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Proton-responsive naphthyridinone-based RuII complexes and 
their reactivity with water and alcohols
Manuel Gallardo-Villagrán,a,§ Orestes Rivada-Wheelaghan,a,†,§ S. M. Wahidur Rahaman,a Robert R. 
Fayzullin,b Julia R. Khusnutdinova*a

We report the synthesis and reactivity of RuII complexes with a new naphthyridinone-substituted phosphine ligand, 7-
(diisopropylphosphinomethyl)-1,8-naphthyridin-2(1H)-one (L-H), which contains two reactive sites that can potentially be 
deprotonated by a strong base: an NH proton of naphthyridinone and a methylene arm attached to the phosphine. In the 
absence of a base, the stable bis-ligated complex Ru(L-H)2Cl2 (1) containing two NH groups in the secondary coordination 
sphere, is formed. Upon further reaction with a base, a doubly deprotonated, dimeric complex is obtained [Ru2(L*-H)2(L)2] 
(2), in which two of four ligands undergo deprotonation at the NH (L), while the other two ligands are deprotonated at the 
methylene groups (L*-H) as confirmed by an X-ray diffraction study; intramolecular hydrogen bonding is present between 
the NH group of one ligand and an O-atom of another ligand in the dimeric structure, which stabilizes the observed 
geometry of the complex. Complex 2 reacts with protic solvents such as water or methanol generating aqua Ru(L)2(OH2)2 
(3) or methanol complexes Ru(L)2(MeOH)2 (4), respectively, both exhibiting intramolecular H-bonded patterns with 
surrounding ligands at least in the solid state. These complexes react with benzyl alcohols to give aldehydes via base-free 
acceptorless dehydrogenation.  

Introduction

Development of ligands that can act not only as spectators but 
also participate in proton transfer and/or bond activation in 
tandem with the metal center, attracts significant attention 
both in artificial catalysis and in biomimetic chemistry, where 
proton transfer is often conducted with help of the 
surrounding functional groups in the primary or secondary 
coordination spheres.1-4 Ligands which can be deprotonated  
or can act as the proton shuttle groups have been shown to 
have great potential in the discovery of new types of bond 
activation, as well as in homogeneous or electrochemical 
catalysis that involves proton transfer and hydrogen 
generation/formation.5-7 In particular, the location of proton 
responsive groups in the secondary coordination sphere (SCS) 

in proximity to the reactive metal center may result in 
cooperative effects, enabling the activation and/or 
functionalization of various substrates,8-10 and catalytic 
performance.11-13 A great variety of ligand motifs featuring 
reactive NH,4, 14 OH15-24 and CH groups 1-2, 25-27 have been 
developed over the past several decades by many research 
groups, and such ligands have been actively utilized to 
promote various types of catalytic or stoichiometric bond 
activation. Utilizing the SCS strategy, notable breakthroughs in 
the development of low-barrier processes involving hydrogen 
or proton transfer have been reported. Specifically, Szymczak 
et al. showed that addition of proton-switchable groups at the 
ligand framework induced new catalytic performance in 
ruthenium complexes, revealing the crucial role pendant 
hydroxyl groups can play in catalytic activity.12, 28 More 
recently, Achard et al. reported a set of Ru complexes bearing 
proton responsive pyridonate motifs to perform catalytic ester 
formation and cross-coupling of alcohols to form α-alkylated 
ketones in the presence of a base.29-30 We have recently shown 
that the presence of two hydroxy groups in proximity to a Mn 
center in substituted bipyridyl-derived complexes induced 
higher catalytic activity on CO2 hydrogenation and transfer 
hydrogenation of carbonyl groups, imines and aromatic N-
heterocycles.31-32 

In our previous work, we utilized naphthyridinone 
framework attached to the various chelating ligand motifs, in 
particular, mono- and bis-picolylamines, to build multimetallic 
complexes.33-34 These ligands were conveniently prepared 
through a chloromethyl-substituted common precursor, which 
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shows great potential in further diversification of ligand motifs 
that can be obtained by varying a chelating fragment. In this 
work, we decided to design a new ligand that combines 
phosphinomethyl and naphthyridinone fragments and study 
the reactivity of its Ru complexes reactivity in deprotonation 
and in reactions with protic solvents. The ability of 
(phosphinomethyl)pyridine-derived ligands to undergo 
deprotonation at the acidic methylene arm, leading to N-
heterocycle dearomatization, is well-precedented and has led 
to the discovery of a large class of acceptorless 
dehydrogenation and hydrogenation catalysts.1-2, 25-26 The 
examples of the ligands that feature both acidic methylene 
arms and NH groups still remain relatively rare. For example, 
PNNH ligand showing dual reactivity mode was developed in 
the Milstein group and was utilized for metal-ligand 
cooperative bond activation and catalytic (de)hydrogenation 
reactions.35-36 Van der Vlugt and co-workers reported Ru 
complexes with bipyridyl-based PNN(O) ligand active in 
acceptorless dehydrogenative coupling reactions.37 

The new napthyridinone-based ligand developed in this 
work would potentially have two possible sites for 
deprotonation: an acidic CH2 moiety attached to phosphine 
arm as well as the NH group of naphthyridinone. Furthermore, 
by using this ligand to support mononuclear complexes, we 
can explore the reactivity of the proton-responsive 
naphthyridinone group present in the SCS of the metal. 
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Fig 1. Representative examples of coordination complexes containing proton 
responsive groups in the secondary coordination sphere.

Results and discussion
Synthesis and characterization of ligand and Ru complexes

We have recently reported 7-(chloromethyl)-1,8-naphthyridin-
2(1H)-one (ClNaph) as a precursor to develop multidentate 
donor ligands and generate multimetallic architectures.33-34 To 
synthesize a proton-responsive naphthyridinone-substituted 

phosphine ligand, we reacted this precursor with iPr2PH in 
MeOH, followed by treatment with aqueous NaHCO3 solution 
and extraction of the desired ligand L-H into dichloromethane. 
After drying over MgSO4 and solvent removal, the desired 
ligand L-H was obtained in 63% yield (Scheme 1). 

 

PiPr2

N N
H

O

L-H
Cl

N N
H

O

ClNaph

iPr2PH

MeOH, 80 ºC
NaHCO3

Scheme 1 Synthesis of ligand L-H.

