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Single and double deprotonation/dearomatization of N,S-donor 
pyridinophane ligand in ruthenium complexes 
Hoan Minh Dinh,a Tatiana Gridneva,a Ayumu Karimata,a Alèria Garcia-Roca,a Jiratheep 
Pruchyathamkorn,a Pradnya H. Patil,a Andrey Petrov,a Abir Sarbajna,a Sébastien Lapointe,a Eugene 
Khaskin,a Robert R. Fayzullin,b and Julia R. Khusnutdinova*a

We report a series of ruthenium complexes with a tetradentate N,S-donor ligand, 2,11-dithia[3.3](2,6)pyridinophane (N2S2) 
that undergo single and double deprotonation in the presence of a base leading to the deprotonation of one or both pyridine 
rings. Both singly and doubly deprotonated complexes were structurally characterized by single-crystal X-ray diffraction. The 
NMR spectra are indicative of dearomatization of one or both pyridine rings upon deprotonation of the CH2-S arm, similar 
to dearomatization of phosphine-containing pincer ligands. The deprotonated (N2S2)Ru complexes did not show appreciable 
catalytic or stoichiometric reactivity in transfer hydrogenation, hydrogenation and dehydrogenation of alcohols, and 
attempted activation of H2, CO2, and other substrates. Such lack of reactivity is likely due to the low stability of the 
deprotonated species as evident from structural characterization of one of the decomposition products in which shrinkage 
of the macrocyclic ring occurs via picolyl arm migration.

Introduction
The development and utilization of pyridine-based pincer 
ligands, which typically coordinate to a transition metal center 
in a tridentate, meridional fashion, has led to important 
developments in the understanding of basic coordination 
chemistry, reactivity, and catalytic properties.1-3 In particular, 
the concept of metal-ligand cooperation in bond activation and 
catalysis, has risen to prominence from studies of metal 
complexes with PNP pincer ligands, which contain a pyridine 
substituted with two methylene-bridged phosphine arms. The 
deprotonation of the acidic CH2 arm present between the 
pyridine and phosphine donors leads to pyridine ring 
dearomatization and gives an amide character to the resulting 
N-donor. Upon activation of a substrate such as H2 or other 
molecules, both the ligand arm and the metal heterolytically 
cleave the substrate leading to ligand rearomatization (Scheme 
1).1, 4-5 
Further development of different types and structural 
variations of pincer ligands showed that such reactivity is not 
limited to phosphine donors and can be also observed for other 
types of pincer ligands6 containing sulfide,7 NHC, 8-9 sulfoxide10 
and amine donors.11 This is particularly important considering 

that the high air sensitivity and the cost of dialkylphosphine 
ligands may be a limiting factor in industrial catalysis. 
Replacement of phosphines with other types of “soft” donors 
such as sulfides, may provide potentially more air-stable and 
cheaper ligand types with similar reactivity patterns.12-19 
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Scheme 1. Pincer ligand deprotonation and reactivity.

At the same time, the development of N,S-donor ligands in 
catalysis has led to systems being developed that display good 
catalytic activity in hydrogenation20-24, transfer hydrogenation25 
and acceptorless dehydrogenation reactions26-27, sometimes 
exceeding the performance of phosphine-based donors. 
However, only a limited number of studies have been reported 
on the deprotonation reactivity of sulfur-based pincer ligands. 
For example, the Milstein group has studied the deprotonation 
of a PNS pincer ligand in Ru complexes, which led to Ru complex 
dimerization and eventually to an irreversible cleavage of the 
ligand framework.7

Our group has been interested in the study of tetradentate 
macrocyclic pyridinophane ligands combining two pyridine 
fragments interconnected with two donor atoms (typically N- or 
S) via four methylene bridges. This type of ligand may be seen 
as a superposition of two pincer fragments; however, it shows 
distinctly different coordination properties and typically binds 
to a metal in a facial mode either as a 3 tridentate or 4 
tetradentate ligand. The 2 bidentate coordination mode is also 
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known (Scheme 2, a).28-29 Macrocyclic 4 coordination of these 
ligands is known to stabilize unusual oxidation states or other 
types of reactive species that may not be accessible using other 
ligand frameworks.30-32 In particular, we have recently reported 
double deprotonation of two methylene arms in the N2S2 ligand 
coordinated to Mn, leading to dearomatization of both pyridine 
arms (Scheme 2, b).33 Herein, we extend the study of 
dearomatization in pyridinophane type ligands to the family of 
ruthenium complexes supported by the N2S2 ligand showing 
both single and double dearomatization modes and an unusual 
rearrangement of the macrocyclic ligand framework leading to 
macrocycle ligand shrinkage via pyridine arm migration.
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Scheme 2. (a) Pyridinophane ligands and their coordination modes in metal complexes. 
(b) Deprotonation/dearomatization of (N2S2)Mn(CO)2

+ complexes reported in our 
previous work.

Results and discussion
Synthesis of ruthenium complexes

We examined the reactivity of N2S2 ligand with a range of 
common ruthenium precursors which allowed us to obtain 
dicationic and monocationic (N2S2)Ru complexes. First, 
[RuCl2(p-cymene)]2 dimer was pre-treated with silver triflate in 
acetonitrile solution followed by the addition of N2S2 ligand, 
which yielded the dicationic bis-acetronitrile complex 1 
(Scheme 3). Complex 1 was isolated in 64% yield and 
characterized by NMR, UV-vis, IR spectroscopy and elemental 
analysis. The 1H NMR spectrum was consistent with a C2v-
symmetrical structure in solution, showing two doublets at 4.76 
and 4.74 ppm that correspond to the geminally coupled CH2 
groups of the N2S2. The para-protons and two equivalent meta-
protons of pyridine appeared as a triplet at 7.60 and a doublet 
at 7.38 ppm, respectively. The uncoordinated triflate 
counteranion appears at –79.25 ppm in the 19F NMR spectrum, 
ruling out interaction with the ruthenium center. Crystals were 
obtained by diethyl ether diffusion into an acetonitrile solution 

