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Chelating Heteroditopic Di-NHC Late TM Complexes

Chapter 3

Pd(II)(η3-allyl) Complexes and Ru(II)(p-cym) Hydrogenation 
Catalysts bearing Chelating NHC-tzNHC Ligands

Part of this chapter has been published: Soraya N. Sluijter and Cornelis J. Elsevier, 
Organometallics. 2014, 33, 6389-6397;  Soraya N. Sluijter, Martin Lutz and Cornelis J. 
Elsevier, manuscript in preparation.

Abstract

1,2,3-Triazolylidenes (tzNHC) have become a popular class of NHC ligands 
in homogeneous catalysis. Herein, we introduce bidentate ligands that 
combine this tzNHC with an Arduengo-type NHC motif. The ligands vary 
with respect to linker rigidity and metallacycle ring size (6- vs 7-membered). 
In this chapter the coordination of the heteroditopic di-NHCs to Pd(II) 
and Ru(II) centers is described. The resulting complexes have been studied 
for the hydroarylation of alkynes and hydrogenation of unsaturated bonds, 
respectively. Unfortunately, the acidic conditions of the former reaction 
turned out to be incompatible with our system, which indicates that the Pd-
tzNHC bond is not as strong as anticipated. The NHC-tzNHC Ru p-cymene 
complexes were active in the hydrogenation of ketones and an imine, 
whereas they converted esters significantly slower than a known ruthenium 
di-NHC system. 
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3.1 Introduction

Chelate complexes with two or more donating atoms can have improved stability 
and altered properties compared to their monodentate counterparts.1,2 This effect 
can be even more pronounced for catalysts with heteroditopic ligands due to the 
specific trans-influences of the non-equivalent donors: a strong ligand can labilize the 
bond trans to it and thereby affect the reactivity of the complex, i.e. the activity and/
or selectivity of a catalyst.

In the previous chapter symmetric di-NHC complexes have been presented. Here, 
heteroditopic di-NHC complexes are introduced, combining the well-known 
imidazole-2-ylidenes with 1,2,3-triazolylidenes (tzNHC) in the ligand design 
(Figure 1, box).  As described in the introductory chapter, there recently has been 
increasing interest in tzNHC ligands in transition metal catalysis.3–5 Their popularity 
can be explained by the combination of specific σ-donor properties (stronger than 
the most basic normal carbenes yet weaker than imidazol-4-ylidenes3,6), synthetic 
accessibility and almost unlimited possibilities to vary the N1 and C4 position 
through “click” chemistry.7,8

Bidentate triazole functionalized NHC complexes were previously developed in 
our group and proved to be good catalysts in the transfer semi-hydrogenation 
of alkynes,9 the reaction that was also described in the previous chapter. In this 
system, the triazole moiety coordinates to the metal via N1 (Figure 1). However, 
when this position is protected, the C4 atom becomes the preferred position for 
coordination, leading to heteroditopic NHC-tzNHC complexes. Cowie and co-
workers previously prepared hybrid NHC-tzNHC ligands to support bimetallic 
Pd/Rh complexes in a bridging fashion,10 but chelate complexes with these ligands 
have not yet been reported to date.

We were also interested in another NHC-tzNHC ligand bearing an aryl linker. 
Besides the electronic implications of an aromatic group next to the carbene 
donors, it has been found that an aryl linker can give more stability to metal 
complexes compared to alkyl linkers.11 Furthermore, the incorporation of this 
bridge between the two carbenes leads to a more rigid structure with restricted 

Figure 1: General structure of bidentate NHC ligands developed in our group. Box: the 
hybrid NHC-tzNHC ligand described in this chapter, Y = CH2 or aryl.
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geometry. The starting point for this structure was found in the NHC-NH2 ligand 
that was recently developed in our group (Figure 1).12 

This chapter features two heteroditopic di-NHC ligands, 2 and 5. They vary 
with respect to linker rigidity, metallacycle ring size and side-groups. A synthetic 
route to the novel NHC-Ar-tzNHC has been developed, which will be discussed. 
Subsequent coordination to Pd(II) and Ru(II) is described as well as studies towards 
the application of the resulting pre-catalysts in the hydroarylation of alkynes and the 
hydrogenation of unsaturated bonds, respectively. 

3.2 Synthesis of Heteroditopic di-NHC Ligands 

Synthesis imidazolium--triazolium salts with methylene linker

The synthesis of the triazolyl functionalized imidazolium salt, 1, has been reported 
by our group9 and others.13 This building block can be conveniently prepared in 
high yields from [(1-(prop-2-ynyl)-3-mesityl)-imidazolium] bromide and 2-azido-
1,3-diisopropylbenzene via a “click”-like copper-catalyzed cycloaddition (CuAAC) 
reaction, in either acetonitrile9 or a tert-butanol/water mixture.13 In order to obtain 
the di-NHC precursor, alkylation of N3 of the triazolyl is necessary, which can be 
achieved with various alkylating agents. In our hands methyl iodide proved to be 
ineffective,14 whereas treatment with methyl triflate did yield the desired compound 
2 in high yield (Scheme 1).15 

Synthesis imidazolium-triazolium salts with aryl linker

The NHC-Ar-tzNHC ligand 5 was synthesized starting from the NHC-NH2 ligand 
developed in our group.12 It could be transformed into the desired mixed di-NHC 
precursor in a three-step procedure with moderate to good yields (Scheme 2). The 
first step was the synthesis of imidazolium-azide 3 by reacting the amine group 
with tert-butyl nitrite and trimethylsilyl azide (Scheme 2). The formation of the 
desired product was confirmed by the disappearance of representative infrared (IR) 
signals around 3400 cm-1 and the appearance of a sharp band at 2136 cm-1 in the IR 
spectrum, characteristic for the amine and azide functionality, respectively.

Scheme 1: Synthesis of imidazolium-triazole 1 and imidazolium-triazolium salt 2 with 
methylene bridge. i) CuSO4

.5H2O, sodium ascorbate in H2O:tBuOH (1:1), 50°C, ii) MeOTf, 
DCM, -78 °C→RT.
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Again, the CuAAC reaction was applied to convert 3 into the NHC-tz ligand 4. 
However, in this particular case a prolonged reaction time (5 days) was needed 
to obtain the compound in reasonable yield. The synthesis might be improved by 
further screening of the reaction conditions (particularly solvents), which has not 
been performed.

Finally, the desired ligand, imidazolium-triazolium hexafluorophosphate salt 5, 
was obtained by methylation of 4. The strong alkylating agent trimethyl oxonium 
tetrafluoroborate ((Me3O)BF4, Meerwein’s salt) was used for this purpose, followed 
by anion exchange with KPF6. The triazolium salt 5 was identified in the 1H NMR 
spectrum by a downfield shift of the triazole signal (to 9.52 ppm) and the methyl 
signal (at 4.29 ppm). All compounds were characterized by multinuclear NMR and 
HR-MS. 

3.3 Heteroditopic NHC-tzNHC Ag, Pd and Ru Complexes
Synthesis and characterization of Ag(I) NHC-CH2-tzNHC complex

Silver(I) NHC complexes are widely used as carbene transfer agents.16 The Ag(I) 
complexes are usually stable in air and they can be used to synthesize a large range 
of NHC-TM complexes without the use of an external base and at mild conditions. 

The NHC-tzNHC silver(I) complex 6 could be obtained in high yield by reacting 
the ligand with Ag2O in methanol (Scheme 3). As observed for the “classic” di-
carbenes this reaction was solvent dependent proving unsuccessful in DCM or 

Scheme 2: Synthesis of of imidazolium-triazolium salt with aryl linker, 5. i) tBuONO, TMSN3, 
MeCN, ii) p-tolyl acetylene, CuSO4

.5H2O, sodium ascorbate in H2O:tBuOH (1:1), 50 °C, iii) 
1. (Me3O)BF4, DCM, 2. KPF6, acetone/water.
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water.17 The 1H NMR spectrum of the resulting Ag(I) complex exhibited an AB 
system corresponding to the two diastereotopic methylene linker hydrogens and 
multiple resonances for the mesityl and diisopropyphenyl N-substituents. The 
Ag(I) carbene carbons gave rise to two sets of doublets at 182.2 (1JNHCAg107 = 172.3 
Hz, 1JNHCAg

109
 = 191.8 Hz) and 172.3 ppm (1JtzNHCAg107 = 167.2 Hz, 1JtzNHCAg109 = 197.1 

Hz). HR-MS was in accordance with the dimeric structure of the silver complex. 