Reaction of 1 equivalent of L-H with 0.49 equivalents of 
[RuCl2(DMSO)4] at 80 °C for 8 hours in THF yielded an orange 
solid identified as the dichloride ruthenium complex [Ru(L-
H)2Cl2] (1) (Scheme 2). The 31P{1H} NMR spectrum shows one 
singlet at 70.29 ppm in CD3CN. In the 1H NMR spectrum, a 
singlet of the N‒H group is observed at 11.32 ppm in CD2Cl2 
solution; two multiplets at 4.70 and 3.58 ppm have been 
assigned to the inequivalent geminal methylene protons of L-
H. 

N
N
H

iPr2P

O

Ru
Cl

N
HN

O

Cl
iPr2P

1

0.49 eq. [Ru(DMSO)4Cl2]

80 ºC, 8 h, THFPiPr2

N N
H

O

L-H

Scheme 2 Formation of complex 1.

Single crystal X-ray diffraction (XRD) study of complex 1 
reveals an octahedral geometry around Ru with two Cl-atoms 
located trans to each other, and phosphine atoms of L-H in cis 
orientation. The most characteristic feature of this structure 
(Fig. 2) is the presence of an intramolecular N–H···Cl hydrogen 
bond. These interactions could explain the downfield shift of 
the N‒H proton peak in the 1H NMR spectrum relative to the 
corresponding chemical shift in the free L-H ligand (10.23 
ppm). The puckered five-membered chelate ring is consistent 
with inequivalent geminal methylene protons in the 1H NMR 
spectrum, and the presence of N–H···Cl hydrogen bonds likely 
leads to the lack of conformational fluxionality.
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Fig. 2 ORTEP of 1 at 60 % probability level according to single crystal X-ray diffraction 
data. Solvent molecules and hydrogen atoms, except for N–H, are omitted for clarity. 
Selected interatomic distances [Å]: Ru1–N11 2.2303(8), Ru1–N21 2.2553(8), Ru1–P1 
2.2849(2), Ru1–P2 2.2892(2), Ru1–Cl1 2.4321(2), Ru1–Cl2 2.4346(2). H-bond N12–
H12···Cl1 [Å, ° ]: N12–H12 0.851(13), H12···Cl1 2.318(14), N12···Cl1 3.0937(8), ∠N12–
H12···Cl1 151.6(14). H-bond N22–H22···Cl2 [Å, °]: N22–H22 0.854(13), H22···Cl2 
2.387(14), N22···Cl2 3.1509(8), ∠N22–H22···Cl2 149.1(13).

Reactivity of 1 in the presence of bases 

Considering the presence of two NH groups in complex 1, we 
aimed to study its reactivity in the presence of bases, 
anticipating that a base could also assist in removing the Cl 
ligands and introduce a free coordination site for further 
reactivity. In addition, phosphinomethylene groups attached 
to naphthyridinone might potentially serve as another 
potential site of deprotonation.2 No deprotonation was 
observed in the presence of weak carbonates bases. When 1 
was reacted with 2.2 equiv. of tBuOK in anhydrous benzene, a 
new set of signals was observed at the 1H NMR spectrum; the 
spectrum pattern suggested the formation of a partially 
deprotonated Ru complex due to two sets of signals from 
inequivalent ligands. The 31P{1H} spectrum also exhibited two 
distinct signals at 106.1 and 106.3 ppm. 

We succeeded in obtaining single crystals suitable for XRD 
studies from which we elucidated the structure of complex 2 
(Fig. 3 and Scheme 3). The X-ray structure of 2, [Ru2(L*-H)2(L)2], 
shows a dimeric geometry with two-fold symmetry in the solid 
state, in which each five-coordinate ruthenium center shows a 
slightly distorted square-pyramid configuration (τ5 = 0.18). 
Each Ru center remains coordinated to two P,N-chelating 
naphthyridinone-based ligands, with one ligand deprotonated 
at the methylene arm (L*-H) and the other ligand 
deprotonated at the N-atom (L). Deprotonation at the 
methylene arm is also evident from shorter C11‒C12 bond 
length (1.3797(16) Å) at the methine arm in L*-H, as compared 
to the methylene arm in L (C21-C22 bond of 1.4997(17) Å). The 
fifth coordination site of Ru is occupied by the O-atom of the 
N-deprotonated ligand L that serves as the bridging moiety. 

The ligand L is characterized by the elongated C28–O2 bond 
distance of 1.2931(14) Å as compared to a shorter C18–O1 
distance of 1.2397(16) Å in L*-H or protonated L-H ligand in 
complex 1 (C–O 1.2291(11)-1.2311(11) Å). This indicates that 
the resonance structure depicting ligand L in 2 as containing an 
aryloxide-type O–-donor coordinating to a Ru center (as shown 
in Scheme 3, top) should have a noticeable contribution. 
However, as the C–O bond distance in L*-H lies between the 
typical values for single (ca. 1.35 Å) and double (ca. 1.21 Å) 
C(sp2)–O bonds, an alternative resonance structure of L in 
complex 2 as a naphthyridonate-type donor with a negative 
charge residing on an N-atom is also likely to contribute 
(Scheme 3, bottom). The formation of a relatively uncommon 
five-coordinate RuII center is likely due to steric hindrance 
imposed by the cyclic dimeric structure and the presence of a 
negatively charged, electron-rich π-donating amide donor of a 
deprotonated L*-H ligand. Similarly, five-coordinate square 
pyramidal RuII complexes are known for pincer-ligated RuII 
complexes, in which one of the CH2 arms is deprotonated, 
leading to pyridine dearomatization to give a strong amide 
donor.26, 38 Interestingly, we also observed intramolecular 
hydrogen bonds between the O-atom of L and the H-atom of 
L*-H providing a further stabilization of dimer structure. 

Fig 3 ORTEP of 2 at 60 % probability level according to single crystal X-ray diffraction 
data. Solvent molecules and hydrogen atoms, except for N–H and deprotonated arms, 
are omitted for clarity. Selected interatomic distances [Å]: Ru1–N11 2.1765(9), Ru1–
N21 2.0646(10), Ru1–O2i 2.1848(9), Ru1–P1 2.2412(3), Ru1–P2 2.1913(3). H-bond N12–
H12···O2i [Å, °]: N12–H12 0.81(2), H12···O2i 1.88(2), N12···O2i 2.6790(13), ∠N12–
H12···O2i 172(2). Equivalent atoms are labeled by the superscript sign i: symmetry 
operation is (1 – x, y, 3/2 – z).
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Scheme 3 Deprotonation of complex 1 with tBuOK yielding complex 2.

