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Chapter 4
Rh and Ir Complexes bearing Chelating NHC-tzNHC Ligands and 
their Application in Transfer Hydrogenation

Part of this chapter has been published: Soraya N. Sluijter and Cornelis J. Elsevier, 
Organometallics 2014, 33, 6389-6397
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Abstract

This chapter features a series of heteroditopic di-NHC ligands comprised of a 
1,2,3-triazole based NHC and an Arduengo-type NHC, that were conveniently 
synthesized by CuAAC. The ligands have been coordinated to monovalent 
Rh(cod) and Ir(cod) complexes in a chelating fashion. From the NHC carbon 
resonances in 13C NMR and the IR carbonyl stretching frequencies of the 
corresponding [Rh(NHC-tzNHC)(CO)2]X complexes, the electron-donating 
properties of the ligands were found to be higher than those of classic di-
NHC ligands and dependent on the type of linker. The various NHC-tzNHC 
complexes have been applied in the transfer hydrogenation of a range of 
ketones, an imine and an alkene with isopropanol as the hydrogen donor. 
These systems show moderate activity (Ir > Rh). Although the various 
N-substituents did not have a large effect on the catalytic activity, the new 
di-carbene complexes were notably more active in this reaction than the 
analogues wherein the triazolyl moiety coordinates through a nitrogen donor. 
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4.1 Introduction
In the previous chapter, heteroditopic di-NHCs were introduced that bear both 
a imidazolylidene and 1,2,3-triazolylidene moiety. The synthesis of ligand 1, 2 and 
3 (Figure 1) has been described as well as their coordination to ruthenium and 
palladium centers via silver transmetalation. In this chapter, the coordination of 
these NHC-tzNHC ligands to monovalent Rh and Ir centers and the application 
of the resulting complexes in the transfer hydrogenation (TH) of unsaturated 
compounds are presented. In TH, the application of hydrogen gas is circumvented 
by employing an alternative hydrogen source, such as isopropanol or formic acid.1 
This reaction was selected because it is aided by electron-rich catalysts. It has, for 
example, been described that the catalytic activity in this reaction is increased when 
Rh(III) complexes bearing di-imidazole-4-ylidenes instead of their di-imidazole-2-
ylidenes analogues are used as catalyst.2 We expected that the incorporation of 
an electron-rich tzNHC moiety on a di-NHC ligand would also lead to enhanced 
activity in this reaction.

The activity of catalysts is determined by the structure of the ligand and a small 
structural change can have a pronounced effect on the activity and selectivity in a 
given reaction. The NHC-tzNHC ligands 2 and 3 described in the previous chapter 
vary with respect to linker rigidity, connectivity, metallocycle ring size and side-
groups (Figure 1). To compare the ligands further we desired to expand the series 
by also preparing a mixed NHC-tzNHC that is connected via a methylene linker 
to the nitrogen on the triazole moiety (Figure 1, 4). Furthermore, we implemented 
various substituents on 2 and 3. This allows structural comparison of the influence 
of the following variables: 1) nitrogen versus carbene donor 2) substituents (alkyl/
aryl), 3) connectivity/chelate ring size. 13C NMR carbene shifts and infrared (IR) 
carbonyl stretching frequencies have been evaluated to assess the electron-donating 
capacities of the various ligands in the corresponding [M(CO)2(di-NHC)]+ complexes. 
Furthermore, the activity of all complexes was studied in the TH of acetophenone 
with isopropanol as the hydrogen donor.

4.2 Synthesis of Heteroditopic di-NHC Ligands
Two hybrid di-NHC precursor ligands 2a and 3a have been described in Chapter 

Figure 1: General structure of the complexes described in this and the previous chapter.
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3. Ligands 2b-d and 3b, with various N-substituents, could generally be obtained 
following the same procedures (Figure 2).  An exception was the synthesis of ligand 
2d with methoxyphenyl as substituent on the triazolyl-N3, which could not be 
formed by methylation with methyl triflate. When the stronger alkylating agent 
trimethyloxonium tertrafluoroborate (Meerwein’s reagent) was applied according 
to a synthetic procedure described by Kilpin et al. the desired compound was 
obtained in 66% yield.3

Synthesis imidazolium-triazolium salts connected via a methylene linker on the tz-nitrogen

In order to compare the electronic properties of the ligands the mixed NHC-
tzNHC ligand 4, connected via a methylene linker to the nitrogen on the triazole 
moiety (Scheme 1) was prepared as well. First, mesityl-imidazole was reacted with 
excess of iodochloromethane, leading to N-chloromethyl/N-iodomethyl mixtures 
of the product, as was observed previously.4  We decided to use this mixture in the 
subsequent tandem azidination-CuAAC5,6 reaction followed by methylation,3 with 
anion exchange as the last step. 

The resulting ligand 4, which is an isomer of ligand 2d (without the anion), was 
obtained in this manner. The novel ligand was characterized using multinuclear NMR 
spectroscopy and high resolution mass spectrometry (HR-MS). The most remarkable 
chemical shift difference between the 1H NMR spectra of ligands 4 and 2d relates to 

Figure 2: The ligands used in this chapter,1-3.

Scheme 1: Synthesis of ligand 4. i) ClCH2I  ii) p-methoxy acetylene, NaN3, Na2CO3, 
CuSO4

.5H2O, sodium scorbate, DMF/H2O (4:1) iii) (Me3O)BF4, followed by anion exchange 
with KPF6.
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the CH2 hydrogen signal, which is observed at 7.22 ppm (Δδ = 1.21 ppm).

4.3 Heteroditopic NHC-tzNHC Rh(I) and Ir(I) complexes 
Using the new NHC-tzNHC ligands, one Ir(I)(cod) and several Rh(I)(cod) complexes, 
5a and 6a-d respectively, were obtained in excellent yields (89-99%) by mixing 
the ligand and in situ generated [M(cod)(µ-OMe)]2 with an additional equivalent of 
base at 50 °C. The resulting complexes were formulated as monometallic species 
with the mixed carbene ligands coordinating as a chelate framework, based on 1H 
NMR and HR-MS analysis. Without applying additional base, the same chelating 
NHC-tzNHC complexes were found (together with residual ligand in a 1:1 ratio), 
rather than metal complexes with only one of the carbene units coordinating. This 
is in contrast to findings of Cowie et al.,7 who reported monocoordination of the 
imidazolylidene moiety using the same ligand, an excess of KI, and [Rh(cod)(μ-OMe)]2 
for the synthesis of dinuclear complexes. Presumably, the addition of excess iodide 
leads to coordinatively saturated mono-NHC rhodium complexes in their case. 
However, when ligand 2c with BF4

- as counterion was employed, we did observe 
monocoordination of the imidazolylidene moiety. The desired chelate species could 
be isolated after addition of one additional equivalent of base in this case.

The formation of the di-carbene complexes was confirmed by the disappearance 
of the imidazolium as well as the triazolium protons from the 1H NMR spectra. The 
bright red (Ir) and orange (Rh) di-carbene compounds exhibited broad signals for 
the linker and cod hydrogens in 1H NMR, implying there is some flexibility in the 
structure. In the respective 13C NMR spectra two signals for the cod-CH as well as 
two indicative carbene signals around 182-179 (NHC) and 170-166 ppm (tzNHC) 
were observed for all Rh complexes. Concerning the chemical shifts of the carbenes 
no trend could be detected considering the effect of the various N-substituents 
(vide infra). The relatively large Rh-C couplings (1JRhNHC = 53 Hz, 1JRhtzNHC = 49 Hz for 
6a) suggest strong rhodium-carbene bonds. The iridium-carbene carbon resonances 
(174 and 163 ppm) in the 13C NMR spectrum also fall in the expected range.8–10 
The 19F NMR spectra showed resonances that are indicative for non-coordinating 

Scheme 2: Synthesis of [M(I)(NHC-tzNHC)(cod)] complexes 5a and 6a-e. i) NaH, [M(cod)
μ-Cl]2, MeOH, 30 min. ii) addition of the respective ligand, 2-3 hours at 50 °C.
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anions for all complexes.11 The bidentate coordination mode of the ligand was 
supported by the HR-MS (FAB+) corresponding to the entire cationic metal complex: 
rhodium, ligand and cod co-ligand in 1:1:1 ratio. 

Unfortunately, the obtained complexes were not very stable under ambient 
conditions. Especially the iridium complex, 5a, showed decomposition, marked by a 
color change from bright dark-red to brown. The compound could be stored under 
argon at -20 °C up to one week, while the rhodium complexes could be stored 
under N2 for at least a month. Therefore, the iridium complexes were prepared 
immediately prior to their application in the desired catalytic reaction. 

In order to evaluate these systems more closely, we were also interested in the Ir 
and Rh NHC analogues wherein the triazolyl moiety coordinates to the metal via 
the nitrogen atom (NHC-tz), 7 and 8 (Scheme 3). During the course of this research, 
the group of Messerle reported the first rhodium complexes bearing this bidentate 
NHC-tz ligand and their application in the intramolecular hydroamination.12 The 
complexes could be obtained in the same manner as the NHC-tzNHC complexes, 
5 and 6, using the in situ prepared precursors containing methoxide as internal 
base, or by addition of one equivalent of KOtBu in presence of the metal precursor 
[M(cod)μ-Cl]2, followed by halide abstraction with silver triflate (Scheme 3). 

