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Abstract 
Metalation of a carboxylate-functionalized pyridyl-triazolium salt containing a N1-bound pyridyl 
substituent either directly with [RuCl2(cymene)]2 or via a transmetalation procedure involving 
Ag2O and [RuCl2(cymene)]2 induces rapid decarboxylation without concomitant metalation. 
Subsequent metalation of the formed C4- and C5-unsubstituted triazolium salt is selective and 
occurs at the C4 position, i.e. remote from the pyridyl substituent, when the reaction is under 
kinetic control, and at the C5-position adjacent to the pyridyl group when performed under 
thermodynamic control. Preservance of the carboxylate functional group in the complex is 
achieved when the corresponding ester-functionalized pyridyl-triazolium salt is metalated first 
and then subjected to ester hydrolysis. The formed complex contains a N,C-bidentate chelating 
pyridyl-triazolylidene ligand with a pendant carboxylate unit that is not coordinating to the metal 
center. These new triazolylidene ruthenium complexes show modest catalytic activity in alcohol 
oxidation and better performance in the transfer hydrogenation of ketones. The data suggest that 
the presence of a pendant carboxylic acid or ester group is beneficial for enhancing the activity of 
the catalyst. 
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Introduction 

The functionalization of key ligands has been widely and successfully explored as a concept for 
enhancing the catalytic activity of metal complexes.1 While early developments aimed at 
optimizing steric and electronic parameters of the ligand,2 recent efforts have been directed 
towards introducing functional groups that are non-innocent, and potentially assist the metal 
center, for example by reversible binding and releasing protons.3–5 The incorporation of 
appropriately functionalized ligands has been demonstrated to be relevant for the activation of 
small molecules in a catalytic cycle, where both metal and ligand simultaneously participate in 
bond making and breaking processes.6–9 

Carbenes derived from 1,2,3-triazolium salts are an attractive ligand platform for such 
functionalization, as they combine unique donor properties with an extraordinary synthetic 
diversity.10–13 Moreover, these mesoionic (or abnormal) carbenes14–16 demonstrate some 
flexibility to adapt their donor strength and stabilize low as well as high metal oxidation states.17 
The ligand precursors are conveniently accessible18 via [2+3] dipolar cycloaddition of alkynes 
and azides,19–21 a reaction that stands for its exceptionally broad functional group tolerance.22 
This synthetic flexibility allows functional groups to be introduced to 1,2,3-triazolylidenes at 
positions that are not accessible with traditional imidazole-derived N-heterocyclic carbenes, since 
in triazolylidenes, one wingtip group (FG) is bound to a carbon. This linkage provides access to a 
greater variety of substituents such as heteroatoms and carbonyl groups, which are unstable 
functional groups in imidazole-derived carbenes.23–25 Depending on its nature, this functional 
group will induce metal chelation (A, Figure 1),26,27 or will provide a free Lewis basic site if 
chelation is prevented,28–30 for example by a pronounced yaw angle (B).31 Such a configuration of 
a non-coordinating Lewis base in close proximity to a Lewis acidic metal center32 may provide 
access to metal-ligand synergies, in particular for reversible bonding and release of substrate 
protons.33–35 It constitutes an organometallic analogue of Frustrated Lewis Pairs (FLPs),36,37 a 
concept that has been demonstrated to be extraordinarily powerful for bond activation 
processes.38–40 The combination of a Lewis acidic transition metal center with a non-coordinating 
Lewis-basic substituent thus combines intrinsic Lewis acid/base pair activity with the well-
established catalytic properties of abnormal carbene metal complexes.41 Here we have addressed 
this concept by introducing carboxylate groups to a pyridyl-functionalized triazolylidene ligand. 
Methods to prevent decarboxylation have been established. The corresponding ruthenium 
complexes containing a carboxylate functionality in close proximity to the metal center display 
enhanced catalytic activity in transfer hydrogenation and dehydrogenative oxidation of alcohols 
when compared to the unfunctionalized analogue.  
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Figure 1 Functional group introduction in triazolylidenes induces either chelation (A) or provides 
an additional reactive group that can support the metal center (B).  

 

Results and discussion 

Synthesis and characterization of triazolium salts. The synthesis of the carboxylate-
functionalized triazolium salt 3 started with a [3+2] cycloaddition of pyridine-2-azide and ethyl 
propiolate mediated by CuI and lutidine (Scheme 1), which afforded the previously described 
triazole 1.42 Hydrolysis of the triazole 1 with LiOH·H2O in a THF/MeOH/H2O (1:1:1) mixture at 
70 ºC yielded the triazole 2 as a yellow solid in 89% yield. Subsequent N-alkylation of 2 with 
methyl trifluoromethanesulfonate (MeOTf) in CH2Cl2 gave the triazolium salt 3 in almost 
quantitative yield (94%). Despite the electron-withdrawing nature of the carboxylate group on the 
triazole heterocycle, alkylation was selectively occurring at the triazole N3 position.43,44 No 
products from pyridine N-alkylation were observed.45 Specifically, the carboxylic acid group 
gives rise to an absorption band in the IR spectrum at 1746 cm–1 and the acidic triazolium proton 
resonates at δH 9.53. 

	

	

Scheme 1 Synthesis of triazolium salt 3. 

 
Synthesis of Ru-triazolylidene complexes via decarboxylation. The triazolium salt 3 offers 
potentially two routes for metalation, including either decarboxylation,46,47 to afford a complex 
with a remote pyridine unit, or triazolium C–H deprotonation and subsequent metalation, which 

N N3

O

O

N N
NN

O O

CuI
2,6-Lutidine
THF, DMSO
3h, 100˚C

N N
NN

O OH

LiOH·H2O
THF:MeOH:H2O

1.5 h, 70˚C

N N+
NN

O OH

3

CH2Cl2
8h, RT

MeOTf

1 2

+
OTf–



	 4	

may provide a C,Ocarboxylate-, or a C,Npyr-bidentate chelating triazolylidene ligand. Both 
reactivities were probed by using different metalation conditions. 

Thus, in an attempt to activate the C–H bond, the triazolium salt 3 was reacted with Ag2O and 
[RuCl2(p-cymene)]2. This reaction gave a mixture of complexes 4 and 5 as orange air-stable 
solids ca. 30% yield (Scheme 2). The product selectivity was strongly dependent on the reaction 
time, though not on in the quantity of ruthenium salt used for the transmetalation. Specifically, 
reaction of 3 with Ag2O in MeCN for extended periods of time (3 days) before adding the 
ruthenium salt to induce transmetalation afforded, after a further 16 h, predominantly complex 4. 
In contrast, short exposure of triazolium salt 3 to Ag2O (2 h or less) gave exclusively complex 5. 
Complex 6 formed spontaneously when dissolving complex 5 in chloroform, and produced a 
mixture of 5 and 6, as observed by 1H NMR spectroscopy. The two complexes were readily 
separated by column chromatography. 

	

Scheme 2 Synthesis of complexes 4–6.  

Complexes 4–6 were unambiguously characterized by NMR spectroscopy, mass spectrometry 
and elemental analysis. Nuclear Overhauser experiments and 1H–13C correlation spectroscopy 
provided evidence for the selectivity of metalation as well as for effective decarboxylation. 
Complex 4 features a resonance at δH 8.42 for the proton attached to the triazolylidene C4 
nucleus, which constitutes a diagnostic indication for the decarboxylation of the triazolylidene 
ligand. The deshielded pyridyl α proton, appearing as a doublet of doublets centered at δH 9.25, 
strongly suggests N-coordination of the pyridyl unit to the ruthenium center (cf δH 8.69 in the 
ligand precursor 3). Furthermore, NOE experiments indicate a through-space interaction of the 
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triazolylidene CH resonance and the singlet at 4.33 ppm due to the N-CH3 group, therefore 
further supporting metalation of the triazole-derived heterocyle at the C5 position. 

