz 

CO = 1973 cm-1 

δ31P: 93.1 ppm 
1JRhP = 100 Hz 

CO = 2084 cm-1 

δ31P: 96.6 ppm 
1JRhP = 157 Hz 

CO = 1982 cm-1 

                  

     4 

δ31P: 112.6 ppm 
1JRhP = 145 Hz 

CO = 1975 cm-1 

δ31P: 102.8 ppm 
1JRhP = 102 Hz 

CO = 2093 cm-1 

δ31P: 115.7 ppm 
1JRhP = 155 Hz 

CO = 1990 cm-1 

 

Scheme 10. The oxidative addition of I2 to complexes 1 – 4 results in the formation of Rh(III) diiodide 

species. 

 

Addition of iodine to cationic complexes 1 and 2 resulted in the formation of octahedral 

Rh(III) species (Scheme 10). Complexes 10 and 11 display only a small change in the 31P NMR 

resonance, but the Rh-P coupling constant decreased distinctively to around 100 Hz. Also the 

frequency of the CO absorption band shifted 100 cm-1 to higher wavenumbers, indicating the 

formation of Rh(III).26,32 X-ray structure determination of single crystals, obtained via slow 

diffusion of pentane into a concentrated solution of dichloromethane, resulted in the 

molecular structure depicted in Figure 1 for complex 11. The rhodium atom displays a slightly 

distorted octahedral geometry, with both iodido atoms coordinated in mutual trans 

disposition. Apparently, the presence of the dimethyl-tert-butylsilyl group does not inhibit 

axial coordination of the large iodide ligand. However, the I1-Rh1-I2 angle is rather obtuse at 

160.05(8)º, as a result of steric interference with both the bulky silyl moiety and the tert-butyl 
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groups of the phosphine arm. The bond lengths are significantly elongated relative to a 

comparable RhI(PNN)(CO) complex, as a result of the coordination of the iodo ligands.8 All 

bond lengths and angles are within the expected ranges when compared to a similar 

RhIII(PNC)(CO)(I)2 complex.26 

 

 

Figure 1. Left: ORTEP plot (50% probability displacement ellipsoids) of complex 11, 

[Rh(I)2(CO)(L1)]Cl. Hydrogen atoms have been omitted for clarity, except for those on C1 and O1. Right: 

selected bond lengths, angles and torsion angles. 

 

When one equivalent of iodine was reacted with neutral complexes 3 and 4 (Scheme 10) the 

same reactivity was observed as with their cationic counterparts. For complex 13 a larger shift 

was observed in the 31P NMR spectrum, but again the very characteristic Rh-P coupling 

constant of approximately 100 Hz was determined for both 12 and 13, confirming the 

formation of octahedral rhodium(III) for both complexes. Moreover, the absorption band for 

the CO ligand appears at approx. 100 cm-1 higher wavenumbers in the IR spectrum compared 

to their neutral Rh(I) complexes. All di-iodido-species were also characterized by mass 

spectrometry, showing the [M+] fragment. 

 

The reaction of methyl iodide with the various rhodium(I) complexes showed different results 

compared to the reaction with molecular iodine (Scheme 11). Upon addition of one equivalent 

of MeI to either complex 1 or 2, no reaction (oxidative addition or otherwise) took place, as 

presumably this mechanism is different from I2. Moreover, for methyl iodide the rhodium has 

to be nucleophilic enough to perform the attack, and this complex is cationic. Complexes 3 

and 4 did react in a straightforward manner, but instead of oxidative addition of MeI to the 

rhodium center, the methyl electrophile reacted with the nucleophilic oxygen atom of the 

pyridone fragment of the ligand, forming complexes 16 and 17 with methyl ether fragments, 

as deduced from the NMR spectral features. The 31P NMR spectra display doublets at 96.6 

 

Bond length (Å) 

Rh1-P1 2.3393(51) 

Rh1-N1 2.0060(128) 

Rh1-N2 2.1242(133) 

Rh1-C12 1.8853(209) 

Rh1-I1 2.6893(21) 

Rh1-I2 2.6848(19) 

  

Bond angle (°) 

P1-Rh1-N1 82.23(41) 

P1-Rh1-N2 161.27(42) 

P1-Rh1-C12 96.60(61) 

N1-Rh1-N2 79.52(56) 

N1-Rh-C12 177.99(75) 

N2-Rh1-C12 101.76(72) 

P1-Rh1-I1 99.95(13) 

I1-Rh1-I2 160.05(8) 
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ppm (16) and 115.7 ppm (17) with coupling constants (1JRhP = 157 Hz and 1JRhP = 155 Hz, 

respectively) that are consistent with Rh(I) species. Moreover, in both 1H NMR spectra, a new 

singlet was observed at δ 4.1 ppm for the formed pyridinylmethylether (MeO-Py) fragment. 

The formation of both complexes has been verified by mass spectrometry as well. These 

observations imply that upon reaction with methyl iodide the ligand, rather than the metal 

center, undergoes a formal oxidation state change regenerating a neutral ligand framework 

and a cationic rhodium(I) center. The geometry around the rhodium likely remains square 

planar, with the iodide acting as a non-coordinating counter-ion. The surprising reactivity in 

this reaction is a very nice example of metal-ligand reactivity, demonstrating that not only 

protons can bind to the pyridone. 

 

Scheme 11. The addition of MeI to complexes 1 – 4 does not result in the formation of Rh(III) species. 

Complexes 14 and 15 were not observed and 16 and 17 show metal-ligand reactivity. 

 

Independent synthesis of the chloride analogue of this latter complex was achieved via 

reaction of ligand L1Me (see Chapter 3), the methyl-protected version of L1, with [Rh(CO)2(-

Cl)]2 provided complex 18 (Scheme 12). Deprotonation of the benzylic position by addition of 

one equivalent of potassium tert-butoxide to 18 resulted in clean formation of 19, 

demonstrating that this acidic methylene spacer is still available for reactivity. 

 

 

Scheme 12. Formation of complex 18 from ligand L1Me and [Rh(CO)2(-Cl)]2. One equivalent of 

KOtBu provides complex 19, in which the benzylic position is still available for reactivity. 

 

Oxidative addition of iodine to complex 5 (Scheme 13) resulted in the formation of two species, 

according to 31P NMR spectroscopy. Two doublets arose at 80.7 ppm (J = 119 Hz) and 75.1 

ppm (J = 114 Hz), both displaying a distinctively smaller coupling constant than complex 5. 

Most likely species 20 and 20’ have formed, where the iodido ligands both coordinate at the 

axial positions (20), or one in axial and one in equatorial position (20’). A reaction of RhCl3 

and L1 at reflux (toluene) did not provide the trichlorido-complex 20’’. 
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Scheme 13. Formation of complex 20 from complex 5 and one equivalent of iodine. 

 

4.2.4 Catalytic Transfer Hydrogenation 

In order to illustrate the catalytic properties of the square planar Rh(I) complexes, and to 

judge if the pyridone group may participate in metal-ligand bifunctional substrate activation, 

these systems were studied in the transfer hydrogenation of acetophenone using 2-propanol 

(iPrOH) as both hydrogen donor and solvent. Acetophenone was chosen as benchmark 

substrate and the conversion was determined by GC analysis with p-xylene as internal 

standard. In most circumstances, a base was used to activate the hydrogen source. Table 2 

shows the results of the catalysis. 

 

Table 2. The results of the catalytic transfer hydrogenation of 

acetophenone in the presence of 2-propanol as hydrogen source. 

   

 

Entry Catalyst Base t (h) Conv [%] 

1 3 - 18 0 

2 3 Et3N 17 0 

3 1 Et3N 17 0 

4 1 KHMDS 18 0 

5 2 Et3N 17 0 

6 2 KHMDS 18 0 

7 4 - 18 0 

8 5 Et3N 18 0 

9 5 KOtBu 18 0 

10 6 Et3N 18 0 

11 6 KOtBu 18 89 

 Conditions: 1.0 mmol acetophenone, 1 mol% catalyst, 10 mol% base. The 

 conversion was determined by GC analysis with p-xylene as internal standard. 

 

Entries 1 – 7, consisting of catalysts that contain a CO ligand, do not show any reactivity 

towards the transfer hydrogenation, regardless of the base that is used for activation of the 

isopropanol. Most likely the carbon monoxide is preventing substrate coordination to the 

rhodium center. Entry 8 - 10, featuring a system lacking a coordinated CO ligand coordinated 

to the rhodium center, proved inactive with both triethylamine and KOtBu as base. No 
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plausible reason was found for this inreactivity, as a vacant site is created upon deprotonation 

of the system. Fortunately, entry 11 shows that complex 6, in the presence of potassium tert-

butoxide, was able to facilitate this transformation, although not extremely efficient. In 18 

hours 89% conversion was reached, whereas other complexes are known to efficiently catalyze 

this reaction within 2 minutes, at room temperature. It is promising to observe that the 

PNN(O) ligand framework is not completely inactive in the hydrogenation, however, clear 

evidence for the involvement of the pyridonate (or the phosphine-pyridine arm) in e.g. 

isopropanol activation has not been obtained from these experiments. The low activity of 6 

toward the benchmark substrate acetophenone may relate to inefficient overlap of the metal 

and ligand-based orbitals with the incoming proton-hydride pair of the H2 donor. Further 

studies with different types of H2 surrogates could help to elucidate the limitation of this 

metal-PNN(O) ligand bifunctional design. 