The 1H NMR spectrum in solution was also consistent with 
the solid-state structure and showed the presence of two 
inequivalent ligands, one ligand being deprotonated at the N-
atom and the other one being deprotonated at the methylene 
fragment. The multiplets at 2.94 and 2.73 ppm with relative 
integration as two protons have been assigned as one of the 
CH2 groups, while the broad peak integrating as 1H at 4.09 
ppm has been assigned to the deprotonated CH-fragment, 
which overlaps with another peak from CH protons of the 
naphthyridinone fragment of the ligand. Interestingly, the N‒H 
peak is significantly downfield shifted and appears at 18.09 
ppm, which could be due to the persistence of the hydrogen 
bond that is observed in the solid state.39 Thus, the dimeric or 
oligomeric structure likely persists in solutions of non-
coordinating solvents. The highly reactive nature of neutral 
complex 2 did not allow for its characterization by ESI-MS. 
Isolated complex 2 could be stored in the solid state under an 
inert atmosphere at ‒20 °C for several weeks with only minor 
decomposition; however, it was highly reactive in the presence 
of protic solvents (vide infra). 
Reactivity of 2 with water and alcohols. 
Considering that complex 2 contains several basic reactive 
sites that can be easily protonated, we investigated the 
reactivity of 2 with water and alcohols. Addition of 5 equiv. of 
H2O to a benzene solution of 2 at r.t. promoted instant color 
change from dark brown to bright yellow accompanied by the 
precipitation of a solid material. This product could be easily 
isolated, washed with benzene, and characterized by XRD (Fig. 
4), NMR, UV-vis, IR spectroscopies and elemental analysis. 
According to XRD, the complex can be described as a cis-
diaqua complex 3 of Ru(L)2(OH2)2 composition with both 
ligands L protonated at the methylene arm (Scheme 4). 
Intramolecular hydrogen bonds are present between the aqua 
ligands and the deprotonated terminal N-atoms of 
naphthyridinones; parameters of the H-bonds are given in the 
caption of Fig 4. Additionally, an intermolecular hydrogen 
bonded network composed by two complexes and four free, 

non-coordinating water molecules forms the asymmetric cell 
in the crystals (see ESI, Figures S46-S47). It should be noted 
that all O–H and N–H hydrogen atoms for complexes 1-4 were 
found using the difference Fourier maps and refined 
isotropically. The Ru‒N bond length is shorter (ca. 2.16 Å) 
compared to complex 1 (ca. 2.24 Å) due to weaker trans 
influence of naphthyridine N-donor in a cis-diaqua complex.

Fig 4 ORTEP of 3 at 60 % probability level according to single crystal X-ray diffraction 
data. One of two symmetrically independent molecules of complex is shown. Solvent 
molecules and hydrogen atoms, except for O–H, are omitted for clarity. Selected 
interatomic distances [Å]: Ru1A–N11A 2.1476(8), Ru1A–N21A 2.1733(8), Ru1A–O3A 
2.2211(7), Ru1A–O4A 2.1901(7), Ru1A–P1A 2.2455(3), Ru1A–P2A 2.2598(3). H-bond 
O3a–H3a1···N12a [Å, °]: O3a–H3a1 0.838(13), H3a1···N12a 1.752(13), O3a···N12a 
2.5721(11), ∠O3a–H3a1···N12a 166(2). H-bond O4a–H4a1···N22a [Å, °]: O4a–H4a1 
0.833(12), H4a1···N22a 1.739(13), O4a···N22a 2.5545(11), ∠O4a–H4a1···N22a 
165.7(19).
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Scheme 4 Reactivity of complex 2 with protic solvents.

Complex 3 exhibits low solubility in most non-protic 
solvents, it was also very sparingly soluble in water, which 
prevented us from obtaining its full NMR characterization. 
When complex 3 was dissolved in CDCl3 or CD2Cl2, the solution 
color slowly changed from yellow to orange leading to the 
formation of chloro-complex 1 identified by 1H NMR. The DFT-
optimized geometry of complex 3 shows that the structure is 
consistent with X-ray analysis, with two aqua ligands attached 
to the Ru center, H-bonded to negatively charged N-atoms of 
terminal naphthyridinonates. 

Thus, the reaction of dimeric complex 2 with water leads to 
the protonation of the methylene arm in both ligands L*-H, 
while the cis-arrangement of two chelating ligands around the 
metal center is retained. Interestingly, while complex 2 
contains NH groups, its reaction with water leads to their 
deprotonation, likely by the hydroxide formed after 
protonation of the methyne CH arm with water.

When complex 3 was dissolved in MeOH, instantaneous 
water‒methanol exchange occurred, generating the new 
complex Ru(L)2(MeOH)2 (4). Alternatively, complex 4 can be 
obtained by dissolving complex 2 in MeOH (Scheme 4). The 1H 
NMR in CD3OD exhibited a symmetrical pattern in which all 
methylene groups at the chelating ligands are protonated. The 
31P{1H} NMR spectrum shows a singlet at 74.90 ppm. The 
higher solubility of the new complex in deuterated solutions 
allowed us to assign the signals of the methylene fragments, 
which appear as two doublets of doublets at 3.97 ppm and 
3.30 ppm due to coupling to a geminal proton and a 
phosphorus atom. Since the 1H NMR was recorded in CD3OD, 
fast H/D exchange prevented us from observing the N–H signal 
by NMR analysis. The new complex was easily crystallized from 
a concentrated MeOH solution at ‒20 °C and its single crystal 
XRD analysis confirmed its monomer structure and similarity 
to 3. The MeOH ligands are hydrogen-bonded to deprotonated 
terminal N-atoms of naphthyridinones similar to complex 3, as 
shown in Fig 5.

Although in the solid state the structures of 3 and 4 are 
described as bis-solvento complexes, in solution proton 
transfer from neutral water or MeOH ligands to the basic 
terminal N-atom of naphthyridonate cannot be excluded, or 
both forms can be present in equilibrium. Both product 
complexes still retain two basic sites as the negatively charged 
terminal N-atoms of naphthyridonate, that can potentially 
participate in SCS reactivity.

Next, we set out to study if complex 3 is active in 
dehydrogenative transformations of alcohols to aldehydes. A 
number of Ru and Ir-based complexes have been reported to 
catalyze dehydrogenation of alcohols to aldehydes,40-41 and 
among these systems, utilization of proton-responsive ligands 
has been demonstrated as a successful strategy to achieve 
selective transformations via cooperative catalysis.42-44 

Fig 5 ORTEP of 4 at 60 % probability level according to single crystal X-ray diffraction 
data. Solvent molecules and hydrogen atoms, except for O–H, are omitted for clarity. 
Selected interatomic distances [Å]: Ru1–N11 2.1778(11), Ru1–N21 2.1718(12), Ru1–O3 
2.1784(10), Ru1–O4 2.2004(10), Ru1–P1 2.2648(3), Ru1–P2 2.2534(3). H-bond O3–
H3···N12 [Å, °]: O3–H3 0.872(15), H3···N12 1.639(15), O3···N12 2.5022(16), ∠O3–
H3···N12 170(3). H-bond O4–H4···N22 [Å, °]: O4–H4 0.902(15), H4···N22 1.629(16), 
O4···N22 2.5184(17), ∠O4–H4···N22 168(3).

