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ABSTRACT: A ruthenium cymene complex bearing a bidentate ligand
composed of the N-mesoionic donor N-[1-methylpyridin-4(1H)-ylidene]-
amide and the C-mesoionic donor 1,2,3-triazolylidene was prepared.
Spectroscopic analyses including UV−vis, electrochemical, and NMR
methods demonstrate that the pyridylideneamide ligand adapts to its
environment and switches, depending on the solvent, between a formally
anionic and a neutral donor. A mesoionic pyridinium-amidate structure
predominates in polar solvents, whereas a neutral pyridylidene imine
structure prevails in apolar solvents. The implications of these solvent-
dependent electronic characteristics have been exploited in redox catalysis
involving alcohol dehydrogenation and transfer dehydrogenation. The results indicate that the ligand resonance flexibility
provides a new approach to enhance catalytic performance.

■ INTRODUCTION

Homogeneous catalysis with transition metals depends critically
on the availability of enabling ligands that ideally enhance the
catalytic activity and impart high selectivity by substrate
recognition or by shaping the catalytic cavity.1 Significantly,
specific properties may facilitate one step in a catalytic cycle, yet
inhibit another one, which may lead to a seemingly counter-
intuitive effect, as elaborated for example in the Curtin−
Hammett principle.2 Thus, static ligands may have severe
limitations for the design of efficient homogeneous catalysts.
More recent work has thus focused on the exploitation of
noninnocent ligands that alter their structure and function
during the catalytic cycle.3 These alterations classically involve
either electron transfer (redox-active ligands),4 proton transfer,5

or a combination of both, viz., proton-coupled electron transfer
(PCET) processes.6 A hallmark example is Noyori’s diene
ruthenium catalyst, which swaps between an anionic amide and
a neutral amine donor in the catalytic cycle, depending on the
presence of either a substrate or a hydrogen donor.7 Similar
effects have been induced by a variety of motifs, including
among others de- and rearomatization,8 proton transfer to pH-
sensitive ligand sites,9 and single-electron transfers to ligand
units.10 These ligands display varying degrees of donor ability
toward the metal center and reveal thus a flexible electronic
character, which is particularly attractive for the stabilization of
several intermediates throughout the catalytic cycle by
promoting for example oxidative addition (e.g., as formally
anionic strong donors) and reductive elimination (in formally
neutral weaker donor form). This switchable and dynamic
ligand bonding has great potential, as the ligand may adapt to

the requirements of the metal at any given stage of the catalytic
cycle.
Here we demonstrate the catalytic implications of a different

type of ligand switchability that is based on resonance structure
modulation using pyridylideneamides (PYAs)11 as electroni-
cally flexible and adaptive ligand sites (Figure 1a). Pyridylide-
neamides share features that have been exploited also in the
chemistry of N-heterocyclic carbenes (NHCs),12 in particular
the accessibility of a neutral and a mesoionic resonance
structure,13 and their suitability for metal coordination. In
contrast to NHCs such as imidazolylidenes and triazolylidenes
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Figure 1. Generic representation of limiting resonance structures of
(a) PYA, (b) normal NHC, and (c) abnormal NHC metal complexes
featuring a formally neutral or anionic donor site.
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(Figure 1b,c), which have been extensively studied as ligands to
transition metal complexes for catalysis14 and other applica-
tions,15,16 PYAs are relatively unexplored as ligands for
transition metal complexes.17 PYAs bind to the metal via the
deprotonated amide nitrogen as a potentially neutral or anionic
donor site.18 The σ-electron-donating properties of PYAs as
ligands have been addressed using IR spectroscopy, and they
exhibit similar σ-electron donation toward metal centers as
normal imidazolylidenes.19

We have recently prepared ruthenium complex 1 bearing a
chelating ligand composed of both a PYA and NHC donor site
(Scheme 1).20 Even though the complex assumes a solvent-

dependent electron distribution in solution, the catalytic activity
in hydrogen transfer reactions was only weak. The available
data suggest that stronger donation of the ligand to the
ruthenium center enhances catalytic activity, although complex
degradation was demonstrated to occur readily under the basic
conditions used for catalysis, involving in particular the highly
base-labile CH2 group interlinking the imidazole heterocycle
and the amide group.21 Intrigued by these initial results, we
surmised that using a 1,2,3-triazolylidene22 as NHC anchor for
the PYA ligand would avoid the drawbacks of the initial ligand
design. Specifically, the presence of a carbon adjacent to the
carbenic donor site allows the PYA to be connected directly to
the carbene, a linkage that is not accessible in Arduengo-type
imidazolylidenes due to the lability of the carbonyl group in the
imidazolium precursor, yet readily available in triazolium salts
via versatile copper-catalyzed azide−alkyne cycloaddition
(CuAAC).23 Moreover, the stronger donor properties of the
triazolylidenes when compared to imidazolylidenes22,24 and the
enhanced mesoionic character of the abnormal carbene25

should further expedite the catalytic activity. Here we
demonstrate that PYA-functionalized triazolylidene ligands are
highly flexible when coordinated to a ruthenium(II) center and
that the electron density at the metal center is substantially
altered depending on the solvent-imparted prevailing resonance

structure of the PYA ligand. This efficiency of the ligand to
adapt to the environment is remarkable and provides a new
strategy for optimizing catalytic reactions, as demonstrated here
in ketone transfer hydrogenation.