The 1H NMR spectrum of complex 5 reveals a similar resonance frequency for the triazolylidene 
C5-bound proton (δH 8.43). While this resonance again indicates effective decarboxylation of the 
ligand precursor, the essentially identical chemical shift as observed for 4 makes this signal a 
poor probe for the selectivity of metalation. However, the pyridyl unit shows distinctly different 
features. In particular, the pyridyl α proton is shifted upfield from δH 8.69 in the triazolium salt 3 
to δH 8.63 in complex 5 (cf downfield shift by 0.56 ppm upon formation of 4). This shift suggests 
that the ruthenium center is not bound to the pyridine. Moreover, NOE experiments reveal a 
spatial interaction of the triazolylidene CH group with the pyridyl α proton, which is in full 
agreement with metalation of the triazolium at the C4 position. Coordination of MeCN was 
observed by a singlet at δH 2.26. Both complexes 4 and 5 are asymmetric at ruthenium and hence 
induce a splitting of the aromatic proton signals into four distinct resonances. The 1H NMR 
spectroscopic data for the neutral complex 6 are very similar to those of 5, with the exception of 
the cymene proton resonances. Due to the presence of two chlorido ligands, the complex 
possesses a mirror plane and as a consequence, the aromatic proton resonances of the cymene 
ligand collapse into two doublets integrating for 2H each (δH 5.42 and 5.28, respectively). 

Similar distinctions were observed in the 13C NMR spectra of the complexes. Complex 4 featured 
resonances at δC 171.5 and 136.9 for the carbenic nucleus and the C5–H unit, while these 
resonances are substantially upfield shifted in complex 5 (δC 161.4 and 130.7, for the carbenic 
carbon and C4–H, respectively). The carbenic resonance in neutral complex 6 appears at lower 
field (δC 167.8). 

Crystals of 6 suitable for X-ray diffraction analysis were obtained by slow diffusion of pentane in 
a concentrated solution of the compound in chloroform. The molecular structure of 6 confirms 
the monodentate coordination at the C4 position of the triazolylidene ligand (C1 in Figure 2). The 
structure can be regarded as a three-legged piano stool. Along with the triazolylidene ligand, two 
chlorides and a p-cymene ligand complete the coordination sphere about the ruthenium center. 
The Ru-Ccarbene bond length is 2.052(5) Ǻ, in the range of other triazolylidene ruthenium 
complexes.48–55 The Ru-Cl and Ru-Ccentroid bond lengths and the Ccarbene-Ru-Cl angles are in the 
expected range. 
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Figure 2 ORTEP diagram of complex 6. Ellipsoids are shown at 50% probability level. All 
hydrogen atoms except H-C2 are omitted for clarity. Selected bond lengths (Å): Ru–C(1) 
2.052(5), Ru–Cl(2) 2.4277(12), Ru–Cl(1) 2.4313(14), Ru–Ccentroid 1.689; Selected bond angles 
(°): C(1)–Ru–Cl(2) 84.29(15), C(1)–Ru–Cl(1) 87.14(15), Cl(2)–Ru–Cl(1) 87.25(5). 

 
Formation of complex 4 upon extended stirring suggests that complex 4 or its silver precursor 
salt is the thermodynamically more favored product than the corresponding monodentate 
triazolylidene silver or ruthenium complex. Differentiation of the two products may occur at 
different stages and can principally involve a kinetic bias, i.e. distinct pathways for metalation, or 
a thermodynamic equilibration of product distribution, either when forming the triazolylidene 
silver intermediate or the ruthenium complex. Kinetic differentiation is conceivable when Ag2O 
selectively promotes deprotonation of the C5–H site in 3, leading to the C5-metalated chelate 
complex 4, whereas competitive decarboxylation may induce C4-metalation and formation of the 
monodentate triazolylidene complex 5. Complementary, thermodynamic control of product 
selectivity may be achieved when the Ctrz–H site in complexes 4 and 5 are sufficiently acidic to 
react with residual Ag2O, which leads to a transient heterobimetallic intermediate which can 
intramolecularly transmetalate. Such a pathway promotes a swap of the ruthenium and silver 
centers between C4 and C5 positions and thus will lead to a mixture of complexes that is 
controlled by the stability of the products. Alternatively, fast decarboxylation of 3 may produce a 
triazolium salt with both C4 and C5 positions protonated, and subsequent metalation will then be 
dictated by relative proton acidity and stability of the triazolylidene silver intermediate. To probe 
these different pathways, a series of experiments were carried out. 

Attempts to directly interconvert the ruthenium complexes 5 or 6 to the supposedly more stable 
complex 4 did not meet any success. Prolonged heating of 5 or 6 in MeCN at elevated 
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temperatures did not induce a shift of the metal center from the triazolium C4 position to C5 and 
instead only gradual loss of p-cymene and formation of the tetra(acetonitrile) species was 
observed.51 A late stage transmetalation and equilibration was excluded based on experiments 
aimed at silver-mediated transformation of complex 5 into 4. No reaction was observed when 
stirring complex 5 with Ag2O, suggesting that proton abstraction at the C5 position of this 
triazolylide complex is not feasible. Different metalation pathways were investigated by reactions 
involving the triazolium salt 3 and [RuCl2(p-cymene)]2 in the absence of silver in refluxing 
MeCN or toluene. While this reaction did not produce any complex 5, essentially quantitative 
decarboxylation was observed, yielding the triazolium salt 7 with protons both at C4 and C5 
position (Scheme 3). This triazolium salt 7 was previously described, and its formation was 
confirmed by the absence of the carbonyl IR stretch vibration at 1746 cm–1 and by the presence of 
two resonances in the 1H NMR spectrum due to two triazolium protons with equal intensity (δH 
9.14 and 8.72).56 Decarboxylation and formation of 7 was observed also when reacting 
compound 3 in the presence of a base such as NaOAc or LiOH, or indeed Ag2O at room 
temperature. These experiments strongly suggest that the selectivity towards 4 or 5 is achieved 
during the silver carbene formation from triazolium salt 7 as the effective precursor for 
metalation. Such a conclusion is also supported by the fact that the product ratio between 4 and 5 
is strongly influenced by the conditions applied for the formation of the triazolylidene silver 
intermediate (vide supra). In line with such a notion, the reaction of either the carboxylic acid 
precursor 3 or the pyridyl-triazolium salt 7 with Ag2O gave a complex signal pattern when 
monitoring the reaction by 1H NMR spectroscopy, which has been attributed in parts to the 
formation of isomers due to C4- and C5-metalation as well as to coordination of the pyridyl unit 
to silver, which may lead to dimers and oligomers. Moreover, the fluxionality of silver 
coordination and the equilibrium between neutral [AgX(carbene)] species and cationic complexes 
[Ag(L)(carbene)]+ (L = pyridyl, triazolylidene) is expected to further complicate the product 
mixture.57,58 

 

Scheme 3 Synthesis of 7 by decarboxylation of 3. 

 

The lability of the carboxylic moiety in 3 may open new opportunities for the metalation of 
triazolium salts via decarboxylative methods.46,47 However, all our attempts to use the 
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carboxylate group as a carbene transfer agent to ruthenium(II) have been unsuccessful so far. 
Reaction of triazolium carboxylate 3 and [RuCl2(p-cymene)]2 at different temperatures and in 
variable stoichiometry induced release of CO2 and formation of 7, but did not install the carbene 
at the ruthenium center. No complex 5 was detected in any of these experiments suggesting that 
decarboxylation is fast and likely induced by very weak nucleophiles. 

Synthesis of carboxylate-functionalized triazolylidene ruthenium complexes. While the rapid 
decarboxylation prevented the synthesis of triazolylidene ruthenium complexes with a pendant 
carboxylate group, such complexes were accessible via a modified procedure. Alkylation of the 
ester-functionalized triazole 1 (cf. Scheme 1) and metalation of the corresponding triazolium salt 
8 avoided decarboxylation. Treatment of triazolium salt 8 with Ag2O in CH2Cl2 and 
transmetalation of the triazolylidene silver intermediate with [RuCl2(p-cymene)]2 at room 
temperature for 16 h afforded complex 9 with a C,N-bidentate chelating pyridyl-triazolylidene 
ligand in 77% yield (Scheme 4). Complex 9 was purified by normal column chromatography 
(SiO2) and is an orange solid that is completely stable towards air and moisture. Chelation was 
supported by the high-field resonance of the pyridyl α proton (doublet at δH 9.27) and the four 
distinct resonances of the aromatic cymene protons in the 6.3–5.4 ppm range, indicative of an 
asymmetric environment around the ruthenium center. The carbenic carbon nucleus was observed 
at a typical field (δC 177.1). Direct evidence for the preservation of the ester group was obtained 
by the characteristic signals in the 1H and 13C NMR spectra (e.g. δC=O 159.2), by the 
characteristic stretch vibration at 1729 cm–1 in the IR spectrum, and by the expected [M–OTf]+ 
fragment at 502.3 amu in mass spectrometry.  