 

4.2.5 Formation of Pd(II) species with L1 and L2 

Little is yet known about the coordination of reactive PNN ligands to Pd(II) precursors18. In 

Chapter 2, reactive PN ligands were unable to induce intramolecular hydroamination of 

aminoalkenes, presumably due to the trans disposition of the substrate and the P-donor at 

Pd(II). Therefore, it is interesting to study the coordination, reactivity and catalytic properties 

of the PNN(O) complexes for the same reaction, given the anticipated cis orientation in the 

corresponding Pd-complexes. 

Reaction of these tridentate ligands L1 or L2 with PdCl2(MeCN)2 smoothly yielded a yellow 

(complex [21]Cl) or dark-yellow solid (complex [22]Cl), respectively (Scheme 14). NMR 

spectroscopic analysis displayed a singlet in the 31P spectrum at δ 90.5 for [21]Cl and at δ 

105.3 for [22]Cl. The 1H NMR spectrum shows the hydroxyl proton at 11.1 ppm for both 

complexes, which indicates that the ligands coordinate in a neutral fashion. HR-MS analysis 

showed the fragmentation pattern for [M-H]+ at m/z 469.05693 (calc. m/z 469.05889) and 

m/z 586.13545 (calc. m/z 586.14480) for 21 and 22, respectively.  

 

 
Scheme 14. Formation of complexes [21]Cl and [22]Cl from coordination of L1 and L2 to 

PdCl2(MeCN)2. 

 

Single crystals of complex [22]Cl, suitable for X-ray structure determination, were grown by 

slow diffusion of pentane into a concentrated CH2Cl2 solution (Figure 2). The molecular 

structure reveals a slightly distorted square planar geometry around the palladium atom, with 

angles P1-Pd1-N1, P1-Pd1-N2, N1-Pd1-N2 of 82.71(10), 162.35(11) and 79.78(14)°, 
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respectively. From the structure it became apparent that the counter ion is partly PdCl4
2-, 

rather than a single chloride atom. The ligand coordinates in a neutral tridentate fashion and 

the tert-butyl group of the silyl moiety is located above the palladium center at a distance of 

4.304 Å. All bond lengths and angles are within the expected ranges.33,34 

 

Figure 2. Left: ORTEP plot (50% probability displacement ellipsoids) of complex [22]Cl. Lattice 

solvent (CHCl3), the counter ion and hydrogen atoms have been omitted for clarity, except for those on 

C7 and O1. Right: selected bond lengths, angles and torsion angles. 

 

In order to change the solubility properties and increase the reactivity, the counterion was 

exchanged for a PF6 anion. Treatment of [21]Cl or [22]Cl with one equivalent of KPF6 or 

NH4PF6 yielded [21]PF6 and [22]PF6, respectively (Scheme 15, left). As there is nearly no 

change in surroundings of the metal center, only a very small upfield shift is observed by 31P 

NMR spectroscopy. In order to create a vacant site at the metal center and thereby increase 

the reactivity, the coordinated chloride ligand needs to be exchanged. When two equivalents 

of AgPF6 were used, the fourth coordination site at Pd was filled by an acetonitrile molecule 

(Scheme 15, right). This led to downfield shifts in the 31P NMR spectrum for both [21](PF6)2 

and [22](PF6)2 compared to their chloride analogues. Both complexes with two non-

coordinating counterions could also be obtained via the reaction of L1 or L2 with precursor 

[Pd(MeCN)4](BF4)2, [21](BF4)2 and [22](BF4)2, which show the same spectral features as 

the PF6 analogues. For complexes [21]PF6 and [21](PF6)2, single crystals suitable for X-ray 

structure determination were obtained via slow diffusion of diethyl ether into a concentrated 

solution of acetonitrile. The molecular structures are depicted in Figure 3. 

 

         

Bond length (Å) 

Pd1-P1 2.2458(11) 

Pd1-N1 1.9891(35) 

Pd1-N2 2.1374(36) 

Pd1-Cl1 2.3134(11) 

  

Bond angle (°) 

P1-Pd1-N1 82.71(10) 

P1-Pd1-N2 162.35(11) 

N1-Pd1-N2 79.78(14) 

  

Torsion angle (°) 

Pd1–P1–C1–C2 -38.50 

Pd1–N1–C2–C1 -17.06 

Pd1–N1–C6–C7 18.38 

Pd1–N2–C7–C6 7.92 
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Scheme 15. Exchange of the chloride counterion (left) and both chloride atoms (right). 

 

For both complexes [21]PF6 and [21](PF6)2, the palladium atom displays a slightly distorted 

square planar geometry, with angles P1-Pd1-N1, P1-Pd1-N2 and N1-Pd1-N2 of 85.66(7), 

166.14(8) and 80.66(10)° ([21]PF6) and 85.17(22), 164.82(18) and 81.40(27)° ([21](PF6)2), 

respectively. The Pd1–P1, Pd1–N1 and Pd1–N2 bond lengths are all within the expected ranges 

and show near-identical values to [22]Cl.33,34 In both complexes, the C10-O1 bond length is 

clearly a single bond (1.3157 and 1.2993 Å) and C13 contains two hydrogen atoms, showing 

the neutral fashion in which the ligand coordinates. 

 

                       
Figure 3. (left) ORTEP plot (50% probability displacement ellipsoids) of complex [21]PF6. Hydrogen 

atoms have been omitted for clarity, except for those on C13 and O1. Selected bond lengths (Å), angles 

and torsion angles (°): Pd1-P1 2.2390(8); Pd1-N1 1.9976(23); Pd1–N2 2.1420(25); Pd1–Cl1 2.3061(9); 

P1–Pd1–N1 85.66(7); P1-Pd1-N2 166.14(8); N1-Pd1-N2 80.66(10); Pd1–P1–C13–C3 -9.98; Pd1–N1–C3–

C13 -7.70; Pd1–N1–C1–C2 -0.10; Pd1–N2–C2–C1 3.54. (right) ORTEP plot (50% probability 

displacement ellipsoids) of complex [21](PF6)2. Hydrogen atoms have been omitted for clarity, except 

for those on C13 and O1. PF6 anions have been omitted for clarity. Selected bond lengths (Å), angles and 

torsion angles (°): Pd1-P1 2.2301(22); Pd1-N1 19708(65); Pd1-N2 2.1176(63); Pd1-N3 1.9911(72); P1-Pd1-

N1 85.17(22); P1-Pd1-N2 164.82(18); N1-Pd1-N2 81.40(27). Pd1–P1–C13–C3 -23.11; Pd1–N1–C3–C13 -

8.16; Pd1–N1–C1–C2 1.20; Pd1–N2–C2–C1 -1.83. 
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4.2.6 Ligand backbone reactivity of complexes 21 and 22  

Upon addition of one equivalent of NEt3 to palladium complex 21, a homogeneous beige 

solution was generated (Scheme 16). NMR spectroscopy revealed that the hydroxyl-pyridine 

moiety of complex 21 undergoes facile deprotonation with this weak base, as supported by the 

disappearance of the hydroxyl proton in the 1H NMR spectrum of complex 23. Moreover, the 

upfield shift to δ 74.7 in the 31P NMR spectrum also provides support for dearomatization of 

the pyridone. When one equivalent of the stronger KHMDS or KOtBu was used to induce 

mono-deprotonation of 21, a mixture of species was obtained, likely related to competitive 

deprotonation occurring at the pyridone and at the phosphine ligand arm. However, addition 

of two equivalents of KHMDS to complex 21 generated a purple solution and a strong upfield 

shifted 31P NMR signal at δ 69.5. In the 1H NMR spectrum, the signal for the methine hydrogen 

appeared at δ 3.68 and a resonance for the coordinated acetonitrile was found at 1.06 ppm. 

Unfortunately, this complex 25 proved too instable to store even as a solid, similar as observed 

for the doubly deprotonated rhodium complexes. 

 

Scheme 16. Deprotonation of complex 1 leads to the formation of complex 7 (left) or complex 8 (right). 

 

Deprotonation of complex 22 under various conditions (one or two equivalents of different 

bases; Et3N, KOtBu, and KHMDS) unfortunately led to decomposition or formation of 

multiple species. This is in contrast to rhodium complexes 2 and 4, which cleanly undergo 

deprotonation and reprotonation of the pyridone arm. Therefore, we decided to exclude this 

complex from investigation in the intramolecular hydroamination. 