■ RESULTS
Synthesis. The PYA triazolylidene complex was prepared

following the procedure in Scheme 2. The carboxylic acid
triazole 2, prepared via a previously reported procedure,26 was
refluxed in thionyl choride for 18 h to afford the acyl chloride-
functionalized triazole. The reaction was monitored by 1H
NMR spectroscopy in DMSO-d6, and the disappearance of the
carboxylic acid proton signal at 13.00 ppm indicated conversion
to the acyl halide. The acyl halide was reacted in situ with 4-
aminopyridine in the presence of NiPr2Et to yield the
pyridylamide-substituted triazole 3. Formation of 3 was
indicated by the low-field singlet resonance at 11.00 ppm
corresponding to the amide NH. In addition, the pyridine
protons ortho to the amide are significantly shielded (doublet at
δ = 7.90) as compared to the protons ortho to the pyridinic
nitrogen (multiplet at δH = 8.54−8.45).
Alkylation of 3 with excess methyl triflate proceeded

simultaneously at the triazole and pyridine nitrogens. The
decreased nucleophilic character of the amide nitrogen prevents
methylation in this position under the conditions used. In
addition to the appearance of two signals at δH = 4.73 and 4.32
for the N-bound methyl groups, the triazolium proton
resonance in 4 is diagnostically deshielded at δH = 9.79 (cf.
δH = 9.51 in the triazole 3). The pyridinium protons also shift
downfield in the spectrum to 8.80 and 8.33 ppm, thus
indicating pyridine methylation.
Ruthenation of 4, and formation of complex 5, was achieved

via formation of a Ag−NHC intermediate and in situ carbene
transfer to [Ru(p-cym)Cl2]2 in the presence of Me4NCl. The
chloride salt serves both as a means of removing silver upon
transmetalation and to prevent scrambling of the anionic
ancillary ligand in the ruthenium complex (Cl− vs OTf−). The
excess Ag2O used for the first step of this metalation
presumably deprotonates the amide nitrogen, in addition to
forming the silver−NHC complex, as the acidic character of the
amide proton is significantly higher than that of the triazolium
salt.27 Triazolylidene coordination to the ruthenium center was
indicated by the absence of the low-field proton resonance and
the carbene carbon resonance in the 13C NMR spectrum at δC
= 165.3, in agreement with previously reported triazolylidene
ruthenium complexes.28 The absence of an amide proton in the
1H NMR spectrum as well as the splitting of the aromatic
cymene protons into four distinct doublets suggests chelation
and hence N,C-bidentate coordination of the PYA triazolyli-

Scheme 1. Limiting Resonance Structures of the PYA
Wingtip A and B of the Previously Reported Ruthenium
Complex 1

Scheme 2. Synthesis of the Ruthenium Complex 5, Bearing the Mixed PYA Triazolylidene Liganda

aReagents and conditions: (i) first SOCl2, ΔT, then 4-aminopyridine, NiPr2Et, CH2Cl2; (ii) MeOTf, CH2Cl2; (iii) Ag2O, [Ru(p-cym)Cl2]2, Me4NCl,
MeCN.
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dene ligand in complex 5. The carbonyl carbon of the amide
group is shifted downfield from 155.6 ppm in 4 to 171.0 ppm in
5 as a consequence of amide coordination to the ruthenium
center.
The formation of 5 was unambiguously confirmed by single-

crystal X-ray diffraction analysis. Suitable crystals of this
complex were obtained by diffusion of Et2O into a CH2Cl2
solution of 5. The molecular structure features the classical
three-legged piano-stool geometry with the ruthenium center in
a pseudotetrahedral geometry (Figure 2). The Ru−C1 bond

length is 2.012(1) Å, which is typical for this type of carbene
ruthenium complexes.28,29 In the pyridyl heterocycle, the C4−
C5 (1.406(2) Å) and C4−C8 bonds (1.405(2) Å) are
significantly longer than the bonds linking C6−C5 (1.376(2)
Å) and C7−C8 (1.367(2) Å), similar to the corresponding
bond lengths in related PYA imidazolylidene complexes.20 This
partial double-bond localization indicates a predominance of
the neutral resonance structure (cf. Figure 1a left) in the solid
state with less contribution from a delocalized aromatic system
comprising a mesoionic ground state (cf. Figure 1a, right).
However, the C4−N1 bond length is not particularly short,
1.390(2) Å, indicating only little double-bond character.
Complex 5 is considerably more stable than the analoguous