 

Scheme 4 Synthesis of complexes 9–11  

Unequivocal evidence for the molecular structure of 9 was obtained by X-ray diffraction studies. 
Crystals of 9 suitable for X-ray diffraction analysis were grown by slow diffusion of pentane into 
a solution of the compound in CH2Cl2. The structure of 9 shows the typical three-legged piano 
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stool conformation (Figure 3), with a p-cymene as ‘seat’, and a chloride and a chelating pyridyl-
triazolylidene forming the ‘legs’ bound to the Ru(II) center. The Ru-Ccarbene bond length is 
2.049(2) Ǻ, and is thus in the expected range, when compared to similar complexes reported for 
the same metal fragment containing triazolylidene ligands.48–51 The molecular structure confirms 
the chelation of the pyridyl group, which produces a five-membered metalacycle with an acute 
bite angle C(1)-Ru-N(4) of 77.92(8)º.  

 

Figure 3 ORTEP diagram of complex 9 (50% probability ellipsoids, OTf– anion and hydrogen 
atoms omitted for clarity). Selected bond lengths (Ǻ): Ru–C(1) 2.049(2), Ru–N(4) 2.0983(18), 
Ru–Cl 2.4004(6), Ru–Ccentroid 1.706; Selected bond angles (º): C(1)–Ru–Cl 84.96(6), C(1)–Ru–
N(4) 77.92(8), N(4)–Ru–Cl 82.34(5). 

 

Subsequent basic hydrolysis of the ester functionality in complex 9 was accomplished by reaction 
of 9 with two equivalents of LiOH in a MeOH/H2O (1:1) mixture, which gave the zwitterionic 
carboxylate-substituted triazolylidene complex 10 as a yellow solid in 83% yield (Scheme 4). 
Acidic work up using an aqueous HCl solution (1M) afforded complex 11 containing a pendant 
carboxylic acid functionality. While complexes 9 and 11 are air- and moisture stable solids, 
complex 10 is highly hygroscopic. It is worth noting that the neither the acidic nor the basic 
conditions affected the Ru–Ctrz bond, and both complexes were obtained in high yields (83% for 
10, 92% for 11). Moreover, it is remarkable that the triazolium carboxylate is sensitive towards 
LiOH and undergoes rapid decarboxylation (see above), whereas the ruthenium triazolylidene is 
robust under ambient conditions (RT, several days). Obviously, the Ctrz–CCOO bond is 
substantially more stable when the triazole heterocycle is more electron rich and bound to a metal 
center. In the triazolium salt, which features a covalent Ctrz–H bond rather than a partially ionic 
Ctrz–Ru bond, release of CO2 is considerably more favored. 
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Successful ester hydrolysis was indicated spectroscopically by the absence of the signals 
corresponding to the ethyl group in the 1H and 13C NMR spectra. For complex 11, a broad 
resonance at 4.3 ppm was attributed to the acidic COOH proton. In the 13C NMR spectrum, 
diagnostic shifts for the ruthenium-bound triazolylidene and the carbonyl carbon were noted. For 
10 and 11, the carbenic carbon was observed at higher field than in the ester analogue (δC 172.3 
and 174.9 ppm, respectively, vs 177.1 in 9). The carbonyl unit appeared at δC=O 156.7 in the 
carboxylate complex 10 and at δC=O 161.4 in the carboxylic acid homologue. Mass spectrometry 
further supported ester hydrolysis and showed a signal at 475.7 amu for the carboxylic acid 
cation [M–OTf]+, indicating the loss of the ethyl fragment when compared to complex 9. The 
carboxylate analogue 10 is formally neutral and ionization therefore involves the loss of the 
metal-bound chloride, resulting in a lower mass of the cationic fragment (439.0 amu for [M–
Cl]+). Moreover, the characteristic IR stretching vibrations at 1618 and 1735 cm–1 for 10 and 11, 
respectively, are characteristic for the presence of a carboxylate and a carboxylic acid group.59 

 

Modification of ancillary ligands.  

Substitution of the p-cymene ligand in 9 was achieved by thermal replacement according to 
established procedures.51,60–63 Accordingly, reaction of complex 9 with AgOTf in refluxing 
MeCN for 24 h afforded the solvento complex 12 as a yellow solid in 75% yield (Scheme 5). The 
reaction of 12 with 2.5 equivalents of PPh3, in ortho-dichlorobenzene at 110º C for 3 days gave 
complex 13, which was obtained by precipitation with Et2O as a yellow air-stable solid in 95% 
yield. In contrast the solvento complex 12 is sensitive to air and gradually degrades as indicated 
by a color change from yellow to green over several days.  

The successful replacement of the p-cymene ligand in 12 was deduced from 1H NMR 
spectroscopy analysis by the loss of the resonances due to the p-cymene ligand and the 
appearance of characteristic signals attributed to coordinated MeCN. Only two sets of resonances 
were observed in 1:2 ratio (δH 2.50 and 2.08, respectively); this pattern suggests octahedral 
coordination geometry about the ruthenium center, with two symmetry-related MeCN ligands in 
mutual trans position, and one MeCN each trans to the triazolylidene and the pyridyl ligand. 
While a theoretical 1:1:2 ratio of MeCN signals would therefore be expected, previous work 
revealed a fast exchange of the MeCN ligand trans to the carbene with the NMR solvent 
(CD3CN; see Experimental section for further details).51  

Coordination of two PPh3 ligands in complex 13 is evidenced by the multiplet in the aromatic 
region integrating for 30 protons, and the disappearance of the signal attributed to two 
coordinated MeCN ligands (δH 2.08 in 12). The spectrum shows only one set of ligand signals, 
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suggesting the formation of only one of the possible four diastereomers. The 31P NMR spectrum 
of 13 reveals a single resonance at δP 29.5, indicative for the presence of symmetry-related 
phosphines and hence a mutual trans orientation as depicted in Scheme 5. This trans 
configuration and the observation of only one MeCN ligand further support that the solvent 
ligand trans to the triazolylidene is exchanging rapidly on the NMR time scale. In agreement 
with this structure, the metalated carbene carbon appears in the 13C NMR spectrum as a triplet at 
δC 183.4. The multiplicity and coupling constant (2JCP = 11.5 Hz) supports the coordination of 
two symmetry-related PPh3 ligands in mutual trans disposition.64 

	

Scheme 5 Synthesis of complexes 12–15 

Similar to the reactivity of 9, basic hydrolysis of the ester functionality in 13 afforded the 
zwitterionic carboxylate triazolylidene complex 14 (64% yield) and the carboxylic acid-
functionalized triazolylidene complex 15 (in 52% yield, Scheme 5). The hydrolysis protocol was 
similar to the one described for the preparation of 10 and 11, only a mixture of MeCN/H2O was 
used as solvent in order to avoid solvent exchange processes. Complexes 14 and 15 are yellow 
solids that are fully air- and moisture- stable in solution and in the solid state. Hydrolysis and 
formation of complexes 14 and 15 was supported by the characteristic NMR and mass 
spectrometric data, which feature similar changes as those described for 10 and 11 (see above and 
Experimental Section).  