Acceptorless dehydrogenation of alcohols leading to the 
formation of hydrogen gas as a byproduct ultimately provides 
a clean method of producing carbonyls, by contrast to other 
commonly used oxidative methods that typically produce large 
amount of hazardous waste.45 However, due to unfavorable 
thermodynamics of dehydrogenation of primary alcohols to 
aldehydes, this transformation still remains challenging.46 
Moreover, base additives often used to activate precious 
metal catalysts may also lead to side reactions with aldehydes, 
leading to decreased selectivity towards the desired aldehyde 
product.47 Ru complexes that exhibit metal-ligand 
cooperativity are typically known to transform alcohols 
directly to esters,25, 48 and some Ru20, 49 and other transition 
metal complexes are very active catalysts for the dimerization 
of aldehydes to esters.50-51 Selective and mild catalytic 
acceptorless dehydrogenation methods that stop at the 
aldehyde remain sought after.

We used para-anisyl alcohol as a model substrate due to the 
simplicity of the NMR spectra of both product and starting 
material facilitating quantitative NMR analysis. Using 5 mol% 
of 3 in the presence of para-anisyl alcohol in a refluxing 
toluene solution, the corresponding aldehyde was obtained as 
the only product in 43% yield after 16 h at 110 °C. Considering 
that primary alcohol dehydrogenation to aldehyde is 
thermodynamically endergonic and endothermic, typically 
high temperature and efficient removal of H2 product is 
required to drive the reaction forward. Accordingly, when the 
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reaction was performed in para-xylene at 160 °C, higher yields 
and conversions were obtained, although long reaction time 
was still required to reach the 88% yield of aldehyde after 72 h 
(Scheme 5).

OH

O

3 (5 mol%)
160 ºC O

O

24 h: 74% yield (74% conversion)
72 h: 88% yield (88% conversion)

+ H2
para-xylene

Scheme 5. Dehydrogenation of para-anisyl alcohol catalyzed by 3.

Considering that other catalytic systems showing reversible 
alcohol dehydrogenation have been utilized in the deuteration 
of alcohols in α- and β-positions using D2O as a source in the 
presence of a Ru complex and catalytic base, we also examined 
the reactivity of complex 3 with alcohols in neat D2O in a 
closed system.52 Under these conditions, partial deuteration of 
para-anisyl alcohol was observed in the α-position (Scheme 6). 
In the case of 1-hexanol, partial deuteration was observed in 
both α- and β-positions, in a latter case, likely via keto-enol 
tautomerism.52 

OH

O

3 (0.2 mol%)
160º C, 24 h

D2O
closed system

OD

O

H/D H/D

OH

3 (0.2 mol%)
160º C, 17 h

D2O
closed system

OD

H/D H/D

H/DH/D

 37 % D
 23 % D

 50 % D

Scheme 6. Deuteration of alcohols in neat D2O catalyzed by 3.

Based on the reactivity studies described above and 
considering that dissociation of aqua or MeOH ligands in 
complexes 3 or 4 may provide potentially two coordination 
sites in the cis-position to each other, we propose an inner 
sphere mechanism, in which basic sites at the N-atoms of the 
naphthyridonates play a role in the deprotonation of an 
alcohol and assist in the formation of H2 gas (Scheme 7). A DFT 
computational study to examine a possible mechanism for 3-
catalyzed dehydrogenation of alcohols to aldehydes was done 
using B3LYP functional and LANL2DZ (for Ru)/6‒31G+(d,p) (for 
non-metal atoms) basis sets; benzyl alcohol was chosen as a 
model system to avoid differences associated with different 
orientation of OMe group. The net reaction, dehydrogenation 
of benzyl alcohol to benzaldehyde and H2, was estimated to be 
endergonic and endothermic, with ΔG and ΔH values of 2.1 
kcal mol–1 and 9.7 kcal mol–1, respectively. In the proposed 
pathway, displacement of water with benzyl alcohol leads to 
the formation of an intermediate A, in which short hydrogen 
bonding is observed between terminal N-atom of 

naphthyridonate and OH group of the alcohol, and a 
pentacoordinate Ru atom has a square pyramidal geometry. 
Attempts to optimize a RuII complex bearing benzyl alkoxide 
with the N-atom protonated, L‒H, always yielded intermediate 
A. Due to the presence of a cis-vacant coordination site, 
subsequent β-hydride elimination via TS-AB produces a Ru 
hydride complex B with an aldehyde coordinated to Ru center. 
This step is endothermic with respect to A by 25.35 kcal·mol‒1 
and is characterized by an activation barrier of 26.35 kcal mol–
1. Substitution of benzaldehyde by benzyl alcohol to generate 
intermediate C is exothermic by 25.1 kcal mol‒1. Release of H2 
regenerates intermediate A through the transition state TS-CA, 
with an activation barrier of 17.91 kcal mol–1. In the H2 
liberation step, the proton is provided by the NH group of the 
protonated naphthyridinone fragment. 

Overall, although benzylic alcohols can be dehydrogenated 
to aldehydes under acceptor-free and base-free conditions 
using complex 3, sluggish reactivity makes this system much 
less competitive compared to existing catalysts,41-44, 46, 53 
leading us to conclude that the naphthyridinone-based ligand 
motif may not be well-suited to the promotion of such 
transformations. 

B

TS-AB

C

A
0 kcal mol-1

26.35 kcal mol-1

25.35 kcal mol-11.08 kcal mol-1

Ph OH
- 2 H2O3

N

RuII

N

N N

iPr2P
OiPr2P

O

O

Ph
H

N

RuII

N

N
H
N

iPr2P H

iPr2P

O

O

PhO

H

N

RuII

N

N
H
N

iPr2P
OiPr2P

O

O

Ph
H

N

RuII

N
H

N N

iPr2P H

iPr2P

O

O

O

H

Ph

TS-CA
18.99 kcal mol-1

N

RuII

N

N N

iPr2P H

iPr2P

O

O

O
H

PhH

OH

Ph
O

Ph

H2

+

-12.93 kcal mol-1

Scheme 7. Proposed mechanism for Ru-catalyzed dehydrogenation of alcohols to 
aldehydes.