complex 1, containing a benzylic CH2 linker between the NHC
donor and the PYA system. Thus, a methanolic solution of
complex 5 is stable over several weeks in the presence of 5
equiv of KOH, even when kept at elevated temperatures
(reflux). Likewise, complex 5 is not altered when exposed to
aqueous HCl (D2O solution) at room temperature. However,
heating this acidic solution to 80 °C led to gradual
decomposition.
Resonance Structure Dynamics. UV−vis and NMR

spectroscopic techniques as well as electrochemical analyses
were used to assess the electronic flexibility of the PYA ligand
when confined at the ruthenium center through chelation.
Specifically, the contributions of different resonance structures
(A, B, C, Scheme 3a) with various degrees of mesoionic
character and variable donor ability of the N-donor ligand were
probed by modifying the polarity of the environment.
Previous studies on complex 1 and on the parent

pyridylideneamine 6 (Scheme 3b) indicated that the NMR
chemical shift difference between the pyridinic α and β protons
constitutes a diagnostic probe for the prevalence of the neutral
or mesoionic resonance structure.20,30 Accordingly, an

increased downfield shift of Hα and concomitant shielding of
Hβ indicate a higher contribution of the enimine resonance
form B (Scheme 3). Thus, analysis of the shift difference in
various solvents provides insights into the flexibility of the
electron density distribution in complex 5. The assignment of
Hα and Hβ in the NMR spectra was unambiguously confirmed
by a nuclear Overhauser effect (NOE), which was exclusively
observed between the pyridinium-bound methyl group (δH ≈
4.2) and the pyridyl Hα doublet. Representative spectra in
CD2Cl2, CD3OD, and DMSO-d6 indicate a progressive shift of
the two resonances in opposite direction (Figure 3), thus
supporting a larger contribution of the mesoionic resonance
form A in more polar solvents. The sum of the shift difference
of Hα to higher field and of Hβ to lower field, i.e., Δδ = Δδ(Hα)
− Δδ(Hβ), suggests a correlation with the solvent polarity.31

Taking the spectrum in CD2Cl2 as a reference (εCH2Cl2 = 9.08;
two doublets at δH = 8.58 and 8.17) the signals shift by Δδ =
0.33 in CD3OD (εMeOH = 32.6) and even further by Δδ = 0.53
in DMSO-d6 (εDMSO = 46.7).32 This correlation between
chemical shift difference and solvent polarity is remarkably
linear. A similar solvent-dependent shift was observed for the
aromatic proton resonances of the cymene ligand, in agreement
with a variable electron density at ruthenium when changing
solvents. We have not attempted to numerically evaluate the
change of resonance frequencies due to the more complex
pattern of the signals. However, it is worth noting that the
reference complex 7 with triazolylidene pyridine chelate
which does not have an easily accessible mesoionic resonance
structuredoes not show a similar solvent-induced change of
the resonance frequencies (Figure S2). While a minor shift of
all frequencies is observed upon changing the solvents, the
relative positions are only marginally affected, thus under-
pinning more significant changes in complex 5.
Comparison of the overall chemical shift differences suggests

a substantially more pronounced resonance change in complex
5 than in complex 1 (Δδ = 0.33 in 5 vs 0.14 ppm in 1 for a
change between CD2Cl2 and CD3OD). Accordingly, the ligand
in complex 5 reveals a higher adaptability of the ligand, similar
to the parent pyridylideneamine 6 (Δδ = 0.61 for CD2Cl2 vs
DMSO, cf. Δδ = 0.53 for 5). These data thus imply that
complex 5 comprises a mesoionic N-donor ligand in polar
media, while the neutral resonance structure is more relevant in

Figure 2. ORTEP presentation of complex 5 (50% probability;
hydrogen atoms, cocrystallized H2O molecule, and the noncoordi-
nated OTf− anion omitted for clarity). Selected bond lengths and
angles: Ru−C1 2.0119(11) Å, C4−C5 1.4057(16) Å, C4−C8
1.4046(18) Å, C5−C6 1.3756(17) Å, C7−C8 1.3669(18) Å; C1−
Ru−N1 76.18(4)°.