and analysed by single-crystal X-ray diffraction (SC-XRD), 
showing the expected κ4-coordination geometry (Figure 1a). 
Next, the monocationic, chloro-complexes 2 and 3 containing 
one strongly coordinating ligand, PPh3 or DMSO, were obtained 
by the reaction of N2S2 with RuCl2(PPh3)3 or RuCl2(DMSO)4, 
respectively (Scheme 3). Complexes 2 and 3 were isolated in 70-
85% yields and characterized by NMR, UV-vis and IR 
spectroscopy. The κ4-coordination of N2S2 was confirmed by SC-
XRD (Figure 1b,c). The 31P{1H} NMR spectrum shows the signal 
of the coordinated phosphine in 2 at 46.28 ppm. The Ru-bound 
DMSO of 3 appears as a singlet at 3.48 ppm in the 1H NMR. 
In an attempt to obtain ruthenium hydride complex, we then 
treated a common hydride precursor, RuHCl(CO)(PPh3)3, with 
N2S2 in toluene/MeOH mixture, however, even after heating at 
80 °C for a prolonged time, one of the S-donors of N2S2 ligand 
remained uncoordinated, with N2S2 binding in a κ3-fashion in 
the resulting complex 4 (Scheme 3). According to SC-XRD, the 
hydride is present in a trans-position to the coordinated S atom, 
while CO and PPh3 are located in trans-positions to pyridines, 
and one chloride is present as a counteranion (Figure 1d). The 
31P{1H} NMR of 4 shows one singlet at 62.90 ppm in CD2Cl2 
corresponding to the coordinated PPh3. The IR spectrum shows 
the CO stretching frequency at 1934 cm–1. 
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Scheme 3. Synthesis of 1-4.
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Figure 1. ORTEP of cationic parts of complexes 1 (a), 2 (b), 3 (c) and 4 (d) at 50 % (b, d), 
70 % (a) or 80 % (c) probability level according to SC-XRD. Hydrogen atoms, except for 
[Ru]H1, are omitted for clarity. In the case of 2, one of two symmetry independent 
molecules is shown. Selected interatomic distances [Å]: Ru1–S1 2.3226(12), Ru1–S2 
2.3144(12), Ru1–N1 2.045(4), Ru1–N2 2.046(4), Ru1–N3 2.054(4), Ru1–N4 2.040(4) for 
1; Ru1–Cl1 2.4315(7), Ru1–S1 2.3228(8), Ru1–S2 2.3186(8), Ru1–P1 2.3070(7), Ru1–N1 
2.122(3), Ru1–N2 2.042(2) for 2; Ru1–Cl1 2.4293(3), Ru1–S1 2.3190(3), Ru1–S2 
2.3173(3), Ru1–S3 2.2521(3), Ru1–N1 2.0856(10), Ru1–N2 2.0495(10) for 3; Ru1–S1 
2.3840(15), Ru1–P1 2.2994(14), Ru1–N1 2.219(5), Ru1–N2 2.223(5), Ru1–C1 1.851(7), 
Ru1–H1 1.60(3) for 4.

Pyridinophane ligand deprotonation/dearomatization in Ru 
complexes

Deprotonation of 1. Based on our previous studies of single and 
double dearomatization of Mn complexes with the N2S2 ligand, 
we expected similar reactivity in (N2S2)Ru complexes upon 
treatment with variable amounts of base. 
First, treatment of complex 1 with 2.2 equivalents of KOtBu in 
toluene-d8 gave a poorly soluble doubly deprotonated product 
1b (Scheme 4). Single crystals of 1b were obtained by cooling a 
saturated toluene solution at –20 °C and SC-XRD confirmed 
double deprotonation of the N2S2 ligand, with the Ru center 
retaining two coordinated acetonitrile ligands (Figure 2a). The 
SC-XRD shows significantly shortened C16=C17 and C21=C22 
distances of 1.387(3) and 1.382(3) Å, consistent with double 
bond character. For comparison, the C11–C12 and C26–C27 
distances at the methylene bridges are 1.501(3) Å and 1.502(3) 
Å respectively, corresponding to a typical C(sp2)–C(sp3) bond 
distance of ca. 1.51 Å. The positions of hydrogen atoms H17 and 
H21 were determined by difference Fourier maps, and these 
atoms were refined isotropically. Interestingly, the methine C–
S distances at the deprotonated arms are also considerably 
shorter, 1.730(2) Å and 1.733(2) Å, as compared to the 
methylene C–S distances of 1.839(2) Å and 1.847(2) Å.
1H NMR and 13C{1H} NMR spectra in toluene-d8 solution are 
consistent with double deprotonation: two equivalent CH 
groups appear as a singlet at 4.18 ppm corresponding to the 13C 

signal at 61.4 ppm. The remaining CH2 groups appear as two 
geminally coupled doublets in 1H NMR spectrum at 3.89 and 
3.73 ppm, corresponding to the 13C NMR resonance at 58.23 
ppm, as confirmed by the 1H-13C HMQC NMR spectrum. 
Dearomatization of the pyridine rings resulting from CH2 arm 
deprotonation is evident from significantly upfield shifted 
multiplets of the inequivalent pyridine protons at 6.38 (para-H) 
and 6.26 and 5.76 ppm (meta-H) (Figure 3). 
The doubly deprotonated 1b was moderately stable in CD3CN, 
however, it exhibited a diminished intensity of the CH/CH2 
signals in 1H NMR due to H/D exchange with CD3CN, showing 
almost complete deuteration of all CH2 groups after several 
minutes. We were able to generate 1b by reacting 1 with 2.2 
equivalents of KOtBu directly in CD3CN in 80% NMR yield based 
on integration against internal standard. The solution of 1b 
slowly decomposes at RT in CD3CN or toluene-d8. For example, 
when 1b was generated by deprotonation of 1 with 2 equiv. of 
KOtBu, only about half of the initially formed complex remained 
in solution after 10 min at RT, forming an insoluble precipitate. 
Attempts to improve the stability by using a ruthenium complex 
with two pivaloylnitrile ligands instead of MeCN were 
unsuccessful and doubly dearomatized species still showed 
slow decomposition at RT in toluene-d8.
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Scheme 4. Deprotonation of 1-4 and reversible protonation of products by HBF4.
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Figure 2. ORTEP of complexes 1b (a), 2a (b) and 3a (c) at 70 % (a, b) or 30 % (c) probability 
level according to SC-XRD. In the case of 1b, one of two symmetry independent 
molecules is shown. The minor disorder component for 3a and solvent molecules are 
omitted for clarity. Selected interatomic distances [Å]: Ru1–S1 2.3441(5), Ru1–S2 
2.3280(5), Ru1–N1 2.0416(18), Ru1–N2 2.0425(17), Ru1–N3 2.0473(19), Ru1–N4 
2.0461(19) for 1b; Ru1–Cl1 2.4548(6), Ru1–S1 2.3229(7), Ru1–S2 2.3196(7), Ru1–P1 
2.2950(7), Ru1–N1 2.099(2), Ru1–N2 2.052(2) for 2a; Ru1–Cl1 2.442(2), Ru1–S1 2.329(3), 
Ru1–S2 2.316(2), Ru1–S3 2.235(5), Ru1–N1 2.104(7), Ru1–N2 2.061(7) for 3a.

5.65.86.06.26.46.66.87.07.27.47.67.8

*
* *

Figure 3. Pyridine peaks in 1H NMR spectra of 1 (top; in CD3CN), 1a (middle; in CD3CN) 
and 1b (bottom; in toluene-d8). Peaks of residual toluene are marked with an asterisk.