Conclusions
Herein we described the synthesis, characterization, and 
reactivity for a new family of RuII complexes bearing a 
naphthyridinone-based ligand with proton responsive groups 
in the secondary coordination sphere. We obtained the doubly 
deprotonated dimeric complex 2 with two pairs of ligands 
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displaying both possible deprotonation modes: with one pair 
of ligands deprotonated at the N-atom (L) and the other at the 
methylene arm (L*-H), retaining its terminal NH groups. The 
second type ligands also featuring short hydrogen bonds at the 
NH to the oxygen atom of the first type ligand (L). Complex 2 
proved to be highly unstable in non-hydrocarbon solvents. We 
also studied the reactivity of 2 with protic solvents and 
isolated complexes 3 and 4, which contain two aqua or two 
MeOH ligands. Furthermore, complexes 2-4 promote oxidant-
free dehydrogenation of para-anisyl alcohol to the 
corresponding aldehyde in the absence of a base or extra 
additives; however, the reactivity is rather moderate and 
requires forcing conditions. Overall, the main interest towards 
further study of such ligand systems in small molecule 
activation stems from the observation of a ditopic reactivity in 
deprotonation as well as the formation of bis-solvato 
complexes with two internal proton shuttle sites that may 
promote other types of hydrogen or proton transfer reactions. 
The current study proved the basic viability of this concept. We 
plan to further study the potential application of these ligands 
in cooperative bond activation via participation of the ligand as 
an internal base with metals other than ruthenium.

Experimental
General specifications

All operations were carried out under an atmosphere of argon 
or nitrogen using standard Schlenk and glove box techniques. 
Anhydrous deuterated solvents were acquired from Eurisotop 
and stored over 4 Å molecular sieves. Anhydrous solvents 
were obtained using an MBRAUN solvent purification system 
and degassed prior to use. NMR spectra were measured on 
JEOL ECZ600R 600MHz, JEOL ECZ400S 400 MHz and Bruker 
Avance II 400 MHz spectrometers. The following abbreviations 
are used for describing NMR spectra: s (singlet), d (doublet), t 
(triplet), m (multiplet), br (broad), q (quaternary). Electrospray 
ionization mass spectrometry (ESI-MS) measurements were 
performed on a Thermo Scientific ETD apparatus. Elemental 
analyses were completed using an Exeter Analytical CE440 
instrument. FT-IR spectra were measured using an Agilent Cary 
630 spectrometer equipped with an ATR module in an argon 
filled glovebox. The following abbreviations are used for 
describing FT-IR spectra: s (strong), m (medium), w (weak), br 
(broad). UV/vis spectra were collected using an Agilent Cary 60 
spectrophotometer. Literature method was used to prepare 
Ru precursor Ru(DMSO)4Cl254 and 7-(chloromethyl)-1,8-
naphthyridin-2(1H)-one (ClNaph) precursor.33 
Synthesis of ligand L-H. 3 g of chloride precursor ClNaph 
(15.43 mmol) was added to a solution of 2.19 g of iPr2PH (18.5 
mmol) in methanol. Resulting solution was heated at 80 °C for 
18 hours with magnetic stirring. After the solution was cooled 
to room temperature, 2.6 mg of NaHCO3 (31 mmol) was slowly 
added (to avoid violent effervescence) while stirring the 
solution. Then the solvents and volatiles were removed under 
vacuum. A mixture of CH2Cl2 (DCM) and water was added (1:20 
v/v water : DCM) and the solution was stirred for 15 minutes. 