Scheme 3. (a) Limiting Resonance Structures A, B, and C of
the PYA Wingtip of Complex 5; (b) Limiting Resonance
Structures in the Parent Pyridylideneamine 6; (c) Complex 7
Containing an Identical Donor Set to Complex 5 but
Lacking a Resonance Structure Ambiguity
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apolar media. This donor flexibility of the PYA ligand in 5 with
a coplanar triazolylidene chelate is considerably more
pronounced than in complex 1, with an sp3-hybridized carbon
linking the PYA and the N-heterocyclic carbene.
Further support for the adaptability of the complex was

obtained by UV−vis spectroscopy. Spectral data of complex 5
and the ligand precursor 4 were measured in MeOH and
CH2Cl2. In MeOH, the UV−vis spectrum of 5 displays two
absorption maxima at 312 and 389 nm, whereas in CH2Cl2
these maxima are shifted bathochromic to 321 and 401 nm
(Figure 4). The higher energy absorption (312 nm in MeOH

and 321 nm in CH2Cl2) are in the range expected for
intraligand charge transfer bands (π−π* transitions). Thus, the
lower energy of the maximum absorbed radiation in CH2Cl2
indicates a variation in the conjugation of the ligand π-system.
The quinoid-type resonance structure of 5B has a higher degree
of conjugation than that of the pyridinium resonance structure
5A (cf. Scheme 3a). The longer wavelength absorbances (389
and 401 nm) are indicative of metal−ligand charge transfer
bands (LMCT or MLCT). The wavelength of absorbed
radiation increases when the experiment is carried out in
CH2Cl2 (from 389 to 401 nm); therefore the charge transfer
energy is lowered in nonpolar media. Resonance structure B
prevails in nonpolar media, thus lowering the ligand-centered

LUMO as compared to A (i.e., increased π-acidity of the
ligand). According to such a rationale, the increase of λmax when
moving from MeOH to CH2Cl2 suggests that the high-energy
absorption is an MLCT and not a LMCT band. When the
polarity of the solution of 5 was decreased incrementally
(Figure 4 and Table S1), the wavelengths of the absorption
maxima gradually shift to longer wavelength, thus inferring that
the prevalence of one limiting resonance structure over the
other is easily controlled by adjustment of the polarity of the
solution.
Likewise, the ligand precursor 4 absorbs at higher wavelength

when dissolved in CH2Cl2 (λmax = 285 and 345 nm) as
compared to MeOH (λmax = 280 and 341 nm, Figure S1). This
behavior is similar to that of the complex and indicates that
different resonance structures may be preponderant also for the
protonated ligand precursor as well; however, the changes are
less pronounced and the intraligand charge transfer bands shift
by only 4 nm, while the Δλmax in complex 5 increases to 9 nm.
These results corroborate the trend deduced from NMR

spectroscopy and further suggest that altering the dielectric
constant of the solvent increases the prevalence of one limiting
resonance structure over another. In more polar solvents the
mesoionic pyridinium-amidate resonance structure is more
relevant, whereas in less polar solvents the neutral quinoid-type
imine resonance structure prevails.
Resonance structure C, with an oxygen-centered anionic

charge, is less prevalent according to IR spectroscopy. Complex
5 displayed absorptions at 1656 cm−1 in CH2Cl2 and 1653
cm−1 in MeOH for the stretching frequency of the amide C
O bond in the infrared spectrum. The similarity of the
absorptions indicates that the amide CO is not altered upon
dissolution in more polar solvents. Previous DFT studies
predict that the metal−nitrogen bond is highly polarized and
therefore disfavors charge migration to a remote carbonyl site.19

Electrochemical analyses provided further evidence for the
electronic adaptability of the PYA ligand. Cyclic voltammetry
(CV) experiments in CH2Cl2 revealed a reversible and
presumably ruthenium-centered oxidation at E1/2 = +1.20 V
vs SCE for 5 (Figure 5) and an irreversible, potentially catalytic
reduction with a maximum at Epc = −1.25 V. However, when
the measurement was performed in MeNO2 (ε = 35.87), the
oxidation potential was significantly lower, at E1/2 = +1.11 V.
This 90 mV potential difference suggests a solvent-induced

Figure 3. Section of the 1H NMR spectrum of complex 5 in (a) DMSO-d6, (b) CD3OD, and (c) CD2Cl2, indicating the diagnostic shift of the α and
β protons of the N-mesoionic ligand.

Figure 4. Overlaid UV−vis spectra of 5 in varying degrees of CH2Cl2
and MeOH.
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change of the electron density at the metal center.33 Easier
oxidation of the ruthenium center in MeNO2 may be imparted
by the stronger ligand donation in this solvent, likely owing to
the mesoionic resonance form A (cf. Scheme 3a). The neutral
resonance form B features a neutral π-acidic imine donor rather
than an anionic amide NR2

−, and this form would be expected
to be more relevant in less polar CH2Cl2. This conclusion is in
agreement with the complementary data acquired by UV−vis
and NMR spectroscopic analyses and further underlines the
strong solvent-dependent donor flexibility of the PYA
triazolylidene ligand. The donor properties of this ligand can
be tuned readily through solvent-polarity-induced prevalence of
either the limiting resonance structure A or B.30,34

Catalytic Applications. The catalytic activity of complex 5
in the hydrogen transfer reactions was evaluated by using
benzophenone to diphenylmethanol hydrogenation.35 Under
standard transfer hydrogenation conditions using iPrOH as
dihydrogen source and solvent, complex 5 displayed good
catalytic activity and reached 92% conversion of the starting
material to the alcohol after 24 h (Table 1, entry 1; see also