The dimeric homobimetallic structure with two bridging dicarbene ligands, was also 
confirmed by X-ray crystal diffraction. Single crystals suitable for crystallographic 
analysis were obtained by slow diffusion of cyclopentane into a concentrated 
solution of 6 in THF. The solid-state structure of the silver complex is depicted in 
Figure 2. 

The asymmetric unit contains two dimeric silver complexes, four triflate anions and 
severely disordered THF solvent molecules (see Experimental Section). The crystal 
structure of 6 largely resembles the dimeric Ag(I) di-NHC complex published 

Scheme 3: Synthesis of silver(I) di-carbene complex 6.

Figure 2: Molecular structure of 6 in the crystal, drawn at the 50% probability level. Only one 
of two independent molecules is shown. Triflate anions, disordered THF solvent molecules 
and hydrogen atoms are omitted for clarity.
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by Slaughter and co-workers.18 The 12-membered bicyclic chelate ring adopts a 
twisted-boat conformation with both the CH2 linkers pointing in one direction, 
while the N-substituents are perpendicular to the carbene rings. Moreover, a short 
Ag-Ag distance (3.1667(6) Å < twice the van der Waals radius (3.40 Å); Table 1) 
is observed, which points to “argentophilic” interactions between the two metal 
centers.19 Selected bond distances and angles in the two independent molecules of 
6 are depicted in Table 1. The triazolylidene moieties of the ligands are coordinated 
trans to the imidazolylidenes (169.30(14)°-174.62(13)°). The Ag(I)-carbene bond 
lenghts are in the expected range,18,20,21 but the similarity of the Ag–tzNHC and Ag-
NHC distances in the X-ray structure of 6 is surprising. 

Ag1 Ag2 Ag3 Ag4
Ag-CNHC

2.092(3) 2.080(3) 2.074(3) 2.092(3)
Ag-CtzNHC 2.091(4) 2.081(3) 2.083(3) 2.085(3)

Ag-Ag 3.1667(4) 3.1903(4)

∠C-Ag-C 173.07(14) 171.48(14) 174.62(13) 169.30(14)

Complex 6 could be stored under nitrogen atmosphere with exclusion of light. 
The complex has been employed to transfer the mixed di-carbene ligand to other 
transition metals as is described in the next paragraphs.

Synthesis and characterization of Pd(II) NHC-tzNHC complexes

Transmetalation of the Ag(I) complex 6 in dichloromethane at room temperature 
with [Pd(η3-C3H5)Cl]2 was applied similarly as described for the classic di-NHCs 
in Chapter 2 (Scheme 4).17 This resulted in formation of the desired product 
7, albeit in low yield after recrystallization.  Alternatively, complex 7 could be 
obtained in higher yields (89%) by deprotonation of the ligand with KOtBu in the 
presence of half an equivalent of [Pd(η3-C3H5)Cl]2, followed by purification by 
column chromatography using non-dried solvents.

Scheme 4: Synthesis of [Pd(C3H5)(NHC-tzNHC)]OTf 7. i. 1. Ag2O, MeOH 2. 0.5 equiv. 
[Pd(C3H5)Cl]2, DCM. ii.) 2 equiv. KOtBu + 0.5 equiv. [Pd(η3-C3H5)Cl]2, THF.

Table 1: Selected bond lenghts [Å] and angles [°] in the two independent molecules of 6.
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The higher donating properties of the NHC-tzNHC ligand in 7 compared to the 
di-NHC Pd(II) allyl complex reported in the previous chapter,17 are demonstrated 
by low chemical shifts for the allyl co-ligand (4.65-4.50, 2.63, 2.47 and 1.77 ppm 
in the 1H NMR and 117.7, 58.8 and 56.6 ppm in the 13C NMR spectrum; Table 
2). Furthermore, a tzNHC carbon resonance is visible at 163.2 ppm in the 13C 
NMR spectrum, besides the peak at 175.6 ppm corresponding to the NHC carbon. 
The asymmetry and restricted rotation of the ligand led to the observation of 
distinct signals for the meta and ortho hydrogens and substituents on the mesityl 
and diisopropyphenyl wingtips in the NMR spectra as well as an AB system for the 
hydrogens on the methylene bridge linking the two carbene rings.

Complex
δ CNHC in 
13C NMR 

(ppm)

δ Allyl-C in 
13C NMR 

(ppm)

δ Allyl-H in 1H 
NMR (ppm)

[Pd(NHC(Mes))2  
(η3-C3H5)]Cl 176.6 119.2, 58.7 4.65, 2.91

7 175.6, 163.2 117.7, 58.9, 56.6 4.58, 2.63, 2.47

8 180.7/180.3, 
166.3/165.9

118.9/118.8, 
59.6/58.4  
58.2/57.0

5.11/4.89,  
3.98/3.80/3.51/3.16  
2.61/2.36/2.26/2.13

For the heteroditopic diNHC ligand connected via the aryl linker we chose to use 
the direct deprotonation procedure (Scheme 5). This method led to the isolation of 
the desired complex 8 in up to 95% yield after column chromatography. 

In contrast to complex 7, two isomers of Pd complex 8 could be discerned in the 
NMR spectra in this case (Table 2). Duplicate signals for all allyl-protons and ligand 
hydrogens were observed in the 1H NMR spectrum, which is depicted in Figure 3. 
This effect was attributed to the allyl fragment adopting a syn or anti orientation via 

Table 2: Chemical shifts of carbenes and allyl in selected di-NHC Pd(η3-C3H5) complexes:

The values for the [Pd(NHC(Mes))2(η
3-C3H5)]Cl complex are taken from Chapter 2.

Scheme 5: Synthesis of [Pd(η3-C3H5)(NHC-tzNHC)]PF6 8.
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π-rotation.18  Variable temperature (VT) 1H NMR spectroscopy experiments (CD3CN, 
<75°C) indicated a high barrier of rotation as no broadening or coalescence of the 
separate allyl signals was observed. Also two separate CNHC and CtzNHC resonances 
were found in the 13C NMR spectrum at downfield shifts compared to complex 7 
(Table 2), due to the electron-withdrawing character of the aryl linker. 

Synthesis and characterization of Ru(II) NHC-tzNHC complexes

Transmetalation could also be applied to obtain the corresponding Ru complexes. 
Synthesis of ruthenium complex 9 was achieved following a procedure of Sarkar and 
co-workers (Scheme 6).19 Again, two isomers were present in solution as concluded 
from multinuclear NMR spectroscopy. We attributed the difference in the two 
isomers (1:1.3 ratio) to the orientation of the p-cymene ligand caused by hindered 
rotation of this fragment. The AB systems for the hydrogens on the methylene bridge 
in 1H NMR and HR-MS pointed to a chelate coordination of the ligand. 

Figure 3: 1H NMR spectrum of 8. Allyl hydrogens are attributed by numbers (subscript s= 
syn, a = anti) and solvents are marked by “x”. 

Scheme 6: Synthesis of Ru(II) heteroditopic di-NHC complex 9. i) [Ru(p-cym)Cl2]2 ii) KPF6.
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The crystal structure of complex 9 (Figure 4) confirmed coordination 
of the ligand in a chelating fashion as well as the expected piano-stool 
geometry around the ruthenium center. The p-cym ligand is bound 
in an η6-coordination mode with a ring-slippage of only 0.068 Å.* 

The centroid of this fragment is located 1.7324(12) Å from the Ru center, which 
is in the expected range.24–26 The diisopropyphenyl and mesityl N-substituents are 
oriented perpendicular to the carbene rings. Notably, the 1,2,3-triazolylidene-
ruthenium bond (2.074(2) Å) is shorter than the NHC-Ru bond (2.094(3) Å). 
Both these distances are among the longer ones reported for similar bidentate 
piano-stool ruthenium di-NHC24 and (di-)tzNHC crystals,23–28 which may be due 
to the sterically demanding N-substituents. 

Ruthenium complex 10 was prepared in the same manner as complex 9 (Scheme 7). 
Identification of this complex was performed by multinuclear NMR spectroscopy 
and HR-MS. 

Figure 4: Crystal structure of 9 at the 50% probability level, The PF6 anion, THF solvent 
molecule and hydrogens are omitted for clarity. Selected bond distances and angles are 
depicted in the box on the right.