 

4.2.7 Hydroamination of aminoalkenes 

The PN system described in Chapter 2, with an exchangeable halide trans to phosphorus, did 

not generate active catalysts for the intramolecular hydroamination of aminoalkenes. In the 

current PNN(O) system, there is a possible vacant site trans to a pyridine nitrogen (and thus 

cis to phosphorus), which may lead to different reactivity upon exchanging the halide for a 

non-coordinating anion to create a vacant site for coordination of a C=C bond or potentially 

an amine or amide moiety. Several Pd-pincer complexes have been reported as active catalysts 

for the intramolecular hydroamination of N-substituted aminoalkenes.20,21,23,25 Palladium 

complexes 20 and 21 were examined in the catalytic hydroamination of (substituted) 

aminoalkenes derived from 2,2-diphenyl-4-pentenylamine (Scheme 17). The urea-

functionalized aminoalkene is related to the known Cbz- or Ac-protected amine analogues, 
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but can undergo an additional cyclization step to form a bicyclic structure. Catalytic reactions 

were carried out in different solvents and at different temperatures (Table 3). Conversion and 

products were identified by 1H NMR spectroscopy. Products a and b would correlate to the 

anti-Markovnikov and Markovnikov products, respectively, while iso refers to double bond 

isomerization of the terminal alkene into the 2-isomer. 

 

 
Scheme 17. Substrates investigated in the Pd-mediated intramolecular hydroamination. 

 

Table 3. The results of the intramolecular hydroamination reaction for different aminoalkenes using 

complexes [20]Cl and [20](BF4)2. 

   

 

Entry Substrate Catalyst additive solvent T [°C] t [h] Yield [%] 

1 NH2 [21]Cl 
2 equiv. 

AgBF4 
toluene rt 18 SM 

2 NH2 [21]Cl 
2 equiv. 

AgBF4 
toluene  50 18  13% iso 

3 NH2 [21]Cl 
2 equiv. 

Et3N 
toluene 50 18 SM 

4 NH2 [21]Cl 
2 equiv. 

KOtBu 
toluene 50 18 SM 

5 Urea [21]Cl 
2 equiv. 

AgBF4 
dcm rt 16 SM 

6 NH2 [21](BF4)2 - toluene 80 18 50% iso 

7 NH2 [21](BF4)2 
2 equiv. 

Et3N 
toluene 80 18 14% iso 

8 NHTf [21](BF4)2 - toluene rt 17 SM 

9 NHTf [21](BF4)2 - toluene 50 17 SM 

10 NH2 [21](BF4)2 - MeCN rt 18 SM 

11 NH2 [21](BF4)2 - MeCN 50 18 SM 

12 NH2 [21](BF4)2 
2 equiv. 

Et3N 
MeCN 50 17 SM 

 

Entries 1 – 5 of Table 3 contain the results of the hydroamination when catalyzed by complex 

[21]Cl. In entries 1,2 and 5, two equivalents of silver tetrafluoroborate (AgBF4) are added with 

respect to the metal species, in order to create a vacant site on the metal center. At room 

temperature, no reaction takes place for both the primary and urea-functionalized amines, as 

only starting material was observed. When the reaction was carried out at 50 ºC, isomerization 
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of the alkene double bond occurred. Instead of chloride abstraction by a silver salt, two 

equivalents of base (NEt3 or KOtBu) were added in entry 3 and 4, to investigate the metal-

ligand cooperativity of the complex in this reaction, but no conversion was obtained. Also 

complex [21](BF4)2, that has no coordinating anions and a potentially labile acetonitrile co-

ligand, was evaluated as catalyst for this reaction (entries 6 – 9) but only isomerization 

product could be observed at elevated temperatures for the parent aminoalkene. Addition of 

base did not positively affect the performance, nor did changing the solvent to improve the 

outcome(entries 10 – 12).  

 

As comparable [Pd(Cl)(PNPPh)]BF4 complexes are known to catalyze the intramolecular 

hydroamination of N-substituted aminoalkenes in high yields,20-22 we synthesized the bulkier 

tBu-substituted version PNPtBu as a reference (Scheme 18).34 

 

 
Scheme 18. Synthesis of reference complex 27. 

 

Furthermore, we synthesized complexes 28 and 29 from ligand B’ (see Chapter 3). These 

complexes contain the hydroxyl-pyridine/pyridone functionality on the complexes but lack 

the bulky phosphine side arm (Scheme 19).  

 

 
Scheme 19. Synthesis of complexes 28 and 29. 

 

Table 4 presents the results of the hydroamination when using these reference catalysts. Pd-

complex 27 (entries 1 and 2) turned out to be completely inactive toward the parent 

aminoalkene, while the diphenylphosphine analogue (or a P-stereogenic (tert-

butyl)methylphosphine derivative) was reported to be active at room temperature, smoothly 

converting Fmoc-substituted aminoalkenes. One likely reason for this difference in reactivity 

might be related to the extended steric hindrance induced by the di-tert-butylphosphine side 

arms in both PNPtBu and PNN(O), although electronic effects related to the activation of the 

N-H group of the substrate may also play a substantial role.  

To our surprise, 28 and 29, bearing bidentate NN-ligands, also proved inactive in the 

cyclization reaction, as only isomerization of the double bond is observed (entries 3 – 6). We 

were wondering whether the isomerization is thermally induced or requires a palladium 

source. Entry 7 shows that 48% of the aminoalkene was converted to the isomerization 



 

· 106 · 

product when [Pd(MeCN)4](BF4)2 was applied in the absence of ligand. When compared to 

the results of Table 3, it can be concluded that the PNN(O) ligand actually suppresses 

isomerization, as mostly starting aminoalkene was observed under these conditions. In entry 

8 the aminoalkene was heated to 80 ºC to exclude thermally induced isomerization. After 17 

hours only starting material was observed. 

 

Table 4. The results of the catalytic intramolecular hydroamination reaction for different 

aminoalkenes catalyzed by several different complexes. 

   

 

Entry Substrate Catalyst 
additiv

e 

Solven

t 
T [°C] t [h] 

Yield 

[%] 

1 NH2 27 - toluene rt 17 SM 

2 NH2 27 - toluene 80 17 3% iso 

3 NH2 28 - toluene 50 17 18% iso 

4 NH2 28 
2 equiv. 

Et3N 
toluene 50 17 14% iso 

5 NH2 29 
1 equiv. 

AgBF4 
toluene  50 17 2% iso 

6 NH2 29 
2 equiv. 

AgBF4 
toluene 50 17 6% iso 

7 NH2 
Pd pre-

cursor* 
- toluene 80 18 48% iso 

8 NH2 - - toluene 80 17 SM 

* [Pd(MeCN)4](BF4)2 was used for comparison. 

 

Since the inactive [20](BF4)2 and [20]Cl bear the steric di-tert-butyl substituents at 

phosphorus, we wanted to verify the probability of this ligand in combination with the cyclized 

product both being coordinated to the rhodium center. DFT Calculations (BP86, def2-TZVP, 

disp3) show that the ligand has to undergo significant geometric change to tolerate the 

coordination of the hydroamination product (Figure 4). Therefore, ligands L1 and L2 should 

be investigated with phenyl substituents at phosphorus, as related PNPPh proved active for 

amide-protected aminoalkene cyclization. 
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Figure 4. (left) Front view of the computed (DFT, BP86, def2-TZVP, disp3) structure of the coordination 

of the hydroamination product to complex 20. (right) Top view of the molecular structure, showing the 

out-of-plane bending of the ligand.  

 

4.3 Conclusions 

We have shown the synthesis of several different Rh(I) and Pd(II) complexes based on 

PNN(O) ligands L1 and L2 featuring two different proton-responsive ligand reactive sites, i.e. 

a hydroxy-pyridine functionality and a phosphinomethyl side arm. Depending on the rhodium 

precursor, spontaneous deprotonation of the pyridone side arm to generate an anionic ligand 

or dissociation of the halide from the precursor material was observed. Complexes 1 and 2 

proved susceptible to (further) deprotonation (dearomatization) upon reaction with weak 

(NEt3) or strong base (KOtBu). Oxidative addition of molecular iodine to these complexes 

gives rise to the formation of Rh(III) complexes. Addition of iodomethane to complexes 3 and 

4 displays the reactive nature of the ligand, as the methyl moiety reacts with the pyridone to 

form the methoxy derivative. Application of these rhodium complexes in the transfer 

hydrogenation of acetophenone using 2-propanol as hydrogen donor proved the inreactivity 

of most complexes. Only cationic complex 6 was able to produce the corresponding alcohol in 

89% yield, although we envisioned these novel complexes to have a benefit from their 

hydroxyl-functional group as cooperative site compared to analogous pincer systems. The 

synthesized palladium complexes 21 and 22 were studied in the catalytic intramolecular 

hydroamination of (N-substituted) aminoalkenes, but no cyclization reaction was observed 

(isomerization of the starting material was commonly detected). The proposed advantage of 

the additional pyridone site over known systems failed to give the desired reactivity. One 

plausible reason might be steric hindrance induced by the tert-butyl groups on the phosphorus 

donor, preventing coordination of the substrate double bond and/or proton-transfer from the 

amino moiety. An alternative explanation is the low reactivity of the studied substrates, as 

these specific aminoalkenes have not been reported for Pd-mediated intramolecular 

hydroamination. The latter explanation is supported by the lack of reactivity of reference 

complexes 28 and 29 in the conversion of these substrates. Ligands L1 and L2 should be 
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investigated with phenyl substituents at phosphorus, as a related PNPPh proved active for 

amide-protected aminoalkene cyclization. 