 

Catalytic transfer hydrogenation. The availability of a pendant pyridyl group in complexes 4–6 
and of a carboxylate functionality in complexes 9–15 provides opportunities to explore 
synergistic ligand-metal interactions. In particular, hydrogen transfer reactions such as transfer 
hydrogenations and dehydrogenative oxidations are known to benefit from the presence of 
ligand-centered basic sites by cooperative hydride/proton transfer to the metal and ligand, 
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respectively.65–72 Hence, the new ruthenium complexes were investigated as catalyst precursors 
for the ketone reduction via transfer hydrogenation. The reactions were carried out using 
acetophenone as benchmark substrate under standard conditions,73–77 i.e. refluxing i-PrOH as a 
formal dihydrogen donor, KOH (10 mol%) as activator, and a complex loading of 1 mol%.78,79 A 
first screening revealed several trends (Table 1). Complex 4 with a C,N-bidentate chelating 
triazolylidene produces a less active catalyst than the monodentate C4-bound triazoldylidene 
ruthenium complexes 5 and 6 (entries 1–3). Especially the cationic complex 5 performed well 
and reached 88% conversion within 1 h. This activity is comparable to related triazolylidene 
ruthenium complexes.50,80 Chelation presumably prevents fast conversions and hence reduces the 
yield in comparison to the non-chelated complexes. This drawback is effectively overcome when 
installing a carboxyl group onto the triazolylidene C4-position, and in particular complexes 9 and 
11 with a pendent ester or carboxylic acid group give essentially quantitative yields after 1 h 
(entries 4 and 6). While this activity is higher than when using monodentate triazolylidene 
ruthenium catalyst precursors, it is still two orders of magnitude lower than some of the best 
performing transfer hydrogenation systems.81–87 The carboxylate derivative 10 is less effective 
and reached only 75% conversion after the same reaction time (entry 5), likely because this 
complex undergoes faster decarboxylation than complexes 9 and 11 (vide infra). The similar 
catalytic activity of complexes 9 and 11 may tentatively be explained by an in situ ester 
hydrolysis under the basic and protic conditions used for the catalytic experiments. These 
conditions are identical to those applied for the hydrolysis of complex 9 when preparing complex 
11 (cf. Scheme 4). Such a model is further supported by a time-conversion analysis of the 
catalytic reaction. Time-resolved monitoring of the conversion showed a faster onset of catalytic 
activity when using complex 11 vs 9 (Figure S1).88 The delayed activation of 9 suggests 
relatively slow initial activation of the catalyst derived from complex 9 and hence reflects the 
differences of ester vs. carboxylic acid functionalization. 

 

Table 1. Catalytic transfer hydrogenation of acetophenone a 

 

entry Cat. [Ru] time (h) yield (%) b 

1 4 1 /4 29 /58 
2 5 1 /4 88 /100 
3 6 1 /4 48 /92 
4 9 1 97 
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5 10 1 75 (9) 
6 11 1 95 (0) 
7 14 1 16 

a) General reaction conditions: acetophenone (0.6 mmol), KOH (0.06 mmol), [Ru] (0.006 mmol, 1 
mol%), 2-propanol (2 mL), reflux temperature; b) determined by 1H NMR spectroscopy with anisole 
as internal standard (yields in parenthesis from base-free reaction). 

 
The transfer hydrogenation under base-free conditions using complexes 10 or 11 was ineffective 
(entries 5 and 6, yield in parenthesis), indicating that the pendant carboxylic group is not 
sufficiently basic for the formation of the reactive isopropoxide. The octahedral carboxylate 
derivative 14 containing two weakly coordinating MeCN ligands displayed remarkably little 
activity and reached a modest 16% yield after 1 h under conditions where the cymene analogue 
with the same ligand scaffold achieved 75% conversion (cf entries 5,7). 
Based on this initial catalyst screening, complexes 4, 9, and 11 were used as catalyst precursors 
for a small set of different substrates (Table 2). Both benzophenone and substituted acetophenone 
derivatives were transfer hydrogenated almost quantitatively within 1 h when using complexes 9 
and 11 with carbonyl functionalities at the triazolylidene. Cyclohexanone was less reactive and 
was obtained in 53% spectroscopic yield after 1 h when using complex 9. As noted in Table 1, 
complex 4 is significantly less active, indicating that the presence of a COOR substituent at the 
triazolylidene ligand improves catalytic performance. It is worth noting that the activity of 
complex 9 and 11 are essentially identical with the used substrates, which points to a high 
similarity of the catalytically active species. Ester hydrolysis of 9 in situ under the basic 
conditions used for catalysis is plausible, which suggests a beneficial role of the carboxylate 
functionality in the transfer hydrogenation reaction.89  
 

Table 2. Catalytic transfer hydrogenation of different ketones a 

 

entry R,   R’  yield b  
  cat = 4 cat = 9 cat = 11 

1 Ph,   Ph 43 80 78 
2 Me,  4-Cl-C6H4 51 81 55 
3 Me,  4-MeO-C6H4 35 83 80 
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a) General reaction conditions: substrate (0.6 mmol), KOH (0.06 mmol), [Ru] (0.006 mmol, 1 
mol%), 2-propanol (2 mL), reflux temperature; conversions selectively to the corresponding alcohol, 
determined by 1H NMR spectroscopy with anisole as internal standard, average of 2 runs, with 
differences less than 5% between runs. 

 
Mechanistic insights were obtained from running a transfer hydrogenation experiment in hepta 
deuterated isopropanol, (CD3)2CD–OH as selective HD donor using benzophenone as acceptor. 
The diphenylmethanol obtained from this reaction was essentially completely deuterated at the 
carbinol position with less than 5% hydrogen incorporation according to 1H NMR spectroscopy. 
The selective transfer of a deuterium from the carbon site of the hydrogen donor to the carbonyl 
carbon of the substrate is commensurate with a monohydride mechanism for the transfer 
hydrogenation.77,90 Attempts to detect such a ruthenium hydride species by 1H NMR 
spectroscopy from the reaction of complex 9 and i-PrOH in the presence of stoichiometric 
quantities of KOtBu have failed thus far. However, further support for a molecularly defined 
homogeneously operating catalyst was obtained from poisoning experiments using PPh3.91 When 
an excess (100 equiv per complex 9) of PPh3 was added to a catalytic run after 10 min (4% 
conversion, see also Fig. S1), the activity ceased and after 1 h, the conversion was unchanged 
(4%, cf 97% in the absence of PPh3). Such behavior may be rationalized with competitive 
coordination of phosphine to ruthenium, which prevents substrate binding to the metal center. 
 
Base-free dehydrogenation of benzyl alcohol. Based on precedents with similar complexes,48–

50,92 the new triazolylidene ruthenium complexes were evaluated as catalyst precursors for the 
oxidant- and base-free oxidation of benzyl alcohol. The catalytic experiments were performed in 
o-dichlorobenzene with a catalyst loading of 5 mol%, at 150ºC in an open system. The results 
shown in Table 3 indicate that all ruthenium complexes were active in the dehydrogenative 
oxidation of benzyl alcohol. When comparing the catalytic outcomes induced by complexes 4–6, 
distinct differences in performance were observed (entries 1–3). The catalytic activity of the 
pyridine-chelated complex 4 was higher than that of the monodentate complexes 5 and 6. Recent 
studies revealed that chelation of a pyridine consistently reduced the catalytic activity when 
compared to monodentate triazolylidenes,21 therefore the differences noted for complexes 4–6 
presumably originate from the presence of the pendant pyridine unit. Mechanistic studies have 
suggested that solvolysis of the complex and coordination of the alcohol substrate are likely rate 
limiting.49 Hence, the presence of a free pyridine unit may favorably compete with the substrate 
for coordination to ruthenium and hence inhibit conversion. Such a rate-limiting step also agrees 
with a higher activity of the solvento complex 5 compared to the neutral chloride complex 6. The 
ester-functionalized complex 9 displayed the highest activity and accomplished essentially full 
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conversion to benzaldehyde within 16 h (entry 4), similar to the most active monodentate carbene 
ruthenium complexes reported thus far.48,49 The carboxylic acid derivative 11 was less effective 
than the carboxylates 10 and 14 (entries 5–7). Interestingly, complex 11 showed also lower 
catalytic performance than the analogous complex 4 without carboxylate group at C4 (cf entries 
1, 7). The different catalytic activity is probably due to the difference in solubility and stability of 
the complexes in o-dichlorobenzene at 150 ºC, and not necessarily induced by functional groups 
at the ligand. Stability issues may arise in particular from thermal decarboxylation, and this 
process may gradually transform complexes 10 and 11 to the same catalytically active species as 
that derived from complex 4.  

 
Table 3. Oxidation of benzyl alcohol with triazolylidene Ru(II) complexes a 

 

entry cat. yield (%) 
1 4  83 
2 5  75 
3 6 50 
4 9 95 
5 10  73 
6 11  54 
7 14  86 

a) General reaction conditions: benzyl alcohol (0.2 mmol), [Ru] (0.01 mmol, 5 mol%), o-dichlorobenzene (2 mL), 
150 °C; Yields determined by 1H NMR integration (anisole as a standard). 