Scheme 7: Synthesis of Ru(II) heteroditopic di-NHC complex 10. 

* The ring-slippage is calculated with the PLATON software53 and is defined as the distance 
between the ring centroid and the perpendicular projection of the metal on the ring least-
squares plane.

Ru-tzNHC: 2.074(2) Å
Ru-NHC: 2.094(3) Å
Ru-Cl:  2.3973(7) Å
Ru-cym(cent): 1.7324(12) Å
∠CRuC:  85.90(10) °
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In contrast to complex 9, complex 10 displayed one species in the 1H NMR 
spectrum. Presumably, the lack of steric hindrance in this ligand allows for rotation 
of the p-cymene ligand. This fragment gave rise to four different signals in the 1H as 
well as the 13C NMR spectrum of 10, while two resonances (2 x ddd, J = 13.3, 11.3, 
5.0 Hz) were present corresponding to the diastereotopic N-CH2 of the n-butyl 
group. Furthermore, similarly to the Pd(II) complexes, the carbene shifts of the 
NHC-Ar-tzNHC complex 10 were found downfield (182.2 and 165.3 ppm) in the 
13C NMR spectrum compared to complex 9, illustrating the electron-withdrawing 
character of the linker. In the next chapter the electron-donating properties of the 
ligands will be studied further by means of the carbonyl IR stretching frequencies 
in the [(di-NHC)Rh(CO)2]

+ complexes.

In summary, several Ag(I), Pd(II) and Ru(II) complexes bearing heteroditopic di-NHC 
ligands were successfully synthesized and characterized. The catalytic applications of 
the palladium and ruthenium complexes have been studied as is described below.

3.4 Catalytic Studies 
Di-NHC palladium catalyzed arylation of alkynes 

Carbon-carbon bond forming reactions are very important, as they are key for 
the development of new synthetic organic molecules as well as for the efficient 
production of known compounds. Catalytic aromatic C-H activation reactions 
provide an atom-efficient and “green” alternative to many other C-C coupling 
reactions, such as the Nobel prize-winning Heck reaction and Negishi or Suzuki 
couplings. These activations have therefore been studied intensively in the last 
decades and several examples have been reported,29 including the hydroarylation 
of alkynes. In this reaction the C-H bond of the aromatic substrate formally adds 
trans to the triple bond of the alkyne, usually leading to the corresponding cis 
alkene. Pioneering work on this reaction was reported by the group of Fujiwara, 
hence the alternative name “Fujiwara reaction”.30 Pd(II) salts were mainly used as 
catalysts.

Two proposed mechanisms exist for the hydroarylation of alkynes: A) a Friedl-
Crafts-type alkenylation, and B) an arene metalation mechanism (Scheme 8). In 
the former pathway a triple bond is activated by coordination to the (cationic) 
palladium center, which subsequently undergoes an electrophilic substitution with 
an electron-rich arene. The resulting metal(arylvinyl) complex is subsequently 
protonated to form the product. Alternatively, a nucleophilic catalyst may 
facilitate C-H activation via oxidative addition of the arene. In the next step 
the triple bond adds to the metal(aryl) complex, leading to the substituted vinyl 
complex. Release of the product by reductive elimination closes this cycle.  
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Recently,  also Pd NHC complexes have been applied in the hydroarylation 
of alkynes.31 The group of Biffis and Basato showed that di-NHC palladium 
halide complexes are very efficient catalysts for this reaction.32 A bidentate 
1,2,3-triazolylidene (tzNHC) palladium complex was found to facilitate the 
Fujiwara reaction as well.14 We decided to test our complexes 7 and 8, having two 
different NHC donors, in the same reaction. 

Unfortunately, initial catalytic results, reacting pentamethylbenzene with 
ethyl propiolate in 1,2-dichloroethane, were disappointing (Table 1). At room 
temperature the reactions catalyzed by complexes 7 and 8 only showed minor 
conversion after 24 hours (entries 1 and 3), whereas the known complex of Biffis 
et al. already showed 60% conversion after 5 hours when silver trifluoroacetate 
(AgTFA) was added to abstract the halides (entry 5) or 76% at 80 °C (entry 6). Even 
at elevated temperatures the activities of 7 and 8 were unsatisfactory (entries 2 
and 4), yet for all trials selectivity to the Z product was observed (>90%) . 

An obvious difference between the known catalyst and complex 7 is the bulkiness 
of the substituents on the di-NHC. The allyl co-ligand might be another factor 
influencing the activity. To assess the impact of the bulky wingtips, we synthesized 
the mesityl substituted di-NHC palladium bromide complex, following a procedure 
of Herrmann et al.33 Attempts to make the halide analogue of 7 in this manner 
were unsuccessful. The bulky di-NHC(Mes) complex gave similar results to the 
heteroditopic di-NHC catalysts (entry 7). However, the ESI-mass spectrum of this 
complex indicated a dinuclear composition for this compound as dimer [L2Pd2Br3]. 
We then prepared the [Pd(NHC(Mes))2(O2CF3)2] complex and tested this in 
catalysis with similar results. 

Scheme 8: Proposed reaction mechanisms for the Fujiwara reaction: A) Friedl-Crafts-type 
alkenylation, B) arene metalation.
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cat. t (h) T (°C) Conv.

1 7 24h
72h 25 20%

56%

2 7 5h
24h 80 62%

85%
3 8 24h 25 19%

4 8 5h
24h 80 53%

59%

   5a,b [Pd(NHC(Me))2Br2]
5h
24h 25 60%

73%

6b [Pd(NHC(Me))2Br2]
5h
25h 80 76%

84%
7a [Pd(NHC(Mes))2Br2] 24h 25 1%

8a [Pd(NHC(Mes))2Br2]
5h
24h 80 16%

59%

9 [Pd(NHC(Mes))2(OOCF3)2]
5h
24h 80 15%

59%

10a Pd(OAc) 5h
24h 25 16%

42%

The disappointing catalytic results led us to investigate the stability of complex 7 
under the strongly acidic reaction conditions during catalysis. Unfortunately, 1H NMR 
spectroscopy revealed decomposition of the complex upon addition of TFA, judging 
from the appearance of the characteristic imidazolium- and triazolium resonances 
between 8 and 10 ppm. In constrast, [(di-NHC)PdBr2] complexes were extremely 
stable, displaying no decomposition under acidic conditions (stirring in concentrated 
hydrochloric or nitric acid or aqua regia) and elevated temperatures (<160 °C).34 It 
is difficult to generalize and predict the stability of tzNHC-M complexes.7 On the 
one hand, there have been various reports on tzNHC-M bonds with remarkable 
resistance against protonolysis: e.g. [Pd(tzNHC)(μ-I)(I)]2 withstood exposure to HI 
for several days,35 and cyclometalated Ru(II), Rh(III) and Ir(III) complexes displayed 
no decomposition upon treatment with HCl for 24h.36 On the other hand, lability of 
the tzNHC-M bond has been observed in certain cases. Pd nanoparticles were, for 
instance, formed from Pd(II)tzNHC complexes at moderate temperatures in Suzuki 

Reaction conditions: 0.1 mol% of indicated complex at specified 
temperature and time: a.) with 2 equiv. of AgTFA b.) adapted from 
reference [32]. 

Table 3: Results of Pd(di-NHC) complexes in catalytic hydroarylation of alkynes. 
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and Heck cross-coupling reactions.20,37 Another example that actually exploits the 
acid lability of the tzNHC-M bond is an olefin metathesis system by Bertrand and 
Grubbs, wherein cleavage of the triazolylidene in a Ru(tzNHC)(NHC) complex 
under acidic conditions led to an exceptionally active catalyst.38 

Our findings support the notion that the tzNHC-M bond may not always be as 
inert as previously regarded (under catalytic conditions). Protonolysis has been 
proposed to occur by protonation of the unsubstituted nitrogen atom (N2), which 
would cause dissociation of the triazole ring with a simultaneous 1,3-proton-shift to 
form the triazolium salt.5,7 It has been suggested that shielding C5-substituents may 
increase the stability of tzNHC-M bonds. Indeed, NMR experiments indicated that 
complex 8 was less prone to protonolysis compared to 7.

Ruthenium catalyzed hydrogenation of polar bonds

Complexes 9 and 10 were tested in the hydrogenation of polar double bonds. 
They can compete with the reported [(CNC)Ru(H)(CO)(PPh3)]Cl hydrogenation 
catalyst (capable of metal-ligand cooperativity) in terms of the reduction of 
N-benzylideneaniline (full conversion to benzylaniline within 6h at 70 °C under 
5 bar H2).