Figure S3). This result is a significant improvement when
compared to previously reported complexes containing PYA
imidazolylidene ligands,20 probably due to the enhanced
stability of the complex toward basic degradation. Indeed, no
precipitate was observed at later stages of the reaction that
might indicate decomposition of the complex, and in fact it was
possible to recover complex 5 after catalytic runs, as confirmed
by NMR spectroscopy. The enhanced stability is likely a direct
consequence of the ligand design, specifically the absence of an

acidic CH2 group between the pyridylamide group and the
heterocyclic carbene.
Interestingly, increasing the polarity of the reaction medium

from pure iPrOH (ε = 17.9) by addition of dimethylacetamide
(DMA, ε = 37.8) as cosolvent had a notable impact on the
catalytic activity (entries 2, 3). Under these conditions, complex
5 achieves essentially full conversion after 24 h and 24%
conversion after 2 h (cf. 19% in pure iPrOH). This higher
activity was attributed to and increased relevance of resonance
structure A over B (cf. Scheme 3b) upon increasing the
permittivity, which presumably increases the donor strength of
the PYA NHC ligand, as deduced from spectroscopy and
electrochemistry (see above). Modification of the solvent ratio
revealed an optimum performance at an iPrOH/DMA mixture
ratio of 9:1 and 8:2 v/v, while the addition of larger proportions
of DMA decreased the catalytic activity (entries 4−6). At a 1:1
(v/v) iPrOH/DMA solvent ratio, the catalytic activity is lost
completely. These results suggest that the catalytic activity is
not exclusively governed by the solvent dielectric constant but
by a combination of factors, as both complex solubility and
sufficient availability of the H2-donor source will impact
catalytic activity.36

In order to evaluate the specific role of the PYA ligand and
the relevance of mesoionic ligands, the pyridyl-substituted
triazolylidene ruthenium complex 7 (Figure 6) was subjected to

similar transfer hydrogenation catalysis.37 With this complex, a
swap between mesoionic and neutral resonance forms of the N-
donor ligand is suppressed. Under standard transfer hydro-
genation conditions using iPrOH as dihydrogen source and
solvent, complex 7 displayed almost quantitative yields after 20
min (Figure S4). However, increasing the polarity of the
reaction medium by addition of DMA did not follow the same
reactivity profile as shown by complex 5, and the catalytic
activity continuously and substantially decreased and reached
the same 0% conversion in a 1:1 iPrOH/DMA solvent ratio
(Figures 6 and S4). This divergence of complex 7 to the
behavior of complex 5 is significant and indicates that DMA has
only an inhibitive effect for complex 7, but has an accelerating
effect for complex 5, at least when employed in small
proportion. This contrasting response to solvent mixtures
suggests that, indeed, the mesoionic properties of PYA-type

Figure 5. Superimposed CV plots of complex 5 in CH2Cl2 and
MeNO2, indicating the solvent-induced 90 mV shift of oxidation
potential.

Table 1. Catalytic Transfer Hydrogenation and Reduction of
Benzophenone in iPrOHa

entry solvent systemb yield (%) 2 h/24 h

1 iPrOH 19/92
2 iPrOH/DMA (9:1) 24/99
3 iPrOH/DMA (8:2) 23/98
4 iPrOH/DMA (7:3) 11/88
5 iPrOH/DMA (6:4) 10/44
6 iPrOH/DMA (1:1) 0/0

aGeneral reaction conditions: benzophenone (1 mmol), anisole (0.2
mmol, internal standard), catalyst (0.01 mmol), KOH (50 μL of 2 M
aqueous solution, 10 mol %), refluxed at 110 °C. bSolvent mixtures in
v/v, total volume 5.0 mL.

Figure 6. Dependence of catalytic activity on the solvent media for
complex 5 with an adaptive PYA ligand and for complex 7 with a static
pyridyl donor (activity after 120 min for 5, after 8 min for 7,
normalized to highest performance).
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ligands can be exploited to promote bond activation and
catalytic activity.38

Stimulated by precedent activity of related ruthenium
triazolylidene complexes,39 the activity of 5 was evaluated as
a catalyst precursor for base- and oxidant-free alcohol oxidation
in addition to transfer hydrogenation. When using benzyl
alcohol as a model substrate, the activity of complex 5 in this
process was much lower than the performance observed in
transfer hydrogenation of benzophenone (Table 2). However, a

similar dependence of the conversion on solvent permittivity
was apparent: in toluene (ε = 2.38) and 1,2-dichlorobenzene (ε
= 9.93), the reaction reached just 10% conversion at 24 h, while
in DMA up to 20% conversion were achieved within the same
time (entries 1−3). While previous work has shown that
chelating triazolylidenes are less powerful catalysts for this
dehydrogenation reaction,37 these conversions were still
substantially lower than expected, in particular when consid-
ering that the complex is an effective catalyst precursor for
iPrOH oxidation as a side reaction in the base-free transfer
hydrogenation (see above). In an attempt to enhance the
catalytic activity, a variety of additives were evaluated for
catalyst activation, in particular for potential halide abstraction
as an initial step to facilitate alcohol coordination to the
ruthenium center (entries 4−9). Significant improvement of
catalytic activity was accomplished when using K2CO3 or
AgOTf (yields around 70%, entries 5, 7), and milder bases such
as NiPr2Et had no effect (entry 9). Likewise, chloride
abstraction with a CH3