The 1H NMR spectra confirmed formation of the NHC fragment by disappearance 
of the imidazolium hydrogen, whereas the triazolyl-CH showed resonances (8.33 
and 8.42 ppm) that are comparable to the Pd(II) analogue.13 These values for the 
triazolyl-CH are significantly shifted downfield compared to the Rh(I) complexes 
bearing a benzylic functionality that were reported by Messerle et al. (Δδ ≥ 1.58 
ppm),12 which is probably caused by conjugation of the triazolyl moiety with the 
adjacent aryl group. The hydrogens of the methylene linker appear as a singlet in 
the 1H NMR spectrum, indicating the hemilabile character of the nitrogen donor, 
as was observed by the group of Messerle.12 The chemical shift difference Δδ for 
the cod-CH signals of 7 and 8 was significantly larger in both the 1H and 13C NMR 
spectra than for the NHC-tzNHC complexes, due to the lower donating capacity of 
the secondary nitrogen donor compared to a mesoionic carbene. The characteristic 

Scheme 3: Synthesis of [M(I)(NHC-tz)(cod)] complexes 7 and 8, M= Rh, Ir. i.) NaH, 
[M(cod)μ-Cl]2 MeOH ii.) KOtBu, [M(cod)μ-Cl], AgOTf in THF.

        M=  Yield 
7     Ir  76% 
8     Rh  73% 
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13C-imidazolylidene carbon shifts were observed at 173.3 and 176.7 ppm (1JRhNHC 
= 52 Hz) for 7 and 8, respectively. Again, 19F NMR spectroscopy indicated the 
non-coordinating nature of the triflate anion and MS supported the mononuclear 
character of the complexes.

Synthesis of tz-N-connected NHC-tzNHC Ir(I) and Rh(I)(cod) complexes 

The Rh(I) complexes 9a-b and 10 were prepared in a similar manner as complexes 
6a-d (Scheme 4) by in situ synthesis of the methoxy bridged Ir(cod) or Rh(cod) 
dimer precursor followed by addition of the ligand. Upon addition of the phenyl-
bridged ligands 3 the characteristic color change from a yellow suspension to a red 
(Ir) or bright orange (Rh) solution was observed immediately. This corresponds to 
the higher CH acidity of the triazolium ring in ligands 3 caused by the inductively 
σ-electron withdrawing aryl substituents.14 

The resulting complexes 9a and b were obtained in excellent yields. The data 
obtained from multinuclear NMR spectroscopy and HR-MS analysis suggested the 
ligand to act as chelating species in both cases. The NMR spectra were largely in 
agreement with those of 5a and 6a-d. However, the tzNHC carbon peak (173.2 
ppm; 1JRhtzNHC  = 47.4 Hz, for 9a) is found significantly downfield with respect to 6a-d 
(170-166 ppm) in the 13C NMR spectrum, which is in line with previous observations 
that the donor strength of tzNHC increases upon variation of N-substituents next 
to the carbene center in the order aryl< benzyl< alkyl.15–17 Besides, the phenyl linker 
gave rise to separate signals for all cod-CH atoms in the NMR spectra, which is 
attributed to the loss of symmetry caused by the phenyl ring that is rotated out of 
the coordination plane. 

When ligand 4 was exposed to the same reaction conditions as 3, we did observe 
the disappearance of the peaks belonging to the azolium hydrogens in the 1H NMR 
spectrum, yet the spectrum displayed broad peaks. Unfortunately, both the 13C NMR 
spectrum and HR-MS did not correspond to the formation of complex 10 and the 
precise identity of this complex is currently unknown. 

Scheme 4: Synthesis of [M(I)(NHC-(Y)-tzNHC)(cod)] complexes. i) NaH, [M(cod)(μ-Cl)]2, 
MeOH, 30 min. ii) addition of the respective ligand, 1-3 hours at rt or 50 °C.

        M= Y=   R=      Ar’=                  X=  Yield 
9a  Rh  Ph    nBu    p-Tol               PF6   98%                  
9b  Rh  Ph    nBu   4-C6H4-OMe   PF6   95%                    
10  Rh  CH2  Mes   4-C6H4-OMe   PF6    
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4.3 Electronic Properties of [(NHC-tzNHC)M] Complexes 
Electronic properties of [(NHC-tzNHC)Rh] complexes

The carbene carbon shifts of the rhodium complexes described in the previous 
paragraph are depicted in Table 1. As mentioned above, no clear trend considering 
the effect of the N-substituents on the chemical shifts of the carbenes can be 
deduced. The difference between the shifts and corresponding electron-donating 
capacities of the NHCs with varying linkers is more apparent.

6a 6b 6c 6d 8 9a 9b

δ 13CNHC in 
ppm

(1JRhC in Hz)

178.7
(53.5)

182.1
(52.2)

181.2
(53.1)

181.1
(43.3)

176.7
(51.8)

185.6
(52.6)

185.7
(52.6)

166.1
(48.5)

166.7
(48.5)

170.4
(47.9)

166.3
(47.3)

173.2
(47.4)

173.0
(47.5)

Carbonyl stretching frequencies in IR provide an adequate measure of the donating 
strength of ligands in planar Ir/Rh(CO)2 complexes. To this end, rhodium complexes 
6a was first subjected to 5 bar of syngas (Scheme 5). Upon contact with the gas the 
solution immediately changed color from orange to yellow. 

The IR, 1H and 13C NMR spectra of the resulting species showed that the 
cyclooctadiene ligand was readily displaced by CO rendering complex 11a (Scheme 
5); no hydrogenated ligand (cyclooctane or cyclooctene) was observed. The carbene 
resonances for the dicarbonyl complex appear at 173.7 (1JRhNHC = 48 Hz) and 163.6 
ppm (1JRhtzNHC = 42 Hz) in 13C NMR while the carbonyl ligands give rise to a broad 
singlet at 185 ppm. The decrease in Rh-C coupling constants suggests weakening of 
the Rh-carbene bonds caused by the strongly π-accepting trans carbonyl co-ligand. 
The low average stretching frequency of the carbonyls (ν(CO)av 2034 cm-1) indicates 
that the NHC-tzNHC ligand is indeed a very strong electron-donor, compared to 
the “classic” di-NHCs,18 “i-bitz”19 and the 1,10-phenanthroline based “vegi” ligand.20 

Rh carbonyl complexes 11d and 12b were prepared in the same manner (Scheme 5), 
either in a J. Young NMR pressure tube or autoclave set-up. Their average carbonyl 
stretching frequencies are depicted in order of increasing σ-donor strength in Figure 

Table 1: NHC and tzNHC resonances of complexes 6 and 9 in 13C NMR. 

Scheme 5: General synthesis of [Rh(NHC-tzNHC)(CO)2]X complexes.

         Y= R=      R’=                   X=  
11a  CH2 Mes   DiPP                OTf  
11d  CH2 Mes   4-C6H4-OMe   BF4 
11b  Ph nBu   4-C6H4-OMe    PF6 
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3. Unlike what was reported previously, substituent effects are notable in this 
particular series.15,17 The electron-donating methoxyphenyl N-substituent next to 
the triazolylidene carbon donor clearly but counter-intuitively led to a higher 
average CO stretching frequency corresponding to decreased electron-density 
on the metal. This may be attributed to compensating steric effects that are well-
known to affect the Rh-CO bond.15,16,21 Nevertheless, the trend considering the 
linkers between the two carbene moieties corresponds to that found for the 13C 
carbene carbon shifts: the complex with the electron-withdrawing aryl moiety has 
lower electron-donating capacity according to both 13C and IR spectroscopy. 

Reactivity of iridium complex 5a with CO and H2

When the iridium complex 5a was exposed to syngas under the same reaction 
conditions as 6a (Scheme 6, III), three separate signals for all ligand hydrogens (and the 
free cod ligand) were observed. This indicates the formation of a mixture of species: 
[Ir(NHC-tzNHC)(CO)2]OTf complex 12 and two octahedral [Ir(CO)2(H)2(NHC-
tzNHC)]OTf complexes, 13 and 13’, in a 3.2 : 2.8 : 1 ratio. 