 

4.4 Experimental Section 

General procedures 

Solvents were either distilled over suitable drying agents or dried using an MBraun SPS (Solvent 

Purification System). All experiments were carried out under an inert gas atmosphere using standard 

Schlenk techniques. All chemicals were commercially available and used without further purification, 

unless described otherwise. The 1H, 1H{31P}, 31P{1H} and 13C{1H} NMR spectra were recorded at room 

temperature on a Bruker AV400 (at 400, 162, and 100 MHz, respectively) and on a Bruker DRX500 (at 

500, 202, and 126 MHz, respectively) and calibrated to the residual proton and carbon signals of the 

solvent.35 High resolution mass spectra were recorded on a JEOL AccuTOF GC v 4g, JMS-T100GCV mass 

spectrometer (FD) and on a JEOL AccuTOF LC, JMS-T100LP mass spectrometer (CSI). IR spectra were 

recorded with a Bruker Alpha-p FT-IR spectrometer operated in the ATR mode. 

 

Syntheses and characterization 

Complex 1, [Rh(CO)(L1)]Cl. A solution of L1 (25.4 mg, 0.077 mmol) in 3 mL 

MeCN was added to a solution of [Rh(CO)2(-Cl)]2 (12.8 mg, 0.038 mmol) in 

acetonitrile (2 mL) and stirred for 3 hours. All volatiles were evaporated to leave 

an orange solid. 1H NMR (300 MHz, acetonitrile-d3, ppm): δ 14.30 (br s, 1H, 

OH), 8.07 (s, 2H, pyH), 7.89 – 7.66 (m, 4H, pyH), 3.90 (d, J = 9.6 Hz, 2H, CH2), 

1.39 (d, J = 14.4 Hz, 18H, PtBu2). 31P NMR (121 MHz, acetonitrile-d3, ppm): δ 94.93 (d, J = 154.1 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 181.87 (d, J = 71.5 Hz), 162.6 (s), 157.9 (d, J = 25.0 Hz), 

153.7 (s), 147.0 (s), 140.8 (s), 140.1 (s), 137.4 (s), 123.1 (s), 119.6 (s), 116.8 (s), 36.2 (dd, J = 64.1, 21.0 Hz), 

29.0 (d, J = 4.6 Hz), 26.5 (s). HRMS (FD+) (C20H26ClN2O2PRh): m/z: calcd, 460.07869, found, 

460.07274. IR (ATR, cm-1): 1974 (s), 1598 (m), 1567 (m).  

 

Complex 2, [Rh(CO)(L2)]Cl. [Rh(CO)2(-Cl)]2 (94 mg, 0.282 mmol) 

was added to a solution of L2 (251 mg, 0.565 mmol) in acetonitrile (10 

mL) and stirred overnight at room temperature. Evaporation of all 

volatiles yielded an orange powder (251.7 mg, 73%). 1H NMR (300 MHz, 

acetonitrile-d3, ppm): δ 13.50 (br s, 1H, OH), 7.98-7.91 (m, 3H, pyH), 

7.82-7.79 (m, 1H, pyH), 7.69-7.63 (m, 2H, pyH), 3.95 (d, J = 12.9 Hz, 1H, CH), 1.62 (d, J = 15.0 Hz, 9H, 

PtBu), 1.21 (d, J = 13.6 Hz, 9H, PtBu), 0.72 (s, 9H, SitBu), 0.51 (s, 3H, SiMe), 0.40 (s, 3H, SiMe). 31P NMR 

(121 MHz, acetonitrile-d3, ppm): δ 114.58 (d, J = 152.3 Hz). 13C NMR (75 MHz, methylene chloride-d2, 

ppm): δ 193.27 (d, J = 74.4 Hz, 1C, CO), 166.35 (s, 1C, PyC), 165.32 (s, 1C, PyC), 156.92 (s, 1C, PyC), 153.21 

(s, 1C, PyC), 140.55 (s, 1C, PyCH), 139.21 (s, 1C, PyCH), 125.01 (d, J = 10.5 Hz, 1C, PyCH), 118.66 (s, 1C, 

PyCH), 116.06 (s, 1C, PyCH), 113.55 (s, 1C, PyCH), 44.45 (s, 1C, CH), 41.30 (d, J = 17.4 Hz, 1C, PC(CH3)3), 

34.74 (d, J = 18.2 Hz, 1C, PC(CH3)3), 31.34 (d, J = 3.9 Hz, 3C, PC(CH3)3), 31.97 (d, J = 3 Hz, 3C, PC(CH3)3, 

28.47 (s, 1C, SiC(CH3)3), 20.09 (s, 3C, SiC(CH3)3), 1.38 (s 1C, SiMe), 0.09 (s 1C, SiMe). HRMS (FD+) 

(C26H40ClN2O2PRhSi): m/z: calcd, 574.16517; found, 574.17465. IR (MeCN, cm-1): 1976 (s). 
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Complex 3, Rh(CO)(L1*). A solution of L2 (131.5 mg, 0.398 mmol) in 5 mL 

dichloromethane was added to a solution of Rh(acac)(CO)2 (102.8 mg, 0.398 

mmol) in dichloromethane (5 mL) and stirred for 3 hours. Concentration and 

addition of pentane (20 mL) afforded a dark-brown precipitation which was 

filtered and dried in vacuo (105.3 mg, 57%). 1H NMR (400 MHz, CD2Cl2, ppm): 

δ 7.80 (t, J = 7.9 Hz, 1H), 7.67 (d, J = 8.3 Hz, 1H), 7.40 (d, J = 7.5 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H), 6.68 

(d, J = 6.7 Hz, 1H), 6.58 (d, J = 8.5 Hz, 1H), 3.60 (d, J = 8.8 Hz, 2H), 1.42 (d, J = 14.2 Hz, 18H). 31P NMR 

(162 MHz, CD2Cl2, ppm): δ 92.1 (d, J = 147.7 Hz). 13C NMR (126 MHz, CD2Cl2, ppm): δ 194.1 (dd, J = 73.9, 

18.1 Hz, CO), 168.2 (s), 162.0 (s), 160.6 (s), 153.7 (s), 138.9 (s), 137.1 (s), 121.2 (s), 118.7 (s), 105.3 (s), 36.3 

(d, 1JPC = 19.3 Hz), 35.6 (d, 1JPC = 20.2 Hz), 29.0 (d, 1JPC = 5.1 Hz). HRMS (CSI+) (C20H27N2O2PRh): m/z 

calcd, 461.08652; found, 461.08489. IR (ATR, cm-1): 1965 (s), 1614 (m), 1599 (m), 1562 (m). 

 

 Complex 4, Rh(CO)(L2*). Rh(acac)(CO)2 (146 mg, 0.567 mmol) was 

added to a solution of L2 (252 mg, 0.567 mmol) in acetonitrile (10 mL) 

and stirred overnight at room temperature. Concentration and addition 

of pentane (20 mL) afforded an orange precipitation which was filtered 

and dried in vacuo (271.5 mg, 76%). 1H NMR (300 MHz, acetonitrile-d3, 

ppm): δ 7.80 (t, J = 8.0 Hz, 1H, pyH), 7.72 (d, J = 7.9 Hz, 1H, pyH), 7.48 (d, J = 7.8 Hz, 1H, pyH), 7.29 

(dd, J = 8.8, 6.9 Hz, 1H, pyH), 6.74 (d, J = 7.0 Hz, 1H, pyH), 6.39 (d, J = 8.7 Hz, 1H, pyH), 3.81 (d, J = 

12.3 Hz, 1H, CH), 1.58 (d, J = 14.6 Hz, 9H, PtBu), 1.18 (d, J = 13.1 Hz, 9H, PtBu), 0.72 (s, 9H, SitBu), 0.48 

(s, 3H, SiMe), 0.37 (s, 3H, SiMe). 31P NMR (121 MHz, acetonitrile-d3, ppm): δ 112.64 (d, J = 145.4 Hz). 13C 