+ source (MeOTf, entry 8) was
unsuccessful40 and led to similar performance to that in the
absence of any additive (entry 3).

■ CONCLUSIONS
The mixed PYA triazolylidene chelate system introduced here
offers various attractive features for further development. The
triazolylidene unit provides a reliable anchor for chelation and
hence for persistent coordination of the pyridylidenamide
ligand. Moreover, the specific positioning of the heteroatoms in
1,2,3-triazolylidenes allows for the introduction of a carbonyl
group adjacent to the carbenic donor, an arrangement that is
not stable in Arduengo-type 2-imidazolylidene ligands. The

PYA ligand is highly adaptive and assumes different resonance
structures depending on the direct environment such as in the
solid state or in solvents of different polarity, thus revealing N-
mesoionic properties. The solvent-dependent resonance
structure contributions modify the donor ability of the ligand
and the electron density at the metal center, thus providing a
new paradigm for tailoring the activity of the metal center. This
adaptive behavior of the ligand is advantageous to facilitate
redox processes and to promote catalytic activity. Here, this
concept is demonstrated by using different solvent composi-
tions to over- or underweight specific resonance contributions
and to enhance the catalytic performance of PYA ruthenium
complexes. Hence, such PYA-based ligand systems provide a
dynamic platform for inducing and exploiting metal flexibility, a
concept that complements the ligand noninnocence and ligand
cooperativity principles in catalyst design.

■ EXPERIMENTAL SECTION
General Procedures. Triazole 2 and complex 7 were synthesized

according to previously reported procedures.26,37 The ruthenium
complex was synthesized under strict exclusion of light and air using
standard Schlenk techniques under an atmosphere of dry nitrogen.
Acetonitrile was dried by passage through a solvent purification
column. All other reagents were used as received unless otherwise
stated. NMR spectra were recorded on Varian spectrometers operating
at 400 or 500 MHz unless otherwise stated. Chemical shifts (δ in ppm,
J in Hz) were referenced to SiMe4. Signal assignments are based on
homo- and heteronuclear (multiple-bond) correlation spectroscopy.
Elemental analysis was performed on an Exeter Analytical CE440
elemental analyzer, by the Microanalytical Laboratory at the University
College Dublin, Ireland. High-resolution mass spectrometry was
carried out with a Micromass/Waters Corp. USA liquid chromatog-
raphy time-of-flight spectrometer equipped with an electrospray
source.

Electrochemistry. Electrochemical measurements were carried out
using an EG&G Princeton Applied Research potentiostat model 273A
typically at a 100 mV s−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
or nitromethane 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 and
+0.35 V vs SCE in CH2Cl2 and MeNO2, respectively).

41

Triazole 3. Under a N2 atmosphere, the acid 2 (2.835 g, 15 mmol)
was refluxed in SOCl2 (15 mL) for 3 h. Excess SOCl2 was removed
under reduced pressure in a well-ventilated fumehood. The residue
was dissolved in dry CH2Cl2 (60 mL), then DIPEA (3.14 mL, 18
mmol) and 4-aminopyridine (1.41 g, 15 mmol) were added, and the
reaction mixture was stirred at room temperature for 18 h. Removal of
solvent in vacuo and washing the residue with H2O (50 mL) afforded
the product triazole as a gray solid (yield 3.718 g, 94%). 1H NMR (400
MHz, (CD3)2SO): δ = 11.00 (s, 1H, NH), 9.51 (s, 1H, CHtrz), 8.54−
8.45 (m, 2H, Hpy

ortho N), 8.01 (d, 3JHH = 7.7 Hz, 2H, HPh
ortho), 7.90 (d,

3JHH = 7.9 Hz, 2H, Hpy
ortho C), 7.64 (t, 3JHH = 7.9 Hz, 2H, HPh

meta),
7.55 (t, 3JHH = 7.9 Hz, 1H, HPh

para). 13C{1H} NMR (101 MHz,
(CD3)2SO): δ = 159.0 (CO), 150.3 (CHpy

ortho N), 145.3 (Cpy), 143.2
(Ctrz), 136.2 (CPh), 130.0 (CHPh

ortho), 129.4 (CHtrz), 126.2 (CHPh
para),

120.6 (CHPh
meta), 114.2 (CHpy

ortho C). HR-MS (ESI+) m/z = 266.1054
(calcd for [M + H]+ 266.1042).