The ligand was extracted in DCM and dried over MgSO4. The 
crude ligand was purified by washing with water. An off-white 
solid is isolated and dried under vacuum (2.7 g, 63% yield). 1H 
NMR (400 MHz, CD3CN): δ 10.24 (s, 1H, NHNaph), 7.83 (d, J = 7.9 
Hz, 1H, CHNaph), 7.73 (d, J = 9.5 Hz, 1H, CHNaph), 7.13 (d, J = 7.9 
Hz, 1H, CHNaph), 6.47 (d, J = 9.5 Hz, 1H, CHNaph), 3.00 (d, JHP = 1.9 
Hz, 2H, CH2), 1.87-1.61 (m, 2H, CHiPr), 1.12-0.84 (m, 12H, 
CH3iPr). 13C{1H} NMR (101 MHz, CD3CN): δ 163.57 (d, JCP = 8.6 
Hz, Cq, C=O), 163.20 (Cq, CNaph), 149.36 (Cq, CNaph), 139.18 (CH, 
CNaph), 136.36 (CH, CNaph), 121.70 (CH, CNaph), 118.82 (d, JCP = 
6.0 Hz, CH, CNaph), 112.15 (Cq, CNaph), 32.41 (d, JCP = 23.7 Hz, 
CH2‒P), 23.48 (d, JCP = 15.0 Hz, CH, CiPr), 19.10 (d, JCP = 15.3 Hz 
,CH3, CiPr), 18.36 (d, JCP = 10.7 Hz CH3, CiPr). 31P{1H} NMR (243 
MHz, CD3CN): δ 15.48 (s). UV/vis (CH3OH), λ, nm (ε, M‒1 cm‒1): 
212 (63500), 262 (6550), 330 (35100), 344 (26910). FT-IR (ATR, 
solid, cm-1): ν, 3053 (br), 1647 (s), 1568 (s), 1539 (m), 1495(m). 
Synthesis of complex 1, Ru(L-H)2Cl2. A solution of 1 g (3.620 
mmol) of L-H and 0.85 g (1.75 mmol) of Ru(DMSO)4Cl2 in 25 mL 
of THF were heated and stirred at 80 °C for 8 hours in a 100 mL 
Schlenk tube. The initially yellow suspension changed color to 
deep orange. Once the solution was cooled to r.t., diethyl 
ether was added (25 mL) generating an orange solid that was 
filtered and washed with diethyl ether (2 x 25 mL) to remove 
the excess of ligand. An orange solid was isolated (1.22 g, 96% 
yield). The orange solid was recrystallized from a saturated 
solution in THF, filtered and stored at ‒20 °C under an inert 
atmosphere to give crystals suitable for X-ray diffraction study. 
1H NMR (400 MHz, CD2Cl2): δ 11.32 (s, 2H, NHNaph), 7.87 (d, J = 
7.9 Hz, 2H, CHNaph), 7.54 (d, J = 9.4 Hz, 2H, CHNaph), 7.43 (d, J = 
7.9 Hz, 2H, CHNaph), 6.27 (dd, J = 9.4, 1.9 Hz, 2H, CHNaph), 4.70 
(dd, J = 16.8, 6.9 Hz,  2H, CH2), 3.58 (dd, J = 16.8, 12.4 Hz, 2H, 
CH2), 2.72 (m, 2H, CHiPr), 2.50 (m, 2H, CHiPr), 1.44 (m, 12H, 
CH3,iPr), 1.15 (m, 6H, CH3,iPr), 0.99 (m, 6H, CH3,iPr). 1H NMR (400 
MHz, CDCl3): δ 11.33 (s, 2H, NHNaph), 7.89 (d, J = 8.0 Hz, 2H, 
CHNaph), 7.56 (d, J = 9.5 Hz, 2H, CHNaph), 7.45 (d, J = 8.0 Hz, 2H, 
CHNaph), 6.28 (dd, J = 9.5, 1.9 Hz, 2H, CHNaph), 4.72 (dd, J = 17.0, 
7.1 Hz,  2H, CH2), 3.58 (dd, J = 17.0, 12.4 Hz, 2H, CH2), 2.73 (m, 
2H, CHiPr), 2.53 (m, 2H, CHiPr), 1.46 (m, 12H, CH3,iPr), 1.13 (m, 
6H, CH3,iPr), 1.01 (m, 6H, CH3,iPr). 13C{1H} NMR (101 MHz, CDCl3): 
δ 165.74 (Cq, C=O), 161.06 (Cq, CNaph), 152.90 (Cq, CNaph), 138.48 
(CH, CNaph), 137.35 (CH, CNaph), 122.13 (CH, CNaph), 118.09 (CH, 
CNaph), 113.51 (Cq, CNaph), 38.37 (m, CH2‒P), 27.35 (m, CH, CiPr), 
26.91 (m, CH, CiPr), 20.60 (CH3, CiPr), 19.35 (CH3, CiPr), 19.00 
(CH3, CiPr), 18.77 (CH3, CiPr). 31P{1H} NMR (243 MHz, CDCl3): δ 
70.29 (s). Elemental analysis: Calcd. For C30H42Cl2N4O2P2Ru: C, 
49.73; H, 5.84; N, 7.73. Found: C, 49.65; H, 6.24; N, 7.49. 
UV/vis (CH3CN), λ, nm (ε, M‒1 cm‒1): 228 (80700), 249 (35900), 
330 (29800), 341 (26300). FT-IR (ATR, solid, cm-1): ν, 3137 (br), 
1663 (s), 1595 (s), 1544 (w), 1457 (w). 
Synthesis of complex 2 [Ru2(L*-H)2(L)2]. In a 20 mL vial, 100 mg 
of complex 1 (0.138 mmol) and 17.3 mg of potassium tert-
butoxide (0.303 mmol) were suspended in 15 mL of toluene. 
The resulting brown suspension was magnetically stirred for 5 
hours at r.t.. Then volatiles and solvents were evaporated 
under vacuum. After this, the resulting solids were dissolves in 
benzene and the mixture was filtered to remove inorganic 
salts, giving rise to a brown solution, which was evaporated 
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under vacuum. 117 mg of deep brown solid was isolated; yield 
65%. Crystals suitable for X-ray diffraction were obtained from 
a concentrated solution in benzene. Satisfactory elemental 
analysis could not be obtained even after multiple attempts of 
recrystallization due to low stability. 
When complex 1 was reacted with excess base (10 equiv of 
tBuOK in THF-d8), the formation of a mixture of unidentified 
products was observed. 
 1H NMR (400 MHz, C6D6): δ 18.09 (s, 2H, NHNaph), 6.99 (d, J = 
7.8 Hz, 2H, CHNaph), 6.89 (d, J = 8.9 Hz, 2H, CHNaph), 6.55 (d, J = 
8.7 Hz, 2H, CHNaph), 6.49 (d, J = 7.9 Hz, 2H, CHNaph), 6.44 (d, J = 
7.8 Hz, 2H, CHNaph), 6.40 (br s, 2H, CHNaph), 6.32 (d, J = 8.6 Hz, 
2H, CHNaph), 4.02 (br s, 4H, overlapped CHNaph and =CHP), 2.85 
(dd, J = 17.8, 10.6 Hz, 2H, CH2), 2.64 (dd, J = 17.8, 7.6 Hz, 2H, 
CH2), 2.39-2.20 (m, 2H, CHiPr), 2.19-1.98 (m, 4H, CHiPr), 1.54-
1.37 (m, 8H, CH3,iPr overlapping with CHiPr), 1.20 (dd, J = 14.8, 
6.8 Hz, 6H, CH3,iPr), 1.11 (dd, J = 14.2 Hz, 7.0 Hz, 6H, CH3,iPr), 
1.02-0.86 (m, 12H, CH3,iPr), 0.85-0.70 (m, 12H, CH3,iPr), 0.26 (dd, 