39 Acetophenone was not completely hydrogenated under the same 
conditions (Table 2, entries 1 and 4). Raising the hydrogen pressure to 25 bar (50 
°C) improved conversion significantly (entries 2 and 5). In fact, pre-catalysts 9 and 
10 were active in the hydrogenation of acetophenone to 1-phenylethanol at lower 
catalyst loadings (0.1 mol%) than previously reported Ru(NHC) systems.12,40 In 
contrast to the water-soluble Ru(p-cym) di-NHC complexes reported by Kühn and 
co-workers,41 complex 9 and 10 selectively hydrogenated the ketone functionality, 
leaving the aromatic ring intact.

cat. C/B/Sa p (bar) t (h) Conv. (%)b

1 9 1/10/1000 5 6 49
2 9 1/10/1000 25 6 88
3 9 1/0/1000 25 6 0
4 10 1/10/1000 5 6 11
5 10 1/10/1000 25 6 91
6 [Ru]d 1/10/1000 25 6 0

Table 4: Hydrogenation of acetophenone catalyzed by 9 and 10.

a. C/B/S = catalyst/base/substrate ratio. b. Conversion 
was determined by GC analysis using p-xylene as internal 
standard. c. p(H2) =5 bar. d. [Ru] = 0.5 equiv. of [Ru(p-cym)
Cl2]2. 
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Addition of KOtBu was found to be necessary (Table 4, entry 2 vs 3), which points 
to a mechanism involving heterolytic cleavage of H2.

42 To gain more insight in the 
catalytically active species, 1H NMR investigations were performed. A solution of 
complex 9 was studied under near-catalytic conditions (5 equiv. of KOtBu, 5 bar 
H2, <65 °C in THF-d8). The spectrum showed very broad signals for the ruthenium 
species, indicating exchange on the NMR time-scale, while sharp peaks (at 7.05, 
2.82 2.26 and 1.21 ppm) diagnostic for free p-cymene were visible. In contrast to 
studies on a Ru hydrogenation catalyst by Albrecht et al.24 and the Pd complex 
7 under hydroarylation conditions, no azolium peaks were observed in the 1H 
spectrum during this experiment. This indicates that the ligand remains attached 
to the ruthenium center. Although direct evidence is lacking and assuming that 
putative Ru(η2-H2) and -hydride signals were not observed due to the broadened 
features of the spectrum, we propose that a mixture of an NHC-tzNHC Ru 
hydride and a Ru(η2-H2) species is present in solution. 

The substrate scope of pre-catalyst 9 was subsequently studied (at 50 °C, 25 
bar H2; Tabel 5). Aliphatic ketones and even the sterically congested substrate 
pinacolone were reduced within 6 hours (entry 1 and 2). Methyl levulinate was 
converted significantly slower, forming the ring-closed product γ-valerolactone 
(entry 3). When using 2-cyclohexenone as the substrate both the ketone and the 
C=C double bond functionality were hydrogenated (entry 4). By monitoring the 
reaction, it was determined that the substrate was first reduced to cyclohexanone 
before the ketone functionality was hydrogenated. Unfortunately, phthalic anhydride 
(entry 5) could not be reduced under these conditions. 

Substrate Conv. (%) Product Yield (%)

1 100 100

2 100 100

3 12 12

4 100 100

5 0 0

Table 5: Hydrogenation of several substrates catalyzed by 9. 

Reaction conditions: 0.4 mmol substrate, 1 mol% of 9, 8 mol% 
KOtBu, 25 bar H2, 50 °C, THF, 6h. Conversion and yield were 
determined by GC analysis.
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As explained in Chapter 1 anhydrides and esters are very challenging substrates 
for hydrogenation. Beller et al. showed that di-NHCs are suitable ligands for ester 
hydrogenolysis in combination with [Ru(p-cym)Cl2]2 (Table 6, entries 1-4).43

Cat/Ligand Conv. (%) Yield (%)
1a MonoNHC <41 <7
2a 11a + [Ru]b 98 82
3a 11b + [Ru]b 99 75
4a [Ru(p-cym)(11a)Cl]Cl 79 39
5 11b + [Ru]b 94 94
6 1

 
+ [Ru]b 9 3

7 9 37 34

We envisioned that our complex 9, bearing more electron-donating ligands, 
would also be a good candidate for the hydrogenation of esters. Therefore, 
we applied 9 in this reaction using methyl benzoate as substrate following the 
protocol described by Beller.43 Unfortunately, both the in situ prepared catalyst 
(Table 6, entry 6) and the isolated complex (entry 7) turned out to be significantly 
less active than the known system. The activated ester methyl trifluoroacetate 
however, was fully converted to the corresponding alcohol by our system.44

Again, the disappointing conversion in the hydrogenolysis of methyl benzoate 
using a Ru complex with ligand 1 might be attributed to steric factors. Ligand 
1 has bulky mesityl and diisopropylphenyl substituents that can for example 
hinder coordination of the substrate, whereas ligand 11 contained benzyl groups. 
However, in the report of Beller the di-imidazolium salt bearing the same bulky 
substitutents also induced good conversion (better than ligand 1) for this reaction.36 
Instead of testing the influence of N-substituents, we therefore decided to turn to 
a metal-ligand cooperative approach to hydrogenate esters more efficiently, which 
is described in Chapter 5.

3.5 Conclusions
Two novel bidentate ligands that combine a 1,2,3-triazolyl based NHC with an 
Arduengo-type NHC system have been developed. These heteroditopic di-NHCs 

Table 6: Results of Ru catalyzed hydrogenolysis of methylbenzoate with di-NHC ligands. 

a. Adapted from reference [36]. b. [Ru] = 0.5 equiv. of 
[Ru(p-cym)Cl2]2.
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were coordinated to Ag(I) and Pd(II) centers. Transmetalation was an alternative 
route to Pd(II) complex 7 as well as to [Ru(II)(NHC-tzNHC)(p-cym)]PF6 complexes 
9 and 10. All complexes were characterized by multinuclear NMR spectroscopy 
and HR-MS, while the structures of Ag(I) complex 6 and Ru(II) complex 9 were 
unambiguously established by X-ray crystallography. 

The Pd(II) complexes 7 and 8 were studied in the hydroarylation of alkynes. 
Unfortunately, the acidic conditions of the reaction turned out to be incompatible 
with the NHC-tzNHC complexes, as protonolysis of both of the M-CNHC bonds 
occurred. The ruthenium complexes 9 and 10, on the other hand, were successfully 
applied in the hydrogenation of polar bonds. While ketones and imines were 
readily reduced under 5 bar at low catalyst loadings, the NHC-tzNHC Ru complex 
proved to be less active than a previous Ru di-NHC system in the hydrogenation 
of the more challenging substrate methyl benzoate. 

We have shown that, although caution is in order when considering tzNHCs 
as mere electron-rich and strongly coordinating NHCs, di-NHC triazolylidene 
complexes can have desirable properties and catalytic activities. However, this 
chapter only scratches the surface with respect to uncovering the potential of 
these highly accessible mixed NHC-tzNHC ligands: variation of side-groups is 
virtually endless and there are many more combinations with TMs conceivable (Ir 
and Rh complexes are discussed in the next chapter). Therefore, we are confident 
that di-NHCs including a 1,2,3-triazolylidene moiety are promising ligands for 
organometallic chemistry. 

