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Abstract
A family of Ru(cym)-type complexes bearing different pyridylideneamide (PYA) ligands has been
source: https://doi.org/10.7892/boris.146344 | downloaded: 9.1.2023

prepared. Incorporation of diverse potentially coordinating sites afforded a series of different chelating
hybrid ligands containing a PYA nitrogen as one donor site and a second variable donor site constituted
of a cyclometallated aryl ring (complex 3a), a pyridine (3b), a pyridylidene (3c), another PYA unit (3d),
or a triazolylidene ligand (3e). Structural and electrochemical analyses indicate considerable electronic
variation in this series with decreasing donor ability from phenyl > PYA ~ triazolylidene > pyridylidene
> pyridine. This trend allows the electronic properties of the metal center to be tailored, and reveals the
strong donor properties of PYA ligands, surpassing those of pyridine-derived N-heterocyclic carbenes.
The impact of these tunable donor properties was demonstrated in transfer hydrogenation catalysis, for
which a direct correlation between donor properties and catalytic activity was established.
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Introduction
Pyridylideneamides (PYAs) are a relatively new class of nitrogen donor ligands, which display
remarkable electronic flexibility and strong σ donor properties. These features are similar to those of Nheterocyclic carbenes (NHCs),1 and pyridylidene amines (PYEs).2 Their donor flexibility arises from
potential coordination to the metal center as a π-acidic imine with formally neutral (L-type) donor
properties, or as a π-basic zwitterionic pyridinium amide (X-type donor). This electronic flexibility is
illustrated by the two limiting resonance forms of PYA ligands (Fig. 1a): the neutral imine resonance
structure A features a dearomatized heterocycle and a diene type structure with an exocyclic C=N p
bond, while the zwitterionic resonance structure B features a formally anionic p donor ligating amide
and an aromatic resonance-stabilized heterocycle. We recently demonstrated the adaptiveness of this
ligand in response to the external environment, such as solvent polarity that enhances the relevance of
either resonance structure A (apolar solvents) or B (polar solvents), and exploited this donor flexibility
to enhance ruthenium-catalyzed transfer hydrogenation3 and olefin oxidation.4 Furthermore, this
electronic flexibility was used to prepare a series of iridium complexes with phenyl-substituted PYA
ligands to increase the efficiency of the iridium center in water oxidation catalysis, transfer
hydrogenation of ketones and imines, and the hydrosilylation of alkenes.5
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Figure 1. a) Generic representation of pyridylidene amide ligands (PYA) and their limiting neutral (A) and
zwitterionic (B) resonance structures; b) PYA ligand containing a chelating group (C).

The straightforward synthesis of PYA ligands provides access to vast opportunities for ligand
modifications as a methodology to fine-tune electronic and steric properties of the coordinated metal
center for improved catalytic activity.6 Herein, we have applied this concept to introduce different
chelating groups to the PYA ligand core. Chelating groups have been selected which vary the electronic
properties of the metal center significantly without altering the steric impact considerably. To this end,
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different arene ligands were introduced to the PYA scaffold (Figure 1b), including phenyl (as strictly
anionic ligand), pyridyl (as strictly neutral donor ligand), mesoionic carbenes (triazolylidenes and 3pyridylidenes as formally neutral ligands with strong donor properties), and PYA ligands (as a bis-PYA
ligand to enhance the electronic flexibility of the bidentate ligand). Of note the phenyl, pyridyl, and
pyridylidene co-ligand all feature a 6-membered aromatic ring as chelating group with essentially no
steric divergence. The triazolylidene unit with two methyl substituents is sterically almost identical to
the pyridyl unit.3b Hence, the selected ligand structures have minimal steric variation, but are expected
to differ considerably in their electronic donor properties. Structural and electronic studies on the
chelating ruthenium complexes provided insights into the effective donor properties of the PYA
chelates. Moreover, application of these complexes in transfer hydrogenation catalysis reveals a direct
correlation between donor strength of the chelate ligand and the ruthenium-centered catalytic activity.

Results and discussion
Synthesis. The phenyl-PYA ruthenium complex 3a was prepared starting from pyridylamide 1a via the
known7 pyridinium salt 2a (Scheme 1). Deprotonation of 2a with aqueous NaOH followed by reaction
with [RuCl2(cym)]2 in the presence of NaOAc as additive8 induced cyclometallation (cym = p-cymene;
Scheme 1) and afforded complex 3a in a moderate 61% yield. The complex is completely air-stable and
was purified by standard column chromatography on silica. Coordination of the ligand to the Ru center
was confirmed by the splitting of the aromatic cymene protons into four distinct doublets between 5.3
and 4.9 ppm in the 1H NMR spectrum due to the loss of symmetry, as well as by the 13C resonance of
the amide carbonyl (dC = 180.8), which appears at lower field than in the free ligand (dC = 176.5) and
indicates coordination of the amide to the metal center.9 Cyclometallation was also confirmed
spectroscopically by the presence of only four phenyl proton signals in the aromatic region of the 1H
NMR spectrum.
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Scheme 1. Synthesis of ruthenium complex 3a.