Next, we attempted generation of a monodeprotonated species 
from 1 in toluene-d8, but the reaction of 1 with 1.1 equiv. of 
KOtBu in toluene-d8 still resulted in the formation of neutral 1b 
as the only species present in solution, along with an insoluble 
product that may have been the expected but poorly soluble 
monocationic product. In contrast, the analogous reaction in 
CD3CN resulted in the generation of the expected 
monodeprotonated complex 1a (98% NMR yield), which was 
characterized by NMR in solution, but could not be isolated in 
an analytically pure form, as the complex decomposes in 
solution over the course of several hours.
The 1H NMR resonances in dearomatized pyridine appear as a 
set of three upfield shifted multiplets at 6.38, 5.94 and 5.77 
ppm, whereas the aromatic pyridine protons appear in the 7.25-
7.54ppm range, with peak assignment confirmed by a COSY 
experiment. In CD3CN solution, the methylene and methine 
groups undergo partial H/D exchange: after initial reaction with 
a base, their integration is about 70% of expected integration 
for methine and methylene protons.
Both complexes 1b and 1a can be protonated back to fully 
protonated [(N2S2)Ru(MeCN)2]2+ by reacting with HBF4 showing 
that their deprotonation is reversible. 
Unfortunately, single crystals of 1a could not be obtained, and 
as an alternative route to monodeprotonated species, we 
tested the reactivity of monocationic complexes 2-4 with base. 
We anticipated that single deprotonation of these complexes 
would lead to the formation of neutral species and will thus 
improve their solubility and stability in nonpolar solvents.
Deprotonation of monocationic complexes 2-4. 
When monocationic phosphine complex 2 was reacted with 1.1 
equivalent of KOtBu in benzene-d6, a new singly deprotonated 
complex 2a was obtained in 88% yield, crystallized by vapor 
diffusion of pentane into a benzene solution. The X-ray 
structure confirms that 2a is a neutral complex with Cl and PPh3 
coordinated to Ru (Figure 2b). The N2S2 ligand is singly 
deprotonated with one CH and three CH2 arms as confirmed by 
X-ray and NMR. The SC-XRD structure reveals one shortened 
C21=C22 bond (1.368(4) Å), whereas the other C11–C12, C16–
C17 and C26–C27 bond distances are 1.501(4) Å, 1.504(4) Å and 
1.500(4) Å, respectively. Similarly, the methine C–S bond is also 
shortened, 1.744(3) Å, as compared to the methylene C–S bond 
distances (1.852(3), 1.829(3) and 1.828(3) Å).
The 1H and 13C{1H} NMR spectra in benzene-d6 were also 
consistent with singly deprotonated species showing a singlet 
for the methine group at 3.86 ppm that corresponded to the 13C 
signal at 65.0 ppm as confirmed by DEPT and HMQC 
spectroscopy, while the proton resonances of CH2 groups 
appear as a set of six doublets in 1H NMR at 2.76-4.81 ppm. The 
protons of the dearomatized pyridine ring are upfield shifted 
(5.06, 5.92 and 6.04 ppm) as compared to the protons of the 
aromatic pyridine ring (6.06, 6.29 and 6.33 ppm). 
The monocationic DMSO-coordinated complex 3 reacted in a 
similar way with 1.1 equivalents of KOtBu in benzene-d6 solution 
to give monodeprotonated complex 3a in 57% yield, which was 
also characterized by NMR and SC-XRD. Dearomatized pyridine 
signals appear upfield shifted (5.46, 5.89, and 6.21 ppm) as 
compared to the aromatic pyridine multiplets (6.03-6.32 ppm), 
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although the change in the chemical shifts is less pronounced 
compared to 2a. Similar to 2a, six doublets of methylene groups 
and one methine proton singlet (3.86 ppm) are also present in 
1H NMR. SC-XRD reveals an S-coordinated DMSO neutral 
complex, which structure shows one pair of shortened C21=C22 
(1.406(17) Å) and S1–C21 (1.681(15) Å) bonds (Figure 2c). 
Comparison of selected interatomic distances of the studied 
complexes is given in Table 1.
Both complexes 2a and 3a showed noticeable decomposition 
when an excess of base (2 equiv. and more) was present, 
forming a mixture of unidentified products. 
The reaction of κ3 coordinated hydride complex 4 with 1.1 
equiv. of KOtBu in benzene-d6 also gave a singly deprotonated 
complex 4a, which undergoes selective deprotonation at the 
CH2 arm while the Ru–H remains intact. The same product was 
obtained when up to 3 equiv of KOtBu was added (96-99% in 
situ NMR yield of 4a, with a slightly diminished yield when 4 
equiv of base was used (see ESI)). Accordingly, 1H NMR shows a 
Ru–H peak at –6.55 ppm as a doublet due to phosphorus 
splitting (JHP = 28.8 Hz), a singlet CH peak at 3.81 ppm and a set 
of six doublets from geminally coupled CH2 groups. 
Interestingly, even in the presence of excess base (up to 3 

equiv.), 4a remained as the main component (96-99% yield). 
Unfortunately, we were unable to obtain a single crystal of 4a, 
however, we hypothesized that deprotonation occurs at the 
CH2S arm coordinated to Ru center, rather than on a dangling S-
containing fragment. This is consistent with the results of the 
comparison of the relative Gibbs free energies for the DFT-
optimized structures of several possible isomers of 4a (Figure 
4), showing that the most stable isomer corresponds to the 
structure 4a-A with the deprotonated CH2S coordinated to the 
Ru center, while deprotonation of the dangling S-arm is highly 
unfavourable.
All singly deprotonated complexes 2a-3a react with HBF4 to fully 
recover the [(N2S2)RuCl(L)]+ core (L = PPh3 or DMSO) confirming 
that similar to 1a, their deprotonation is reversible. At the same 
time, protonation of the ligand’s methine group does not occur 
when 2a-4a are treated with 1.1 equiv of methanol and the 
complexes remain unreacted. Interestingly, protonation of 4a 
obtained by first deprotonation with 1.1 equiv of base and then 
1.1 equiv of HBF4, selectively recovers the hydride complex [(κ3-
N2S2)RuH(CO)(PPh3)]+, with the hydride ligand remaining 
unaffected by strong acid. 
 