Pyridinium-triazolium Triflate 4. The triazole 3 (1.281 g, 4.8
mmol) was suspended in CH2Cl2 (50 mL) and stirred at 0 °C for 10
min. MeOTf (2.64 mL, 24.2 mmol) was added, and the reaction was
stirred at 0 °C for 30 min, followed by room-temperature stirring for
18 h. The mixture was filtered, and the filtrate was washed with Et2O
(100 mL) and pentane 100 mL), to afford the product as an off-white
solid (yield 1.890 g, 96%). 1H NMR (400 MHz, CD3OD): δ = 9.79 (s,

Table 2. Catalytic Dehydrogenation of Benzyl Alcohol to
Benzaldehydea

entry solvent additive yield (%) 4 h/24 h

1 toluene nd/10
2 1,2-DCB nd/9
3 DMA nd/22
4 DMA Cs2CO3 30/30
5 DMA K2CO3 72/72
6 DMA KOH 16/30
7 DMA AgOTf 52/67
8 DMA MeOTf 12/22
9 DMA NiPr2Et 14/34

aGeneral reaction conditions: benzyl alcohol (0.2 mmol), catalyst
(0.01 mmol), additive (0.02 mmol), and solvent (2.0 mL) were heated
to 110 °C; 1,2-DCB = 1,2-C6H4Cl2, OTf = CF3SO3, nd = not
determined.
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1H, Htrz), 8.80 (d, 3JHH = 7.2 Hz, 2H, Hpy
ortho N), 8.33 (d, 3JHH = 7.2

Hz, 2H, Hpy
ortho C), 8.03−8.01 (m, 2H, HPh

ortho), 7.80−7.76 (m, 3H,
HPh

meta/para), 4.73 (s, 3H, NtrzCH3), 4.32 (s, 3H, NpyCH3), NH not
resolved. 13C{1H} NMR (101 MHz, CD3OD): δ = 155.6 (CO), 152.5
(Cpy), 147.7 (CHpy

ortho N), 136.3 (Ctrz), 136.2 (CPh
ipso), 133.6

(CHPh
para), 131.8 (CHPh

meta), 130.7 (CHtrz), 123.0 (CHPh
ortho), 121.7

(q, 1JCF = 318.6 Hz, SCF3), 117.7 (CHpy
ortho C), 47.7 (NtrzCH3), 42.1

(NpyCH3). HR-MS (ESI+): m/z = 616.0460 (calcd for [M + Na]+

616.0371).
Complex 5. The salt 4 (208 mg, 0.35 mmol), Ag2O (81 mg, 0.35

mmol), [Ru(p-cym)Cl2]2 (107 mg, 0.18 mmol), and NMe4Cl (115
mg, 1.05 mmol) were suspended in dry MeCN (10 mL) and heated to
60 °C for 18 h. The resulting mixture was filtered through a short pad
of Celite, concentrated in vacuo, and precipitated from Et2O (50 mL).
The resulting solid was dissolved in the minimum amount of CH2Cl2
(ca. 2 mL) and filtered through Celite. The solution was concentrated
to 1 mL, and addition of Et2O (50 mL) afforded the product as a
spectroscopically pure yellow solid (yield 209 mg, 84%). An
analytically pure sample was obtained upon recrystallization from a
CHCl3 solution that was layered with Et2O.

1H NMR (500 MHz,
CD2Cl2): δ = 8.58 (d, 3JHH = 7.2 Hz, 2H, Hpy

ortho C), 8.17 (d, 3JHH =
7.2 Hz, 2H, Hpy

ortho N), 8.08−8.06 (m, 2H, HPh), 7.71−7.67 (m, 3H,
HPh), 5.52 (d, 3JHH = 5.9 Hz, 1H, Hcym), 5.23 (d, 3JHH = 5.9 Hz, 1H,
Hcym), 4.94 (d, 3JHH = 5.8 Hz, 1H, Hcym), 4.47 (d, 3JHH = 5.8 Hz, 1H,
Hcym), 4.43 (s, 3H, NtrzCH3), 4.19 (s, 3H, NpyrCH3), 2.20 (septet,

3JHH
= 6.9 Hz, 1H, Hcym), 2.12 (s, 3H, CH3‑cym), 0.94 (d,

3JHH = 6.9 Hz, 3H,
CH3‑cym), 0.91 (d, 3JHH = 6.9 Hz, 3H, CH3‑cym).