Modification of the chelating unit in the PYA ligand was readily achieved by starting the ligand
synthesis from picolinic acid instead of benzoic acid. Amidation was accomplished via formation of
picolinoyl chloride and condensation with 4-aminopyridine in the presence of NEt3, which yielded the
amide 1b in good yield (Scheme 2).9b,10 Alkylation of 1b with 1 mol equiv of MeI afforded the iodide
analogue of the monomethylated pyridinium salt 2b Even when a large excess of MeI was used, the
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monoalkylated pyridinium salt was obtained selectively, indicating substantial electronic differences of
the two pyridyl heterocycles in 1b imparted by the electron-donating NR2 group vs an electronwithdrawing C(=O)R substituent. They also suggest that MeI is not a sufficiently strongly alkylating
agent to methylate both pyridyl rings.
When exposing the dipyridiyl compound 1b to MeOTf as a stronger alkylating agent than MeI, the
known10a pyridinium salt 2b only formed selectively when the reaction was performed at low
temperature (0 °C) and with stoichiometric quantities of MeOTf. The use of more than one equivalent
of MeOTf gave a mixture of mono- and dimethylated products. Optimization of the reaction conditions
to elevated temperatures (refluxing 1,2-dichlorethane) and a large excess of MeOTf (10 equiv) yielded
the dimethylated salt 2c selectively. Formation of compound 2c was confirmed by the appearance of
two singlets at 4.45 and 4.27 ppm corresponding to the two different NCH3 groups in the 1H NMR
spectrum as well as the deshielding of the Cpyr–H proton resonances. In addition, salt 2c showed a
characteristic [M–2OTf]2+ m/z signal at 114.5599 amu (theoretical value 114.5602 amu) in high
resolution MS.
O

OTf

OTf

OH
N

O

N

[RuCl2(cym)]2
NaOAc

MeOTf
CH2Cl2, 0ºC

N
H

N

N

Ru Cl
N
N
O

N

O

N

3b

2b

N
H

2OTf
N

O
1b

MeOTf
DCE, ΔT

N

N
H

OTf
[RuCl2(cym)]2
NaOAc

Ru Cl
N
N

2c

N
O
3c

Scheme 2. Synthesis of ruthenium PYA complexes 3b and 3c.

All attempts to obtain the corresponding free ligands by deprotonation of the amide with different bases
have been unsuccessful and therefore the deprotonation reaction was performed in situ in the presence
of the metal precursor. The reaction of pyridinium salt 2b with [RuCl2(cym)]2 and an excess of NaOAc
yielded complex 3b with a N,N-bidentate chelating PYA-pyridyl ligand. Formation of the ruthenium
complex was established by the disappearance of the amide NH proton, as well as the characteristic
downfield shift of the Hpyr in ortho position to the pyridine nitrogen from 8.59 ppm in the free ligand to
9.04 ppm in complex 3b due to the chelating pyridyl unit. The HR-MS signal at 484.0715 amu
(theoretical value for [M–OTf]+ 484.0730 amu) further supports the cationic nature of ruthenium
complex 3b.
Similarly, the reaction of dimethylated salt 2c with the ruthenium precursor and a large excess of NaOAc
yielded ruthenium complex 3c as a dark red solid which was purified by standard column
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chromatography on silica. These conditions therefore induce deprotonatation of the amide and also
abstraction of one CH proton of the pyridinium ring. While deprotonation of amides with NaOAc is
feasible (cf formation of 3b and formation of the free PYA ligand),5a the pKa of pyridinium salts is
unfavourably high to plausibly rationalize a second deprotonation.11 Therefore, we surmise a stepwise
cyclometalation process involving first PYA coordination to the metal center, followed by
intramolecular CH activation by ruthenium and proton scavenging by the acetate ion in an amphiphilic
metal-ligand activation (AMLA) process8a,12 to induce chelation (Scheme 2). A similar process is
assumed for the formation of complex 3a, however ruthenium complex 3c produces a formally neutral
mesoionic carbene ligand instead of the formally anionic phenyl ligand in complex 3a. The 1H NMR
spectrum of complex 3c shows both the disappearance of the NH unit and the loss of one aromatic
proton, hence corroborating cyclometallation and pyridylidene formation. While the 1H NMR spectrum
of complex 3b shows the expected downfield shifts for the pyridyl protons upon coordination to the
metal center, complex 3c only displays three signals due to the cyclometalated pyridylidene unit with
only minor shifts (Dd < 0.1 ppm) compared to complex 3b. The 13C NMR spectrum of complex 3c
shows the appearance of a new quaternary carbon corresponding to the cyclometallated carbene carbon
bound to the ruthenium center (Ccarb–Ru) at 171.0 ppm, which indicates a significant downfield shift of
~40 ppm from the corresponding CHpyr resonance of salt 2c upon coordination to ruthenium via
cyclometallation. The [M–OTf]+ ion was observed by HR-MS at 498.0896 amu (theoretical value
498.0881 amu), in agreement with the cationic nature of the ruthenium complex.
In addition, complexes 3d and 3e featuring a PYA moiety with a chelating second PYA unit and a
triazolylidene, respectively (Figure 2), were synthesized according to published methods3b,5 for
comparative purposes. The five complexes 3a–e all feature a PYA ligand as anchoring point and a
chelating aromatic chelate comprised of either a C-donor (3a, 3c and 3e) or a N-donor (3b and 3d). In
addition, these chelating groups can be divided into formally anionic (3a), neutral (3b), and zwitter- or
mesoionic donor sites (3c–e), thus providing a useful set of complexes for comparison and quantification
of the structural, electronic, and catalytic impact of these different donor groups.
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Figure 2. Complex 3d and 3e featuring a PYA moiety with a chelating second PYA unit and a
triazolylidene, respectively.