Table 1. Selected bond distance (Å) for complexes 1-4 and their deprotonated species according to SC-XRD dataa

Complex S1–C11 S1–C21 S2–C17 S2–C27 C11–C12 C16–C17 C21–C22 C26–C27
1 1.825(5) 1.822(5) 1.810(5) 1.823(5) 1.494(6) 1.496(6) 1.499(6) 1.494(6)

1bb 1.847(2) 1.733(2) 1.730(2) 1.839(2) 1.501(3) 1.387(3) 1.382(3) 1.502(3)
2b 1.821(4) 1.817(3) 1.818(4) 1.812(3) 1.501(5) 1.497(5) 1.497(4) 1.503(4)
2a 1.852(3) 1.744(3) 1.829(3) 1.828(3) 1.501(4) 1.504(4) 1.368(4) 1.500(4)
3 1.8158(13) 1.8198(13) 1.8140(12) 1.8181(12) 1.4964(17) 1.4990(16) 1.5017(17) 1.4998(16)

3a 1.832(11) 1.681(15) 1.837(11) 1.795(12) 1.456(17) 1.459(16) 1.406(17) 1.471(16)
4 1.791(7) 1.791(7) 1.834(8) 1.829(7) 1.504(9) 1.497(9) 1.508(9) 1.498(10)

a Atom numbering corresponds to that of Figures 1 and 2. b There are two complexes in the asymmetric cell, data are tabulated for the first complex.
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Figure 4. Relative Gibbs free energies (kcal mol–1) for DFT-optimized isomers of 4a 
(M06/SDD(Ru), 6-311+g(d,p); SMD solvation in benzene).

Reactivity of deprotonated complexes. 

With the initial aim to use the deprotonated N2S2 metal 
complexes in new types of metal-ligand cooperation, we set out 
to investigate the reactivity of doubly as well as singly 
deprotonated complexes with a range of small molecules 
typically used to study MLC activation in phosphine complexes. 
To our disappointment, under a range of conditions, both 1b 
and 2a were unreactive towards H2 and terminal acetylenes. 
Reactions with CO2 and CS2 led to the formation of insoluble 
products, which produced a mixture of products or 
decomposition to black precipitate when dissolved in polar 

solvents. We then investigated if these complexes may be used 
as catalysts for hydrogenation or transfer hydrogenation. 
Unfortunately, no catalytic reactivity was observed in 
hydrogenation or transfer hydrogenation of acetophenone 
using catalytic amounts of 1-4 in the presence of base. The 
complexes 1b were also inactive in nitrile hydration of 
acetonitrile, dehydrogenation of benzyl alcohol, and 
hydrogenation of benzonitrile or benzyl benzoate.
One of the reasons for the lack of catalytic activity could be due 
to the presence of strongly coordinating ligands. For example, 
in complex 1 and its deprotonated forms, MeCN remains 
coordinated to Ru after deprotonation, while in complexes 2 
and 3, coordinated chloride persists even after treatment with 
a base. While displacement of these ligands (especially MeCN) 
to enable substrate activation could be possible under forcing 
conditions, the intrinsic instability of the deprotonated sulfide-
containing ligand under strongly basic conditions is likely to lead 
to irreversible decomposition prior to substate activation or 
catalytic turnover. In this regard, irreversible defragmentation 
of the sulfide-containing PNS ligand framework in Ru complexes 
was earlier reported by the Milstein group.7 Indeed, while 
studying deprotonation of 2 with excess (3.6 equiv.) of KOtBu or 
NaH in THF, we found that after prolonged time at RT, a mixture 
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of products formed, from which a rearrangement product 5 
could be isolated and crystallized. 

N

S

N Ru

S

PPh3

Cl

Cl-
+

2

5

KOtBu (3.6 equiv)

benzene-d6, RT

N

S

NRu

S PPh3

H

N

S

N Ru

SPh3P

H

½

Scheme 5. Formation of 5.

Figure 5. ORTEP for 5 at 30 % probability level according to SC-XRD. Hydrogen atoms and 
minor disorder components are omitted for clarity. Selected interatomic distances [Å]: 
Ru1–S1 2.3758(9), Ru1–S2 2.2996(8), Ru1–P1 2.2713(10), Ru1–N1 2.297(3), Ru1–N2 
2.080(3), Ru1–C17i 2.194(3) (symmetry code i: 5/3–x, 4/3–y, 4/3–z).

Single crystals of 5 were obtained by diffusing hexane vapor into 
a toluene solution of the deprotonation reaction mixture. X-ray 
diffraction analysis revealed that complex 5 is a 
centrosymmetric binuclear species, in which the N2S2 ligand 
undergoes macrocycle ring “shrinkage” via the 1,2-migration of 
a picolyl CH2 carbon from sulfur to the CH arm (Figure 5). In 
effect, the sulfur atom becomes an anionic donor for the Ru 
center while the pyridine ring is re-aromatized. Each of the Ru 
atoms is also coordinated to the remaining deprotonated CH 
arm of the counterpart ligand with Ru–C bond distances of 
2.194(3) Å, inducing re-aromatization of the second pyridine 
ring and resembling dimerization in ruthenium complexes with 
PNS pincer ligand upon deprotonation reported by the Milstein 
group. The structure of 5 was also confirmed by NMR 
spectroscopy. The 1H NMR spectrum of 5 in THF-d8 exhibits four 
sets of doublets for the two methylene groups, showing 
correlation to the carbon CH2 peaks at 59.93 and 58.87 ppm, 
based on DEPT and HMQC NMR analyses. The two CH groups 
appear as singlets at 3.47 and 3.58 ppm, corresponding to the 
13C peaks at 64.35 and 63.48 ppm.
The picolyl arm migration to deprotonated CH–S arm resembles 
Stevens rearrangement in sulfonium salts in the presence of a 
strong base via generation of sulfonium ylides.34-37 In Stevens 
rearrangement, 1,2-migration of the alkyl group occurs from 
the cationic sulfur atom to the anionic site, typically formed by 
deprotonation of the -CH2-S(Alk)2

+ group of sulfonium salts by a 

strong base. Although no sulfonium group is present in N2S2, 
such reactivity at sulfur could be induced due to coordination to 
a cationic ruthenium center, while experimentally observed 
deprotonation of one CH2-S generates an anionic center similar 
to that in sulfonium ylides, to which an adjacent picolyl arm 
migrates; the unusual extrusion of sulfur into exocyclic position 
could be driven by the product stabilization via coordination of 
an anionic sulfide to ruthenium atom. The formation of 5 
suggests that intrinsic reactivity of the sulfide-containing pincer 
framework could be one of the reasons for lack of catalytic 
reactivity and irreversible ligand decomposition in the presence 
of a base. Interestingly, picolyl arm migration in a pincer-like 
framework has also been observed in other types of pincer-type 
ligands. For example, Khaskin et al. reported picolyl arm 
migration in a functionalized PNP pincer ligand leading to the 
chelate ring expansion and eventually responsible for the loss 
of catalytic activity.38 Thus, the pincer ligand framework that 
has generally been believed to be highly stable due to strong 
chelation may be a subject of significant rearrangements under 
basic conditions leading to changes in metal’s coordination 
environment and therefore changes in the catalytic or 
stoichiometric reactivity. 

DFT calculations.