NMR (75 MHz, methylene chloride-d2, ppm): δ 195.31 (d, J = 74.8 Hz, 1C, CO), 168.10 (s, 1C, PyC), 165.47 

(d, J = 8.0 Hz, 1C, PyC), 160.25 (s, 1C, PyC), 153.46 (s, 1C, PyC), 137.96 (s, 1C, PyCH), 136.64 (s, 1C, PyCH), 

122.91 (d, J = 10.4 Hz, 1C, PyCH), 121.08 (s, 1C, PyCH), 117.50 (s, 1C, PyCH), 104.41 (s, 1C, PyCH), 43.94 

(s, 1C, CH), 40.67 (d, J = 16.4 Hz, 1C, PC(CH3)3, 34.37 (d, J = 18.7 Hz, 1C, PC(CH3)3), 31.48 (d, J = 5.5 Hz, 

3C, PC(CH3)3), 30.84 (d, J = 4.2 Hz, 3C, PC(CH3)3), 28.45 (s, 1C, SiC(CH3)3), 20.00 (s, 3C, SiC(CH3)3), 1.31 

(s 1C, SiMe), 0.31 (s, 1C, SiMe). HRMS (FD+) (C26H40N2O2PRhSi): m/z: calcd, 574.16517; found, 

574.16744. IR (MeCN): ν(CO) 1975 cm-1. 

 

Complex 5, Rh(Cl)(L1). A solution of L1 (44.4 mg, 0.134 mmol) in 5 mL THF 

was added to a solution of [Rh(-Cl)(coe)2]2 (48.2 mg, 0.067 mmol) in 5 mL. 

The mixture, which became black immediately, was stirred overnight at room 

temperature. Then, all volatiles were evaporated and the product was obtained 

as a black crystalline solid (62.8 mg, quantitative yield). 1H NMR (400 MHz, 

benzene-d6, ppm): δ 13.65 (s, 1H), 7.15 (t, J = 7.8 Hz, 1H), 6.96 (t, J = 7.9 Hz, 1H), 6.80 (d, J = 8.3 Hz, 

1H), 6.70 (d, J = 7.6 Hz, 1H), 6.65 (d, J = 8.1 Hz, 1H), 6.54 (d, J = 7.6 Hz, 1H), 2.62 (d, J = 9.0 Hz, 2H), 

1.08 (d, J = 14.8 Hz, 18H). 31P NMR (162 MHz, benzene-d6, ppm): δ 81.7 (d, J = 189 Hz). 13C NMR (126 

MHz, benzene-d6, ppm): δ 169.7 (s), F.3 (d, J = 1.7 Hz), 138.0 (s), 127.3 (s), 121.9 (d, J = 10.4 Hz), 119.7 

(s), 114.6 (d, J = 2.7 Hz), 111.4 (s), 36.5 (d, J = 18.7 Hz), 34.9 (d, J = 15.4 Hz), 29.2 (d, J = 5.0 Hz). HRMS 

(CSI-) (C19H27ClN2OPRh): m/z calcd, 467.0526; found, 467.0515. IR (ATR, cm-1): 1600 (m), 1564 (m). 

 

Complex [6]BF4, [Rh(acetone)(L1)]BF4. The first step was synthesized 

according to a literature procedure.36 [Rh(-Cl)(coe)2]2 (20.9 mg, 0.029 mmol) 

and AgBF4 (11.4 mg, 0.058 mmol) are dissolved in 15 mL acetone and stirred for 

1,5 hour at 0 ºC, while protected from light. The mixture is warmed up to room 

temperature and stirred for another hour. Then, the mixture was filtered and 

concentrated to 5 mL. L1 (19.2 mg, 0.058 mmol) in 5 mL acetone was added to 

this solution and stirred for 2 hours at room temperature, before all volatiles 
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were evaporated in vacuo. A dark-red to brown crystalline powder is obtained (26.2 mg, 78.2%). 1H NMR 

(400 MHz, methylene chloride-d2, ppm): δ 8.17 (s, 1H), 8.04 (s, 1H), 7.85 (s, 1H), 7.71 (d, J = 7.8 Hz, 1H), 

7.58 (s, 1H), 7.44 (d, J = 7.6 Hz, 1H), 3.29 (d, J = 9.2 Hz, 2H), 2.40 (s, 6H), 1.43 (d, J = 13.3 Hz, 18H). 31P 

NMR (162 MHz, methylene chloride-d2, ppm): δ 86.80 (d, J = 180.9 Hz). Complex [6]PF6, 

[Rh(acetone)(L1)]PF6. TlPF6 (34.5 mg, 0.099 mmol) in 3 mL acetone was added to complex 5 (46.3 

mg, 0.099 mmol) in 10 mL acetone, and the mixture was stirred for 2 hours at room temperature before 

it was filtered and concentrated in vacuo. 1H NMR (500 MHz, acetonitrile-d3, ppm): δ 7.95 – 7.83 (m, 

3H), 7.60 (s, 1H), 7.54 (s, 1H), 7.04 (s, 1H), 3.49 (s, 2H), 2.16 (s, 6H), 1.40 (d, J = 14.7 Hz, 18H). 31P NMR 

(202 MHz, acetonitrile-d3, ppm): δ 85.1 (d, J = 172 Hz), -144.6 (hept, J = 706.5 Hz, PF6). HRMS (CSI+) 

(C22H33N2O2PRh): m/z calcd, 491.1335; found, 491.1135. IR (ATR, cm-1): 1694 (s), 1601 (m), 1567 (m). 

 

Complex 7, [Rh(CO)(L1**)]K. Complex 3 (8.2 mg, 0.018 mmol) and solid 

KOtBu (2.0 mg, 0.018 mmol) were dissolved in 0.5 mL THF-d8 in an NMR tube. 

An instant color change from red to purple was observed. As this complex 

turned out not to be stable under vacuum, it was characterized only by in situ 

NMR and IR. 1H NMR (400 MHz, THF-d8) δ 7.00 (s, 1H), 6.49 (s, 1H), 6.19 (br 

s, 2H), 5.94 (s, 1H), 5.60 (s, 1H), 3.11 (s, 1H), 1.35 (d, J = 13.1 Hz, 18H). 31P NMR (162 MHz, THF-d8) δ 

83.8 (d, J = 150.7 Hz). IR (ATR, cm-1): 1970 (s), 1614 (m), 1593 (m). 

 

Complex 8, [Rh(CO)(L2**)]K. Complex 4 (19.1 mg, 0.033 mmol) and 

solid KOtBu (3.7 mg, 0.033 mmol) were dissolved in 0.7 mL THF-d8 in an 

NMR tube. An instant color change from red to brown was observed. As 

this complex turned out not to be stable under vacuum, it was 

characterized only by in situ NMR and IR. 1H NMR (400 MHz, THF-d8, 

ppm): δ 7.04 (t, J = 7.8 Hz, 1H), 6.57 (t, J = 7.81 Hz, 1H), 6.48 (m, 2H), 6.18 (d, J = 8.5 Hz, 1H), 6.10 (d, 

J = 7.0 Hz, 1H), 1.52 (d, J = 13.3 Hz, 18H), 1.09 (s, 9H), 0.37 (s, 6H). 31P NMR (162 MHz, THF-d8, ppm): 

δ 107.6 (d, J = 153.4 Hz). IR (ATR, cm-1): 1977 (s), 1615 (m), 1601 (m). 

 

Complex 9, Rh(L1*)(NCMe). Complex 5 (10.1 mg, 0.022 mmol) and KOtBu 

(2.4 mg, 0.022 mmol) are dissolved in 1 mL THF and stirred for 1 hour. 1 mL 

acetonitrile was added, the mixture was filtered and the filtrate was evaporated 

in vacuo. 1H NMR (400 MHz, benzene-d6, ppm): δ 7.24 – 7.13 (m, 2H), 6.93 (d, 

J = 7.0 Hz, 2H), 6.47 (d, J = 6.5 Hz, 2H), 2.67 (d, J = 8.7 Hz, 2H), 1.55 (s, 3H), 

1.36 (d, J = 12.8 Hz, 18H). 31P NMR (162 MHz, benzene-d6, ppm): δ 86.0 (d, J = 175 Hz).  

 

Complex 10, [Rh(I)2(CO)(L1)]Cl. Complex 1 (22.7 mg, 0.046 mmol) and I2 

(11.6 mg, 0.046 mmol) were dissolved in dichloromethane (1 mL). An 

immediate colour change was observed to brown-red. 1H NMR (500 MHz, 

methylene chloride-d2, ppm): δ 11.68 (s, 1H), 8.22 (s, 1H), 7.86 (s, 1H), 7.77 (d, 

J = 7.9 Hz, 1H), 7.74 (s, 1H), 7.11 (s, 1H), 6.76 (s, 1H), 3.72 (d, J = 10.1 Hz, 2H), 

1.39 (d, J = 14.2 Hz, 18H). 31P NMR (202 MHz, methylene chloride-d2, ppm): δ 89.5 (d, J = 102.1 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 190.19 (d, J = 29.5 Hz), 174.05 (s), 161.40 (d, J = 22.1 

Hz), 157.24 (s), 154.28 (s), 152.64 (s), 142.15 (s), 141.85 (d, J = 6.6 Hz), 126.89 (s), 122.78 (s), 118.77 (s), 

36.45 (d, J = 57.3 Hz), 30.62 (s), 26.44 (d, J = 13.9 Hz). HRMS (CSI+) (C20H27ClI2N2O2PRh): m/z calc. 