 

Thermal stability of the carboxylate complexes. The stability of complex 11 towards 
decarboxylation was probed in order to gain a better understanding of the differences in catalytic 
activity. Complex 11 undergoes decarboxylation under basic conditions, i.e. in the presence of 2 
equivalents of KOH. Stirring such a basic MeCN solution at 80º C induced the formation of 
complex 4 in 30% NMR yield within 30 min. After 5 h the complex partially lost the p-cymene 
ligand and decarboxylation was almost complete (90% of 4). The same result was obtained under 
base-free conditions. Stirring complex 11 in pure MeCN at 80º for 8 h induced 95% 
decarboxylation and formation of 4 (Scheme 6).  
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This reactivity of 11 towards decarboxylation explains the differences in activity of the 
complexes in the catalytic transformations, as the decarboxylation of 11 occurs within 5h. The 
transfer hydrogenation reactions were complete within 1 h, and hence the carboxylate moiety is 
presumed to remain largely intact and thus can play an active role as demonstrated by the 
different catalytic performance. The oxidative dehydrogenation of benzyl alcohol requires much 
longer reaction times, and therefore the differences in the catalytic activity of the complexes are 
not attributed to the presence/absence of the carboxylate group at the triazole ligand but on 
degradation and solubility factors. 

 

	

Scheme 6 Thermal and base-induced decarboxylation of complex 11.  

 

Conclusions 

A straightforward synthetic route has been disclosed to prepare mesoionic triazolylidene 
precursors containing a carboxylate functionality directly attached to the heterocycle. Such 
functionalization is not possible in imidazole-derived carbenes due to the inherent lability of the 
azolium carboxylate unit. While facile decarboxylation of the new ligand precursors provides 
opportunities for the metalation of triazolium salts via CO2 release, all our attempts of using the 
carboxylate functionality as carbene transfer agent have been unsuccessful thus far, possibly 
because of unfavorable kinetics of decarboxylation vs metalation This reactivity pattern 
evidences different properties of triazolylidenes compared to 2-imidazolylidenes. More 
successful carbene transfer may be achieved by utilizing different metal precursors. The 
formation of carboxylate-functionalized triazolylidene ruthenium complexes was accomplished 
by an alternative route involving first metalation followed by ester hydrolysis at the complex. 
Such post-modification of the ligand emphasizes the stability of the triazolylidene-ruthenium 
bond. Catalytic applications indicate that the carboxylate group enhances the catalytic activity of 
the complex in transfer hydrogenation though not in alcohol dehydrogenation reactions. The 
effect is substantial in transfer hydrogenation as rates are essentially doubled. These results 
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suggest that the carboxylate group is actively participating in bond activation processes and/or in 
reversible proton bonding and release. Introducing functional groups directly to the N-
heterocyclic carbenic ligand is thus a useful concept to modulate and improve (catalytic) 
properties of the metal center, and is much more facile with triazolylidenes than with other N-
heterocyclic carbenes. 

 
 

Experimental section  

General Procedures. All manipulations were carried out under a nitrogen atmosphere using 
standard Schlenk techniques and high vacuum, unless otherwise stated. Anhydrous solvents were 
dried using a solvent purification system (SPS M BRAUN) or purchased from Aldrich and 
degassed prior to use by purging with dry nitrogen and kept over molecular sieves. All other 
reagents were used as received from commercial suppliers. Ethyl-1-(2-pyridyl)-1H-1,2,3-triazole-
4-carboxylate 1 was prepared according to a literature procedure.42 All NMR spectra were 
recorded on Varian Innova spectrometers using CD3CN as solvent at room temperature unless 
otherwise stated. Chemical shifts (δ in ppm, coupling constants J in Hz) were referenced to 
residual solvent resonances. Elemental analyses were carried out by the microanalytical services 
of University College Dublin. Electrospray mass spectra (ESI-MS) were recorded on a 
MicromassQuatro LC instrument, and nitrogen was employed as drying and nebulizing gas.  

Synthesis of pyr-triazole-COOH 2 and pyr-trzH(OTf)-COOH 3. In a round-bottom flask 
were mixed ethyl-1-(2-pyridyl)-1H-1,2,3-triazole-4-carboxylate 1 (500 mg, 2.29 mmol) and 
LiOH·H2O (289 mg, 6.88 mmol) in a THF/MeOH/H2O mixture (15 mL, 1:1:1 volume ratio) and 
the solution was stirred for 1.5 h at 70 °C. The mixture was concentrated under reduced pressure 
and extracted with EtOAc (3 × 20 mL). The combined aqueous layers were acidified with an HCl 
solution (4 M). The product precipitated and the mixture was extracted with EtOAc. The organic 
layers were combined and the solvent was removed under reduced pressure to afford 1-(2-
pyridyl)-1H-1,2,3-triazole-4-carboxylic acid 2 as a spectroscopically pure light brown solid (387 
mg, 89%). 1H NMR (300 MHz, CDCl3): δ 9.22 (s, 1H, NCHC), 8.61–8.53 (m, 1H, CHpy), 8.34–
8.24 (m, 1H, CHpy), 8.05–7.95 (m, 1H, CHpy), 7.51–7.41 (m, 1H, CHpy).  

A suspension of 2 (300 mg, 1.57 mmol) in dry CH2Cl2, was cooled to 0 °C. Then, MeOTf (219 
µL, 1.89 mmol) was added, and the mixture was stirred for 8 h at room temperature. All volatiles 
were removed under reduced pressure to yield 3 as an analytically pure light brown solid (523 
mg, 94%). 1H NMR (300 MHz, CD3CN): δ 9.53 (s, 1H, Htrz), 8.69 (d, 3JHH = 5.1 Hz, 1H, Hpy), 
8.26–8.18 (m, 1H, Hpy), 8.14–8.08 (m, 1H, Hpy), 7.79–7.72 (m, 1H, Hpy), 6.53 (broad s, OH) 4.59 
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(s, 3H, NCH3). 13C{1H} NMR (101 MHz, CD3CN): δ 156.2 (COO), 150.6 (CpyH), 147.3 (Cpy–N), 
142.0 (CpyH), 135.2 (Ctrz–COO), 130.5 (CtrzH), 128.7 (CpyH), 116.0 (CpyH), 42.4 (NCH3). Anal. 
Calcd. for C10H9F3N4O5S (354.26 g mol–1): C, 33.90; H, 2.56; N, 15.81. Found: C, 34.30; H, 
2.07; N, 16.27. ESI-MS (Cone 15V): 205.0 [M–OTf]+. IR (CH3CN): ν = 1746 cm–1 (C=O).  

Synthesis of [RuCl(cym)(N,C-pyr-trz]OTf 4. The triazolium salt 3 (174 mg, 0.491 mmol) and 
Ag2O (342 mg, 1.47 mmol) were suspended in MeCN (10 mL), protected from light, and stirred 
for 3 days. Then [RuCl2(p-cymene)]2 (150 mg, 0.245 mmol) was added and the reaction mixture 
was stirred at room temperature for 15 h. The resulting suspension was filtered through Celite 
and the volatiles were evaporated under reduced pressure. The crude solid was purified by 
column chromatography (SiO2; CH2Cl2/Acetone 1:1). The orange fraction was collected and 
evaporated to dryness, and then precipitated with MeCN/Et2O, thus affording an analytically pure 
orange solid (80 mg, 28%). 1H NMR (400 MHz, CD3CN): δ 9.25 (dd, JHH = 5.7, 0.8 Hz, 1H, 
Hpy), 8.42 (s, 1H, Htrz), 8.29–8.17 (m, 1H, Hpy), 8.15–8.07 (m, 1H, Hpy), 7.72–7.59 (m, 1H, Hpy), 
6.06, 5.88, 5.70, 5.50 (4 × d, 3JHH = 6.1 Hz, 1H, Hcym), 4.33 (s, 3H, NCH3), 2.69–2.52 (m, 1H, 
CHMe2), 2.04 (s, 3H, Ccym–CH3), 1.12, 1.01 (2 × d, 3JHH = 6.9 Hz, 3H, CH–CH3). 13C{1H} NMR 
(101 MHz, CD3CN): δ 171.5 (Ctrz–Ru), 156.8 (CpyH), 150.8 (Cpy–N), 142.9 (CpyH), 136.9 
(CtrzH), 127.2 (CpyH), 115.1 (CpyH), 108.0, 104.2 (2 × Ccym–C), 90.7, 89.5, 85.9, 85.3 (4 × 
CcymH), 40.6 (NCH3), 31.8 (CHMe2), 22.6, 22.0 (2 × CH–CH3), 18.8 (Ccym–CH3). Anal. Calcd. 
for C19H22ClF3N4O3RuS (579.98 g mol–1): C, 39.34; H, 3.82; N, 9.66. Found: C, 39.22; H, 3.70; 
N, 9.41. ESI–MS (Cone 20V): 431.43 [M–OTf]+.  