J = 14.2, 7.2 Hz, 6H, CH3,iPr). 13C{1H} NMR (101 MHz, C6D6): δ 
173.28 (Cq, C=O), 164.12 (Cq, CNaph), 159.20 (d, JCP = 3.4 Hz, Cq, 
CNaph), 133.11 (CH, CNaph), 130.35 (Cq, CNaph), 129.00 (Cq, CNaph), 
126.24 (CH, CNaph), 114.73 (CH, CNaph), 114.61 (CH, CNaph), 
113.07 (Cq, CNaph), 110.13 (CH, CNaph), 110.01 (CH, CNaph), 103.94 
(br, CH‒P), 37.46 (d, CH2‒P), 28.85 (CH, CiPr), 28.28 (CH3, CiPr), 
26.68 (CH, CiPr),  19.6-16.94 (CH3, CiPr). Some of the aromatic 
13C peaks were not detected either due to overlap or limited 
solubility; the position of the broad peak at 103.94 ppm was 
confirmed by a 1H-13C HMQC experiment. 31P{1H} NMR (243 
MHz, C6D6): δ 106.26 (s), 106.09 (s). UV/vis (C6H6), λ, nm (ε, 
M‒1 cm‒1): 213 (59800), 226 (45800), 372 (11900), 347 
(14200), 405 (10500). FT-IR (ATR, solid, cm-1): ν, 1614 (s), 1541 
(m), 1498 (s), 1415 (m), 1380 (m). 
Complex 3, Ru(L)2(OH2)2. 50 mg of complex 2 (0.077 mmol) 
were dissolved in 5 mL of toluene in a 20 mL vial, to which 7 µL 
of water (0.4 mmol) was added at r.t. After 1 hour, a yellow 
precipitate appeared which was filtered and washed with 
toluene (4 x 5 mL). 45 mg of yellow solid was isolated (85% 
yield). Crystals for X-ray diffraction study were obtained from a 
concentrated toluene solution stored at ‒20 °C for 24 hours. 
1H NMR (400 MHz, D2O): δ 7.86 (d, J = 8.0 Hz, 2H, CHNaph), 7.79 
(d, J = 8.8 Hz, 2H, CHNaph), 7.26 (d, J = 8.0 Hz, 2H, CHNaph), 6.58 
(d, J = 8.8 Hz, 2H, CHNaph), 3.90 (m, 2H, CH2), 3.31 (m, 2H, CH2), 
2.33 (m, 2H, CHiPr), 2.07 (m, 2H, CHiPr), 1.05 (m, 6H, CH3,iPr), 
0.94 (m, 6H, CH3,iPr), 0.87 (m, 6H, CH3,iPr), 0.54 (m, 6H, CH3,iPr). 
Elemental analysis: Calcd. For C30H48N4O6P2Ru: C, 49.79; H, 
6.69; N, 7.74. Found: C, 49.32; H, 5.99; N, 7.61. UV/vis (C6H6), 
λ, nm (ε, M‒1 cm‒1): 213 (59800), 226 (45800), 372 (11900), 
347 (14200), 405 (10500). FT-IR (ATR, solid, cm-1): ν, 3214 (br), 
1623 (s), 1544 (s), 1495 (m), 1395 (s). 
Complex 4, Ru(L)2(MeOH)2. 15 mL of methanol was added to 
50 mg (0.077 mmol) of complex 3, immediately generating a 
yellow solution. After removing the solvent under vacuum, 51 
mg of a yellow solid was isolated (91% yield). A concentrated 
solution in methanol stored at ‒20 °C under an N2 atmosphere 
for 24 hours gave yellow crystals suitable for X-ray diffraction 
study. Complex 4 can alternatively be obtained by dissolving 
complex 2 in methanol. However, this synthetic approach gives 

lower yield after the purification process. 1H NMR (400 MHz, 
CD3OD): δ 7.92 (d, J = 7.9 Hz, 2H, CHNaph), 7.78 (d, J = 9.0 Hz, 
2H, CHNaph), 7.31 (d, J = 7.9 Hz, 2H, CHNaph), 6.65 (d, J = 9.0 Hz, 
2H, CHNaph), 4.05-3.90 (m, 2H, CH2), 3.37-3.25 (m, 2H, CH2; 
overlapped with solvent peak), 2.52 (m, 2H, CHiPr), 2.14 (m, 2H, 
CHiPr), 1.32-1.10 (m, 12H, CH3,iPr), 1.00 (m, 6H, CH3,iPr), 0.71 (m, 
6H, CH3,iPr). 13C{1H} NMR (101 MHz, CD3OD): δ 171.46 (Cq, 
C=O), 167.54 (Cq, CNaph), 162.27 (Cq, CNaph), 138.08 (CH, CNaph), 
136.94 (CH, CNaph), 121.14 (CH, CNaph), 115.35 (CH, CNaph), 
114.90(Cq, CNaph), 40.10 (d, JCP = 23.1 Hz, CH2‒P), 29.49 (m, CH, 
CiPr), 24.55 (m, CH, CiPr), 18.73 (CH3, CiPr), 17.91 (CH3, CiPr), 
17.56 (CH3, CiPr), 14.10 (CH3, CiPr). 31P{1H} NMR (243 MHz, 
CD3OD): δ 74.90 (d). Elemental analysis: Calcd. For 
C32H49N4O4P2Ru: C, 53.70; H, 6.76; N, 7.83. Found: C, 53.90; H, 
6.78; N, 7.23. UV/vis (CH3OH), λ, nm (ε, M‒1 cm‒1): 213 
(119000), 223 (128500), 277 (42900), 345 (63800), 372 
(42600). FT-IR (ATR, solid, cm-1): ν, 3334 (br), 1619 (m), 1550 
(s), 1416 (s). 
Acceptorless, base-free p-anisyl alcohol dehydrogenation to 
aldehyde (Scheme 5). Cation! Due to evolution of H2, the 
reaction must be performed in an open system equipped with 
an efficient condenser under a constant stream of inert gas, 
away from open flame or ignition sources! All the described 
dehydrogenation reactions were carried out following the 
same procedure, varying the temperature, time and solvent as 
appropriate. Under an inert atmosphere, 3 mL of solvent was 
added to a 100 mL Schlenk flask. Then 0.22 mmol of alcohol, 
0.22 mmol of mesitylene (internal standard) and the 5 mol% of 
catalyst 3 were dissolved in the solvent. The resulting yellow 
solution was stirred vigorously using a magnetic stirring bar 
and heated in an oil bath at constant temperature. A constant 
stream of N2 was introduced into the system through the 
adapter connected to the condenser during the reaction to 
effectively remove H2 gas. After the indicated reaction time, 
the solution was cooled to r.t. for 30 minutes. The conversion 
of alcohol to the corresponding aldehyde and the yield of 
aldehyde were calculated by 1H NMR by comparing the 
integration of the alcohol and aldehyde signals with those of 
the internal standard.
Catalytic activity of complex 3 in D2O (Scheme 6). Caution! 
Thick wall high pressure tube must be used to perform the 
reaction in a closed system at high temperature! The reaction 
vessel must be protected by a safety shield during heating and 
it should be cooled down to room temperature before opening 
the vessel! Under N2 atmosphere, 2.5 mL (139.0 mmol) of D2O 
was placed into a 100 mL Schlenk flask followed by addition of 
4 mmol of alcohol and 0.2 mol% of complex 3. The Schlenk 
flask was Teflon-sealed and heated in an oil bath. After 
heating, the reaction vessel was cooled down to r.t. before 
opening, and an aliquot is taken from the solution at r.t. and 
analyzed by 1H NMR.
Crystal structure determination
The X-ray diffraction data for the single crystals 1-4 were 
collected on a Rigaku XtaLab PRO instrument in an ω-scan 
mode with a PILATUS3 R 200K hybrid pixel array detector and 
a MicroMaxTM-003 microfocus X-ray tube using MoKα 
(0.71073 Å) radiation at low temperature. Images were 
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indexed and integrated using the CrysAlisPro (version 
1.171.39.20a) data reduction package. Data were corrected for 
systematic errors and absorption using the ABSPACK module: 
Numerical absorption correction based on Gaussian 
integration over a multifaceted crystal model and empirical 
absorption correction based on spherical harmonics according 
to the point group symmetry using equivalent reflections. The 
GRAL module was used for the analysis of systematic absences 
and space-group determination. All structures were solved by 
the direct methods using SHELXT-2018/255 and refined by the 
full-matrix least-squares on F2 using SHELXL-2018/3.56 Non-
hydrogen atoms were refined anisotropically, except for the 
atoms of the disordered benzene molecule in crystal 1, which 
were left isotropic. The hydrogen atoms were inserted at the 
calculated positions and refined as riding atoms, except for the 
hydrogen atoms at the deprotonated arms and N- and O-
atoms (for main disorder component), which were found using 
the difference Fourier maps and restrained on the similarity if 
possible. The positions of the hydrogen atoms of methyl 
groups were found using rotating group refinement with 
idealized tetrahedral angles. The disorder, if present, was 
resolved using free variables and reasonable restraints on 
geometry and anisotropic displacement parameters.
Crystallographic data for 1.
C30H42Cl2N4O2P2Ru × 1.5 C6H6, orange prism (0.256 × 0.166 × 
0.098 mm3), formula weight 841.74; monoclinic, P21/n (No. 
14), a = 14.65544(11) Å, b = 16.40142(13) Å, c = 
16.48977(14) Å, β = 94.6750(7)°, V = 3950.46(5) Å3, Z = 4, Z' = 
1, T = 93(2) K, dcalc = 1.415 g cm−3, μ = 0.652 mm−1, F(000) = 
1748; Tmax/min = 1.000/0.480; 237734 reflections were collected 
(2.177° ≤ θ ≤ 32.355°, index ranges: –21 ≤ h ≤ 21, –24 ≤ k ≤ 24, 
–24 ≤ l ≤ 24), 13567 of which were unique, Rint = 0.0353, Rσ = 
0.0136; completeness to θ of 32.355° 96.0 %. The refinement 
of 488 parameters with 80 restraints converged to R1 = 0.0202 
and wR2 = 0.0487 for 12713 reflections with I  2(I) and R1 = 
0.0224 and wR2 = 0.0494 for all data with S = 1.030 and 
residual electron density, ρmax/min = 0.804 and –0.717 e Å–3. The 
crystals were grown from a concentrated benzene solution at 
–20 °C.
Crystallographic data for 2.
C60H80N8O4P4Ru2 × C6H6, orange prism (0.195 × 0.089 × 
0.062 mm3), formula weight 1381.44; monoclinic, C2/c (No. 
15), a = 23.71159(19) Å, b = 16.43485(11) Å, c = 
16.96510(14) Å, β = 98.7499(8)°, V = 6534.29(9) Å3, Z = 4, Z' = 
1, T = 93(2) K, dcalc = 1.404 g cm−3, μ = 0.613 mm−1, F(000) = 
2872; Tmax/min = 1.000/0.745; 149422 reflections were collected 
(2.429° ≤ θ ≤ 32.107°, index ranges: –35 ≤ h ≤ 34, –24 ≤ k ≤ 24, 
–25 ≤ l ≤ 24), 10971 of which were unique, Rint = 0.0303, Rσ = 
0.0119; completeness to θ of 32.107° 95.6 %. The refinement 
of 396 parameters with 20 restraints converged to R1 = 0.0237 
and wR2 = 0.0639 for 10150 reflections with I  2(I) and R1 = 
0.0264 and wR2 = 0.0654 for all data with S = 1.045 and 
residual electron density, ρmax/min = 1.308 and –0.799 e Å–3. The 
crystals were grown from a concentrated benzene solution at 
–20 °C.
Crystallographic data for 3.