To further analyze changes in the ligand framework that occur 
during single and double deprotonation and dearomatization, 
DFT calculations were carried out to compare 1b and the 
cationic parts of complexes 1 and 1a. The geometries were 
optimized using M06 functional and SDD (for Ru)/6-311+g(d,p) 
(for other elements) basis set, which were previously used to 
analyse structures of dearomatized Ru pincer complexes and 
gave the best agreement with SC-XRD stuctures (see ESI). SMD 
model was used to account for solvation in toluene. First, to 
explain the observed selectivity of deprotonation of two CH2 
groups at the opposite sites of the N2S2 ligand framework during 
double deprotonation established by SC-XRD and NMR, we 
compared three possible isomers of complex 1b: the 
experimentally observed 1b, as well as alternative isomers 1b-
A and 1b-B where deprotonation occurs at the CH2 sites 
attached to the same pyridine rings or to the same S-atom, 
respectively. Both alternative solution-optimized isomers were 
found to be significantly less stable than 1b (Figure 6), 
consistent with the experimentally observed 1b as the only 
detected isomer, which is not unexpected considering that such 
double deprotonation around the same pyridine or sulfide 
fragment is a challenging transformation even for phosphine 
derivatives.39-40

9.92 8.670

Relative Gibbs free energies (kcal mol-1):

N

S

N Ru

S

NCMe
NCMe

1b

H

H

N

S

N Ru

S

NCMe
NCMe

1b-A
H

N

S

N Ru

S

NCMe
NCMe

1b-B

H
H H

Page 6 of 13Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

22
. 

View Article Online
DOI: 10.1039/D2DT02219B

https://doi.org/10.1039/D2DT02219B


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Figure 6. Relative Gibbs free energies (kcal mol–1) for DFT-optimized isomers of 1b 
(M06/SDD(Ru), 6-311+g(d,p); SMD solvation in toluene).

The Wiberg bond indices (WBI) and partial atomic charges 
(Truhlar’s Charge Model 5, CM5) were calculated for DFT 
solution-optimized structures for fully aromatized complex 1, 
singly deprotonated 1a, and doubly deprotonated 1b (Table 2). 
While the C-C bond between the methylene groups and 
pyridine ortho-carbon in complex 1 and in non-dearomatylzed 
pyridine ring in 1b has a single bond character (WBI 1.0), 
deprotonation of the CH2 group to form 1a or 1b is 
accompanied by an increase of the bond index at the 
deprotonation site (WBI 1.4), suggesting that it acquires double 
bond character. Upon deprotonation, the “broken” aromatic 
system of the pyridine ring is characterized by alternating bonds 
acquiring single and double bond character, consistent with 
deprotonation-induced dearomatization of the pyridine ring. In 
a singly dearomatized 1a, the alternating single/double bond 
system is only observed at the pyridine ring attached to 
methine, while no significant changes occur at the opposite 
pyridine ring attached to two methylene arms that is 
characterized by bond indices similar to that in 1. 

Table 2. Selected Wiberg bond indices and Partial Atomic Charges (Turhlar’s CM5 Model) 
for optimized structures of 1 (cationic part), 1a (cationic part) and 1b.

C5

C6
N1

C2

C3

C4

C7 C1

S2 S1

C8 C14
C9

C10
C11

C12

C13

N2

Ru1

C5

C6
N1

C2

C3

C4

C7 C1

S2 S1

C8 C14
C9

C10
C11

C12

C13

N2

Ru1

C5

C6
N1

C2

C3

C4

C7 C1

S2 S1

C8 C14
C9

C10
C11

C12

C13

N2

Ru1

1 1a 1b

Bond Wiberg bond index Atom CM5 charge
1 1a 1b 1 1a 1b

N1-C2 1.29 1.16 1.16 Ru1 0.83 0.83 0.83
N1-C6 1.30 1.25 1.27 N1 -0.38 -0.42 -0.41
N2-C9 1.29 1.31 1.16 N2 -0.38 -0.37 -0.41

N2-C13 1.30 1.28 1.27 S1 0.05 0.00 -0.04
S1-C1 0.98 1.09 1.08 S2 0.05 0.01 -0.04

S1-C14 0.98 0.89 0.90 C1 -0.11 -0.20 -0.21
S2-C7 0.98 0.97 0.90 C2 0.13 0.10 0.10
S2-C8 0.98 0.98 1.08 C3 -0.06 -0.10 -0.11
C1-C2 1.03 1.44 1.43 C4 -0.03 -0.07 -0.09
C2-C3 1.42 1.19 1.19 C5 -0.06 -0.13 -0.14
C3-C4 1.41 1.61 1.59 C6 0.13 0.10 0.11
C4-C5 1.42 1.26 1.28 C7 -0.11 -0.12 -0.14
C5-C6 1.41 1.49 1.46 C8 -0.11 -0.12 -0.21
C6-C7 1.03 1.03 1.03 C9 0.13 0.13 0.10
C8-C9 1.03 1.02 1.43 C10 -0.06 -0.08 -0.11

C9-C10 1.42 1.40 1.19 C11 -0.03 -0.05 -0.09
C10-C11 1.41 1.43 1.59 C12 -0.06 -0.07 -0.14
C11-C12 1.42 1.41 1.28 C13 0.13 0.13 0.11
C12-C13 1.41 1.41 1.46 C14 -0.11 -0.14 -0.14
C13-C14 1.03 1.04 1.03
Ru1-N1 0.44 0.48 0.47
Ru1-N2 0.44 0.44 0.47
Ru1-S1 0.49 0.50 0.47
Ru1-S2 0.49 0.45 0.47

Analysis of CM5 charges in 1b shows that negative charge 
accumulation is observed mainly at the methine carbons and 
the N-atoms of dearomatized pyridine ring, and to a much lesser 
extent at the meta-carbons. In singly deprotonated 1a, the 
negative charge build-up occurs in dearomatized pyridine ring 
only, in a similar manner to 1b, while the charge distribution in 
the aromatic pyridine ring is similar to that in non-deprotonated 
1. 
Overall, the analysis of WBI and partial atomic charges in the 
N,S-donor N2S2 macrocyclic ligand suggests that upon 
deprotonation of one or two methylene arms, the adjacent 
pyridine ring undergoes partial dearomatization, and thus the 
N-atom of the dearomatized pyridine acquires amide donor  
character, similar to the changes that occur in PNP-type pincer 
ligands.40

Conclusions
We reported a series of ruthenium(II) complexes supported by 
an N,S-donor pyridinophane ligand. Similar to the analogous 
manganese(I) complexes, ruthenium(II) dicationic, as well as 
monocationic and neutral complexes, undergo single or double 
deprotonation of the CH2S arms leading to dearomatization of 
the pyridine ring. Compared to many examples of deprotonated 
ruthenium complexes with N,P-donor pincer ligands reported in 
the literature, the deprotonated (N2S2)Ru complexes show 
diminished stability, which is the main factor that precludes 
their use in selective bond activation. One of the decomposition 
products was identified as the result of rearrangement of the 
macrocyclic ring leading to macrocycle size shrinkage and 
extrusion of sulfur into the exocyclic position. The 
computational analysis confirms that deprotonation of one or 
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both methylenes in macrocyclic N2S2 ligand causes 
dearomatization of the pyridine ring, resembling the pyridine 
dearomatization observed upon deprotonation of acyclic, 
phosphine-based PNP pincer ligands. 