Structural properties. All complexes were analyzed by single crystal X-ray diffraction. Their
molecular structures all show the expected three-legged piano-stool geometry comprised of the cymene
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ligand as ‘chair’, and a chloride as well as the bidentate chelating PYA ligand as the ‘legs’ (Figure 3).
Bond lengths and angles around the ruthenium center are almost identical within standard deviations for
all five complexes (Table 1). For example, all the bond angles differ by less than 2°, which emphasizes
the structural similarity of this series of complexes. The Ru–NPYA bond is identical at 2.11(1) Å for all
complexes except for 3e, which features a stretched bond with Ru–NPYA 2.161(1) Å. This elongation
may be a consequence of the five-membered triazolylidene heterocycle, which positions its ‘ortho’
substituents in a wider angle than the six-membered aromatic rings (72° vs 60°). Moreover, the Ru–C
bonds to the chelating phenyl or carbene units is substantially shorter (2.03(2) Å) than the Ru–N bonds
to the chelating N-donor in 3d and 3b (2.108(3) and 2.079(2) Å, respectively. This electronic difference
of C- vs N-donor ligands is presumably also entailing the slight difference in the ruthenium-cymene
interaction. The distance of the cymene centroid to the ruthenium center is slightly larger in the
complexes with C-donors (1.705(2) Å) when compared to the N-donor-functionalized PYA complexes
(Ru–centroid 1.679(1) Å). These subtle differences suggest that variation of the chelating group on the
PYA ligand in the series of ruthenium complexes investigated here only marginally affects steric
properties.

Figure 3. ORTEP representation of Ru-PYA complexes 3a–e (50% probability; hydrogen atoms,
counterions and co-crystallized solvent molecules omitted for clarity).
Examination of the PYA unit in all five complexes reveals some insights into the bonding of this ligand.
The pyridyl Cα–Cβ bonds (average 1.369(3) Å) are consistently and significantly shorter compared to
the Cβ–Cγ bonds (average 1.408(4) Å; Table 2), which indicates substantial double bond localization.
Such a bonding situation suggests considerable contribution of the neutral diene-type resonance
structure A in the solid state (cf Fig. 1a), in agreement with previous solid state analyses.3,5 These bond
lengths are almost identical in all five complexes, hence implying that the chelating group does not
perturb the configuration of the pyridylidene heterocycle significantly.5b Further structural analyses
focused on the geometry around the NPYA nucleus, which should show different features when bound as
6

an imine or amide (cf resonance structures A and B in Fig. 1a). The three bond angles around NPYA sum
up to exactly 360°, confirming sp2 hybridization rather than a distortion towards a tetrahedral nitrogen
geometry. Torsion angles between the carbonyl unit of the amide and the N–Ru bond (O–C–NPYA–Ru)
are very closed to 180°, while the torsion angles between NPYA–Ru bond and the Cγ–Cβ bond of the PYA
ligand are between 32° and 42°. Almost identical absolute values were observed for the torsion angle
formed by the Cγ–Cβ bond and the NPYA–Ccarbonyl bond. These data indicate that in the solid state, the
NPYA nucleus shows pronounced p electron overlap with the carbonyl unit, yet essentially none with the
pyridyl heterocycle. The heterocycle is twisted out of the nitrogen sp2 plane by about 40° and therefore
minimizes any p orbital overlap.13 In agreement with this notion, the NPYA–Cγ bond length averages to
1.386(6) Å as expected for a C–N single bond. These solid state analyses of the PYA unit therefore
reveal considerable C=C double bond localization of the heterocycle, yet sp2 hybridization of the NPYA
nucleus with little imine contribution, i.e. a hybrid of the limiting resonance forms A and B.
Table 1. Selected bond lengths (Å) and angles (°) around the Ru center of Ru-PYA complexes 3a–e.

a

3a

3b

3c

3da

3eb

(E = CPh)

(E = Npyr)

(E = Cpyr)

(E = NPYA)

(E = Ctrz)

Ru–NPYA

2.125(2)

2.1043(15)

2.114(2)

2.097(2)

2.1613(9)

Ru–E

2.044(3)

2.0791(16)

2.029(3)

2.119(2)

2.0119(11)

Ru–Cl

2.4281(8)

2.40842(5)

2.4150(7)

2.4281(7)

2.4091(3)

Ru-cym centroid

1.7070(12)

1.6795(8)

1.7031(16)

1.6792(13)

1.7029(5)

E–Ru–NPYA

77.63(10)

76.95(6)

77.57(10)

76.95(9)

76.18(4)

E–Ru–Cl

86.10(9)

84.73(4)

86.90(8)

86.84(7)

85.37(3)

NPYA–Ru–Cl

88.34(7)

86.51(4)

86.30(7)

87.10(7)

87.03(3)

.Data from reference 4. b Data from reference 3b.