The difference in reactivity of the rhodium and iridium complexes with syngas can 
be explained by the higher basicity of the latter and its greater tendency to form 
coordinatively saturated octahedral d6 complexes. The 1H NMR spectrum showed 
two pairs of doublets in the hydride region (-10.33 and -12.36 ppm with 2JHH = 3.3 
Hz and -10.40 and -11.64 ppm with 2JHH = 2.8 Hz), while the methylene linker gave 
rise to an AB system, which indicates that the faces above and below the iridium-
ligand plane are not equivalent. Thus, one CO and one hydride (Scheme 6; 1H NMR 
δ -10.33 and -10.40 ppm) should occupy the axial positions, while the chelate di-
NHC-Ir in the plane ring is not flat but presumably boat-shaped.* 

Complex 13 and 13’ exhibited slow conversion to carbonyl complex 12 over 
time, while the cyclooctadiene was hydrogenated to give cyclooctane (coa; 
Scheme 6, IV). The depletion of 13 and 13’ was monitored in time by 1H NMR 
at room temperature. The reaction followed first-order kinetics (t½ ≈ 7,5 hour) 

Figure 3: [Rh(NHC-tzNHC)(CO)2]X complexes in order of increasing σ-donor strength 
according to their average CO stretching frequency in IR. 
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with respect to the disappearance of 13 and 13’. Reaction IV is reversible; when 
complex 12 was stirred under an atmosphere of hydrogen gas (1 bar), it was 
completely converted to a mixture of 13 and 13’. Due to this reactivity, we 
hypothesize that complex 12 may provide interesting catalytic properties. 

Complex 12 could be obtained selectively by reacting 5a with carbon monoxide 
gas (Scheme 6, II) in quantitative yield or directly by reacting the ligand with 
[Ir(CO)2(acac)] and 2 equivalents of potassium tert-butoxide.22 The IR spectrum 
showed two strong bands at 2056 and 1992 cm-1 (ν(CO)av = 2024 cm-1) 
corresponding to the two carbonyl stretching modes. In the 13C NMR spectrum 
the NHC-Ir resonances were found at 171.3 and 162.0 ppm, while two separate 
signals for the carbonyl ligand were observed at 179.6 and 178.9 ppm, which are 
all well within the range of expected values. 

Scheme 6: Reactivity of complexes 5a and 6a with carbon monoxide and hydrogen gas. 
The most likely structures for complex 13 and 13’ are depicted. (coa = cyclooctane).

* Dihydrogen is oxidatively added in a cis fashion as expected. The remaining equatorial 
carbonyl and hydride (1H NMR: δ −11.6 and −12.3 ppm) ligands can in theory be selectively 
bonded trans to one of the carbene donors, as depicted in Scheme 6.  Alternatively, two species 
can be present: one in which the hydride is bound trans to the NHC and one in which it is 
bonded trans to the tzNHC. In an attempt to elucidate the precise structure, we employed 2D 
1H−13C heteronuclear multiple-bond correlation (HMBC) NMR experiments under syngas 
pressure. The hydride of the minor complex 13′ showed coupling (2 Hz < 2JCH < 12 Hz) with 
the imidazolylidene Cq only, indicating that this hydride is coordinated trans to the NHC 
moiety. Unfortunately, the results for the major complex 13 were inconclusive, as cross-peaks 
were observed for both the imidazolylidene and triazolylidene carbene when implementing 
the measured ranges of coupling constants. Further characterization was hampered by 
the fact that, upon release of hydrogen pressure, the mixture converts to complex 12.
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4.4 Catalytic Transfer Hydrogenation 
In order to exemplify the catalytic properties of the square planar Rh(I) and 
Ir(I) complexes, their application in the transfer hydrogenation of unsaturated 
compounds was studied using isopropanol (iPrOH) as hydrogen donor and solvent. 
Acetophenone was chosen as benchmark substrate, the conversion was followed 
by GC with p-xylene as internal standard and KOtBu was used to activate the 
hydrogen donor. All tested complexes were active in this reaction (Table 2) and 
the transformation proceeded to completion within 24 hours at 80 °C. For entries 
1 and 2 (Table 2), dynamic light scattering (DLS) measurements of the catalytic 
mixtures before and after catalysis were performed to check for the presence of 
nanoparticles. As is described in reviews by Finke23 DLS is a powerful method to 
detect small particles (>1 nm) at concentrations far below those of our catalytic 
experiments. None of these measurements led to DLS signal, and therefore we 
trust that the catalysis is performed by molecular catalysts.

entry Cat. T 
(°C)

Time 
(h)

Yield 
(%)

1a 5a 80 3 98

2a 6a 80 3
24

71
98

3a 6b 80 3
24

48
98

4b 6c 80 3
24

75
98

5a 6d 80 3
24

83
99

6a 7 80 3 98

7a 8 80 3
24

11
96

8b 9b 80 3
24

97
100

9b 10 80 3
24

44
99

10a 12 80 3 97
11a 5 25 22 59
12a 6a 25 22 38

Table 2: Catalytic results 5 and 6a in the transfer hydrogenation of acetophenone.

Reaction conditions: 0.1 M acetophenone 
in isopropanol, 10 mol% KOtBu at indicated 
temperature. a) 0.5 mol% cat., b) 1 mol% catalyst. 
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At room temperature complexes 5a and 6a still converted the substrate (entries 
12 and 13) albeit significantly slower. As expected for cationic (di)NHC complexes,25 
the Ir complexes converted acetophenone faster to the corresponding alcohol than 
their Rh counterparts. Although there are several rhodium and iridium di-carbene 
species know that facilitate this transformation extremely efficiently reaching 
turnover frequencies (TOFs) of up to 50.000 h-1,25–27 the obtained results can 
compete with known, less active examples of other di-carbene complexes under 
comparable conditions.2,20,28–30

Moreover, it is noteworthy that the di-carbene containing species 5a and 6a are 
more active than the NHC with secondary N donor, 7 and 8. The NHC-tzNHC 
outperform the NHC-tz complexes for both the rhodium (TOF = 190 h-1 against 
51 h-1, determined around 15% conversion) and iridium catalysts (TOF = 641 h-1 
against 338 h-1). This might be explained by the higher electron-density on the metal 
for 5a and 6a compared to 7 and 8, which aids the formation of the metal-hydride 
in case the monohydride mechanism would be operative, as has been shown for 
monovalent group 9 TM catalysts.31,32 

The effects of the various N-substituents on the ligands of the rhodium complexes 
6a-e were less pronounced for this reaction as is apparent from the reaction 
profiles. These are displayed in Figures 4 and 5. 

Figure 4: Conversion acetophenone over 
time, catalyzed by [Rh(cod)(NHCR-tzNHCR’) 

complexes with various N-substituents: 6a 
(purple diamonds, R = Mes, R’ = DiPP) vs 6b 
(yellow squares, R = Mes, R’ = Bn) vs 6c (red 
triangles, R = nBu, R’ = DiPP) vs 6d (grey 
diamonds, R = Mes, R’ = 4-C6H4-OMe).

Figure 5: Conversion acetophenone 
over time, catalyzed by various Rh 
catalysts bearing a methoxy phenyl 
substituent on the triazolylidene moiety: 
6d (grey diamonds, methylene linker) vs 
9b (green triangles, phenyl linker).
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Catalyst 6b, bearing a benzyl substituent on the N3 position of the triazolylidene 
moiety, displayed somewhat slower conversion of acetophenone, while 6c seemed 
slightly more active. However, the differences are not large and no clear trend could 
be deduced. The metallocycle ring size did not seem to have a large influence either 
(Figure 5; 6d vs 9b).

A small library of substrates was tested for the transfer hydrogenation with 
complexes 5a and 6a (Table 3). Other aromatic ketones and cyclohexanone were 
converted readily by both complexes (entry 1-6), albeit faster by 5a than by 6a. 

entry Cat. Substrate Time 
(h)

Conv. 
(%) Product Yield 

(%)

1
2

5a
6a

1/2
3

92
98

92
98

3

4

5a

6a

3
23
3
23

90
97
46
94

90
97
46
94

5
6

5a
6a

1/6
3

100
96

>99
96

7 5a
6a

3
23

66
90 90

8 5a 23 34 34

9 5a 23 74 52

10 5a 23
23a

0
n.d.b

0
23

11 5a 3
23

19
66

11
56

12 5a Cyclooctadiene
3

23

100

100

Cyclooctene
Cyclooctane
Cyclooctene
Cyclooctane

84
15
48
52

13 5a 3
23

82
98

82
92

Table 3: Catalytic results 5 and 6a in the transfer hydrogenation of various substrates.

Reaction conditions: 0.1 M acetophenone in isopropanol, 1 mol% cat., 10 mol% 
KOtBu at 80 °C. a) 1equivalent of NEt3 was added to the reaction mixture, b) not 
determined, the substrate could not be detected on GC.
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The limits of the more active Ir catalyst 5a were investigated further (Table 3); it also 
proved active for aliphatic ketones, even converting the very hindered pinacolone 
slowly (entry 8). To test the tolerance of the catalyst to other functional groups, 
methyl levulinate and levulinic acid were tested (entries 9 and 10). The former 
substrate, having both a ketone and ester functionality, was converted slowly to 
produce mainly γ-valerolactone. The acid functionality, on the other hand, was 
incompatible with the system, probably inhibiting the transfer hydrogenation by 
neutralizing the required base. When one equivalent of triethyl amine was added 
this substrate was converted slowly as well. 