714.8955 [M]+, 622.9598 [M+Cl-I]+; found 714.8902 [M]+, 622.9425 [M+Cl-I]+. IR (ATR, cm-1): 2097 (s), 

1598 (m), 1565 (m).  
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Complex 11, [Rh(I)2(CO)(L2)]Cl. Complex 2 (19.3 mg, 0.032 mmol) 

and I2 (8.0 mg, 0.032 mmol) were dissolved in dichloromethane (1 mL). 

An immediate colour change was observed to bright-red. 1H NMR (500 

MHz, methylene chloride-d2, ppm): δ 14.20 (s, 1H, OH), 8.22 (dd, J = 

36.4, 7.7 Hz, 2H, pyH), 8.04 – 7.57 (m, 4H, pyH), 4.16 (d, J = 14.7 Hz, 1H, 

CH), 1.81 (d, J = 15.3 Hz, 18H, PtBu2), 1.21 (s, 12H, SitBuMe), 0.99 (s, 6H, SiMe). 31P NMR (202 MHz, 

methylene chloride-d2, ppm): δ 115.1 (d, J = 98 Hz). 13C NMR (126 MHz, methylene chloride-d2, ppm): δ 

180.91 (dd, J = 52.5, 12.8 Hz), 167.51 (s), 165.10 (s), 157.42 (s), 153.53 (s), 141.41 (s), 139.97 (s), 125.04 (s), 

124.74 (d, J = 12.1 Hz), 120.74 (s), 115.81 (s), 43.57 (s), 41.11 (d, J = 11.4 Hz), 34.68 (s), 28.74 (s), 21.31 (s), 

2.52 (s). HRMS (CSI+) (C26H41ClI2N2O2PRhSi): m/z calcd, 828.98193; found, 828.98219. IR (ATR, cm-1): 

2089 (s), 1596 (m), 1561 (m). 

 

Complex 12, Rh(I)2(CO)(L2*). Complex 3 (9.8 mg, 0.021 mmol) and I2 (5.4 

mg, 0.021 mmol) were dissolved in dichloromethane (1 mL) and stirred for six 

hours. An immediate colour change from orange to dark-red was observed. 

Addition of 10 mL diethyl ether afforded a brown-red precipitate that was 

isolated by filtration and subsequently dried in vacuo. 1H NMR (400 MHz, 

methylene chloride-d2, ppm): δ 8.31 – 8.14 (m, 3H), 7.91 (s, 1H), 7.91 (s, 1H), 7.74 (s, 1H), 4.38 (d, J = 11.0 

Hz, 2H), 1.72 (d, J = 15.3 Hz, 18H). 31P NMR (121 MHz, methylene chloride-d2, ppm): δ 93.1 (d, JRhP = 

100.0 Hz). 13C NMR (126 MHz, methylene chloride-d2, ppm): δ 190.55 (d, J = 29.5 Hz), 174.41 (s), 161.76 

(d, J = 22.1 Hz), 157.60 (s), 154.64 (s), 153.00 (s), 142.51 (s), 142.21 (d, J = 6.6 Hz), 127.25 (s), 123.14 (s), 

119.13 (s), 36.81 (d, J = 57.3 Hz), 30.98 (s), 26.80 (d, J = 14.0 Hz). HRMS (CSI+) (C20H27I2N2O2PRh): m/z 

calcd, 714.89545; found, 714.89410. IR (ATR, cm-1): 2084 (s), 1597 (m), 1566 (m). 

 

Complex 13, Rh(I)2(CO)(L2*). Complex 4 (17.2 mg, 0.03 mmol) and 

I2 (7.7 mg, 0.03 mmol) were dissolved in dichloromethane (1 mL) and 

stirred for 2 hours. An immediate colour change from orange to dark red 

was observed. Addition of 10 mL diethyl ether afforded a brown-red 

precipitate that was isolated by filtration and subsequently dried in 

vacuo. (24.6 mg, quantitative yield). 1H NMR (300 MHz, methylene chloride-d2, ppm): δ 7.97 – 7.75 (m, 

2H, pyH), 7.58 (d, J = 7.8 Hz, 1H, pyH), 7.40 (s, 1H, pyH), 7.01 (s, 1H, pyH), 6.55 (s, 1H, pyH), 4.11 (d, J 

= 14.5 Hz, 1H, CH), 1.78 (d, J = 15.2 Hz, 18H, PtBu2), 1.19 (s, 9H, SitBu), 0.98 (s, 3H, SiMe), 0.12 (s, 3H, 

SiMe). 31P NMR (121 MHz, methylene chloride-d2, ppm): δ 102.8 (d, JRhP = 101.6 Hz). 13C NMR (126 MHz, 

Methylene chloride-d2, ppm): δ 181.32 (dd, J = 53.0, 11.0 Hz), 167.22 (s), 166.40 (s), 153.13 (s), 144.72 (s), 

138.51 (s), 137.26 (s), 123.20 (s), 118.96 (s), 118.60 (s), 107.95 (s), 42.80 (s), 40.07 (s), 34.59 (s), 28.75 (s), 

21.16 (s), 2.65 (s), 0.77 (s). HRMS (CSI+) (C26H40I2N2O2PRhSi): m/z calcd, 828.98193; found, 828.98219. 

IR (ATR, cm-1): 2093 (s), 1599 (m), 1566 (m). 

 

Complex 16, [Rh(CO)(L1-Me)]I. Iodomethane (33.5 L, 0.538 mmol) was 

slowly added to a solution of complex 3 (24.8 mg, 0.054 mmol) in methylene 

chloride (1 mL) and the mixture was stirred overnight at room temperature. 

Diethyl ether (10 mL) was added, yielding a dark-red precipitate that was 

filtered off and dried in vacuo. 1H NMR (400 MHz, methylene chloride-d2, 

ppm): δ 15.55 (s, 1H), 8.32 (s, 1H), 8.26 – 8.17 (m, 2H), 7.95 – 7.88 (m, 2H), 7.22 (d, J = 7.6 Hz, 1H), 4.15 

(s, 3H), 3.97 (d, J = 9.6 Hz, 1H), 3.89 (d, J = 9.4 Hz, 1H), 1.46 (d, J = 14.5 Hz, 18H). 31P NMR (162 MHz, 

methylene chloride-d2, ppm): δ 96.62 (d, 1JRhP = 157 Hz). 13C NMR (126 MHz, methylene chloride-d2, 

ppm): δ 192.46 (dd, J = 72.7, 18.2 Hz), 163.63 (s), 163.07 (s), 156.10 (s), 155.44 (s), 143.59 (s), 141.21 (s), 

124.86 (d, J = 10.7 Hz), 121.72 (s), 116.86 (s), 109.46 (s), 56.77 (s), 36.55 (d, J = 21.7 Hz), 36.11 (dd, J = 
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21.8, 2.0 Hz), 29.00 (d, J = 4.3 Hz). HRMS (CSI+) (C21H29IN2O2PRh): m/z calcd, 475.1022; found, 

475.0839. IR (ATR, cm-1): 1982 (s), 1597 (m), 1566 (m). 

 

Complex 17, [Rh(CO)(L2-Me)]I. Iodomethane (20.9 L, 0.34 mmol) 

was slowly added to a solution of complex 4 (19.3 mg, 0.034 mmol) in 

methylene chloride (1 mL) and the mixture was stirred overnight at room 

temperature. Diethyl ether (10 mL) was added to yield an orange 

precipitate, which was filtered, dried in vacuo and obtained in 

quantitative yield (23.6 mg, 100%). 1H NMR (500 MHz, methylene chloride-d2, ppm): δ 8.25 (t, J = 8.0 

Hz, 2H), 8.11 (t, J = 8.0 Hz, 1H), 8.03 (d, J = 7.7 Hz, 1H), 7.84 (d, J = 8.1 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 

4.16 (s, 3H), 3.96 (d, J = 12.8 Hz, 1H), 1.61 (d, J = 14.2 Hz, 9H), 1.22 (d, J = 13.1 Hz, 9H), 0.76 (s, 9H), 

0.49 (d, J = 5.1 Hz, 6H). 31P NMR (202 MHz, methylene chloride-d2, ppm): δ 115.8 (d, J = 155 Hz). 13C 