Synthesis of [RuCl(cym)(MeCN)(C-pyr-trz]OTf 5. Under exclusion of light, the triazolium salt 
3 (174 mg, 0.491 mmol) and Ag2O (228 mg, 0.982 mmol) were suspended in MeCN (10 mL) and 
stirred for 2 h. Then [RuCl2(p-cymene)]2 (150 mg, 0,245 mmol) was added and the reaction 
mixture was stirred at room temperature for 3 h. The resulting suspension was filtered through 
Celite and the solvent was evaporated under reduced pressure. The crude solid was purified by 
column chromatography (SiO2; CH2Cl2/Acetone 1:1). The orange band was collected and 
evaporated to dryness. The residue was redissolved in MeCN and precipitated by addition of 
Et2O to afford complex 5 as an analytically pure orange solid. Yield: 85 mg, 28%. 1H NMR (400 
MHz, CD3CN): δ 8.63 (ddd, JHH = 4.8, 1.8, 0.8 Hz, 1H, Hpy), 8.43 (s, 1H, Htrz), 8.16–8.10 (m, 1H, 
Hpy), 8.02–7.98 (m, 1H, Hpy), 7.66–7.61 (m, 1H, Hpy), 5.75, 5.68, 5.62, 5.48 (4 × d, 3JHH = 6.1 Hz, 
1H, Hcym), 4.36 (s, 3H, NCH3), 2.78–2.66 (m, 1H, CHMe2), 2.26 (s, 3H, CH3CN), 2.09 (s, 3H, 
Ccym–CH3), 1.24, 1.23 (2 × d, 3JHH = 5.1 Hz, 3H, CH–CH3). 13C{1H} NMR (101 MHz, CD3CN): 
δ 161.4 (Ctrz–Ru), 149.9 (CpyH), 148.0 (Cpy–N), 141.1 (CpyH), 130.7 (CtrzH), 126.9, 115.4 (2 × 
CpyH), 108.9, 102.6 (2 × Ccym–C), 88.0, 87.8, 87.2, 85.0 (4 × CcymH), 41.8 (NCH3), 31.3 (CHMe), 
22.2, 22.0 (2 × CH–CH3), 18.2 (Ccym–CH3). Anal. Calcd. for C21H25F3N5O3RuS (621.04 g mol–1): 
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C, 40.61; H, 4.06; N, 11.27. Found: C, 40.34; H, 4.42; N, 10.87. ESI-MS (Cone 20V): 472.47 
[M–OTf]+.  

Synthesis of [RuCl2(cym)(C-pyr-trz] 6. A solution of 5 (50 mg, 0.08 mmol) in CDCl3 (0.8 mL) 
was left standing for 1 h, which produced a mixture of 5 and 6 according to 1H NMR 
spectroscopy. Complex 6 was separated by column chromatography (SiO2; CH2Cl2/Acetone 8:2). 
An orange band separated and was collected and evaporated to dryness. Subsequent 
crystallization by slow diffusion of pentane in a concentrated solution of 6 in CHCl3 gave an 
analytically pure sample of 6 (17 mg, 45%) and crystals suitable for X-ray diffraction analysis. 
1H NMR (400 MHz, CD3CN): δ 8.63–8.60 (m, 1H, Hpy), 8.44 (s, 1H, Htrz), 8.12–8.07 (m, 1H, 
Hpy), 7.99–7.95 (m, 1H, Hpy), 7.62–7.57 (m, 1H, Hpy), 5.42, 5.28 (2 × d, 3JHH = 6.0 Hz, 2H, Hcym), 
4.45 (s, 3H, NCH3), 2.79–2.65 (m, 1H, CHMe2), 2.10 (s, 3H, Ccym–CH3), 1.22 (d, 3JHH = 7.2 Hz, 
6H, CH–CH3). 13C{1H} NMR (101 MHz, CD3CN): δ 167.8 (Ctrz–Ru), 150.0 (CpyH), 148.5 (Cpy–
N), 141.2 (CpyH), 130.9 (CtrzH), 126.7 (CpyH), 115.4 (CpyH), 104.1, 100.4 (2 × Ccym–C), 85.5, 
84.9 (2 × CcymH), 41.9 (NCH3), 31.4 (CHMe2), 22.5 (CH–CH3), 18.5 (Ccym–CH3). Anal. Calcd. 
for C18H22Cl2N4Ru (466.37 g mol–1): C, 46.35; H, 4.75; N, 12.01. Found: C, 46.85; H, 4.42; N, 
11.94. ESI-MS (Cone 20V): 431.48 [M–Cl]+.  

Synthesis of pyr-trzH(OTf)-COOEt 8. A solution of ethyl-1-(2-pyridyl)-1H-1,2,3-triazole-4-
carboxylate 1 (500 mg, 2.29 mmol) in dry CH2Cl2, was cooled to 0 °C. Then, MeOTf (318 µL, 
2.75 mmol) was added, and the mixture was stirred for 1 h at room temperature. All volatiles 
were removed under reduced pressure to afford an analytically pure light brown solid (779 mg, 
89%). 1H NMR (400 MHz, CD3CN): δ 9.54 (s, 1H, Htrz), 8.69 (ddd, 3JHH = 4.8 Hz, 4JHH = 1.8 Hz, 
5JHH = 0.9 Hz, 1H, Hpy), 8.28–8.19 (m, 1H, Hpy), 8.19–8.07 (m, 1H, Hpy), 7.83–7.68 (m, 1H, Hpy), 
4.60 (s, 3H, NCH3), 4.53 (q, 3JHH = 7.1 Hz, 2H, OCH2), 1.44 (t, 3JHH = 7.1 Hz, 3H, OCH2CH3). 
13C{1H} NMR (101 MHz, CD3CN): δ 155.0 (COO), 150.6 (CpyH), 147.3 (Cpy–N), 142.1 (CpyH), 
135.2 (Ctrz–COO), 130.4 (CtrzH), 128.7 (CpyH), 116.0 (CpyH), 65.1 (OCH2), 42.4 (NCH3), 14.1 
(OCH2CH3). Anal. Calcd. for C12H13F3N4O5S (382.31 g mol–1): C, 37.70; H, 3.42; N, 14.65. 
Found: C, 37.68; H, 2.98; N, 14.67. ESI-MS (Cone 15V): 233.4 [M–OTf]+.  

Synthesis of [RuCl(cym)(N,C-pyr-trz-COOEt]OTf 9. The triazolium salt 8 (300 mg, 0.784 
mmol) and Ag2O (272 mg, 1.18 mmol) were suspended in CH2Cl2 (10 mL) and stirred under 
exclusion of light for 24 h. Then [RuCl2(p-cymene)]2 (235 mg, 0,384 mmol) was added and the 
reaction mixture was stirred at room temperature for 12 h, subsequently filtered through Celite 
and the all volatiles evaporated under reduced pressure. The crude solid was purified by column 
chromatography (SiO2; CH2Cl2/MeOH 40:1). An orange band separated and was collected and 
evaporated. Precipitation with MeCN/Et2O gave an analytically pure orange solid (385 mg, 
77%). 1H NMR (400 MHz, CD3CN): δ 9.27 (d, 3JHH = 5.7 Hz, 1H, Hpy), 8.30–8.23 (m, 1H, Hpy), 
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8.19–8.14 (m, 1H, Hpy), 7.73–7.65 (m, 1H, Hpy), 6.23 (d, 3JHH = 6.1 Hz, 1H, Hcym), 6.15, 5.82 (2 × 
d, 3JHH = 6.2 Hz, 1H, Hcym), 5.43 (d, 3JHH = 6.1 Hz, 1H, Hcym), 4.66–4.57 (m, 2H, OCH2), 4.53 (s, 
3H, NCH3), 2.56–2.43 (m, 1H, CHMe), 2.12 (s, 3H, Ccym–CH3), 1.51 (t, 3JHH = 7.1 Hz, 3H, 
OCH2CH3), 1.01, 0.90  (2 × d, 3JHH = 6.9 Hz, 3H, CH–CH3). 13C{1H} NMR (101 MHz, CD3CN): 
δ 177.1 (Ctrz–Ru), 159.2 (COO), 156.8 (CpyH), 150.5 (Cpy–N), 143.1 (CpyH), 139.8 (Ctrz–COO), 
127.6 (CpyH), 115.4 (CpyH), 108.7, 107.9 (2 × Ccym–C), 91.1, 89.4, 89.0, 83.2 (4 × CcymH), 64.2 
(OCH2), 43.3 (NCH3), 31.9 (CHMe2), 22.6, 22.5 (2 × CH–CH3), 19.3 (Ccym–CH3), 14.5 
(OCH2CH3). Anal. Calcd. for C22H26F3ClN4O5RuS (652.05 g mol–1): C, 40.51; H, 4.02; N, 8.59. 
Found: C, 39.99; H, 3.79; N, 8.62. ESI-MS (Cone 20V): 502.3 [M–OTf]+. IR (CH3CN): ν = 1729 
cm–1 (C=O).  