The substrate scope was subsequently expanded beyond ketones. In cinnamaldehyde 
mainly the aldehyde functionality was converted to yield cinnamylalcohol (Table 3, 
entry 11). Also some 3-phenylpropanal, due to the hydrogenation on the alkene 
moiety, and the completely hydrogenated product 3-phenylpropan-1-ol were 
observed. The fact that complex 5a can also be applied to reduce C=C double 
bonds using iPrOH as hydrogen donor is further confirmed by the hydrogenation of 
cyclooctadiene, which was eventually fully hydrogenated to cyclooctane (entry 12). 
Lastly, N-benzylideneaniline was readily reduced to benzylamine (82% conversion in 
3 hours; entry 13) under the same reaction conditions. 

4.5 Conclusion
A series of cationic chelate Rh and Ir complexes bearing mixed NHC-tzNHC 
ligands was developed. From the carbonyl stretching frequencies of the [(NHC-
tzNHC)M(CO)2]OTf complexes, the electron-donating properties of the ligand 
were determined to be stronger than for other examples of di-carbene ligands. 
In the course of making the carbonyl complexes, the difference in reactivity with 
syngas between iridium and rhodium became apparent, leading to interesting 
octahedral [Ir(CO)2(H)2(NHC-tzNHC)]OTf complexes.

All complexes showed moderate activity in the transfer hydrogenation of 
acetophenone with isopropanol as hydrogen donor at elevated temperatures. 
The different substituents on the tzNHC moiety did not have a large influence 
on the catalyst activity. As expected, the Ir(I) complexes were more active than 
their Rh(I) analogues in this transformation and the substrate scope for the iridium 
system could be expanded to more challenging ketones as well as cinnamaldehyde, 
N-benzylideneaniline and cyclooctadiene. More interestingly, the di-carbene NHC-
tzNHC complexes converted the substrate significantly faster than the ones with 
one NHC and a secondary nitrogen donor. This has strengthened our trust in the 
potential of this electron-rich and accessible ligand in transition metal catalysis. 

4.6 Experimental Section
Complex syntheses and catalytic experiments were performed using standard Schlenk 
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techniques under an atmosphere of dry nitrogen. Solvents were dried and distilled 
according to standard methods.34 Isopropanol was dried over CaCl2, distilled and 
degassed prior to use. All reagents were purchased from commercial suppliers and used 
without further purification. The NMR spectra were recorded on Varian Mercury 300 
MHz, Bruker DRX Advance 300 and Bruker AMX 400 MHz spectrometers. 19F NMR 
(unreferenced) was used to confirm the (non-coordinating) anion of the compounds: 
OTf (-78 ppm), BF4 (-153 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. 
IR spectra were recorded on a Bruker Alpha-PFT-IR spectrometer. 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 an Rxi fused silica capillary column. The 
azides,35 prop-2-ynyl imidazolium bromide salts13, 1,2,3-triazolylmethyleneimidazolium 
bromide salts13 and [(MesImH)CH2X]X (X = Cl/I)4 were prepared according to 
literature procedures. [4-(p-Methoxy)-1-phenyl-2-((n-butylimidazolium)1,2,3-triazole] 
bishexafluoro-phosphate was prepared as described in Chapter 3.

General procedure for the methylation of 1,2,3-triazolylmethylene imidazolium bromide salts with 
MeOTf: To a cooled (-78 °C) solution of triazolylmethylene imidazolium bromide (1 equiv.) 
in dry dichloromethane (c = 0.1M), methyl triflate (2 equiv.) was added dropwise under a 
nitrogen atmosphere. The mixture was allowed to warm to room temperature and stirred 
at room temperature for 16 hours. After precipitation with diethyl ether and filtration the 
product was obtained.

[3-(benzyl)-1-methyl-5-((3-mesitylimidazolium)methyl)1,2,3-triazolium] 
trifluoromethanesulfonate/bromide; 2b. White solid (358 mg, 0.60 mmol, 
70%). 1H NMR (400 MHz, DMSO-d6) δ 9.49 (s, 1H, NCHN), 9.09 (s, 1H, 
tz-H), 8.13 (s, 1H, CH), 8.04 (s, 1H, CH), 7.50-7.46 (m, 5H, Ar-H), 7.17 (s, 
2H, Mes-H), 5.94 (s, 2H, CH2), 5.90 (s, 2H, CH2), 4.35 (s, 3H, N-CH3), 2.34 (s, 
3H, p-Mes-CH3), 2.04 (s, 6H, o-Mes-CH3); 

13C NMR (101 MHz, DMSO-d6) 
δ 140.5 (p-Mes-C), 138.5 (tz-Cq), 137.2 (NCN), (p-Mes-Cq), 134.3 (o-Mes-Cq), 132.7 (Ar-C), 
131.3 (i-Mes-Cq), 130.9 (tz-CH), 129.4 (m-Mes-CH), 129.3 (tz-CH), 129.1 (Ar-C), 123.0 (Ar-C), 
124.4 (CH), 123.5 (CH), 56.3 (CH2), 40.9 (CH2), 38.5 (N-CH3), 20.6 (o-Mes-CH3), 17.0 (p-Mes-
CH3). MS(FAB+) for C24H27F3N5O3S: m/z calculated 522.1787 [M-Br]+, observed 522.1791. 

[3-(2,6-diisopropylphenyl)-1-methyl-5-((3-n-butyl-imidazolium)methyl) 
1,2,3-triazolium] trifluoromethanesulfonate/bromide; 2c. Brown oil (533,4 mg, 
0.87 mmol, 65%). 1H NMR (400 MHz, CDCl3) δ 10.74 (s, 1H, NCHN), 8.50 
(s, 1H, tz-H), 7.80 (t, 1H, 3JHH = 7.8 Hz, Ar-H), 7.49 (d, 2H, 3JHH = 7.5 Hz, Ar-H), 
7.26 (s, 1H, CH), 7.14 (s, 1H, CH), 6.15 (s, 2H, CH2), 4.55 (s, 3H, N-CH3), 4.13 
(t, 2H, 3JHH = 7.5 Hz, CH2), 2.17 (t, 2H, 3JHH = 7.1 Hz, CH2), 1.92 (t, 2H, 3JHH 
= 7.5 Hz, CH2), 1.29 (m, 2H, 3JHH = 7.0 Hz, iPr-CH), 1.10 (d, 12H, 3JHH = 7.5 Hz, iPr-CH3), 0.99 
(t, 3H, 3JHH = 6.8 Hz, CH3); 

13C NMR (101 MHz, CDCl3) δ 145.7 (Ar-Cq), 139.5 (tz-Cq), 137.3 
(CH), 132.9 (Ar-CH), 132.4 (tz-CH), 130.6 (Ar-Cq), 124.5 (Ar-CH), 124.2 (CH), 123.3 (CH), 50.2 
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(CH2), 42.2 (N-CH3), 39.27 (CH2), 31.6 (CH2), 28.4 (iPr-CH), 23.5 (iPr-CH3), 19.3 (CH2), 13.2 
(CH3). MS(ESI+) for C22H32N5: m/z calculated 380.2809 [M-OTF-Br]2+, observed 380.2800.

General procedure for the methylation of 1,2,3-triazolylmethylene imidazolium bromide salts with 
Me3OBF4: Triazolylmethylene imidazolium bromide (1 equiv.) and Meerwein’s salt (1.5 equiv.) 
were dissolved in dry dichloromethane and the reaction mixture was stirred for 16 hours, 
during which a white solid precipitated. This was collected on a glass frit and washed with 
dichloromethane and ether to obtain the product.

[3-(4-methoxyphenyl)-1-methyl-5-((3-mesitylimidazolium)methyl) 
1,2,3-triazolium] tetrafluoroborate/bromide; 2d. Hygroscopic white 
powder (234 mg, 0.42 mmol, 66%). 1H NMR (300 MHz, DMSO-d6) δ 
9.58 (s, 1H, NCHN), 9.50 (s, 1H, tz-H), 8.16 (s, 1H, CH), 8.07 (s, 1H, 
CH), 7.93 (d, 3JHH = 8.6 Hz, 2H, Ar-CH), 7.31 (d, 3JHH = 8.5 Hz, 2H, Ar-
H), 7.17 (s, 2H, Mes-H), 6.01 (s, 2H, CH2), 4.45 (s, 3H, N-CH3), 3.89 (s, 
3H, O-CH3), 2.33 (s, 3H, Mes-CH3), 2.06 (s, 6H, Mes-CH3); 

13C NMR (101 MHz, DMSO-d6) 
δ 161.7, 154.9, 140.5, 138.2, 137.3, 134.3 (Ar-Cq), 130.9 (Ar-CH), 129.3, 129.2 (tz-CH), 127.6 
(Ar-Cq), 124.4, 123.7 (CH), 123.1, 115.6 (Ar-CH), 56.0 (O-CH3), 40.9 (CH2), 38.7 (N-CH3), 20.6 
(CH3), 17.1 (CH3). MS(FAB+) for C23H27N5OBF4: m/z calculated 476.2249 [M-Br]+, observed 
476.2243. 