NMR (126 MHz, methylene chloride-d2, ppm): δ 193.44 (dd, J = 74.4, 16.6 Hz, CO), 166.73 (s), 163.86 (s), 

155.54 (s), 154.71 (s), 143.26 (s), 140.09 (s), 126.41 (d, J = 10.5 Hz), 120.32 (s), 116.47 (s), 109.48 (s), 56.94 

(s, 1C, OCH3), 41.72 (d, J = 18.0 Hz), 34.85 (dd, J = 19.0, 2.4 Hz), 31.18 (d, J = 4.0 Hz), 28.59 (s), 20.20 

(s), 1.47 (s), 0.07 (d, J = 2.8 Hz). HRMS (CSI+) (C27H43IN2O2PRhSi): m/z calcd, 589.18864; found, 

589.19237. IR (DCM): ν(CO) 1990 cm-1. 

 

 Complex 18, [Rh(CO)(B)]Cl. Pre-ligand B (36.4 mg, 0.106 mmol) in 

acetonitrile (5 mL) was added to a solution of (Rh(-Cl)(CO)2)2 (17.6 mg, 0.053 

mmol) in acetonitrile (5 mL) and stirred for 3 hours. 1H NMR (300 MHz, 

acetonitrile-d3, ppm): δ 8.27 – 8.14 (m, 1H, pyH), 7.92 (d, J = 7.7 Hz, 1H, pyH), 

7.78 (m, 2H, pyH), 7.32 (d, J = 8.6 Hz, 1H, pyH), 6.82 (dd, J = 8.2, 3.5 Hz, 1H, 

pyH), 4.03 (s, 3H, methoxy), 3.93 (d, J = 9.6 Hz, 2H, CH2), 1.42 (d, J = 14.6 Hz, 18H, PtBu2). 31P NMR (121 

MHz, acetonitrile-d3, ppm): δ 96.44 (d, J = 155.6 Hz). 13C NMR (75 MHz, methylene chloride-d2, ppm): δ 

192.58 (d, J = 72.7 Hz, 1C, CO), 163.63 (s, 1C, PyC), 163.08 (s, 1C, PyC), 156.10 (s, 1C, PyC), 155.44 (s, 1C, 

PyC), 143.59 (s, 1C, PyCH), 141.22 (s, 1C, PyCH), 124.87 (d, J = 10.5 Hz, 1C, PyCH), 121.72(s, 1C, PyCH), 

116.86 (s, 1C, PyCH), 109.45 (s, 1C, PyCH), 56.77 (s, 1C, OCH3), 36.55 (d, J = 21.8 Hz, 2C, P(C(CH3)3)2), 

36.11 (d, J = 22.0 Hz, CH2), 29.13 – 28.85 (m, P(C(CH3)3)2). HRMS (FD+) (C20H26ClN2O2PRh): m/z: calcd, 

475.10217; found, 475.10411. IR (ATR, cm-1): 1973 (s), 1595 (m), 1570 (m). 

 

Complex 19, Rh(CO)(B*). Complex 18 (7.6 mg, 0.015 mmol) was dissolved 

in 0.7 mL DCM-d2 and KOtBu (1.7 mg, 0.015 mmol) was added. The green black 

mixture was shaken thoroughly and NMR spectra were recorded in situ. 1H 

NMR (400 MHz, methylene chloride-d2, ppm): δ 7.80 (t, J = 8.1 Hz, 1H), 7.25 

(d, J = 7.9 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 6.42 (ddd, J = 9.0, 6.8, 2.1 Hz, 1H), 

6.20 (d, J = 9.0 Hz, 1H), 5.89 (d, J = 6.8 Hz, 1H), 4.03 (s, 3H), 3.75 – 3.26 (m, 1H), 1.41 (d, J = 13.7 Hz, 

18H). 31P NMR (162 MHz, methylene chloride-d2, ppm): δ 88.69 (d, J = 160.0 Hz). IR (ATR, cm-1): 1985 

(s), 1600 (m), 1574 (m). 

 

Complex 20, Rh(Cl)2(I)(L1). Complex 5 (10.1 mg, 0.022 mmol) and 

molecular iodine (5.5 mg, 0.022 mmol) were dissolved in 0.7 mL benzene-d6, 

and NMR was measured in situ. 1H NMR (400 MHz, methylene chloride-d2, 

ppm): δ 11.67 (s, 1H), 11.45 (s, 1H), 8.13 – 7.85 (m, 5H), 7.81 – 7.65 (m, 3H), 7.62 

(d, J = 7.7 Hz, 2H), 7.12 (t, J = 8.2 Hz, 2H), 4.13 (d, J = 11.0 Hz, 2H), 4.01 (d, J 

= 11.8 Hz, 2H), 1.72 (d, J = 14.2 Hz, 18H), 1.54 (d, J = 14.0 Hz, 18H). 31P NMR (162 MHz, methylene 

chloride-d2, ppm): δ 80.5 (d, J = 118 Hz), 75.0 (d, J = 115.0 Hz). 
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Complex [21]Cl, [Pd(Cl)(L1)]Cl. Pd(MeCN)2Cl2 (68.2 mg, 0.263 mmol) was 

suspended in 5 mL MeCN, L1 (86.9 mg, 0.263 mmol) in 5 mL MeCN was added 

and the reaction was stirred overnight at room temperature. The suspension 

was filtered and the residue was dissolved in DCM. Diethyl ether was added 

under vigorous stirring, which led to precipitation of the product as a yellow 

powder. 1H NMR (400 MHz, DMSO-d6, ppm): δ 11.13 (s, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.35 (t, J = 8.5 Hz, 

1H), 8.21 (t, J = 8.0 Hz, 1H), 8.13 (d, J = 7.5 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.21 (d, J = 8.5 Hz, 1H), 4.36 

(d, J = 11.2 Hz, 2H), 1.49 (d, J = 15.9 Hz, 18H). 13C NMR (75 MHz, DMSO-d6, ppm): δ 165.87 (s), 163.39 

(s), 156.02 (s), 152.94 (s), 143.72 (s), 141.85 (s), 124.64 (d, J = 11.9 Hz), 122.11 (s), 116.30 (s), 37.54 (d, J = 

18.6 Hz), 36.04 (d, J = 26.8 Hz), 35.85 – 35.58 (m), 27.90 (d, J = 2.1 Hz), 1.18 (s). 31P NMR (162 MHz, 

DMSO-d6, ppm): δ 90.9 (s). HR-MS (FD+) (C19H27ClN2OPPd): m/z calcd, 469.05899 [M-H]+; found, 

469.05693 [M-H]+. IR (ATR, cm-1): 1617 (m), 1598 (m), 1569 (m). 

 

Complex [22]Cl, [Pd(Cl)(L2)]Cl. A solution of L2 (202 mg, 0.45 

mmol) in acetonitrile (10 mL) was added to a solution of PdCl2(MeCN)2 

(117.8 mg, 0.45 mmol) in acetonitrile (10 mL) and the mixture was stirred 

overnight. The suspension was filtered and dried in vacuo to yield an 

dark-yellow powder (109 mg, 48%). 1H NMR (400 MHz, acetone-d6, 

ppm): δ = 11.17 (s, 1H, OH), 8.72 (s, 1H, pyH), 8.36 (s, 1H, pyH), 8.29 (t, J = 8.2 Hz, 1H, pyH), 7.99 – 7.79 

(m, 1H, pyH), 7.60 (dd, J = 15.2, 7.8 Hz, 1H, pyH), 7.21 (d, J = 8.5 Hz, 1H, pyH), 5.30 (d, J = 15.7 Hz, 1H, 

CH), 1.83 (d, J = 16.3 Hz, 9H, PtBu), 1.47 (d, J = 15.2 Hz, 9H, PtBu), 0.85 (s, 9H, SitBu), 0.75 (s, 6H, SiMe2). 

31P NMR (162 MHz, acetone-d6, ppm): δ = 105.33 (s). 13C NMR (75 MHz, DMSO-d6, ppm): δ 166.18 (s, 1C, 

pyC), 165.27 (s, 1C, pyC), 156.41 (s, 1C, pyC), 152.78 (d, J = 2.3 Hz, 1C, pyC), 144.23 (s, 1C, pyCH), 141.83 

(s, 1C, pyCH), 126.54 (d, J = 12.1 Hz, 1C, pyCH), 122.18 (s, 1C, pyCH), 116.80 (m, 2C, pyCH), 44.61 (d, J = 

6.7 Hz, 1C, CH), 38.00 (d, J = 18.6 Hz, 1C, PC(CH3)3), 37.20 (d, J = 17.2 Hz, 1C, PC(CH3)3), 30.31 (d, J = 

2.0 Hz, 3C, PC(CH3)3), 28.85 (s, 3C, SitBu), 28.36 (d, J = 2.0 Hz, 3C, PC(CH3)3), 20.47 (s, 1C, SitBu), 2.30 

(s, 1C, SiMe), -0.80 (s, 1C, SiMe). HRMS (CSI+) (C25H41Cl2PN2OPdSi): m/z: calcd, 584.13775 [M-H]+; 

found, 584.14899 [M-H]+. IR (ATR, cm-1): 1621 (m), 1597 (m), 1570 (m). 