3.6 Experimental

Complex syntheses and catalytic experiments were performed using standard Schlenk 
techniques under an atmosphere of dry nitrogen. Solvents were dried and distilled 
according to standard methods.44 Acetophenone was vacuum-distilled from P2O5 
under a nitrogen atmosphere and stored over 4 Å molecular sieves. All reagents were 
purchased from commercial suppliers and used without further purification. The azide,38 
[(1-(prop-2-ynyl)-3-mesityl)-imidazolium] bromide,9 [1-((4-(2,6-diisopropylphenyl)-1H-
1,2,3-triazolyl) -methylene-3-mesityl)-imidazolium) bromide 19 and 1-(2-aminophenyl)-
3-(n-butyl) imidazolium hexafluorophosphate12 were prepared according to literature 
procedures. The NMR spectra were recorded on Varian Mercury 300 MHz, Bruker DRX 
Avance 300 and Bruker AMX 400 MHz spectrometers. 19F NMR was used to confirm 
the (non-coordinating) anion of the compounds: OTf (-78 ppm) and PF6 (-70 ppm, d, 1JPF 
= 710 Hz). 1H-1H COSY and/or 1H-13C HSQC NMR spectroscopy was used to assign 
the peaks of several compounds. High resolution mass spectrometry was performed on 
a JEOL JMS SX/SX102A four-sector mass spectrometer (FAB+) or Bruker MicrOTOF-Q 
(ESI+) and GC analyses were performed with an Interscience Trace GC Ultra instrument 
using a Restek RTX®-200 (30 m, 0.25 mmID) capillary column. 
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[3-(2,6-diisopropylphenyl)-1-methyl-5-((3-mesitylimidazolium)methyl)1,2,3-tria-
zolium] trifluoromethane sulfonate bromide; 2. To a cooled (-78 °C) solution 
of triazolylimidazolium bromide (125 mg, 0.3 mmol) in dichloromethane 
(5 mL) methyl triflate (120 mg, 0.73 mmol) was added drop-wise. The 
mixture was allowed to warm to room temperature and then stirred at 
room temperature for 16 more hours. Upon addition of ether (5 mL) a 
white crystalline solid precipitated from the mixture, which was collected on a glass frit and 
washed with ether (3 x 5 mL) to obtain the product (169 mg, 0.25 mmol, 84%). 1H NMR 
(CD3CN) δ 9.09 (s, 1H, NCHN), 8.74 (s, 1H, tz-H), 7.93 (s, 1H, CH), 7.73 (t, 3JHH = 5.7 Hz, 
1H, DiPP-H), 7.63 (s, 1H, CH), 7.51 (d, 3JHH = 5.7 Hz, 2H, DiPP-H), 7.16 (s, 2H, Mes-CH), 5,95 
(s, 2H, CH2), 4.47 (s, 3H, N-CH3), 2.39 (s, 3H, Mes-CH3), 2.32 (m, 2H, iPr-CH), 2.06 (s, 6H, 
Mes-CH3), 1.20-1.16 (m, 12H, iPr-CH3); 

13CNMR (CD3CN) δ 145.6 (DiPP-Cq), 141.6 (Mes-Cq), 
138.4 (tz-Cq), 138.0 (NCN), 134.6 (Mes-CH), 133.2 (Mes-C), 133.0 (DiPP-Cq), 130.7 (Mes-C), 
130.6 (DiPP-CH), 129.6 (DiPP-CH), 125.1 (CH), 124.9 (tz-CH), 123.9 (CH), 119.0 (OTf), 43.4 
(CH2), 39.5 (N-CH3), 28.3 (iPr-CH), 23.5 (iPr-CH3), 20.1 (Mes-CH3), 16.6 (Mes-CH3). MS(FAB+) 
for C29H37F3N5O3S: m/z calculated 592.2569 [M-Br]+, observed 592.2564.

[1-(2-azidophenyl)-3(n-butyl)imidazolium] hexafluorophosphate; 3. A solution of 
1-(2-aminophenyl)-3-(n-butyl)imidazolium hexafluorophosphate (600 mg, 1.66 
mmol) in MeCN (30 mL) was cooled to 0 °C, after which tert-butyl nitrite (295 
μL, 2.5 mmol) was added. To this solution trimethylsilyl azide (260 μL, 2 mmol.) 
was added. This solution was stirred at room temperature for 18 hours, after 
which solvent and excess reagents were evaporated in vacuo. The brown solid 
product was used without further purification (640 mg, 1.66 mmol, quantitative). 1H NMR 
(300 MHz, CDCl3) δ 8.84 (s, 1H, CH), 7.66-7.53 (m, 2H, Ar-CH), 7.46 (d, 3JHH = 1.6 Hz, 1H, 
CH), 7.44 (d, 3JHH = 1.6 Hz, CH), 7.40 – 7.30 (m, 2H, m, 2H, Ar-CH), 4.33 (t, 3JHH = 7.5 Hz, 2H, 
CH2), 1.94 (m, 2H, CH2), 1.50 – 1.35 (m, 2H, CH2), 0.98 (t, 3JHH = 7.3 Hz, 4H, CH3);

13C NMR 
(75 MHz, CDCl3) δ 136.4 (NCN), 134.8 (Ar-Cq), 132.4 (Ar-CH), 127.1 (Ar-CH), 126.4 (Ar-
CH), 125.0 (Ar-Cq), 123.8 (CH), 122.1 (CH), 119.8 (Ar-CH), 50.6 (CH2), 32.0 (CH2), 19.6 (CH2), 
13.5 (CH3). MS (FD+) for C13H16N5: m/z calculated 242.1406 [M-PF6]

+, observed 242.1400. IR 
(CD2Cl2) ν(N3) 2136, 2107 cm-1.

[4-(p-tolyl)-1-phenyl-2-((n-butyl)imidazolium)1,2,3-triazolium] hexafluorophos-
phate; 4. To a solution of [1-(2-azidophenyl)-3(n-butyl)imidazolium] 
hexafluorophosphate 3 (601,2 mg, 1.55 mmol) in H2O:tBuOH (1:1, 14 
mL) CuSO4.5H2O (26 mg, 0.1 mmol), sodium ascorbate (39 mg, 0.2 mmol) 
and p-tolyl acetylene (265 μL, 2.09 mmol, 2.0 equiv.) were added. The 
resulting reaction mixture was stirred for 5 days at 50 °C. Tert-butanol was evaporated and 
the product was extracted with DCM (3x 10 mL), washed with H2O (3x 10 mL), dried over 
MgSO4 and concentrated in vacuo. The product was obtained as a brown solid (562 mg, 1.12 
mmol, 72%). 1H NMR (300 MHz, CDCl3) δ 8.98 (s, 1H, NCHN), 8.29 (s, 1H, NCHC), 7.90 – 
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7.55 (m, 6H, CH and Ar-CH overlapping), 7.50 – 6.84 (m, 4H, Ar-CH), 4.16 (m, 2H, N-CH2), 
2.36 (s, 3H, CH3), 1.75 (m, 3JHH = 7.4 Hz, 2H, CH2), 1.25 – 1.07 (m, 2H, CH2), 0.81 (t, 3JHH = 
7.3 Hz, 3H, CH3); 

13C NMR (101 MHz, CDCl3) δ 148.6, 138.6 (Ar-Cq), 137.2 (NCHN), 132.5, 
132.1, 131.5 (Ar-Cq), 129.6, 129.5, 127.7, 127.4, 126.4, 125.7 (Ar-CH), 123.5, 121.9, 121.8 (CH), 
50.3, 31.4 (CH2), 21.20 (CH3), 19.09 (CH2), 13.07 (CH3). MS (ESI+) for C22H24N5: m/z calculated 
358.2026 [M-PF6]

+, observed 358.2028. 

[3-mehtyl-4-(p-tolyl)-1-phenyl-2-((n-butylimidazolium)1,2,3-triazolium]bis-
hexafluorophosphate; 5. Meerwein’s salt ((Me3O)BF4, 249 mg, 1.7 mmol) 
and [4-(p-tolyl)-1-phenyl-2-((n-butyl)imidazolium)1,2,3-triazolium] 
hexafluorophosphate 4 (445.3 mg, 0.67 mmol) were dissolved in dry 
dichloromethane (10 mL) and the reaction mixture was stirred for 16 
hours. The reaction was quenched with MeOH after which the solvent was removed. The 
resulting solid was redissolved in an acetone water mixture (1:1, 6 mL) and KPF6 (375 mg, 5 
mmol) was added. The mixture was stirred for 1 hour before acetone was removed under 
reduced pressure to yield an orange precipitate, which was washed with Et2O to obtain the 
product as an orange solid (424 mg, 0.64 mmol, 95%). 1H NMR (300 MHz, DMSO-d6) δ 9.61 
(s, 1H, NCHN), 9.52 (s, 1H, NCHC), 8.21 – 8.03 (m, 4H, Ar-CH), 7.98 (s, 1H, CH), 7.90 (s, 1H, 
CH), 7.64 (d, 3JHH = 7.9 Hz, 2H, Ar-CH), 7.51 (d, 3JHH = 7.9 Hz, 2H, Ar-CH), 4.29 (s, 3H, N-CH3), 
4.23 (m, 2H, CH2), 3.35 (m, 2H, CH2), 2.42 (s, 3H, CH3), 1.96 – 1.66 (m, 2H, CH2), 1.26 (dt, 
3JHH = 15.2, 7.3 Hz, 2H, CH2), 0.87 (t, 3JHH = 7.3 Hz, 3H, CH3); 

13C NMR (101 MHz, DMSO-d6) 
δ 148.6, 138.6 (Ar-Cq), 137.2 (NCHN), 132.5, 132.2, 131.5 (Ar-Cq), 129.6, 129.5, 127.7, 127.4, 
126.4, 125.7 (Ar-CH), 123.5, 121.9, 121.8 (CH), 50.3, 31.4 (CH2), 21.2 (CH3), 19.1 (CH2), 13.1 
(CH3). MS (ESI+) for C23H26N5: m/z calculated 372.2183 [M-PF6]

+, observed 372.2176, m/z 
calculated 186.6128 [M-2PF6]

2+, observed 186.6130. 