[3 - (4 -me thoxypheny l ) -1 -peny l -2 - ( (3 -n -bu t y l im idazo l i um) 
1,2,3-triazolium] bishexafluoro phosphate; 3b. [4-(p-methoxy)-1-
phenyl-2-((n-butylimidazolium)1,2,3-triazole] hexafluoro phos-
phate (1 equiv.) and Meerwein’s salt (2 equiv.) were dissolved in 
dry dichloromethane (8 mL) and the reaction mixture was stirred 
for 16 hours. The reaction was quenched by the addition of one drop of methanol after 
which the solvent was removed. The resulting solid was redissolved in acetone:water = 1:1 
(4 mL), KPF6 was added and the mixture was stirred for 10 min. The acetone was evaporated 
and the resulting precipitate was filtered and washed with water and Et2O to obtain the 
product as brown solid. (259 mg, 0.38 mmol, 64%).1H NMR (500 MHz, DMSO-d6) δ 9.64 (s, 
1H, NCHN ), 9.51 (s, 1H, CCHN), 8.19 – 8.06 (m, 4H, Ar-H), 8.00 (t, 3JHH = 1.9 Hz, 1H, CH), 
7.93 (t, 3JHH = 1.9 Hz, 1H, CH), 7.76 – 7.69 (d, 3JHH = 8.8 Hz, 2H, Ar-H), 7.31 – 7.23 (d, 3JHH = 
8.8 Hz, 2H, Ar-CH), 4.31 (s, 3H, N-CH3), 4.27 (t, 3JHH  = 7.2 Hz, 2H, CH2), 3.90 (s, 3H, O-CH3), 
1.90 – 1.80 (m, 2H, CH2), 1.35 – 1.23 (m, 2H, CH2), 0.91 (t, 3JHH  = 7.4 Hz, 3H, CH3); 

13C NMR 
(101 MHz, DMSO-d6) δ 161.8 (Cq), 142.9, 137.9 (Cq), 133.6 (Ar-CH), 132.6 (Ar-CH), 131.0 
(Ar-CH), 130.5 (tz-CH) , 129.5 (Cq), 129.2 (Ar-CH) , 128.7 (Cq), 127.3 (Ar-CH), 123.7 (CH), 
123.2 (CH), 115.0 (Ar-CH), 55.6 (O-CH3), 49.2 (CH2), 31.0 (CH2), 18.7 (CH2), 13.2(CH3). 
MS(ESI+) for C23H27F6N5OP: m/z calculated 534.1857 [M-OTf]+, observed 534.1867.

[4-(4-methoxyphenyl)-1-((3-mesitylimidazolium)methyl) 1,2,3-triazo-lium] 
hexafluorophosphate. To a solution of [(MesIm)CH2X]X (X = Cl/I) 
(363 mg, 1 mmol) in a DMF:H2O mixture (5 mL, 4:1) was added NaN3 
(68 mg, 1.05 mmol), Na2CO3 (53 mg, 0.5 mmol) and ethynyl anisole 
(136 μL, 138 mg, 1.05 mmol) and a catalytic amount of CuSO4

.5H2O 
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(50 mg, 0.2 mmol) and natrium ascorbate (80 mg, 0.4 mmol). The resulting white suspension 
was stirred overnight at room temperature, during which it turned bright yellow and was 
subsequently poured into a solution of EDTA in NH4OH (65 mL). The suspension was 
extracted with DCM (3 x 10 mL), washed with water (2 x 10 mL) and brine (15 mL), dried 
over MgSO4 and concentrated. The yellow oil was dissolved in an acetone:water mixture (6 
mL, 2:1) and stirred with an excess of KPF6. After stirring the reaction mixture for 1 hour, 
the acetone was removed and the product extracted with DCM (3x 5 mL), washed with 
H2O and ether and dried in vacuo to obtain the product. Yield not determined. 1H NMR (500 
MHz, CDCl3) δ 8.96 (s, 1H, NCHN), 8.42 (s, 1H, CCHN), 7.90 (s, 1H, CH), 7.73 (d, 3JHH = 8.3 
Hz, 2H, Ar-CH), 7.24 (s, 1H, CH), 6.98 – 6.84 (m, 4H, Ar- & Mes-CH), 6.22 (s, 2H, CH2), 3.81 
(s, 3H, O-CH3), 2.30 (s, 3H, CH3), 2.03 (s, 3H, CH3); 

13C NMR (126 MHz, CDCl3) δ 160.0 
(Ar-Cq), 141.6, 136.0, 134.4 (Cq), 130.4 (CH), 129.9 (Ar-CH), 129.3, 127.2 (Ar-CH), 122.2 (Cq), 
114.4 (Ar-CH), 56.6 (CH2) 55.4 (O-CH3), 21.1 (CH3), 17.0 (CH3). MS(CSI+) calculated m/z = 
374.1981 for C22H24N5O [M-X]+, observed 374.1825.

[4-(4-methoxyphenyl)-3-methyl-1-((3-mesitylimidazolium)methyl) 
1,2,3-triazolium] bishexafluorophosphate; 4. Meerwein’s salt (71 mg, 
0.47 mmol) and [4-(4-methoxyphenyl)-1-((3-mesitylimidazolium) 
methyl) 1,2,3-triazolium] hexafluorophosphate (148 mg, 0.29 mmol)  
were dissolved in dry dichloromethane (5 mL) and the reaction 
mixture was stirred for 16 hours. A drop of methanol was added to quench the reaction. 
Diethyl ether was subsequently added upon which a pale pink solid precipitated. The solid 
was redissolved in an acetone:water mixture (10 mL, 1:1) and stirred with an excess of KPF6 

(285 mg, 3.8 mmol) for one hour.. Upon removal of the acetone a white solid precipitated, 
which was collected on a glass frit  and washed with H2O and diethyl ether and dried in vacuo 
to obtain the product. (200 mg, 0.29 mmol, quantitative). 1H NMR (500 MHz, CDCl3) δ 9.82 
(s, 1H, NCHN), 9.37 (s, 1H, NCHC), 8.31 (s, 1H, CH), 8.14 (s, 1H, CH), 7.72 (d, 3JHH = 8.8 Hz, 
2H, Ar-CH), 7.27 (d, 3JHH = 8.8 Hz, 2H, Ar-CH), 7.22 (s, 2H, CH2), 7.20 (s, 2H, Mes-H), 4.36 (s, 
3H, N-CH3), 3.89 (s, 3H, O-CH3), 2.36 (s, 3H, Mes-CH3), 2.07 (s, 6H, Mes-CH3);

 13C NMR (75 
MHz, DMSO-d6) δ 161.8, 140.6 (Ar-Cq), 139.3 (NCN), 134.1 (Ar-Cq), 131.0 (Ar-CH), 130.9 
(Ar-Cq), 130.8 (Ar-CH), 129.3 (tz-CH), 129.2 (Mes-CH), 128.3 (Ar-Cq) 124.3, 123.0 (CH) 
115.0 (Ar-Cq), 61.9 (CH2), 55.6 (O-CH3), 38.0 (N-CH3), 20.5, 17.0 (Mes-CH3). MS (CSI +) for 
C23H27F6N5OP: m/z calculated 534.1857 [M-PF6

-], observed 534.1821.

General procedure synthesis [M(cod)(NHC-tzNHC)]X 5 and 6: NaH (2 equiv., 60 wt%) was 
washed three times with pentane. Subsequently, [M(cod)Cl]2

 (M= Ir, Rh, 0.5 equiv.) in MeOH 
(c = 20 mM) was added and the resulting suspension was stirred for half an hour at room 
temperature. After addition of the appropriate imidazole-triazolium salt (1 equiv.), the 
mixture was stirred for 3 hours at 50 °C, after which the resulting orange (rhodium) or red 
(iridium) solution was concentrated, redissolved in dichloromethane and filtered over Celite. 
The solvent was evaporated to yield the product.
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[Ir(I)(cod)(NHCMes-tzNHCDiPP)]OTf; 5a. Dark red powder (89 mg, 0.1 mmol, 
99%) 1H NMR (300 MHz, CD2Cl2) δ 7.87 (d, 3JHH = 2.0 Hz, 1H, CH), 7.55 
(t, 3JHH = 7.8 Hz, 1H, DiPP-H), 7.33 (d, 3JHH = 7.8 Hz, 2H, CH), 6.98 (s, 2H, 
Mes-H), 6.92 (d, 3JHH = 2.0 Hz, 1H, CH), 5.66 (bs, 2H, CH2), 4.42 (s, 3H, 
N-CH3), 3.58 (s, 4H, cod-CH), 2.34 (s, 3H, Mes-CH3), 2.11 (s, 6H, Mes-CH3), 
2.05-2.00 (m, iPr-CH), 1.71-1.45 (bm, 8H, cod-CH2), 1.28 (d, 3JHH = 6.7 Hz, 
12H, iPr-CH3); 

13C NMR (101 MHz, CD2Cl2) δ 174.5 (CNHC), 162.5 (CtzNHC), 145.3, 139.2, 138.0, 
135.9, 135.1, 134.8 (Cq), 131.2, 128.8, 123.9 (CH-Ar), 123.3, 122.4 (CH), 119.2 (OTf), 73.4 
(cod-CH), 44.6 (CH2), 37.3 (N-CH3), 30.9 (cod-CH2), 29.6 (iPr-CH3), 28.6 (cod-CH2), 25.3 (iPr-
CH), 22.1 (iPr-CH3), 20.6, 18.5 (Mes-CH3). MS(FAB+) calculated m/z = 742.3463 for C36H47N5Ir 
[M-OTf]+, observed 742.3387.