Table 2. Selected bond lengths (Å) and dihedral angles (°) pertaining to the PYA ligands environment
of the Ru-PYA complexes 3a–e.
3a

3b

3c

3da

3eb

av(Cα–Cβ)

1.366(6)

1.369(4)

1.371(6)

1.371(9)

1.3713(25)

av(Cβ–Cγ)

1.411(6)

1.407(4)

1.412(6)

1.405(9)

1.4052(24)

NPYA–Cγ

1.382(3)

1.389(2)

1.385(4)

1.390(6)

1.3900(15)

O–C–N–Ru

177.23

178.50

177.90

170.79

176.19

Ru–N–Cγ–Cβ

31.91

41.06

34.49

41.80

41.99

C–N–Cγ–Cβ

28.72

38.71

34.32

31.06

a

.Data from reference 4; distances and angles are an average of the two PYA moieties.
reference 3b.
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38.71
b

Data from

Spectroscopic properties. The electronic impact of the different chelating groups was further studied
by NMR spectroscopy. The 1H NMR spectra of all five complexes were measured in CD2Cl2 as a nonpolar and non-coordinating solvent to evaluate the chemical shifts of the α and β protons as diagnostic
probes for the electronic structure of the PYA ligand. Accordingly the shift difference between the α
and β protons (Δδ = δHβ – δHα) provides a qualitative estimate of the relative contribution of the limiting
resonance structures A and B, with larger values indicating a larger contribution of the neutral diene
structure A than when this value is small or even negative.3a,14 Despite the identical structure of the PYA
unit in the solid state in all five complexes, the 1H NMR data show considerable differences (Fig. 4).
The shift difference Δδ in complex 3a is significantly larger than in the other complexes (Δδ = 1.03
ppm; Table 3). This difference gradually decreases with modification of the chelating site from phenyl
(1.03) > PYA (0.74) > pyridylidene (0.53) > trz (0.41) > pyr (0.27). This trend is correlating well with
the expected donor properties of the chelating ligand (phenyl anion > carbene > pyridine), suggesting
that the donor properties of the chelating site affects the electronic configuration of the pyridyl ring.
This spectroscopic variation emphasizes the unique electronic flexibility of the PYA scaffold. Hence,
strong donation of the chelating site enhances the electron density at the ruthenium center, which in turn
increases p backbonding to the PYA unit. Such backbonding favors the p acidic imine-type resonance
structure A as compared to resonance structure B with a p basic amide ligation, resulting in a larger
NMR chemical shift difference. According to this model, the mesoionic pyridylidene ligand is a stronger
donor than the triazolylidene chelate, presumably because of the higher electrophilicity of the triazole
heterocycle compared to the pyridine. These NMR data further suggest stronger donor properties of the
PYA ligand when compared to N-heterocyclic carbenes.2d While the chemical shift difference provides
a useful probe for estimating the donor properties of ancillary donor sites,5a it should be noted that the
PYA ligand is assumed to keep its predominant zwitterionic character in all complexes 3a–e.
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Figure 4. Aromatic region of the 1H NMR spectrum of Ru-PYA complexes 3a–e indicating the
diagnostic shift of the α and β protons of the PYA ligand.
Table 3. 1H and 13C NMR shifts of the CHα and CHβ units for Ru-PYA complexes 3a–e.a

a

Complex

Hα

Hβ

Δδ(H)

Cα

Cβ

3a

7.64

8.67

1.03

141.1

122.0

3b

8.23

8.50

0.27

144.0

124.5

3c

8.15

8.68

0.53

143.1

124.2

3d

7.98

8.72

0.74

143.7

122.4

3e

8.17

8.58

0.41

139.9

123.5

data for complexes 3d and 3e from reference 4 and 3b.

Electrochemical properties. Electrochemical analysis of related ruthenium complexes containing a
PYA ligand showed that the RuII/III oxidation potential depends considerably on the solvent.3 This
difference was attributed to the ability of the PYA ligand to adapt to the polarity of the medium, with
lower oxidation potentials in polar solvents, which impart larger contribution of zwitterionic resonance
structure contribution and X-type PYA bonding to the ruthenium center, while apolar solvents favoured
contribution from the neutral diene form and hence weaker donation, resulting in higher oxidation
potentials. Here we have used electrochemical analyses to evaluate the influence of the chelate site rather
than the solvent, and therefore, measurements were performed in only one solvent to allow for a direct
comparison. Cyclic voltammetry (CV) in CH2Cl2 in the –1.5 to +1.7 V range revealed a fully reversible
and presumably ruthenium-centered oxidation and a reduction below –1 V that is reversible for all
complexes but 3e and is likely associated with heterocyle reduction (Fig. S11–15). The oxidation is
easiest for complex 3a and occurs at E1/2 = +0.59 V vs SCE (Figure 5, Table 4). At the other end of the
scale, an oxidation potential of +1.38 V was observed for 3b, indicating a substantial difference in
electron density at the metal depending on the chelating group. This large potential difference also
identifies electrochemistry as a sensitive probe for quantifying the impact of the chelate donor. As
expected, the zwitter- and mesoionic ligands induce ruthenium oxidation potentials in between the two
extremes of a strictly neutral and anionic ligands. Complexes 3d and 3e feature essentially identical
redox potentials (E1/2 = +1.21 and +1.20 V, respectively), while the oxidation of the pyridylidene
complex 3c occurs at lower potential (E1/2 = +0.98). These data suggest about equal donor properties of
the PYA and triazolylidene ligand, and stronger donation of the pyridylidene ligand. This sequence is
in general agreement with the NMR spectroscopic data (phenyl > pyridylidene > triazolylidene >
pyridine) though the donor properties of the PYA ligand are weaker according to these electrochemical
measurements when compared to NMR analysis. This discrepancy may arise from the fact that NMR
spectroscopy evaluates the ligand electronic configuration, while electrochemistry focuses on the
density at the metal center.
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3a