13C{1H} NMR (101
MHz, CD2Cl2): δ = 171.0 (CO), 167.3 (Cpy

ipso), 165.3 (CtrzRu), 143.3
(Cpy

ortho N), 139.9 (Ctrz), 138.5 (CPh
ipso), 131.5 (CPh), 130.3 (CPh),

125.3 (CPh), 123.5 (Cpy
ortho C), 103.9 (Ccym‑Ph), 102.9 (Ccym‑Ph), 93.3

(CHcym‑Ph), 88.1 (CHcym‑Ph), 83.6 (CHcym‑Ph), 81.2 (CHcym‑Ph), 46.9
(NpyrCH3), 37.2 (NtrzCH3), 31.6 (CHcym), 22.5 (CH3‑cym), 22.2
(CH3‑cym), 18.7 (CH3‑cym), SCF3 not resolved. HR-MS (ESI+): m/z =
564.1118 (calcd for [M − OTf]+ 564.1104). IR (CH2Cl2): νCO = 1656
cm−1. Anal. Calcd for C27H29ClF3N5O4RuS (713.13)·0.5CHCl3: C,
42.74; H, 3.85; N, 9.06. Found: C, 42.70; H, 3.91; N, 9.04.

1H NMR (400 MHz, CD3OD): δ = 8.52 (d, 3JHH = 7.3 Hz, 2H,
Hpy

ortho C), 8.44 (d, 3JHH = 7.3 Hz, 2H, Hpy
ortho N), 8.10−8.07 (m, 2H,

HPh), 7.77−7.74 (m, 3H, HPh), 5.55 (d,
3JHH = 6.1 Hz, 1H, Hcym), 5.21

(d, 3JHH = 6.1 Hz, 1H, Hcym), 5.13 (d, 3JHH = 5.7 Hz, 1H, Hcym), 4.58
(d, 3JHH = 5.7 Hz, 1H, Hcym), 4.46 (s, 3H, NtrzCH3), 4.20 (s, 3H,
NpyrCH3), 2.20 (septet, 3JHH = 6.9 Hz, 1H, Hcym), 2.09 (s, 3H,
CH3‑cym), 0.95 (d,

3JHH = 6.9 Hz, 3H, CH3‑cym), 0.94 (d,
3JHH = 6.9 Hz,

3H, CH3‑cym).
13C{1H} NMR (101 MHz, CD3OD): δ = 171.3 (CO),

168.0 (Cpy
ipso), 166.4 (CtrzRu), 144.8 (Cpy

ortho N), 140.8 (Ctrz), 139.6
(CPh

ipso), 132.3 (CPh), 131.0 (CPh), 126.4 (CPh), 124.3 (Cpy
ortho C),

103.8 (Ccym‑Ph), 103.7 (Ccym‑Ph), 93.9 (CHcym‑Ph), 89.0 (CHcym‑Ph), 84.6
(CHcym‑Ph), 82.7 (CHcym‑Ph), 46.6 (NpyrCH3), 37.3 (NtrzCH3), 32.5
(CHcym), 22.6 (CH3‑cym), 22.3 (CH3‑cym), 18.6 (CH3‑cym), SCF3 not
resolved. IR (MeOH): νCO = 1653 cm−1.
Typical Procedure for the Transfer Hydrogenation of

Benzophenone. Complex 5 (8 mg, 0.01 mmol) was weighed
directly into the reaction flask, anisole (20 μL, 0.2 mmol, as internal
standard), iPrOH (4.5 mL), DMA (0.5 mL), and an aqueous KOH
solution (50 μL, 2 M, 0.1 mmol) were added, and the solution was
heated at 110 °C for 10 min. The substrate (1.0 mmol) was added.
Aliquots (0.1 mL) were taken after fixed times, diluted with CD3OD
(0.6 mL), and analyzed by 1H NMR spectroscopy.
Typical Procedure for the Oxidation of Benzyl Alcohol.

Complex 5 (8 mg, 0.01 mmol), anisole (internal standard, 20 μL, 0.2
mmol), benzyl alcohol (19 μL, 0.2 mmol), and solvent (2 mL) were
placed in a vial with a pierced septum and heated to 110 °C. An
aliquot (0.1 mL) was taken at fixed times, diluted with CDCl3 (0.6
mL), and analyzed by 1H NMR spectroscopy.
Crystallographic Details. Crystal data for 5 were collected using

an Oxford Diffraction (now Rigaku) SuperNova A diffractometer fitted
with an Atlas detector and using monochromated Mo Kα radiation
(0.710 73 Å). A complete data set was collected, assuming that the
Friedel pairs are not equivalent. An analytical numeric absorption
correction was performed.42 The structure was solved by direct

methods using SHELXS-9743 and refined by full matrix least-squares
on F2 for all data using SHELXL-97.43 Hydrogen atoms were added at
calculated positions and refined using a riding model. Their isotropic
thermal displacement parameters were fixed to 1.2 times (1.5 times for
methyl groups) the equivalent one of the parent atom. Anisotropic
thermal displacement parameters were used for all non-hydrogen
atoms. Further crystallographic details are compiled in Table S3.
Crystallographic data (excluding structure factors) for 5 have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 1407377.
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(31) Previous work suggested to consider Δδ as a probe where a
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