[Rh(I)(cod)(NHCMes-CH2-tzNHCDiPP)]OTf; 6a. Bright orange powder (180 mg, 
0.22 mmol, 99%). 1H NMR (300 MHz, CDCl3) δ 8.06 (d, 3JHH = 1.8 Hz, 1H, 
CH), 7.53 (t, 3JHH = 7.8 Hz, 1H, DiPP-H), 7.30 (d, 3JHH = 7.8 Hz, 2H, DiPP-H), 
6.97 (s, 2H, Mes-H), 6.77 (d, 3JHH = 1.8 Hz, 1H, CH), 5.93 (bs, 2H, CH2), 
4.49 (s, 3H, N-CH3), 3.87 (bs, 4H, cod-CH), 2.44 – 2.38 (m, 2H, iPr-CH), 
2.35 (s, 3H, Mes-CH3), 2.12 (s, 6H, Mes-CH3), 1.88-1.62 (bm, 8H, cod-CH2), 
1.28 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3) 1.05 (d, 3JHH = 6.7 Hz, 6H, iPr-CH3); 

13C NMR (75 MHz, 
CDCl3) δ 178.7 (d, 1JRhC = 53.5 Hz, CNHC), 166.1 (d, 1JRhC = 48.5 Hz, CtzNHC), 145.4, 139.5, 139.3, 
136.3, 135.5, 135.1 (tz/Ar-Cq), 131.4, 129.2, 128.8, 124.1 (Ar-CH), 123.4, 123.0 (CH), 118,9 
(OTf), 86.08 (d, 1JRhC = 8.3 Hz, cod-CH), 45.2 (CH2), 37.8 (N-CH3), 29.8 (cod-CH2), 28.8 (iPr-
CH3), 28.5 (cod-CH2), 25.8 (iPr-CH), 22.6 (iPr-CH3), 21.2 (Mes-CH3), 18.8 (Mes-CH3). MS(FAB+) 
calculated m/z = 652.2886 for C36H47N5Rh [M-OTf]+, observed 652.2885. 

[Rh(I)(cod)(NHCMes-CH2-tzNHCBenz)]OTf; 6b. Orange powder (78 mg, 0.089 
mmol, 89%). 1H NMR (300 MHz, CDCl3) δ 7.72 (bs, 1H, CH), 7.48 – 7.28 
(m, 4H, Benz-CH), 7.19-7.16 (m, 1H, Benz-CH), 6.97 (s, 2H, Mes-CH), 6.81 
(bs, 1H, CH), 5.62 (bs, 2H, CH2), 5.55 (s, 2H, CH2), 4.89 (bs, 2H, cod-CH), 
4.31 (s, 3H, N-CH3), 3.66 (bs, 2H, cod-CH), 2.37 (s, 6H, CH3), 2.10 (s, 3H, 
CH3), 1.93-187 (m, 8H, cod-CH2); 

13C NMR (101 MHz, CD2Cl2) δ 182.1 (d, 
1JRhC = 52.2 Hz, CNHC) 166.7 (d, 1JRhC = 48.5 Hz, CtzNHC), 140.4, 139.5, 138.9, 135.0, 134.4 (tz/
Ar-Cq), 129.0, 128.9, 128.2, 127.2 (Ar-CH) 122.4, 122.2 (CH), 119.1 (OTf), 95.9 (d, 1JRhC = 7.7 
Hz, cod-CH), 78.4 (d, 1JRhC = 12.2 Hz, cod-CH), 56.5, 55.3 (CH2), 36.9 (N-CH3), 29.5, 28.7 (cod-
CH2) ,20.6, 18.0 (Mes-CH3). MS(FAB+) calculated m/z = 568.1947 for C30H35N5Rh [M-OTf-
CH3]

+, observed 568.1932.

[Rh(I)(cod)(NHCnBu-CH2-tzNHCDiPP)]OTf; 6c. Brown solid (203 mg, 0.27 mmol, 
92%). 1H NMR (300 MHz, CD2Cl2) δ 7.69 (s, 1H, CH), 7.59 (t, 1H, 3JHH = 
7.2 Hz, Ar-CH), 7.37 (d, 2H, 3JHH = 7.2 Hz, Ar-CH), 6.82 (s, 1H, CH), 5.85 
(bs, 2H, CH2), 4.58 (s, 4H, cod-CH), 4.35 (s, 3H, N-CH3), 2.22-1.84 (m, 12H, 
2 x CH2 and cod-CH2), 2.22 (m, 2H, CH2), 2.17 (m, 2H, CH2), 1.84 (m, 8H, 
cod-CH2), 1.41 (m, 2H, 3JHH = 6.5 Hz, iPr-CH), 1.17 (d, 6H, 3JHH = 6.8 Hz, 
iPr-CH3), 1.12 (d, 6H, 3JHH = 6.8 Hz, iPr-CH3), 0,84 (t, 3H, 3JHH = 6.5 Hz, CH3); 

13C NMR (101 
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MHz, CD2Cl2) δ 181.2 (d, 1JRhC = 53.1 Hz, CNHC), 170.4 (d, 1JRhC = 47.9 Hz, CtzNHC), 146.3 (Ar-
Cq), 135.0 (CH), 132.9 (Ar-CH), 131.6 (Ar-Cq), 129.1 (Ar-CH), 123.8 (CH), 120.3 (CH), 89.0 (d, 
1JRhC = 9.2 Hz, cod-CH), 55.0 (CH2), 51.1 (N-CH2), 45.6 (CH2), 37.8 (N-CH3), 34.2 (iPr-CH), 28.6 
(iPr-CH3), 20.6 (CH2), 14.0 (CH3). MS(ESI+) for C30H43N5Rh: m/z calculated 576.2568 [M-OTf]+, 
observed 576.2575. 

[Rh(I)(cod)(NHCMes-CH2-tzNHC4-C
6
H

4
-OMe)]BF4; 6d. Orange powder (98.5 

mg, 0.14 mmol, 96%). 1H NMR (300 MHz, CDCl3) δ 7.80 (bs, 1H, CH), 
7.58 (d, 3JHH = 8.8 Hz, 2H, Ar-CH), 7.02 (d, J = 8.8 Hz, 4H, Ar-CH and 
overlap Mes-CH), 6.77 (s, 1H, CH), 5.59 (bs, 2H, CH2), 4.39 (s, 3H, 
N-CH3), 4.02 – 3.76 (m, 2H, cod-CH), 3.90 (s, 3H, O-CH3), 3.49 (bs, 
2H, cod-CH), 2.37 (s, 6H, CH3), 2.35-1.79 (m, 12H, cod-CH2 and CH3 
overlapping); 13C NMR (75 MHz, CDCl3) δ 181.1 (d, 1JRhC = 53.3, CNHC), 166.3 (d, 1JRh-C = 47.3, 
CtzNHC), 161.1 (Ar-C-O), 140.1, 139.2, 136.0, 131.8, 130.4 (tz/Ar-Cq), 129.3, 125.8, 123.2, 122.5, 
114.4 (Ar-CH and CH), 77.4 (d, 1JRh-C = 3.5 Hz, cod-CH), 55.9 (O-CH3), 45.4 (CH2), 37.3 (N-
CH3), 28.2, 22.0 (cod-CH2), 21.2, 17.7 (Mes-CH3). MS(FAB+) for C31H47N5ORh: m/z calculated 
598.2053 [M-BF4]

+, observed 598.2054.

General procedure synthesis [M(cod)(NHC-tz)]X: NaH (1 equiv., 60 wt%) was washed three 
times with pentane. Subsequently [M(cod)(µ-Cl)]2

 (M= Ir or Rh, 0.5 equiv.) in MeOH (c 
= 20 mM) was added and the resulting suspension was stirred for half an hour at room 
temperature. After addition of the appropriate triazolyl-imidazolium bromide (1 equiv.), the 
mixture was stirred for 3 hours at 50 °C, after which the resulting orange (rhodium) or red 
(iridium) solution was concentrated, redissolved in dichloromethane and filtered over Celite. 
AgOTf (1.1 equiv.) was added to the solution and the mixture was stirred in the dark for 2 
hours at room temperature during which it turned to a pale brown suspension. The reaction 
mixture was filtered over Celite and concentrated to yield the product.

Alternative procedure synthesis [M(cod)(NHC-tz)]X: The triazolyl-imidazolium bromide salt (1 
equiv.) was dissolved in THF. Potassium tert-butoxide was added and the mixture was stirred 
for 3 hours, after which the solution was filtered over Celite and concentrated. Subsequently 
a solution of AgOTf (1.1 equiv.) in DCM was added and the resulting mixture was stirred for 
another 2 hours at room temperature in the dark during which it turned to a pale brown 
suspension. The reaction mixture was filtered over Celite and concentrated to yield the 
product.