3a
3c

3e
3a

3d

3b

Figure 5. Superimposed normalized CV plots of Ru-PYA complexes 3a (red), 3b (blue), 3c (green), 3d
(black) and 3e (purple) in CH2Cl2.
Table 4. Electrochemical data for Ru-PYA complexes 3a–e.a
Complex

E1/2 (V)

ΔE (mV)

3a

+0.59

98

3b

+1.38

103

3c

+0.98

103

3d

+1.21

83

3eb

+1.20

85

a

Sweep rate 400 mV s–1, potentials vs SCE referenced to Fc+/Fc. b Data for complex 3e from reference
3b.

Catalytic transfer hydrogenation. The impact of different chelating groups in the PYA ligand was
probed in ruthenium-catalyzed transfer hydrogenation of ketones.15 Benzophenone was used as a model
substrate to compare the activity of all five Ru-PYA complexes. Under standard transfer hydrogenation
conditions16 using iPrOH as both the dihydrogen source and solvent and KOH as base (100:10:1
substrate/base/catalyst ratio) significantly diverse catalytic activity was observed for the different RuPYA complexes (Figure 6, Table S1). Complex 3a displayed good activity and reached essentially full
conversion within 4 h at 1 mol% loading. This activity is the highest in the series evaluated here.
Ruthenium complexes bearing a chelating carbene donor ligand (3c and 3e) or the zwitterionic PYA as
chelating group (3d) gave significantly slower catalysts. They exhibited almost identical catalytic
activity and reached full conversion only within about 24 h. The lowest activity was measured for the
complex containing the weakest donor ligand (3b), which accomplished a modest 45% conversion after
24 h. While the activity of these complexes is much lower than those of high-performing ruthenium
10

complexes,17 it is worth noting that the catalytic activity strongly correlates with the trends deduced
from NMR-spectroscopic and electrochemical analyses. This correlation suggests that both sites of the
chelating ligand remain bound to the ruthenium center and that the modification of the second
coordination site is critical for designing active ligands. The correlation further indicates that the
catalytic activity can be rationally tailored by enhancing the ligand donor properties in these
[RuCl(cym)(L^PYA)]+ scaffolds.

3a

3c
3d 3e

3a
3d

3b

Figure 6. Time-conversion profiles for the transfer hydrogenation of benzophenone with Ru-PYA
complexes 3a (red), 3b (blue), 3c (green), 3d (black), and 3e (purple).

Analysis of initial rates for benzophenone conversion were performed by assuming a first order rate law.
A logarithmic plot of the change in substrate concentration vs time indeed produced a linear fit for the
conversions accomplished with all complexes 3a–e (Figure 7), strongly suggesting that these ruthenium
complexes operate through a mononuclear reaction mechanism. Notably, benzophenone consumption
using complexes 3d fits slightly better when assuming a second-order rate law, as indicated by the linear
fit of a plot of the reciprocal substrate consumption vs time (Fig. S1, S2). However, runs at different
catalyst concentrations in the 0.5–2 mol% range indicate that also reactions with complex 3d follow
first-order kinetics. When considering the initial rates, complex 3a shows the highest activity that is
about 4 times larger than that of the carbene-PYA complexes 3c–e. Complex, 3b is the slowest and more
than 20 times less active than 3a.

11

3a

3e

3c
3b

Figure 7. Conversion rates for the transfer hydrogenation of benzophenone with Ru-PYA complexes
fitted against a first order reaction rate (solid line) for 3a (red; k = 0.718, R2 = 0.999), 3b (blue; k =
0.032, R2 = 0.985), 3c (green; k = 0.141, R2 = 0.997), and 3e (purple; k = 0.128, R2 = 0.999), see SI for
evaluation of 3d.
Conclusions
The donor properties of pyridylideneamide (PYA) as a ligand has been qualitatively assessed by
comparison of a series of structurally highly similar complexes [RuCl(cym)(PYA–L)] with variable
chelating sites L. Electrochemical and spectroscopic comparison indicates a marked trend of donor
ability that decreases in the series L = phenyl > PYA » N-heterocyclic carbene > pyridine, demonstrating
that PYA ligands are remarkably strong donors in these ruthenium complexes. Moreover, this series
indicates a high tunability of the electronic properties of the metal center, as demonstrated in catalytic
transfer hydrogenation. Such tailoring underlines the relevance of ligand design for improving electronic
and catalytic properties and establishes PYA ligands as an attractive ligand platform with vast synthetic
opportunities for catalysis.
Experimental part
General. Compounds 1a, 2a, 2b, 3d and 3e were all synthetized as reported in the literature.3b,4,10a All
other reagents were commercially available and used as received. Unless specified otherwise, NMR
spectra were recorded at 25 °C on Bruker spectrometers operating at 300 or 400 MHz (1H NMR), and
100 MHz (13C NMR), respectively. Chemical shifts (δ in ppm, coupling constants J in Hz) were
referenced to residual solvent signals (1H, 13C). Assignments are based on homo- and heteronuclear shift
correlation spectroscopy. Purity of bulk samples of the complexes has been established by NMR
spectroscopy, and when possible by elemental analysis. Elemental analyses were performed at DCB
Microanalytic Laboratory using a Thermo Scientific Flash 2000 CHNS-O elemental analyzer, residual

12

solvent was confirmed by NMR spectroscopy and also by X–ray structure determinations. Highresolution mass spectrometry was carried out with a Thermo Scientific LTQ Orbitrap XL (ESI-TOF).