Synthesis of [RuCl(cym)(N,C-pyr-trz-COO] 10. A mixture of complex 9 (100 mg, 0.153 
mmol) and LiOH·H2O (14 mg, 0.306 mmol) in MeOH/H2O (5 mL; 1:1) was stirred for 3 h at 30 
°C. The reaction mixture was extracted with CH2Cl2/H2O and the aqueous layers were combined 
and the solvent was removed under reduced pressure. The crude residue was dissolved in MeCN 
and filtered through Celite. Precipitation with Et2O afforded an analytically pure orange solid. 
Yield: 60 mg, 83%. 1H NMR (300 MHz, CD3CN): δ 9.28 (d, 3JHH = 5.3 Hz, 1H, Hpy), 8.25–8.19 
(m, 1H, Hpy), 8.14–8.09 (m, 1H, Hpy), 7.66–7.61 (m, 1H, Hpy), 6.53 (d, 3JHH = 5.8 Hz, 1H, Hcym), 
6.25, 5.78 (2 × d, 3JHH = 6.1 Hz, 1H, Hcym), 5.54 (d, 3JHH = 5.8 Hz, 1H, Hcym), 4.59 (s, 3H, NCH3), 
2.54–2.42 (m, 1H, CHMe2), 2.09 (s, 3H, Ccym–CH3), 0.98, 0.85 (2 × d, 3JHH = 6.9 Hz, 3H, CH–
CH3). 13C{1H} NMR (101 MHz, CD3CN): δ 172.3 (Ctrz–Ru), 162.6 (COO), 156.7 (CpyH), 151.1 
(CpyH), 150.5 (Cpy–N), 146.0 (Ctrz–COO), 142.6, 126.9, 114.9 (3 × CpyH), 108.0, 106.4 (2 × 
Ccym–C), 90.9, 90.3, 88.5, 82.5 (4 × CcymH), 41.9 (NCH3), 31.9 (CHMe2), 22.7 (CH–CH3), 19.5 
(Ccym–CH3). Attempts to obtain satisfactory elemental analysis of 10 failed, probably because this 
species is highly hygroscopic. ESI-MS (Cone 20V): 439.0 [M–Cl]+. IR (CH3CN): ν = 1618 cm–1 
(C=O).  

Synthesis of [RuCl(cym)(N,C-pyr-trz-COOH]OTf 11. Complex 9 (100 mg, 0.153 mmol) and 
LiOH·H2O (14 mg, 0.306 mmol) in a MeOH/H2O mixture (5 mL; 1:1) were stirred for 3 h at 30 
°C. The reaction mixture was acidified with aqueous HCl (1 M) and extracted with CH2Cl2/H2O 
mixtures. The organic layers were combined and the solvent was removed under reduced 
pressure. After precipitation with MeCN/Et2O, complex 11 was isolated as an analytically pure 
orange solid (88 mg, 92%). 1H NMR (400 MHz, CD3CN): δ 9.29 (d, 3JHH = 5.6 Hz, 1H, Hpy), 
8.26–8.21 (m, 1H, Hpy), 8.16–8.12 (m, 1H, Hpy), 7.68–7.63 (m, 1H, Hpy), 6.41, 6.19, 5.89, 5.61 (4 
× d, 3JHH = 6.0 Hz, 1H, Hcym), 4.57 (s, 3H, NCH3), 4.20 (broad s, 1H, OH), 2.57–2.43 (m, 1H, 
CHMe2), 2.13 (s, 3H, Ccym–CH3), 0.98, 0.91 (2 × d, 3JHH = 6.9 Hz, 3H, CH–CH3). 13C{1H} NMR 
(101 MHz, CD3CN): δ 174.9 (Ctrz–Ru), 161.4 (COO), 156.8 (CpyH), 150.8 (Cpy–N), 142.8 
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(CpyH), 142.5 (Ctrz–C), 127.3, 115.2 (2 × CpyH), 108.1, 106.9 (2 × Ccym–C), 91.2, 89.7, 89.2, 83.6 
(4 × CcymH), 42.3 (NCH3), 31.9 (CHMe2), 22.6 (CH–CH3), 19.3 (Ccym–CH3). Anal. Calcd. for 
C20H22ClF3N4O5Ru (623.99 g mol–1): C, 38.50; H, 3.55; N, 8.98. Found: C, 38.49; H, 3.41; N, 
8.92. ESI-MS (Cone 20V): 475.7 [M–OTf]+. IR (CH3CN) ν = 1735.5 cm–1 (C=O). 

Synthesis of [Ru(MeCN)4(N,C-pyr-trz-COOEt](OTf)2 12. To a solution of complex 9 (256 
mg, 0.402 mmol) in MeCN (10 mL) was added AgOTf (157 mg, 0.603 mmol), and the 
suspension was stirred at reflux for 24 h. The reaction mixture was filtered through Celite and the 
solvent was removed under reduced pressure. Precipitation with MeCN/Et2O afforded a 
spectroscopically pure yellow solid. Yield: 240 mg, 75%. 1H NMR (400 MHz, CD3CN): δ 9.00–
8.97 (m, 1H, Hpy), 8.24–8.21 (m, 2H, Hpy), 7.70–7.65 (m, 1H, Hpy), 4.57–4.49 (m, 5H, NCH3, 
OCH2), 2.50 (s, 3H, CH3CN), 2.08 (s, 6H, CH3CN), 1.45 (t, 3JHH = 7.1 Hz, 3H, OCH2CH3). 
13C{1H} NMR (101 MHz, CD3CN): δ 181.6 (Ctrz–Ru), 159.2 (COO), 154.5 (CpyH), 153.7 (Cpy–
N), 141.9 (CpyH), 141.8 (Ctrz–C), 126.7 (CpyH), 125.1, 124.8 (2 × CH3CN), 114.7 (CpyH), 63.5 
(OCH2), 42.6 (NCH3), 14.5 (OCH2CH3), 4.3, 3.9 (OCH2, CH3CN). ESI-MS (Cone 20V): 647.2 
[M–OTf]+. The purity of the complex was sufficient for further synthesis (see below). Because of 
its limited stability, this compound was not further purified. 