[Ir(I)(cod)(NHCMes-CH2-tz
DiPP)]OTf; 7. Red solid (88 mg, 0.1 mmol, 76%). 1H 

NMR (300 MHz, CD2Cl2) δ 8.42 (s, 1H, tz-CH), 7.70 (d, 3JHH = 2.0 Hz, 1H, CH), 
7.59 (t, 3JHH = 7.7 Hz, 1H, DiPP-CH), 7.35 (d, 3JHH = 7.9 Hz, 2H, DiPP-CH), 7.03 
(s, 2H, Mes-CH), 6.94 (d, 3JHH = 2.0 Hz, 1H, CH), 5.75 (s, 2H, CH2), 4.59 (bs, 
2H, cod-CH), 3.54 (bs, 2H, cod-CH), 2.37 (s, 3H, Mes-CH3), 2.07 (s, 6H, Mes-
CH3), 2.08-1.61 (m, 10H, cod-CH2 and iPr-CH overlapping), 1.19 (d, 3JHH = 6.8 
Hz, 6H, DiPP-CH3), 1.06 (d, 3JHH = 6.8 Hz, 6H, DiPP, CH3); 

13C NMR (75 MHz, CD2Cl2) δ 173.3 
(CNHC), 146.2, 141.2, 140.3, 135.8, 134.3 (Ar/tz-Cq), 132.4 (DiPP-CH), 129.6 (Mes-CH), 127.3 
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(tz-CH), 124.8 (DiPP-CH), 122.6 , 123.3 (CH), 117.9 (OTf),  83.8 (cod-CH), 66.3 (cod-CH), 
45.2 (CH2), 33.7 (cod-CH2), 30.1 (cod-CH2), 29.4 (iPr-CH), 24.9, 23.4 (DiPP-CH3), 22.6, 18.6 
(Mes-CH3). MS(FAB+) for C35H47N5Ir: m/z calculated 728.3306 [M-OTf]+, observed 728.3307.

[Rh(I)(cod)(NHCMes-CH2-tz
DiPP)]OTf; 8. Bright orange solid (52 mg, 0.07 mmol, 

73%) 1H NMR (300 MHz, CD2Cl2) δ 8.33 (s, 1H, tz-CH), 7.67 (d, 3JHH = 1.9 
Hz, 1H, CH), 7.58 (d, 3JHH = 7.8 Hz, 1H, DiPP-CH), 7.36 (d, 3JHH = 7.8 Hz, 2H, 
DiPP-CH), 7.08 (s, 2H, Mes-CH), 6.89 (d, 3JHH = 1.8 Hz, 1H, CH), 5.86 (s, 2H, 
CH2), 5.01 – 4.75 (m, 2H, cod-CH), 3.91 – 3.61 (m, 2H, cod-CH), 2.40 (s, 3H, 
Mes-CH3), 2.12 (s, 6H, Mes-CH3), 2.11-1.93 (m, 8H, iPr-CH and cod-CH2 

overlapping), 1.84-1.78 (m, 2H, cod-CH2), 1.20 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 1.07 (d, 3JHH = 
6.8 Hz, 6H, iPr-CH3); 

13C NMR (75 MHz, CD2Cl2) δ 176.7 (d, 1JRhC = 51.8 Hz, CNHC), 146.3, 
141.4, 140.2, 136.19 , 135.7 (Ar/tz-Cq), 132.8, 132.3 (DiPP-CH), 129.7 (Mes-CH), 126.6 (tz-
CH), 124.7 (DiPP-CH), 123.6, 123.2 (CH), 118.9 (OTf), 96.7 (d, 1JRh-C = 7.8 Hz, cod-CH), 79.6 
(d, 1JRh-C = 12.3 Hz, cod-CH), 45.4 (CH2), 32.7 (cod-CH2), 29.5 (cod-CH2), 29.3 (DiPP-CH), 24.8, 
23.4 (DiPP-CH3), 21.4, 18.5 (Mes-CH3). MS(FAB+) for C35H46N5Rh: m/z calculated 638.2730 
[M-OTf]+, observed 638.2725.

[Rh(I)(cod)(NHCnBu-Ar-tzNHCp-Tol)]PF6; 9a. This complex was synthesized in 
analogy to complex 6 from ligand 3a with a reduced reaction time of 1 
hour. Orange powder (66 mg, 0.1 mmol, 98%). 1H NMR (500 MHz, CDCl3) 
δ 7.86 – 7.73 (m, 3H, Ar-CH), 7.68 (d, 3JHH = 8.1 Hz, 2H, Tol-CH), 7.70 – 
7.64 (m, 1H, Ar-CH), 7.46 (d, 3JHH = 7.9 Hz, 2H, Tol-CH), 7.36 (d, 3JHH = 2.0 
Hz, 1H, CH), 7.21 (d, 3JHH = 2.0 Hz, 1H, CH), 4.39 (m, 3H, CH2 and cod-CH 
overlapping), 4.31 – 4.24 (m, 1H, cod-CH), 4.15 (s, 3H, NCH3), 4.12 (m, 1H, cod-CH), 3.95 (m, 
1H, cod-CH), 2.53 (s, 3H, Tol-CH3), 2.30 – 2.08 (m, 2H, cod-CH2), 2.00 – 1.70 (m, 2H, CH2), 
1.60-1.50 (m, 4H, cod-CH2 and CH2 overlapping ), 1.10 (t, J = 7.4 Hz, 1H, CH3); 

13C NMR (75 
MHz, CD2Cl2) δ 185.6 (d, 1JRhC = 52.6 Hz, CNHC), 173.2 (d, 1JRhC = 47.4 Hz, CtzNHC), 144.8, 140.8, 
135.3, 134.7 (Cq-Ar), 131.3, 129.5, 129.4, 128.6, 126.8, 126.5, 123.6 (Ar-CH), 123.1, 121.8 (CH),  
91.7 (d, 1JRhC = 8.0 Hz, cod-CH), 90.7 (d, 1JRhC J = 8.6 Hz, cod-CH), 90.4 (d, 1JRhC = 7.2 Hz, cod-
CH) & 84.4 (d, 1JRhC = 7.5 Hz, cod-CH), 50.7 (N-CH2), 37.9 (N-CH3), 33.3 (CH2), 32.0 , 31.6, 
29.0, 28.5 (cod-CH2), 21.2 (Ar-CH3), 20.2 (CH2), 13.5 (CH3). MS(ESI+) for C31H37N5Rh: m/z 
calculated 582.2099 [M-PF6]

+, observed 582.2081.

[Rh(I)(cod)(NHCnBu-Ar-tzNHC4-C
6
H

4
OMe)]PF6; 9b. This complex was 

synthesized in analogy to complex 6 from ligand 3b with a reduced 
reaction time of 1 hour. Brown solid (71 mg, 0.1 mmol, 95%). 1H 
NMR (300 MHz, CD2Cl2) δ 7.89 – 7.61 (m, 6H, Ar-CH), 7.34 (d, J 
= 2.2 Hz, 1H, CH), 7.22 – 7.12 (m, 3H, CH and Ar-CH), 4.41-4.38 
(m,  4H, N-CH2 and cod-CH overlapping), 4.37-4.35 (m, 1H, cod-CH), 
4.13 (s, 3H, N-CH3), 4.13-4.11 (m, 1H, cod-CH), 3.96 (s, 3H, O-CH3), 2.26 – 2.08 (m, 2H, CH2), 
2.04-1.47 (m, 10H, cod-CH2 and CH2 overlapping), 1.09 (t, J = 7.3 Hz, 3H, CH3); 

13C NMR (75 
MHz, CD2Cl2) δ 185.7 (d, 1JRhC = 52.8 Hz, CNHC), 173.0 (d, 1JRhC = 47.5 Hz, CtzNHC), 161.1, 144.6, 
135.3, 134.6, 131.3, 131.0, 130.4, 129.6, 128.6, 126.7, 126.5, 123.1, 121.8, 118.6, 114.3, 113.6, 
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91.8 (d, 1JRhC = 7.9 Hz, cod-CH), 90.7 (d, 1JRhC  = 8.7 Hz, cod-CH), 90.5 (d, 1JRhC = 7.4 Hz, cod-
CH), 84.4 (d, 1JRhC = 7.6 Hz, cod-CH), 55.6 (O-CH3), 50.6 (N-CH2), 41.5 (CH2), 37.8 (N-CH3), 
32.1, 31.7, 28.9, 28.4, 28.0, 27.9, 25.5, 24.7 (cod-CH2), 20.2 (CH2), 13.5 (CH3). MS(CSI+) for 
C31H37N5ORh: m/z calculated 598.20531 [M-PF6]

+, observed 598.20634. 

General procedure synthesis [M(CO)2(NHC-tzNHC)]X: A pressure NMR tube containing the 
desired complex (~10 mg) in CD2Cl2 (0.5 mL) was pressurized with syngas (5 bar). After 
shaking the tube a color change was generally observed. 