Compound 1b. A slightly modified literature procedure was employed.10a Picolinic acid (1.23 g, 10
mmol) was refluxed in SOCl2 (10 mL, 140 mmol) under N2 for 3 h. Excess of SOCl2 was removed under
reduced pressure. Without further purification, the residue was dissolved in THF (20 mL) and added
dropwise to a solution of 4-aminopyridine (941 mg, 10 mmol) and NEt3 (2.8 mL, 20 mmol) in THF (80
mL). The reaction mixture was stirred at r.t. for 18 h upon which a dark grey precipitate formed. The
precipitate was removed by filtration and washed with THF (50 mL). The filtrates were combined and,
all volatiles were removed in vacuo to give a white solid. This solid was purified by column
chromatography (SiO2; pentane/EtOAc 3:7) to yield compound 1b as pale brown solid (1.69 g, 85%).
Analytical data are identical to those reported.
Compound 2c. Compound 1b (200 mg, 1.0 mmol) was dissolved in 1,2-dichloroethane (10 mL) in a
pressure tube. MeOTf (1.2 mL, 10 mmol) was added and the reaction was stirred for 18 h at 100 °C.
The solution was cooled to r.t. and the formed white precipitate was filtered off and washed with CH2Cl2
(100 mL). The crude solid was dissolved in MeCN (5 mL) and Et2O (40 mL) was added to precipitate
the title product, which was collected by filtration and dried thoroughly to afford compound 2c as a
white solid (280 mg, 53%).
1

H NMR (400 MHz, d6-DMSO): δ 12.50 (s, 1H, NH), 9.22 (dd, 3JHH = 6.1, 4JHH = 1.3 Hz, 1H, CHpyr),

8.87 (m, 1H, CHpyr), 8.86 (d, 3JHH = 7.3 Hz, 2H, CHpyr), 8.54 (dd, 3JHH = 7.9, 4JHH = 1.5 Hz, 1H, CHpyr),
8.36 (ddd, 3JHH = 7.9, 6.1, 4JHH =1.5 Hz, 1H, CHpyr), 8.20 (d, 3JHH = 7.3 Hz, 2H, CHpyr), 4.45 (s, 3H,
NCH3), 4.27 (s, 3H, NCH3). 13C{1H} NMR (100 MHz, d6-DMSO): δ 160.0 (CO), 150.4 (Cpyr), 148.6
(CHpyr), 146.6 (CHpyr), 146.5 (CHpyr), 145.2 (Cpyr), 129.7 (CHpyr), 128.1 (CHpyr), 120.7 (q, 1JCF = 322.3
Hz, CF3), 116.4 (CHpyr), 47.1 (NCH3), 46.9 (NCH3 ). Elem. Anal. Calcd. for C15H15F6N3O7S2: C, 34.16;
H, 2.87; N, 7.97. Found: C, 33.89; H, 2.10; N, 7.90. HR-MS: m/z calculated for C13H15N3O2 [M–2OTf]2+
= 114.5602; found, 114.5599.
Complex 3a. Compound 2a (136 mg, 0.40 mmol) was suspended in CH2Cl2 (5 mL) into a separating
funnel. Aqueos NaOH (10 mL, 2M) was added. After vigorous mixing, the organic phase was collected.
The aqueous layer was extracted with twice with CH2Cl2 (10 mL). The organic layers were dried over
anyhdrous Na2SO4 and filtered. All volatiles were removed, thus giving a the PYA free ligand as a white
solid, which was used without further purification. The PYA free ligand, NaOAc (33 mg, 0.40 mmol)
[RuCl2(cym)]2 (123 mg, 0.20 mmol) were dissolved in CH2Cl2 (25 mL) and stirred at rt for 3 h. All
volatiles were removed under reduced pressure and the crude solid was purified by column
chromatography (SiO2; CH2Cl2/Acetone 1:1), thus yielding compound 3a as a red solid (121 mg, 61%).
13

Crystals suitable for X-ray diffraction were grown by slow diffusion of pentane into a solution of
complex 3a in CH2Cl2.
1

H NMR (300 MHz, CD2Cl2): δ 8.67 (d, 3JHH = 7.4 Hz, 2H, CHPYA), 8.01 (dd, 3JHH = 7.5, 4JHH = 1.1 Hz,

1H, CHPh), 7.64 (d, 3JHH = 7.4 Hz, 2H, CHPYA), 7.52 (dd, 3JHH = 7.5, 4JHH = 1.5 Hz, 1H, CHPh), 7.21 (td,
3

JHH = 7.5, 4JHH = 1.5 Hz, 1H, CHPh), 6.97 (td, 3JHH = 7.5, 4JHH = 1.1 Hz, 1H, CHPh), 5.27 (dd, 3JHH = 5.8,

4

JHH = 1.1 Hz, 1H, CHcym), 5.19 (dd, 3JHH = 5.8, 4JHH = 1.1 Hz, 1H, CHcym), 5.00 (dd, 3JHH = 5.8, 4JHH =

1.1 Hz, 1H, CHcym), 4.94 (dd, 3JHH = 5.8, 4JHH = 1.1 Hz, 1H, CHcym), 3.63 (s, 3H, NCH3), 2.22 (septet,
3

JHH = 6.9 Hz, 1H, CHMe2), 1.97 (s, 3H, cym–CH3), 0.94 (d, 3JHH = 6.9 Hz, 3H, CH–CH3), 0.93 (d, 3JHH

= 6.9 Hz, 3H, CH–CH3).