 

Complex [21]PF6, [Pd(Cl)(L1)]PF6. Complex [21]Cl (8 mg, 0.015 mmol) 

and KPF6 (3 mg, 0.015 mmol) were dissolved in MeCN (4 mL) and stirred for 45 

minutes. The yellow solution is filtered and concentrated in vacuo. 1H NMR 

(300 MHz, CD2Cl2, ppm): δ 11.08 (s, 1H), 8.36 (t, J = 8.0 Hz, 1H), 8.20 (dd, J = 

18.6, 7.9 Hz, 2H), 8.02 (t, J = 8.0 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 

8.5 Hz, 1H), 4.10 (d, J = 10.9 Hz, 2H), 1.57 (d, J = 16.2 Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 

90.03 (s), -144.48 (hept, J = 1423, 712 Hz). 

 

Complex [21](PF6)2, [Pd(MeCN)(L1)](PF6)2. Complex [21]Cl (51 mg, 

0.1 mmol) and AgPF6 were charged into a schlenk wrapped with aluminum 

foil and dissolved in 5 mL MeCN. The reaction was stirred overnight at room 

temperature and then all volatiles were evaporated. The residue was dissolved 

in 5 mL dichloromethane, filtered and the solvent was evaporated. The 

complex is obtained as a white solid (71 mg, 92%). 1H NMR (400 MHz, CD2Cl2, ppm): δ 9.32 (s, 1H), 8.30 

(td, J = 8.0, 1.2 Hz, 1H), 8.19 – 8.10 (m, 2H), 7.98 (d, J = 8.3 Hz, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.33 (d, J 

= 8.8 Hz, 1H), 4.13 (d, J = 11.1 Hz, 2H), 2.65 (s, 3H, MeCN), 1.60 (d, J = 16.7 Hz, 18H). 31P NMR (162 

MHz, CD2Cl2, ppm): δ 99.54 (s), -144.48 (hept, J = 712 Hz). Complex [21](BF4)2, 

[Pd(MeCN)(L1)](BF4)2. Alternatively, L1 (43.4 mg, 0.131 mmol) dissolved in 10 mL MeCN was added 

to [Pd(MeCN)4](BF4)2 (58.4 mg, 0.131 mmol) in 10 mL acetonitrile and the solution was stirred for 4 
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hours. The mixture was concentrated to 2 mL and 10 mL diethyl ether was added to precipitate the 

product as a yellow crystalline powder. 1H NMR (400 MHz, methylene chloride-d2, ppm): δ 13.30 (s, 1H), 

8.28 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 7.9 Hz, 1H), 8.02 (d, J = 7.7 Hz, 1H), 7.96 (t, J = 7.9 Hz, 1H), 7.72 (d, 

J = 7.6 Hz, 1H), 7.53 (d, J = 8.0 Hz, 1H), 4.29 (d, J = 11.2 Hz, 2H), 1.61 (d, J = 16.7 Hz, 18H). 31P NMR (162 

MHz, methylene chloride-d2, ppm): δ 99.7 (s). 

 

Complex [22]PF6, [Pd(Cl)(L2)]PF6. Complex [22]Cl (10 mg, 0.02 

mmol) was dissolved in 1 mL MeCN and a solution of AgPF6 (5 mg, 0.02 

mmol) in acetonitrile (1 mL) was added. This mixture was stirred for 2 

hours and protected from light. Filtration and drying afforded an orange 

precipitate. Alternative procedure: NH4PF6 (5.2 mg, 0.031 mmol) was 

added to a solution of complex [22]Cl (19 mg, 0.031 mmol) in benzene (2 mL) and stirred for 3 hours, 

yielding a yellow solution with an orange precipitate. The latter was isolated by filtration and subsequent 

drying. 1H NMR (400 MHz, MeCN-d3, ppm): δ 11.00 (s, 1H, OH), 8.16-7.12 (m, 6H, pyH), 3.90 (d, JPH = 

15.6 Hz, 1H, CH), 1.75 (d, JPH = 16.4, 9H, PtBu), 1.34 (d, JPH = 15.3 Hz, 9H, PtBu), 0.80 (s, 9H, SitBu), 0.58 

(s, 3H, SiMe), 0.46 (s, 3H, SiMe). 31P NMR (162 MHz, MeCN-d3, ppm): δ 103.84 (s, Pd-P), -144.63 (hept, 

J = 706.5 Hz, PF6).  

 

Complex [22](PF6)2, [Pd(MeCN)(L2)](PF6)2. A solution of complex 

[22]Cl (10 mg, 0.02 mmol) in acetonitrile (1 mL) was heated to 50°C and 

then a solution of AgPF6 (10 mg, 0.04 mmol) in acetonitrile (1 mL) was 

added. This was stirred overnight at 50°C. 1H NMR (400 MHz, MeCN-d3, 

ppm): δ 11.00 (s, 1H, OH), 8.19-7.11 (m, 6H, pyH), 3.88 (d, J = 15.6 Hz, 

1H, CH), 1.73 (d, J = 16.4 Hz, 9H, PtBu), 1.32 (d, J = 15.3 Hz, 9H, PtBu), 0.80 (s, 9H, SitBu), 0.58 (s, 3H, 

SiMe), 0.46 (s, 3H, SiMe). 31P NMR (162 MHz, MeCN-d3, ppm): δ 111.02 (s, PtBu2), -144.63 (hept, J = 

706.5 Hz, PF6).  

 

Complex 23, Pd(Cl)(L1*). To a solution of complex 21 (14 mg, 0.027 mmol) 

in 4 mL THF was added KHMDS (0.054 mL, 0.027 mmol) (0.5M solution in 

toluene). The solution, which immediately turned beige, was stirred for 45 

minutes, where after all volatiles were removed in vacuo. 1H NMR (300 MHz, 

CD2Cl2, ppm): δ 7.88 (t, J = 7.8 Hz, 1H), 7.74 (d, J = 8.2 Hz, 1H), 7.46 (d, J = 7.6 

Hz, 1H), 7.25 – 7.14 (m, 1H), 6.65 (d, J = 6.6 Hz, 1H), 6.44 (d, J = 9.0 Hz, 1H), 3.61 (d, J = 10.6 Hz, 2H), 

1.51 (d, J = 15.2 Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 74.65 (s). IR (ATR, cm-1): 1601 (m), 1570 

(m). 

 

Complex 25, Pd(MeCN)(L1**). To a solution of complex 21 (12 mg, 0.024 

mmol) in 4 mL THF was added KHMDS (0.096 mL, 0.048 mmol) (0.5M 

solution in toluene). The solution, which immediately turned purple, was stirred 

for 45 minutes, where after all volatiles were removed in vacuo. 1H NMR (300 

MHz, CD2Cl2, ppm): δ 7.92 – 7.77 (m, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.45 – 7.27 

(m, 2H), 7.27 – 7.12 (m, 1H), 6.77 (d, J = 6.1 Hz, 1H), 6.63 (d, J = 6.6 Hz, 1H), 6.50 (d, J = 9.1 Hz, 0.5H), 

6.43 (d, J = 8.6 Hz, 0.5H), 3.68 (s, 1H), 3.56 (d, J = 10.5 Hz, 1H), 3.48 (d, J = 9.8 Hz, 1H), 1.51 (d, J = 15.0 

Hz, 18H). 31P NMR (121 MHz, CD2Cl2, ppm): δ 74.14 (s, unreacted 10), 69.50 (s). 
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General procedure for intramolecular hydroamination 

Typically, the relevant Pd complex (0.01 mmol) and the additives (0.02 mmol) were dissolved in the 

desired solvent (2 mL) and stirred for 10 minutes. The aminoalkene substrate (0.1 mmol) was added to 

the mixture and the reaction was stirred at room temperature, unless stated otherwise. Reaction times 

varied from 16 to 20 hours. The yields of the products were determined by NMR analysis. 

 

General procedure for catalytic transfer hydrogenation 

To a Schlenk containing a magnetic stirrer, 1 mol% of catalyst, and 10 mol% of base were added distilled 

acetophenone (1 mmol) as substrate, 10 L p-xylene as internal standard, and 2 mL isopropanol. The 

mixture was stirred at 75 ºC. Aliquots were taken from the mixture during the reaction, which were 

subsequently filtered over a plug of silica and analyzed by GC. 

 

X-ray crystallography 

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.37 Absorption correction and scaling was performed 

with SADABS.38 The structures were solved with the program SHELXL.37 Least-squares refinement was 

performed with SHELXL-201339 against F2 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. N-H hydrogen atoms were refined freely with isotropic 

displacement parameters.  
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