Alternative procedure synthesis[M(CO)2(NHC-tzNHC)]X: Two septum screw cap vial (4 mL, 
punctured with a small needle) containing the desired complexes in CD2Cl2 (1 mL) were 
placed in an autoclave. After pressurizing with syngas (5 bar), the solutions were allowed to 
stir for 10 min., after which the autoclave was vented and the carbonyl complexes could be 
analyzed. 

The formation of the resulting complexes was confirmed by 1H NMR spectroscopy, in which 
free cod was observed. IR measurements were performed to obtain the CO stretching 
frequencies.

[Rh(I)(CO)2(NHCMes-tzNHCDiPP)]OTf; 11a. A pressure NMR tube containing 
[Rh(I)(cod)(NHC-Trzl)+]OTf- 6a (9,2 mg) in CD2Cl2 (0.5 mL) was 
pressurized with syngas (5 bar). After shaking the tube a color change 
from bright orange to a darker shade of orange was observed. The NMR 
spectra showed complete conversion to the carbonyl complex. 1H NMR 
(300 MHz, CD2Cl2) δ 8.03 (s, 1H, CH), 7.60 (t, 3JHH = 7.8 Hz, 1H, CH-
DiPP), 7.36 (d, 3JHH = 7.8 Hz, 2H, CH-DiPP), 7.10 (s, 1H, CH), 7.02 (s, 2H, Mes-CH), 5.92 
(s, 2H, CH2), 5.62 – 5.52 (m, 4H, free cod), 4.51 (s, 3H, NH3), 2.44 – 2.26 (m, 8H, free 
cod), 2.27-2.21 (m, 3JHH = 13.5, 6.7 Hz, 2H, iPr-CH), 2.03 (s, 6H, Mes-CH3), 1.27 (s, 3H, 
Mes-CH3) 1.22 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3), 1.10 (d, 3JHH = 6.8 Hz, 6H, iPr-CH3); 

13C 
NMR (101 MHz, CD2Cl2) δ 185.3 (bs, CO), 173.7 (d, 1JRh-C = 47.5 Hz, CNHC), 163.6 (d, 
1JRh-C = 42.4, CtzNHC), 145.7, 141.0, 140.2, 135.9, 135.7, 134.6 (tz/Ar-Cq), 131.9, 129.2, 124.2 
(Ar-CH) 124.2 (CH) 123.0 (CH), 118.9 (OTf), 44.8 (CH2), 37.7 (N-CH3) , 28.5 (iPr-CH), 
24.7 (DiPP-CH3), 22.4 (CH3), 20.7 (Mes-CH3), 17.9 (Mes-CH3). MS(FAB+) for C30H37N5O2Rh: 
m/z calculated 602.2002 [M-OTf]+, observed 602.2038/ C30H36N5O2Rh: m/z calculated 
601.1924 [M-OTf-H]+, observed 601.1929. IR ν(CO) 2064, 2005 cm-1.

[Ir(I)(CO)2(NHCMes-tzNHCDiPP)]OTf; 12. A pressure NMR tube containing [Ir(I)
(cod)(NHC-Trzl)]OTf 7a (40 mg) in CD2Cl2 (0.5 mL) was pressurized with 
carbon monoxide gas (5 bar). After shaking the tube the color changed 
from red to bright yellow. The NMR spectra showed complete conversion 
to the carbonyl complex. 1H NMR (300 MHz, CD2Cl2) δ 8.08 (d, 3JHH = 1.9 
Hz, 1H, CH), 7.68 – 7.52 (t, 3JHH = 7.9 Hz, 1H, DiPP-CH), 7.37 (d, 3JHH = 7.9 
Hz, 2H, DiPP-CH), 7.13 (d, 3JHH = 2.0 Hz, 1H, CH), 7.02 (s, 2H, Mes-CH), 6.00 (s, 2H, CH2), 
5.62 – 5.52 (m, 4H, free cod), 4.53 (s, 3H, N-CH3), 2.44 – 2.26 (m, 8H, free cod), 2.23 (p, 3JHH = 
6.8 Hz, 2H, iPr-CH) 2.13 (s, 3H, Mes-CH3), 2.03 (s, 6H, Mes-CH3), 1.35 – 1.21 (m, 18H, DiPP-
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CH3), 1.10 (d, 3JHH = 6.9 Hz, 6H, DiPP-CH3); 
13C NMR (126 MHz, CD2Cl2) δ 179.6, 178.9 (CO), 

171.3 (CNHC), 162.0 (CtzNHC), 146.6, 141.9, 141.1, 136.7, 135.9, 134.6 (tz/Ar-Cq),132.8, 129.9, 
127.7 (Ar-CH), 125.2 (CH), 125.0 (Ar-CH), 124.9 (CH), 124.0 118.9 (OTf), 45.6 (CH2), 38.5 (N-
CH3), 29.2 (iPr-CH), 25.4 (DiPP-CH3), 23.11 (DiPP-CH3), 21.42 (Mes-CH3), 18.68 (Mes-CH3).

 

MS(ESI+) for C30H35N5O2Ir: m/z calculated 690.2416 [M-OTf]+, observed 690.2401. IR ν(CO) 
2056, 1992 cm-1.

Alternative synthesis [Ir(I)(CO)2(NHCMes-tzNHCDiPP)]OTf; 12. Potassium tert-butoxide was added 
to a solution of Ir(CO)2(acac) (35 mg, 0.1 mmol) and 2a (671 mg, 0.1 mmol) in THF (5 
mL) and the resulting brown solution was stirred for 2 hours at 50 °C. After the solution 
was allowed to cool to room temperature, the mixture was filtered over Celite. Then the 
solution was concentrated to 2 mL and Et2O (10 mL) was added to precipitate the remaining 
ligand. The solution was decanted and concentrated under vacuum to yield the product (50 
mg, 0.06 mmol, 60%).

[Ir(I)(CO)2(H)2(NHCMes-tzNHCDiPP)]OTf; 13 and 13’. A pressure NMR tube 
containing [Ir(I)(COD)(NHC-Trzl)]OTf 5a (~ 40 mg) in CD2Cl2 (0.5 
mL) was pressurized with syngas (5 bar). After shaking the tube a color 
change from bright red to yellow. The NMR spectra showed a mixture 
of [Ir(I)(CO)2(NHC-Trzl)]OTf 12 and two different isomers of [Ir(I)
(CO)2(H)2(NHC-Trzl)]OTf 13 in a 3.2 : 2.8 : 1 ratio. Upon release of the syngas pressure, 
complex 13 converts to 12 by losing H2, which prevented us from further characterization, 
and the mixture of products prevented us from assigning all 13C resonances. 1H NMR (300 
MHz, CD2Cl2) δ 8.03 (d, 3JHH = 2.0 Hz, 1H, CH), 8.01 (d, 3JHH = 1.9 Hz, 1H, CH’), 7.65 – 7.49 
(m, 2H, DiPP-CH and DiPP-CH’), 7.34 – 7.28 (m, 4H, DiPP-CH and DiPP-CH’), 7.12 (d, 3JHH 
= 2.0 Hz, 1H, CH), 7.09 (d, 3JHH = 2.0 Hz, 1H, CH’), 7.00 (s, 2H, Mes-CH), 6.97 (s, 2H, Mes-
CH’), 6.33 (d, 2JHH = 16.8 Hz, 1H, CH’2), AB system centered at δA 6.20 (d, 2JHH = 16.8 Hz, 
1H, CH2) & δB: 5.62 (d, 2JHH = 16.9 Hz, 1H, CH2), 5.57-5.52 (m, 9H, CH’2 and free cod-CH), 
4.51 (s, 3H, N-CH3), 4.49 (s, 3H, N-CH’3), 2.38 – 2.33 (m, 16H, free cod), 2.30 (s, 3H), 2.27 – 
2.16 (m, 2H, iPr-CH), 2.02 (s, 6H, Mes-CH3), 1.97 (s, 6H, Mes-CH’3), 1.85 (s, 3H, Mes-CH3)), 
1.78 (s, 1H, Mes-CH’3), 1.30 – 0.96 (m, 12H, iPr-CH3 and iPr-CH’3), -10.35 (d, 2JHH = 3.3 Hz, 
1H, Ir-H), -10.41 (d, 2JHH = 2.9 Hz, 1H, Ir-H’), -11.66 (d, 2JHH = 2.9 Hz, 1H, Ir-H’), -12.37 (d, 
2JHH = 3.2 Hz, 1H, Ir-H). 

General procedure catalytic transfer hydrogenation: To a carrousel vial or Schlenk equipped with 
a magnetic stirrer, 0.5 or 1 mol % of catalyst, and 10 mol % of KOtBu were added a degassed 
stock solution (c = 0.1 M) of the appropriate substrate and p-xylene as internal standard in 
isopropanol. The mixture was stirred at 80 °C. Aliquots were taken from the mixture during 
the reaction, subsequently filtered over a plug of silica, and analyzed by GC.
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