[Ag(I)(NHC-CH2-tzNHC)]22OTf; 6. Silver(I) oxide (91 mg, 0.4 mmol) 
was added to a solution of the imidazol-triazolium salt (100 mg, 0.2 
mmol) in methanol (10 mL). The suspension was stirred for 16 hours at 
room temperature with exclusion of light. The pale brown suspension 
was filtered over Celite and the resulting slightly yellow solution was 
concentrated under vacuum to yield the product as a white solid (126 
mg, 0.09 mmol, 92%). The compound was stored under nitrogen and with exclusion of light. 
1H NMR (300 MHz, acetone-d6) δ 7.81 (t, 3JHH  = 1.5 Hz, 2H, CH), 7.71 (t, 3JHH  = 7.8 Hz, 2H, 
DiPP-CH), 7.42 (2x d, 3JHH = 8.3 Hz, 4H, DiPP-CH), 7.28 (t, J = 1.4 Hz, 2H, CH), 7.11 (s, 2H, 
Mes-CH), 6.84 (s, 2H, Mes-CH), AB system centered at δA: 6.31 (d, 2JHH = 15.8 Hz, 2H, CH2) 
& δB: 5.92 (d, 2JHH = 15.7 Hz, 2H, CH2), 4.67 (s, 6H, CH3), 2.61 – 2.44 (m, 2H, iPr-CH), 1.90 – 
1.70 (m, 2H, iPr-CH), 1.53 (s, 6H, Mes-CH3), 1.31 (s, 6H, Mes-CH3), 1.27 (d, 3JHH = 6.9 Hz, 6H, 
iPr-CH3), 1.10 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 0.98 (d, 3JHH = 6.9 Hz, 6H, iPr-CH3), 0.46 (d, 3JHH = 
6.8 Hz, 6H, iPr-CH3); 

13C NMR (75 MHz, acetone-d6) δ 182.2 (2 d, 1JCAg107= 172.3 Hz, 1JCAg109= 
191.8 Hz, CNHC), 172.3 (d, 1JCAg107= 167.2 Hz, 1JCAg109= J = 197.1 Hz, CtzNHC), 145.7, 145.6, 145.4, 
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144.9, 139.1, 136.2, 135.2, 134.6 & 134.4 (Cq), 131.6 (DiPP-CH), 129.5 & 129.1 (Mes-CH), 
124.6 (CH), 124.4 & 124.2 (DiPP-CH), 122.2 (CH), 119.0 (OTf), 44.6 (CH2), 37.1 (N-CH3), 28.2 
(iPr-CH), 23.9 & 23.6 (iPr-CH3), 23.2 (iPr-CH), 23.1 & 22.9 (iPr-CH3), 20.2, 17.2 & 16.6 (Mes-
CH3). MS(ESI+) for C56H72Ag2N10: m/z calculated 549.2016 [M-2OTf]2+, observed 549.1947 & 
for C57H72Ag2N10O3F3S: m/z calculated 1247.3404 [M-OTf]+, observed 1247.3441. 

General procedure synthesis di(NHC)Pd η3-allyl complex via transmetalation: [Pd(η3-allyl)Cl]2 (1 
equiv.) and the corresponding silver 6 complex (made in MeOH; 1 equiv.) were stirred in 
DCM for 2h, during which a grey precipitate formed. The mixture was filtered over Celite 
and concentrated in vacuo. The complex was purified by column chromatography (SiO2, 
DCM : MeOH = 9:1) and recrystallized from THF/Et2O at -20°C.

General procedure synthesis di(NHC)Pd η3-allyl complexes by direct deprotonation: The desired 
ligand (1 equiv.) and [Pd(η3-allyl)Cl]2 (0.5 equiv.) were dissolved in THF. Potassium tert-
butoxide was added to the solution and the mixture was stirred for 1 h. The resulting 
solution was filtered over Celite and concentrated in vacuo. In some cases, some excess of 
[Pd(η3-allyl)Cl]2 could be separated by column chromatography (SiO2, DCM : acetone = 3:1)..

[Pd(II)(C3H5)(NHC-CH2-tzNHC)]OTf; 7. Via transmetalation: yellow crystals  
(20 mg, 0.03 mmol, 27%) and via direct deprotonation (66 mg, 0.09 mmol, 
89%). 1H NMR (400 MHz, CD2Cl2) δ 7.98 (d, 3JHH = 1.9 Hz, 1H, CH), 7.60 (t, 
3JHH = 7.8 Hz, 1H, DiPP-H), 7.34 (d, 3JHH = 7.8 Hz, 2H, DiPP-H), 7.09 (d, 3JHH 
= 1.9 Hz, 1H, CH), 7.00 (s, 2H, Mes-CH), AB system centered at δA: 5.95 (d, 
2JHH = 16.7 Hz, 1H, CH2) & δB: 5.84 (d, 2JHH = 16.7 Hz, 1H, CH2), 4.65 – 4.50 
(m, 4H, allyl-CH and N-CH3), 2.63 (dt, 3JHH = 7.2, 1.9 Hz, 1H, allyl-CHH), 2.47 (dt, 3JHH = 7.2, 
1.9 Hz, 1H, allyl-CHH), 2.41 – 2.31 (m, 4H, Mes-CH3 and iPr-CH), 2.21 (q, 3JHH = 6.8 Hz, 1H, 
iPr-CH), 1.98 (s, 3H, CH3), 1.94 (s, 3H, CH3), 1.77 (d, 3JHH = 14.4 Hz, 2H, allyl-CHH), 1.20 – 1.05 
(m, 12H, iPr-CH3); 

13C NMR (101 MHz, CD2Cl2) δ 175.6 (CNHC), 163.2 (CtzNHC), 145.3, 145.0 
(Cq-DiPP), 140.1, 139.4, 137.4, 136.1, 135.4, 135.1 (Cq-Ar), 131.1 (DiPP-CH), 128.8 (Mes-CH), 
123.8, 123.7 (DiPP-CH), 123.6, 121.9 (CH), 117.7 (allyl-CH), 58.9, 56.6 (allyl-CH2), 45.0 (CH2), 
37.3 (N-CH3), 28.4, 28.3 (iPr-CH), 24.7, 24.4 , 22.4, 22.4 (iPr-CH3), 20.68 (Mes-CH3), 17.4, 17.3 
(Mes-CH3). MS(CSI +) for C31H40N5Pd: m/z calculated 588.2330 [M-PF6

-], observed 588.2316.