Experimental
General specification

All reactions were carried out using Schlenk or glovebox 
techniques under dry nitrogen/argon atmosphere unless stated 
otherwise. Anhydrous solvents were dispensed from an 
MBRAUN solvent purification system and degassed before use. 
Anhydrous deuterated solvents were purchased from Eurisotop 
and stored over 4 Å molecular sieves. Unless noted otherwise, 
all chemicals were purchased from major commercial suppliers 
(TCI, Sigma-Aldrich, and Nacalai Tesque) and used without 
purification. NMR spectra were measured on JEOL ECZ400S 
400MHz, JEOL ECZ600R 600 MHz, Bruker Avance II 400 MHz and 
Bruker Avance III 500 MHz. The following abbreviations are 
used for describing NMR spectra: s (singlet), d (doublet), t 
(triplet), vt (virtue triplet), q (quartet), dd (doublet of doublets), 
m (multiplet), quat (quaternary carbon). Residual solvent peaks 
or internal standard was used as a reference for chemical shifts 
in 1H NMR spectra. Electrospray Ionization Mass Spectrometry 
(ESI-MS) measurements were performed on a Thermo Scientific 
ETD apparatus using MeOH or MeCN as a solvent for injection. 
Elemental analyses were performed using an Exeter Analytical 
CE440 instrument. Solid-state FT-IR spectra were measured 
using Agilent Cary 630 with 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 recorded on an Agilent Cary 60 
spectrophotometer. The X-ray diffraction data for the single 
crystals 1-5, 1b, 2a and 3a were collected on a Rigaku XtaLab 
PRO instrument. N2S2 ligand was synthesized according to the 
literature procedure. 41

Synthesis of complex 1, [Ru(N2S2)(MeCN)2](OTf)2. 
In a glove box, 155 mg (0.253 mmol) of dichloro(p-
cymene)ruthenium(II) dimer was dissolved in 12 mL of 
acetonitrile. To the red solution, 260 mg (1.012 mmol, 4 equiv.) 
of AgOTf was added and the mixture was stirred in the dark for 
3 hours. The AgCl precipitation was then filtered off, and 136 
mg (0.495 mmol, 2 equiv.) of N2S2 ligand was added. The 
resulting solution was stirred for 18 hours. The mixture was 
filtered through celite to remove the remaining AgCl 
precipitation to give a yellowish-orange solution. The obtained 
solution was subsequently evaporated to give a yellowish-
orange solid, which was washed thrice with a copious amount 
of ether and pentane and then dried to produce 1. Yellowish 
orange crystals were grown by vapor diffusion of diethyl ether 
to the saturated acetonitrile solution of 1. Yield: 244 mg (0.323 
mmol - 64%). 1H NMR (600 MHz, 23 °C, CD3CN): δ 7.60 (t, 3JHH = 
7.9 Hz, p-HPy, 2H), 7.38 (d, 3JHH = 7.9 Hz, m-HPy, 4H), 4.76, 4.74 
(ABq, JAB = 18 Hz, Py–CH2–S, 8H), 2.35 (s, NC–CH3, 6H). 13C{1H} 
NMR (151 MHz, 23 °C, CD3CN): δ 162.29 (quat. CPy), 137.35 (p-
CPy), 130.28 (SO3–CF3), 123.05 (m-CPy), 48.43 (Py–CH2–S), 4.74 

(NC–CH3). 19F NMR (376 MHz, 23 °C, CD3CN): δ –79.25 (SO3–CF3). 
EA Found (Calculated) C20H20N4O6F6RuS4: C 31.78 (31.79), H 2.67 
(2.67), N 7.41 (8.00). ESI-HRMS (m/z): calculated for 
[C18H20N4RuS2]2+: 230.0082; Found: 230.0086. FT-IR (ATR, solid): 
2980 (br), 2915 (br), 1602 (m), 1596 (br), 1463 (m), 1406 (m), 
1257 (s), 1222 (m), 1148 (s), 1027 (s), 915 (m), 856 (m), 775 (m), 
750 (m). UV-Vis (CH3CN), λ, nm (ɛ, M–1 cm–1): 344 (8670), 250 
(9723), 213 (21954).
Synthesis of complex 2, [Ru(N2S2)(PPh3)Cl]Cl
In a glove box, 174.2 mg (0.182 mmol) of 
dichlorotris(triphenylphosphine)ruthenium(II) and 51.6 mg 
(0.188 mmol, 1.0 equiv.) of N2S2 ligand were dissolved in 5.0 mL 
of dichloromethane in a 20 mL vial to give a dark red solution. 
The reaction mixture was stirred at room temperature for 16 
hours, during which time the solution color gradually changed 
to yellow. The obtained solution was subsequently evaporated 
at reduced pressure to give a yellow solid, which was washed 
with ether (3 × 5 mL) and a 1:1 dichloromethane and ether 
mixture (3 × 5 mL) and then dried to produce 2. Yellow needle 
crystals were grown by vapor diffusion of diethyl ether into the 
dichloromethane solution of the complex. Yield: 109 mg (0.154 
mmol - 85%). 1H NMR (600 MHz, 23 °C, CD2Cl2): δ 7.54-7.12 (m, 
HPPh3 and HPy, 21H), 5.29 (d, 2JHH = 17.1 Hz, Py–CH2–S, 2H), 5.10 
(d, 2JHH = 17.9 Hz, Py–CH2–S, 2H), 4.82 (d, 2JHH = 17.0 Hz, Py–CH2–
S, 2H), 3.37 (d, 2JHH = 17.5 Hz, Py–CH2–S, 2H). 13C{1H} NMR (151 
MHz, 23 °C, CD2Cl2): δ 161.22 (quat. CPy), 159.02 (quat. CPy) 
136.59 (p-CPy), 134.29 (d, 1JPC = 47.0 Hz, quat. CP), 133.84 (m-
CPy), 133.61 (d, 2JPC = 10.3 Hz, o-CP), 130.59 (m-CPy), 128.74 (d, 
3JPC = 9.4 Hz, m-CP), 122.18 (d, 2JPC = 25.3 Hz, p-CP), 50.34 (Py–
CH2–S), 48.98 (Py–CH2–S). 31P{1H} NMR (162 MHz, 23 °C, CD2Cl2): 
δ 46.28 (PPh3). EA Found (Calculated) C65H60Cl6N4P2Ru2S4 

(2Ru(N2S2)(PPh3)Cl)Cl·1CH2Cl2): C 52.07 (51.97), H 3.90 (4.03), N 
3.85 (3.73); the presence of CH2Cl2 per two Ru complexes in 
isolated crystals was confirmed by SC-XRD. ESI-HRMS (m/z): 
Found (Calcd): C32H29N2ClPRuS2