13

C{1H} NMR (100 MHz, CD2Cl2): δ 180.8 (CO), 179.3 (CPh-Ru), 167.2

(CPYA), 142.0 (CPh), 141.1 (CHPYA), 139.9 (CHPh), 131.0 (CHPh), 128,0 (CHPh), 122.6 (CHPh), 122.0
(CHPYA), 98.5 (Ccym), 98.4 (Ccym), 92.2 (CHcym), 88.5 (CHcym), 84.9 (CHcym), 83.5 (CHcym), 45.6 (NCH3),
31.2 (CHMe2), 22.8 (cym–CH3), 22.1 (CH–CH3), 18.8 (CH–CH3). Elem. Anal. Calcd. for
C23H25ClN2ORu ´ 0.2 H2O: C, 56.89; H, 5.27; N, 5.77; Found: C, 57.23; H, 5.17; N, 5.34. HR-MS: m/z
calculated for C23H25N2ORu [M–Cl]+ = 447.1010; found, 447.1011.
Complex 3b. Compound 2b (80 mg, 0.22 mmol), NaOAc (90 mg, 1.1 mmol) and [RuCl2(cym)]2 (61
mg, 0.1 mmol) were dissolved in CH2Cl2 (50 mL) and the reaction mixture was stirred for 18h at rt. All
volatiles were removed under reduced pressure and the crude solid was purified by column
chromatography (SiO2; CH2Cl2/Acetone 1:1) yielding compound 3b as an orange solid (58 mg, 42%).
Analytically pure microcrystalline material was obtained by precipitation a MeOH solution of the
complex with Et2O. Crystals suitable for X-ray diffraction analysis were grown by slow evaporation of
an Et2O/CH2Cl2 solution of complex 3b.
1

H NMR (400 MHz, CD2Cl2): δ 9.04 (d, 3JHH = 5.5 Hz, 1H, CHpyr), 8.50 (d, 3JHH = 6.8 Hz, 2H, CHPYA),

8.22 (d, 3JHH = 6.8 Hz, 2H, CHPYA), 8.09 (dd, 3JHH = 7.5, 4JHH =1.6 Hz, 1H, CHpyr), 8.03 (td, 3JHH = 7.5,
4

JHH =1.4 Hz, 1H, CHpyr), 7.65 (ddd, 3JHH = 7.5, 5.5, 4JHH = 1.6 Hz, 1H, CHpyr), 5.50 (d, 3JHH = 5.9 Hz,

1H, CHcym), 5.46 (d, 3JHH = 5.9 Hz, 1H, CHcym), 5.43 (d, 3JHH = 5.9 Hz, 1H, CHcym), 5.32 (d, 3JHH = 5.9
Hz, 1H, CHcym), 4.21 (s, 3H, NCH3), 2.55 (septett, 3JHH = 6.9 Hz, 1H, CHMe2), 2.28 (s, 3H, cym–CH3),
1.22 (d, 3JHH = 6.9 Hz, 3H, CH–CH3), 1.05 (d, 3JHH = 6.9 Hz, 3H, CH–CH3). 13C NMR (100 MHz,
CD2Cl2): δ 169.2 (CO), 167.0 (CPYA), 154.7 (CHpyr), 153.8 (Cpyr), 144.0 (CHPYA), 139.9 (CHpyr), 129.1
(CHpyr), 127.2 (CHpyr), 124.5 (CHPYA), 104.2 (Ccym), 103.6 (Ccym), 86.0 (CHcym), 85.5 (CHcym), 84.4
(CHcym), 84.2 (CHcym), 47.4 (NCH3), 31.6 (CHMe2), 22.5 (cym–CH3), 22.2 (CH–CH3), 19.2 (CH–CH3).
Elem. Anal. Calcd. for C23H25ClF3N3O4RuS ´ 0.25 Et2O: C, 44.43; H, 4.34; N, 6.39. Found: C, 44.20;
H, 4.34; N, 6.25. HR-MS: m/z calculated for C22H25N3OClRu [M–OTf]+ = 484.0730; found, 484.0715.
Complex 3c. Compound 2c (116 mg, 0.22 mmol), NaOAc (180 mg, 2.2 mmol) and [RuCl2(cym)]2 (61
mg, 0.1 mmol) were dissolved in CH2Cl2 (50 mL) The reaction mixture was stirred for 18 h at rt. All
volatiles were removed under reduced pressure and the crude solid was purified by column
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chromatography (SiO2; CH2Cl2/MeOH 95:5) yielding compound 3c as a red solid (52 mg, 39%).
Crystals suitable for X-ray diffraction analysis were grown by slow evaporation of a CH2Cl2 solution of
complex 3c. Despite the crystallinity of the material and the spectral purity (NMR, HR-MS), we were
unable to get microanalytical data with correct N%.
1