[Pd(II)(C3H5)(NHC-Ar-tzNHC)]PF6; 8. This complex was synthesized following 
the direct deprotonation procedure for complex 7 from ligand 5. Yellow 
powder (62 mg, 0.09, 95%). 1H NMR (300 MHz, CD2Cl2) δ 7.88 – 7.61 (m, 
6H, Ar-CH), 7.57 (d, 3JHH = 1.8 Hz, 1H, CHa), 7.55 – 7.52 (m, 1H, CHb), 7.41 
(d, 3JHH = 1.9 Hz, 1H, Ar-CH), 7.38 (dd, 3JHH = 5.2, 2.2 Hz, 4H, Ar-CH), 7.30 
(dd, 3JHH = 3.9, 2.0 Hz, 2H, Ar-CH), 5.22 – 5.00 (m, 1H, allyl-Hb), 4.89 (tt, 3JHH = 13.3, 7.4 Hz, 1H, 
allyl-Ha), 4.18 (s, 3H, N-CH3), 4.14 (s, 3H, N-CH3), 4.13 – 4.00 (m, 4H, N-CH2), 3.98 (dt, 3JHH = 
7.0, 1.9 Hz, 1H, allyl-Hb), 3.80 (dd, 3JHH = 7.4, 2.4 Hz, 1H, allyl-Ha), 3.51 (dd, 3JHH = 6.6, 1.5 Hz, 
1H, allyl-Ha), 3.28 – 3.11 (m, 1H, allyl-Hb), 2.61 (d, J = 12.9 Hz, 1H, allyl-Ha), 2.46 (s, 6H, CH3), 
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2.36 (d, 3JHH = 13.6 Hz, 1H, allyl-Hb), 2.30 – 2.21 (m, 1H, allyl-Hb), 2.13 (dd, 3JHH = 13.5, 1.0 Hz, 
1H, allyl-Ha), 1.95 – 1.68 (m, 4H, CH2), 1.48 – 1.32 (m, 4H, CH2), 0.95 (td, 3JHH = 7.3, 5.0 Hz, 6H, 
CH3); 

13C NMR (101 MHz, CD2Cl2) δ 180.7 (CNHC), 180.3 (CNHC), 166.3 (CtzNHC), 165.9 (CtzNHC), 
146.3, 146.0, 140.8, 140.6, 133.6, 133.5 (Ar-Cq), 133.4, 131.5, 131.4, 130.0, 129.6, 129.5, 129.4, 
129.3, 129.2, 127.9, 127.7, 127.7, 127.6 (Ar-CH), 123.8 (CH), 123.8, 123.7 (Ar-Cq), 123.6, 122.4, 
122.3 (CH), 118.9, 118.8 (allyl-CH), 59.6, 58.4, 58.2, 57.0 (allyl-CH2), 51.7, 51.6 (N-CH2), 37.7, 
37.5 (N-CH3), 33.3, 33.0 (CH2), 21.1, 21.0 (CH3), 19.7, 19.6 (CH2), 13.3, 13.2 (CH3). MS(ESI+) 
for C26H30N5Pd: m/z calculated 518.1546 [M-PF6]

+, observed 518.1514. 

General procedure for the synthesis of NHC-tzNHC Ru(p-cym) complexes: The desired ligand 
salt  (1 equiv.), sodium chloride (8 equiv.) and silver(I) oxide (2.5 equiv.) were dissolved in 
MeCN and stirred with exclusion from light for 2 days at room temperature. The resulting 
suspension was filtered through Celite, and the solvent was removed under high vacuum 
to give a white solid. The solid was redissolved in DCM and [Ru(p-cym)Cl2]2 (0.5 equiv.) 
was added. The mixture was stirred for 2 more days in the dark at room temperature. The 
mixture was subsequently filtered through Celite to remove silver chloride formed in the 
reaction. The solvent was evaporated, after which the yellow solid was dissolved in acetone 
(3 mL), Potassium hexafluorophosphate (8 equiv.) was added, and the resulting mixture 
was stirred for 10 min under air. Afterwards water was added to precipitate the desired 
complexes. If not all (di-NHC)Ag(I) had reacted this could be removed by precipitation from 
DCM by addition of Et2O.

[Ru(II)(p-cym)(NHC-CH2-tzNHC)]PF6; 9. 154 mg, 0.18 mmol, 90%. 1H NMR 
(300 MHz, CDCl3) δ 7.61 (m, 2H, 2x DiPP-CH), 7.58 (d, J = 2.0 Hz, 1H, 
CH), 7.55 (d, J = 2.0 Hz, 1H, CH), 7.45 – 7.36 (m, 4H, 2x DiPP-CH), 7.09 
(bs, 4H, 2x Mes-CH), 7.04 (d, 3JHH = 2.0 Hz, 1H, CH), 7.00 (d, 3JHH = 2.0 Hz, 
1H, CH), AB system centered at δA: 5.78 (d, 2JHH = 17.3 Hz, 1H, CH2) & 
δB: 5.64 d, 2JHH = 17.3 Hz, 1H, CH2), AB system centered at δA 5.71 (d, 2JHH 
= 16.8 Hz, 1H, CH2) & δB: 5.52 (d, 2JHH = 16.7 Hz, 1H, CH2), 5.32 – 5.26 (m, 2H, p-cym-CH), 
5.21 (d, 3JHH = 6.1 Hz, 2H, p-cym-CH), 4.34 (s, 3H, N-CH3), 4.33 (s, 3H, N-CH3), 4.28 – 4.19 
(m, 2H, p-cym-CH), 3.74 – 3.62 (m, 2H, p-cym-CH), 3.20 – 3.08 (m, 1H, iPr-CH), 2.97 – 2.84 
(m, 1H, iPr-CH), 2.52 – 2.45 (m, 1H, iPr-CH), 2.43 (s, 3H, CH3), 2.42 (s, 3H, CH3), 2.28 (s, 3H, 
CH3), 2.22 (s, 3H, CH3), 2.21 (s, 3H, CH3), 2.17 (s, 3H, CH3), 2.14 – 2.01 (m, 1H, iPr-CH), 1.79 
(s, 3H, CH3), 1.64 (s, 3H, CH3), 1.48 (d, 3JHH = 6.7 Hz, 3H, iPr-CH3), 1.47 (d, 3JHH = 6.8 Hz, 1H, 
3H, iPr-CH3), 1.33 (d, J = 6.9 Hz, 3H, iPr-CH3) 1.29 – 1.20 (m, 12H, iPr-CH3), 0.92 (d, J = 6.9 Hz, 
6H, iPr-CH3), 0.91 (d, J = 6.9, 6H, iPr-CH3), 0.77 (d, J = 7.0 Hz, 3H, iPr-CH3); 

13C NMR (75 MHz, 
CDCl3) δ 172.0, 171.9 (CNHC), 159.6, 159.0 (CtzNHC), 148.6, 146.8, 140.1, 139.9, 138.8, 138.7, 
137.5, 137.3, 136.2, 135.9, 135.9, 135.6, 135.6, 135.1, 135.1, 131.9, 131.8, 130.0, 129.9, 128.8, 
128.7, 125.5, 125.3 (Ar-CH), 124.4, 124.2, 123.5, 123.5 (CH), 115.0, 96.1, 94.6, 92.1, 91.9, 89.9, 
86.0, 84.5, 84.5, 83.0, 82.6, 80.1, (p-cym-C), 45.2, 44.7 (CH2), 37.2 (N-CH3), 37.0 (N-CH3), 31.0, 
30.4, 29.6, 29.3, 28.9, 27.4, 27.2, 26.3, 24.9, 23.1, 22.0, 21.9, 21.7, 21.2 (iPr-CH, iPr-CH3 & p-cym-
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CH3), 20.6, 19.9, 19.9, 18.9, 18.9, 18.7 (Mes-CH3). MS(ESI+) for C38H49ClN5Ru: m/z calculated 
712.2727  [M-PF6]

+, observed 712.2663. 

[Ru(II)(p-cym)(NHC-Ar-tzNHC)]PF6; 10. Orange solid, 57 mg, 0.07 mmol, 
50%. 1H NMR (400 MHz, CD2Cl2) δ 7.97 – 7.92 (m, 1H, Ar-CH), 7.83 – 
7.73 (m, 2H, Ar-CH), 7.53 – 7.48 (m, 1H, Ar-CH), 7.44 (d, 3JHH = 2.2 Hz, 
1H, CH), 7.38 – 7.30 (m, 5H, Ar-CH & CH), 5.32 (dd, 3JHH = 6.2, 1.4 Hz, 1H, 
p-cym-CH), 5.27 (dd, 3JHH = 6.3, 1.4 Hz, 1H, p-cym-CH), 5.20 (dd, 3JHH = 5.9, 
1.3 Hz, 1H, p-cym-CH), 5.03 (dd, 3JHH = 6.0, 1.3 Hz, 1H, p-cym-CH), 4.55 
(ddd, 3JHH = 13.3, 11.3, 5.0 Hz, 1H, N-CH2), 4.28 (ddd, 3JHH = 13.2, 11.3, 5.6 Hz, 1H, N-CH2), 
3.89 (s, 3H, N-CH3), 2.49 (s, 3H, Tol-CH3), 2.53 – 2.46 (m, 5H), 4.28 (ddd, 3JHH = 13.2, 11.2, 5.6 
Hz, 2H, CH2), 3.89 (s, 5H), 2.16 (s, 2H), 1.97 – 1.85 (m, 1H, CH2), 1.84 – 1.72 (m, 1H, CH2), 
1.60 (s, 3H, p-cym-CH3), 1.54 – 1.41 (m, 3H, iPr-CH & CH2), 1.02 (t, 3JHH = 7.3 Hz, 3H, CH3), 
0.94 (d, 3JHH = 6.9 Hz, 3H, iPr-CH3), 0.81 (d, 3JHH = 6.8 Hz, 3H, iPr-CH3); 