C30H44N4O4P2Ru × 2 H2O, yellow prism (0.294 × 0.238 × 
0.213 mm3), formula weight 723.73; triclinic, P  (No. 2), a = 1
11.47028(6) Å, b = 16.11962(8) Å, c = 17.90744(9) Å, α = 
80.8486(4)°, β = 83.2392(4)°,  = 85.1904(4)°, V = 
3238.98(3) Å3, Z = 4, Z' = 2, T = 94(2) K, dcalc = 1.484 g cm−3, μ = 
0.631 mm−1, F(000) = 1512; Tmax/min = 1.000/0.241; 395133 
reflections were collected (2.235° ≤ θ ≤ 32.380°, index ranges: 
–17 ≤ h ≤ 17, –24 ≤ k ≤ 24, –26 ≤ l ≤ 26), 22203 of which were 
unique, Rint = 0.0369, Rσ = 0.0140; completeness to θ of 
32.380° 95.7 %. The refinement of 855 parameters with 120 
restraints converged to R1 = 0.0206 and wR2 = 0.0512 for 
20928 reflections with I  2(I) and R1 = 0.0226 and wR2 = 
0.0518 for all data with S = 1.050 and residual electron density, 
ρmax/min = 0.756 and –0.689 e Å–3. The crystals were from a 
concentrated aqueous toluene solution at –20 °C.
Crystallographic data for 4.
C32H48N4O4P2Ru × 4.732 CH4O, yellow prism (0.146 × 0.079 × 
0.062 mm3), formula weight 867.39; monoclinic, P21/n (No. 
14), a = 11.71671(13) Å, b = 13.94222(15) Å, c = 25.5940(3) Å, 
β = 94.7465(10)°, V = 4166.61(8) Å3, Z = 4, Z' = 1, T = 99(2) K, 
dcalc = 1.383 g cm−3, μ = 0.508 mm−1, F(000) = 1837; Tmax/min = 
1.000/0.713; 223268 reflections were collected (2.275° ≤ θ ≤ 
32.150°, index ranges: –17 ≤ h ≤ 17, –20 ≤ k ≤ 20, –38 ≤ l ≤ 38), 
14635 of which were unique, Rint = 0.0567, Rσ = 0.0208; 
completeness to θ of 32.150° 99.9 %. The refinement of 561 
parameters with 105 restraints converged to R1 = 0.0322 and 
wR2 = 0.0785 for 13266 reflections with I  2(I) and R1 = 
0.0368 and wR2 = 0.0803 for all data with S = 1.096 and 
residual electron density, ρmax/min = 1.080 and –0.940 e Å–3. The 
crystals were grown from a concentrated methanol solution at 
–20 °C.
Computational details. DFT calculation was carried out using 
Gaussian 09 rev. E.0157 at B3LYP58-60 level of theory. LANL2DZ61 
and valence-basis sets was used at Ru. For other atoms, 6–
31+G (d, p)62-64 was employed. The structures reported are 
either minima (NIMAG=0) or transition states (NIMAG=1) on 
the potential energy surface. The Cartesian coordinates, 
solvent corrected values, and discussion of the alternative 
mechanisms are given in the ESI.
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