Synthesis of [Ru(MeCN)2(PPh3)2(N,C-pyr-trz-COOEt](OTf)2 13. Complex 12 (100 mg, 0.125 
mmol) and PPh3 (84 mg, 0.31 mmol) were dissolved in o-dichlorobenzene (5 mL), and the 
suspension was stirred at 110 °C for 3 days under a nitrogen atmosphere. After cooling, the 
reaction mixture was poured into Et2O (20 mL) and the formed precipitate was filtered off, 
washed thoroughly with Et2O, and dried to yield 12 as an analytically pure yellow solid (155 mg, 
95%). 1H NMR (400 MHz, CD3CN): δ 8.21 (d, 3JHH = 5.5 Hz, 1H, Hpy), 7.78–7.72 (m, 1H, Hpy), 
7.47–7.36 (m, 7H, Hpy, HPPh3), 7.32–7.15 (m, 24H, HPPh3), 7.09–7.04 (m, 1H, Hpy), 4.39 (q, 3JHH = 
7.1 Hz, 1H, OCH2), 4.20 (s, 3H, NCH3), 2.29 (s, 3H, CH3CN), 1.41 (t, 3JHH = 7.1 Hz, 3H, 
OCH2CH3). 13C{1H} NMR (101 MHz, CD3CN): δ 183.4 (t, 2JCP = 11.5 Hz, (Ctrz–Ru), 158.2 
(COO), 153.9 (CpyH), 150.7 (Cpy–N), 141.0 (Ctrz–C), 140.6 (CpyH), 134.5, 134.4 (2 × s, CPPh3) , 
133.7 (t, 3JCP = 5.5 Hz, CPPh3), 131.4 (CH3CN), 131.1 (t, 2JCP = 21.3 Hz, CPPh3), 127.2 (CpyH), 
114.8 (CpyH), 63.8 (OCH2), 43.9 (NCH3), 14.4 (OCH2CH3), 5.2 (CH3CN). 31P{1H} NMR (121 
MHz, CD3CN): δ 29.5 (s, PPh3). Anal. Calcd. for C53H48F6N6P2O8RuS2 (1238.12 g mol–1): C, 
51.81; H, 4.35; N, 6.47. Found: C, 51.90; H, 3.58; N, 5.98. ESI-MS (Cone 20V): 1088.8 [M–
OTf]+. IR (CH3CN): ν = 1728 cm–1 (C=O). 

Synthesis of [Ru(MeCN)2(PPh3)2(N,C-pyr-trz-COO]OTf 14. Complex 13 (78.5 mg, 0.064 
mmol) and LiOH·H2O (5.4 mg, 0.13 mmol) were mixed in MeCN (2 mL) and H2O (1 mL) and 
the suspension was stirred for 1 h at 30 °C. The reaction mixture was extracted with CH2Cl2/H2O 
mixtures. The organic layers were combined and the solvent was removed under reduced 
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pressure. The residue was dissolved in MeCN and precipitated with Et2O to afforded 14 as a 
yellow solid. Yield: 46 mg, 64%. 1H NMR (500 MHz, CD3CN): δ 7.99 (d, 3JHH = 5.2 Hz, 1H, 
Hpy), 7.72–7.67 (m, 1H, Hpy), 7.45–7.22 (m, 30H, HPPh3), 7.18–7.15 (m, 1H, Hpy), 7.07–7.03 (m, 
1H, Hpy), 4.21 (s, 3H, NCH3), 2.16 (s, 3H, CH3CN). 13C{1H} NMR (126 MHz, CD3CN): δ 173.9 
(m, Ctrz–Ru), 161.3 (COO), 153.0 (CpyH), 152.0 (Cpy–N), 150.0 (Ctrz–C), 139.9 (CpyH), 134.7, 
134.5 (2 × s, CPPh3), 134.2 (t, 3JCP = 5.5 Hz, CPPh3), 131.0 (t, 2JCP = 20.9 Hz, CPPh3), 130.9 
(CH3CN), 126.3 (CpyH), 114.5 (CpyH), 41.2 (NCH3), 5.3 (CH3CN). 31P{1H} NMR (121 MHz, 
CD3CN): δ 32.0 (s, PPh3). Anal. Calcd. for C50H43F3N6P2O5RuS ·× 4H2O (1132.05 g mol–1): C, 
53.05; H, 4.54; N, 7.42. Found: C, 53.03; H, 4.76; N, 6.93. ESI-MS (Cone 20V): 869.9 [M–OTf–
MeCN]+. IR (CH3CN) ν = 1645.2 cm–1 (C=O). 

Synthesis of [Ru(MeCN)2(PPh3)2(N,C-pyr-trz-COOH](OTf)2 15. Complex 13 (78.5 mg, 0.064 
mmol) and LiOH·H2O (5.4 mg, 0.13 mmol) were mixed in MeCN (2 mL) and H2O (1 mL) and 
the suspension was stirred for 1 h at 30 °C. The reaction mixture was acidified with aqueous 
triflic acid (1 M) and extracted with CH2Cl2/H2O mixtures. The organic layers were combined 
and the solvent was removed under reduced pressure. The residue was dissolved in MeCN an 
precipitated with Et2O to give complex 15 as a yellow, highly hygroscopic solid (40 mg, 52%). 
Because of the hygroscopic nature of the complex, we have not succeeded in obtaining 
satisfactory microanalytical results. 1H NMR (400 MHz, CD3CN): δ 8.03 (d, 3JHH = 5.6 Hz, 1H, 
Hpy), 7.75–7.67 (m, 1H, Hpy), 7.45–7.21 (m, 31H, HPPh3, Hpy), 7.08–7.00 (m, 1H, Hpy), 4.24 (s, 
3H, NCH3), coordinated MeCN not detected. 13C{1H} NMR (101 MHz, CD3CN): δ 173.5 (Ctrz–
Ru), 160.4 (COO), 152.2 (CpyH), 151.0 (Cpy–N), 148.4 (Ctrz–C), 139.1 (CpyH), 133.7, 133.6 (2 × 
s, CPPh3), 133.2 (t, 3JCP = 5.5 Hz, CPPh3), 130.1 (t, 2JCP = 20.9 Hz, CPPh3), 130.0 (CH3CN), 125.4 
(CpyH), 113.6 (CpyH), 40.4 (NCH3), 4.4 (CH3CN). 31P{1H} NMR (162 MHz, CD3CN): δ 36.7 (s, 
PPh3). ESI-MS (Cone 20V): 415.6 [M–OTf–2(MeCN)]2+.  

 

General procedure for transfer hydrogenation. In a one-neck round bottom flask, a mixture of 
acetophenone (0.6 mmol), ruthenium complex (6 µmol), a solution of KOH (2 M, 0.06 mmol) 
and anisole (0.6 mmol) as internal standard in 2-propanol (2 mL) was heated to reflux for the 
time indicated. The reaction mixture was analyzed by 1H NMR spectroscopy by diluting aliquots 
(0.1 mL) of the reacting mixture with CDCl3 (0.5 mL). Conversions and yields were determined 
relative to anisole. 

General procedure for base-free dehydrogenation of alcohols. In a one-neck round bottom 
flask, a mixture of benzyl alcohol (0.2 mmol), ruthenium complex (0.01 mol), and anisole (0.2 
mmol) as internal standard was heated in 1,2-dichlorobenzene (2 mL) at 150 °C for 16 h. 
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Aliquots (0.1 mL) of the reacting solution were dissolved in CDCl3 (0.5 mL) and analyzed by 1H 
NMR spectroscopy. Conversions and yields were determined relative to anisole. 
For deuterium labeling studies, (CD3)2CD–OH was prepared by stirring a mixture of 
commercially available (CD3)2CD–OD in H2O (1:5 v/v) for 2 h at room temperature. The mixture 
was extracted with CH2Cl2 and the combined organic fractions were distilled. 

Crystal-Structure Determination. Crystal data for complex 6 and 9 were collected on a Rigaku 
Oxford Diffraction (former Agilent Technologies, former Oxford Diffraction) SuperNova A 
diffractometer

 
using mirror optics monochromated Cu (λ = 1.54184 Å, 6) and Mo (λ = 0.71073 

Å, 9) Kα radiation, respectively. A fourfold redundant dataset for 6 was collected at 100K, 
assuming the Friedel pairs are not equivalent. The data for 9, fivefold redundant based on non-
equivalent Friedel pairs, had to be collected at room temperature as the crystals of 9 underwent a 
gradual phase transition into a modulated structure upon cooling. The satellite peaks became 
visible from about 240K. Data reduction was performed using the CrysAlisPro program. The 
intensities were corrected for Lorentz and polarization effects, and an absorption correction based 
on the multiscan method using SCALE3 ABSPACK in CrysAlisPro was applied.78 All structures 
were solved by direct methods using SHELXS-97 and refined by full-matrix least squares fitting 
on F2 for all data using SHELXL-9779. Hydrogen atoms were added at calculated positions and 
refined by using a riding model. Anisotropic thermal displacement parameters were used for all 
nonhydrogen atoms. Further crystallographic details are compiled in Tables S1 and S2. 
Crystallographic data (excluding structure factors) for both complexes have been deposited with 
the Cambridge Crystallographic Data Centre as supplementary publication no. 1475358 (6) and 
1475357 (9). 
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