13C NMR (101 MHz, 
CD2Cl2) δ 182.2 (CNHC), 165.3 (CtzNHC), 149.6, 140.5, 134.3, 133.3 (Ar-Cq), 132.1, 131.9, 130.3, 
129.5, 129.0 & 128.2 (Ar-CH), 126.1 (Cq), 124.5 & 124.4 (CH), 110.7 &103.8 (p-cym-Cq), 93.0, 
91.2, 87.3 & 84.5 (p-cym-CH), 52.9 (N-CH2), 38.1 (N-CH3), 34.0 (CH2), 24.2 (iPr-CH3), 22.0 
(iPr-CH), 21.8 (iPr-CH3), 20.7 (Tol-CH3), 18.9 (CH2), 18.2 (p-cym-CH3), 14.2 (CH3). MS (CSI +) 
for C33H39ClN5Ru: m/z calculated 642.1943 [M-PF6]

+, observed 642.1903.

General procedure for catalytic hydroarylation reactions: Pentamethylbenzene (1.48 g, 10 mmol), 
the catalyst (0.01 mmol) and, if applicable, silver trifluoroacetate (0.02 mmol) were weighed 
in a 25 mL Schlenk under nitrogen atmosphere. Trifluoroacetic acid (10 mmol, 766 μL) and 
1,2-dichloroethane (4.8 mL) and finally ethyl propiolate (10 mmol, 1.01 mL) were added and 
the mixture was stirred at the desired temperature. Portions of the solution (0.2 mL) were 
taken from the mixture after 5 and 24 hours and analyzed by 1H NMR spectroscopy. 

General procedure for catalytic hydrogenation reactions: The catalyst (0.1-1 mol%), KOtBu (32 
μmol) and substrate (if solid; 0.4 mmol) were weighed in a 4 mL GC-vial with a septum 
screw cap charged with a stirring bar under an N2 atmosphere. Subsequently, p-xylene (28.4 
μL), the substrate (if liquid; 0,4 mmol) and THF (2 mL) were added. A needle was used to 
puncture the cap and a set of four vials was placed in a stainless steel autoclave (200 mL) 
under argon gas. The autoclave was flushed 2 times with 10 bar of H2 and then pressurized 
to the indicated pressure (5-25 bar), after which it was placed in a preheated oil bath (70 
°C; built-in thermometer indicated 50 °C as the internal temperature of the autoclave). 
The mixture was stirred for the 6h after which the autoclave was cooled in an ice bath and 
the pressure was released. The crude reaction mixture was filtered through silica gel and 
analyzed by GC using p-xylene as internal standard.

General procedure for catalytic ester hydrogenolysis reactions: The catalyst (50 μmol, 4.8 mg) 
or the desired ligand (0.1 mmol) and [Ru(p-cym)Cl2]2 (25  μmol, 1.5 mg) and KOtBu (0.15 
mmol, 16.8 mg) were weighed in a 4 mL GC-vial with a septum screw cap charged with a 
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stirring bar under an N2 atmosphere. Subsequently, p-xylene (12.3 μL), the substrate (0,5 
mmol) and 1,4-dioxane (2 mL) were added. A needle was used to puncture the cap and a set 
of four vials was placed in a stainless steel autoclave (200 mL) under argon. The autoclave 
was flushed 2 times with 10 bar of H2 and then pressurized to 50 bar, after which it was 
placed in a preheated oil bath (140 °C; built-in thermometer indicated 100 °C as the internal 
temperature of the autoclave). The mixture was stirred for 6h after which the autoclave was 
cooled in an ice bath and the pressure was released. The crude reaction mixture was filtered 
through silica gel and analyzed by GC using p-xylene as internal standard. When methyl 
trifluoroacetate was employed as substrate the conversion was determined by 19F NMR 
spectroscopy using 1,3-bis(trifluoromethane)benzene as internal standard.

NMR experiments under near-catalytic conditions: Complex 9 (26 mg, 0.03 mmol) was dissolved 
in THF-d8 (0.6 mL) and KOtBu was added (17 mg, 0.15 mmol) under nitrogen atmosphere. 
The mixture was transferred to a J-Young NMR pressure tube and pressurized with 5 bar H2, 
after which a 

1H NMR spectra were recorded at various temperatures (<65 °C). The results 
of these experiments are discussed in paragraph 3.4.

X-ray crystal structure determinations

Compound 6. [C56H70Ag2N10](CF3O3S)2 + disordered solvent, Fw = 1397.10,† colourless 
plate, 0.34 × 0.15 × 0.06 mm3, triclinic, P (no. 2), a = 14.5464(4), b = 22.2689(7), c = 25.2033(8) 
Å, α = 64.147(1), β = 75.447(1), γ = 80.344(1) °, V = 7095.5(4) Å3, Z = 4, Dx = 1.308 g/cm3,† µ 
= 0.68 mm-1. † 101708 Reflections were measured on a Bruker Kappa ApexII diffractometer 
with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K 
up to a resolution of (sin θ/λ)max = 0.65 Å-1. X-ray intensities were integrated with the Eval15 
software.48 Multiscan absorption correction and scaling was performed with SADABS49 
(correction range 0.67-0.75). 32528 Reflections were unique (Rint = 0.048), of which 21484 
were observed [I>2σ(I)]. The structure was solved with Patterson superposition methods 
using SHELXT.50 Least-squares refinement was performed with SHELXL-201451 against F2 
of all reflections. The crystal structure contains large voids (1116 Å3 / unit cell) filled with 
severely disordered THF solvent molecules. Their contribution to the structure factors was 
secured by back-Fourier transformation with the SQUEEZE algorithm,52 resulting in 228 
electrons / unit cell. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. All hydrogen atoms were introduced in calculated positions and refined with a 
riding model. Two of the isopropyl groups were refined with a disorder model. The disorder 
of the other isopropyl groups and of the triflate anions was not resolved. 1585 Parameters 
were refined with 903 restraints (distances, angles and displacement parameters of the 
isopropyl groups and triflate anions). R1/wR2 [I > 2σ(I)]: 0.0482 / 0.1164. R1/wR2 [all refl.]: 
0.0852 / 0.1298. S = 1.075. Residual electron density between 1.02 and 1.86 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON program.53

† Derived values do not contain the contribution of the disordered solvent.
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Compound 9. [C38H49ClN5Ru](PF6).C4H8O, Fw = 929.41, orange block, 0.26 × 0.20 × 
0.11 mm3, monoclinic, P21/c (no. 14), a = 17.3657(4), b = 14.9369(5), c = 16.9561(4) Å, 
β = 100.415(1) °, V = 4325.8(2) Å3, Z = 4, Dx = 1.427 g/cm3, µ = 0.53 mm-1. The crystal 
appeared to be cracked into two fragments. Consequently, two orientation matrices were 
used for the intensity integration with Eval15.48 51488 Reflections were measured on a 
Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator (λ = 
0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. X-ray 
intensities were integrated with the Eval15 software.48 Multiscan absorption correction 
and scaling was performed with TWINABS49 (correction range 0.66-0.75) resulting in an 
HKLF-5 file.54 9982 Reflections were unique (Rint = 0.030), of which 8616 were observed 
[I>2σ(I)]. The structure was solved with automated Patterson methods using DIRDIF08.55 
Least-squares refinement was performed with SHELXL-201451 against F2 of all reflections. 
Non-hydrogen atoms were refined freely with anisotropic displacement parameters. 
All hydrogen atoms were introduced in calculated positions and refined with a riding 
model. The PF6 anion and the THF solvent molecule were refined with disorder models. 
599 Parameters were refined with 484 restraints (distances, angles and displacement 
parameters of the disordered moieties). R1/wR2 [I > 2σ(I)]: 0.0412 / 0.1065. R1/wR2 [all 
refl.]: 0.0487 / 0.1100. S = 1.085. Residual electron density between 0.81 and 0.94 e/Å3. 
Batch scale factor for the two crystal components BASF = 0.193(2). Geometry calculations 
and checking for higher symmetry was performed with the PLATON program.53
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