H NMR (300 MHz, CD2Cl2): δ 9.04 (d, 3JHH = 7.7 Hz, 1H, CHpyr), 8.68 (d, 3JHH = 7.2 Hz, 2H, CHPYA),

8.15 (d, 3JHH = 7.2 Hz, 2H, CHPYA), 8.00 (d, 3JHH = 5.8 Hz, 1H, CHpyr), 7.55 (dd, 3JHH = 7.7 Hz, 3JHH =
5.8 Hz, 1H, CHpyr), 5.41–5.33 (m, overlapped with CDHCl2 signal, 2H, CHcym), 5.24 (d, 3JHH = 6.0 Hz,
1H, CHcym), 5.12 (d, 3JHH = 6.0 Hz, 1H, CHcym), 4.52 (s, 3H, NpyrCH3), 4.17 (s, 3H, NPYACH3), 2.36
(septet, 3JHH = 6.9 Hz, 2H, CHMe2), 2.04 (s, 3H, cym–CH3), 1.02 (d, 3JHH = 6.9 Hz, 3H, CH–CH3), 1.01
(d, 3JHH = 6.9 Hz, 3H, CH–CH3). 13C NMR (100 MHz, CD2Cl2): δ 183.6 (Ccarbene), 170.9 (CO), 168.4
(CPYA), 158.1 (CHpyr), 147.4 (Cpyr), 143.1 (CHPYA), 141.8 (CHpyr), 125.3 (CHpyr), 124.2 (CHPYA), 102.1
(Ccym), 101.4 (Ccym), 92.4 (CHcym), 88.9 (CHcym), 86.3 (CHcym), 85.9 (CHcym), 47.3 (NCH3), 47.0 (NCH3),
31.5 (CHMe2), 23.0 (cym–CH3), 21.9 (CH–CH3), 18.9 (CH–CH3). Elem. Anal. Calcd. for
C24H27ClF3N3O4RuS: C, 44.55; H, 4.21; N, 6.49. Found: C, 44.24; H, 4.43; N, 5.78. HR-MS: m/z
calculated for C23H27N3OClRu [M–OTf]+ = 498.0881; found, 498.0896.
General procedure for base-assisted catalytic transfer hydrogenation. In a one neck-round bottom
flask, a mixture of catalyst precursor (0.01 mmol), hexamethylbenzene (27 mg, 0.16 mmol) as internal
standard and KOH (2M solution in H2O, 50 μL, 0.1 mmol) in iPrOH (5 mL) was heated to reflux for 15
min. Then, substrate (1.0 mmol) was rapidly added and aliquots (ca. 0.1 mL) were taken at set times
and dissolved in CDCl3. The reaction mixtures were analysed by 1H NMR spectroscopy. Conversions
and yields were determined relative to hexamethylbenzene.
Electrochemistry. Electrochemical measurements were carried out by using an EG&G Princeton
Applied Research potentiostat model 273A typically at a 400 mVs–1 sweep rate employing a gastight
three-electrode cell under an argon atmosphere. A Pt disk with a 3.80 mm2 surface area was used as the
working electrode and was polished before each measurement. The reference electrode was a Ag/AgCl
electrode; the counter electrode was a Pt wire. Bu4NPF6 (0.1 M) in dry CH2Cl2 was used as a base
electrolyte with analyte concentrations of approximately 10–3 M. The ferrocenium/ferrocene redox
couple was used as an internal reference (E1/2 = +0.46 V vs. SCE in CH2Cl2).18

Crystal structure determinations. Suitable crystals of 3a, 3b, and 3c were mounted in air at ambient
conditions and measured on an Oxford Diffraction SuperNova area-detector diffractometer at T = 173(2)
K using mirror optics monochromated Mo Kα radiation (λ = 0.71073 Å) and Al filtered.19 Data reduction
was performed using the CrysAlisPro program.19 The intensities were corrected for Lorentz and
polarization effects, and an absorption correction based on the multi-scan method using SCALE3
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ABSPACK in CrysAlisPro was applied.20 The structures were solved by direct methods using
SHELXT,21 and all non-hydrogen atoms were refined anisotropically. All H-atoms were placed in
geometrically calculated positions and refined using a riding model with each H-atom assigned a fixed
isotropic displacement parameter (1.2Ueq of its parent atom, 1.5Ueq for the methyl groups). Structures
were refined on F2 using full-matrix least-squares procedures. The weighting schemes were based on
counting statistics and included a factor to downweight the intense reflections. All calculations were
performed using the SHELXL-2014 program.21
The crystal of 3a contained a molecule of co-crystallized H2O (disordered over two sites). The
asymmetric unit of 3b contained one complex molecule, one triflate anion and one disordered solvent
molecule. The geometries of the disordered moieties were restrained to be similar. The ADP’s of the
disordered moieties were restrained by SHELX SIMU and DELU instructions. All studied crystals of
3c contained disordered solvent molecules that however could not be perfectly localized and modelled.
For this reason, the routine SQUEEZE was used to remove solvent contribution from the observed
structure factors and refine a solvent free model. Further details are given in Tables S1–S3.
Crystallographic data for all three structures have been deposited with the Cambridge Crystallographic
Data Centre (CCDC) as supplementary publication numbers 1989987 (3a), 1989988 (3b), and 1989989
(3c).
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