+: 673.0231 (673.0236). FT-IR 
(ATR, solid) : 3057 (m), 2924 (m), 2858 (m), 1595 (m), 1590 (m), 
1457 (m), 1431 (m), 1185 (m), 1155 (m), 1091 (s), 910 (m), 856 
(m), 776 (m), 747 (s), 694 (s). UV-Vis (CH2Cl2), λ, nm (ɛ, M–1 cm–

1): 379 (5843). 
Synthesis of complex 3, [Ru(N2S2)(DMSO)Cl]Cl.
In a glove box, 87.7 mg (0.182 mmol) of 
dichlorotetrakis(dimethylsulfoxide)ruthenium(II) and 50.0 mg 
(0.182 mmol, 1.0 equiv.) of N2S2 ligand were dissolved in a 5.0 
mL mixture of 2:1 dichloromethane and methanol in a 20 mL 
vial to give a yellow solution. The reaction mixture was stirred 
at room temperature for 16 hours. Yellow needle crystals were 
grown by vapor diffusion of diethyl ether into the obtained 
solution of complex to produce 3. Yield: 67.0 mg (0.128 mmol - 
70%). 1H NMR (600 MHz, 23 °C, CDCl3): δ 7.53 (d, 3JHH = 7.0 Hz, 
m-HPy, 2H), 7.50 (t, 3JHH = 7.4 Hz, p-HPy, 1H), 7.43 (d, 3JHH = 7.5 
Hz, m-HPy, 1H), 7.35 (t, 3JHH = 7.8 Hz, p-HPy, 1H), 5.67 (d, 2JHH = 
17.8 Hz, Py–CH2–S, 2H), 5.64 (d, 2JHH = 17.4, Py–CH2–S, 2H), 4.74 
(d, 2JHH = 17.6 Hz, Py–CH2–S, 2H), 4.69 (d, 2JHH = 17.8 Hz, 2H), 
3.48 (s, (CH3)2SO, 6H). 13C{1H} NMR (151 MHz, 23 °C, CD3Cl): δ 
161.18 (quat. CPy), 159.31 (quat. CPy), 137.30 (p-CPy), 135.88 (p-
CPy), 122.69 (m-CPy), 122.45 (m-CPy), 49.05 ((CH3)2SO), 48.35 (Py–
CH2–S), 48.24 (Py–CH2–S). EA Found (Calculated) 
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C16H20Cl2N2ORuS3 C 35.7 (35.34), H 3.92 (3.36), N 4.92 (4.89). 
ESI-HRMS (m/z): Found (Calcd): C16H20ClN2ORuS3

+: 488.9461 
(488.9464). FT-IR (ATR, solid): 3214 (br), 2871 (br), 1596 (m), 
1591 (m), 1459 (s), 1396 (m), 1161 (s), 1083 (s), 1012 (s), 908 (s), 
855 (m), 779 (s), 718 (m), 684 (m). UV-Vis (CH3OH), λ, nm (ɛ, M–1 
cm–1): 335 (4253), 256 (7404).
Synthesis of complex 4, [Ru(N2S2)H(CO)(PPh3)]Cl
In a glove box, 102.0 mg (0.372 mmol) of N2S2 ligand and 354.0 
mg (0.372 mmol, 1 equiv.) of RuHCl(CO)(PPh3)3 were dissolved 
in a mixture containing 6 mL toluene and 3 mL of methanol. The 
mixture was then transferred into flame dried Schlenk flask. The 
flask was taken outside the glove box and heated at 80 °C for 19 
hours to give a clear yellow solution. The solution was then 
evaporated under reduced pressure inside the glove box to 
yield a yellow solid, which was washed thrice with a copious 
amount of diethyl ether and pentane and then dried to produce 
4. Yellow crystals were grown by vapor diffusion of diethyl ether 
into a concentrated solution of 4 in dichloromethane. Yield: 
246.4 mg (0.351 mmol - 94%). 1H NMR (600 MHz, 23 °C, CD2Cl2): 
δ 7.58-6.88 (m, HPPh3 and HPy, 21H), 6.46 (d, 2JHH = 13.5 Hz, Py–
CH2–S, 1H), 5.96 (d, 2JHH = 17.5 Hz, Py–CH2–S, 1H), 5.89 (d, 2JHH = 
17.8 Hz, Py–CH2–S, 1H), 5.60 (d, 2JHH = 13.6 Hz, Py–CH2–S, 1H), 
4.32 (d, 2JHH = 17.1 Hz, Py–CH2–S, 1H), 3.94 (d, 2JHH = 14.1 Hz, Py–
CH2–S, 1H), 3.39 (d, 2JHH = 17.3 Hz, 1H), 3.15 (d, 2JHH = 14.1 Hz, 
1H), –6.68 (d, 2JPH = 28.9 Hz, Ru-H, 1H). 13C{1H} NMR (151 MHz, 
23 °C, CD2Cl2): δ 204.07 (d, 2JPC = 18.2 Hz, Ru–CO), 164.29 (quat. 
CPy), 163.32 (quat. CPy), 161.47 (quat. CPy), 160.23 (quat. CPy), 
139.31 (d, 1JPC = 25.1 Hz, quat. CP), 133.64 (d, 2JPC = 10.4 Hz, o-
CP), 131.04 (p-CP), 128.88 (d, 3JPC = 10.4 Hz, m-CP), 124.51 (p-
CPy), 124.34 (p-CPy), 123.77 (m-CPy), 123.64 (m-CPy), 46.18 (Py–
CH2–S), 44.07 (Py–CH2–S), 43.73 (Py–CH2–S), 42.28 (Py–CH2–S). 
31P{1H} NMR (243 MHz, 23 °C, CD2Cl2): δ 62.90 (PPh3). EA Found 
(Calculated) C33H30ClN2OPRuS2: C 51.14 (50.97), H 3.91 (3.85), N 
3.53 (3.50). ESI-HRMS (m/z): Found (Calcd): C33H30N2OPRuS2

+: 
667.0580 (667.0575). FT-IR (ATR, solid) : 3043 (br), 2876 (br), 
2173 (br), 1934 (s), 1598 (m), 1594 (m), 1480 (m), 1455 (m), 
1432 (m), 1398 (m), 1311 (m), 1157 (s), 1091 (s), 998 (m), 852 
(s), 788 (m), 745 (s), 724 (m), 693 (s). UV-Vis (CH2Cl2), λ, nm (ɛ, 
M–1 cm–1) : 382 (843).
Formation of 1a in acetonitrile-d3. 
In a glove box, 10.0 mg (0.013 mmol) of complex 1 was weighed 
in a 20 mL vial equipped with a stirring bar. The complex was 
dissolved in 1 mL of acetonitrile-d3, and 1.6 mg (1.1 equiv.) of 
KOtBu was added. The reaction mixture was stirred for 3 min 
and then filtered through celite to give a solution of 1a. The 
solution of 1a was directly characterized by NMR. 1H NMR 
(CD3CN, 20 °C, 400 MHz): δ 7.54 (t, 3JHH = 7.8 Hz, p-HPy, 1H), 7.29-
7.25 (vt, m-HPy, 2H), 6.38 (dd, 3JHH = 8.8 Hz, 6.7 Hz, p-HPy, 1H), 
5.94 (d, m-HPy, 3JHH = 8.8 Hz, 1H), 5.77 (d, 3JHH = 6.6 Hz, m-HPy, 
1H), 4.76 (d, 2JHH = 18.9 Hz, Py-CH2-S, 0.83H), 4.38-4.33 (m, Py-
CH2-S, 1.63H), 4.25 (d, 2JHH = 16.2 Hz, Py-CH2-S, 0.77H), 4.15-4.11 
(m, Py-CH2-S, 1.57H), 3.57 (s, Py-CH-S, 0.79H). The peaks of 
methylene and methine groups appear underintegrated 
presumably due to partial exchange with CD3CN that occurs due 
to local excess of base when mixing reagents, while it remains 
almost unchanged during the course of 16 h at RT relative to 
peaks of aromatic protons, suggesting that H/D exchange is 

negligible once the complex is fully formed. The complex has 
limited stability in solution undergoing partial decomposition 
after the period of one day at RT. 13C{1H} NMR (CD3CN, –30 °C, 
151 MHz): δ 167.87 (quat.  CPy), 163.05 (quat. CPy), 162.95 (quat. 
CPy), 154.95 (quat. CPy), 135.87 (p-CPy), 130.71 (p-CPy), 123.75 (m-
CPy), 120.90 (m-CPy), 111.18 (m-CPy), 101.80 (m-CPy), 61.70 (Py–
CH–S), 58.48 (Py–CH2–S), 49.32 (Py–CH2–S), 45.53 (Py–CH2–S). 
NMR yield determination of 1a: In a glove box, 10.0 mg (0.013 
mmol) of complex 1 was weighed in a 20-mL vial equipped with 
a stir bar. The complex was dissolved in 1.5 mL of acetonitrile-
d3 and 1.6 mg (0.014 mmol, 1.1 equiv.) of KOtBu were added. 
1.8 L (0.013 mmol, 1 equiv.) of mesitylene was added to the 
solution by microsyringe as an internal standard. The reaction 
mixture was stirred for 3 min. After the reaction, the solution 
was taken out to analyze by 1H NMR spectroscopy. The yield of 
1a was determined by the peak of complex 1a at 6.37 ppm 
against the internal standard peak at 6.80 ppm. Yield: 98%.
Protonation of 1a by HBF4: Complex 1a was prepared in situ from 
10.0 mg (0.0132 mmol) of 1 with 1.6 mg (0.014 mmol) of KOtBu 
in acetonitrile-d3. After 3 minutes following treatment with a 
base, the orange solution of 1a was then treated with 2.0 µL 
(0.015 mmol – 1.1 equiv.) of tetrafluoroboric acid diethyl ether 
complex (HBF4*Et2O). The solution color immediately changed 
to yellow. The formation of [(N2S2)Ru(MeCN)2]2+ established by 
comparison of 1H NMR spectrum with complex 1. 
Formation of 1b in toluene-d8

In a glove box, 15.0 mg (0.020 mmol) of complex 1 was weighed 
in a 20 mL vial equipped with a stirrer bar. The complex was 
dissolved in 1.5 mL of toluene-d8, and 4.5 mg (0.040 mmol, 2.0 
equiv.) of KOtBu were added. The reaction mixture was stirred 
for 3 min. The crude was filtered using an HPLC filter, leaving a 
brown solid in the filter, and the filtrate is collected in a second 
vial to give 1b. The solution of 1b was directly characterized by 
NMR spectroscopy. The orange crystals of 1b were grown by 
cooling a saturated toluene solution at  –20 °C. 1H NMR (C7D8, –
30 °C, 600 MHz): δ 6.38 (dd, 3JHH= 8.6, 6.6 Hz, p-HPy, 2H), 6.26 (d, 
3JHH = 8.7 Hz, m-HPy, 2H), 5.76 (d, 3JHH = 6.5 Hz, m-HPy, 2H), 4.18 
(s, Py–CH–S, 2H), 3.89 (d, 2JHH = 14.5 Hz, Py–CH2–S, 2H), 3.73 (d, 
2JHH = 14.5 Hz, Py–CH2–S, 2H), 0.41 (s, NC–CH3, 6H). 13C{1H} NMR 
(C7D8, –30 °C, 151 MHz): δ 168.49 (quat. CPy), 156.68 (quat. CPy), 
129.70 (p-CPy), 110.58 (m-CPy), 101.67 (m-CPy), 61.43(Py–CH–S), 
58.23 (Py–CH2–S), 1.55 (NC–CH3), 1.38 (NC–CH3).
NMR yield determination of 1b, general procedure: In a 
glovebox, the mixture of 1 and KOtBu was added to toluene-d8. 
After stirring, the reaction mixture was filtered through a 
syringe filter to get a clear yellow solution of 1b. 4.0 µL (0.029 
mmol) of mesitylene was added to the solution as an internal 
standard. The solution was taken out to analyze by 1H NMR 
spectroscopy. The yield of 1b was determined by the peak of 1b 
at 4.18 ppm against the internal standard peak at 6.66 ppm. 
Using 0.5 equiv. to 2 equiv. of base in all cases produced similar 
yields of 1b, 17-21%, limited by the solubility of 1b in toluene. 
When the formed precipitate was collected and dissolved in a 
more polar solvent such as CD3CN, its 1H NMR also 
corresponded to 1b showing that low solubility was the main 
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factor responsible for limited yield determined in non-polar 
solvents.
Formation of 1b in acetonitrile-d3

In a glove box, 10.0 mg (0.013 mmol) of complex 1 was weighed 
in a 20 mL vial equipped with a stir bar. The complex was 
dissolved in 1.5 mL of acetonitrile-d3, and 3.2 mg (0.029 mmol, 
2.2 equiv.) of KOtBu was added. The reaction mixture was 
stirred for 3 min and then filtered through celite to give a 
solution of 1b. 1.8 µL of mesitylene (0.013 mmol, 1 equiv.) was 
added to the solution as an internal standard. The obtained 
solution was characterized by 1H NMR spectroscopy. The yield 
of 1b was determined by the peak of 1b at 4.18 ppm against the 
internal standard peak at 6.66 ppm. Yield: 80%. 1H NMR (CD3CN, 
–30 °C, 600 MHz): δ 6.28 (dd, 3JHH = 8.7 Hz, 3JHH = 6.6 Hz, p-HPy, 
2H), 5.85 (d, 3JHH = 8.7 Hz, m-HPy, 2H), 5.53 (d, 3JHH = 6.5 Hz, m-
HPy, 2H).
Protonation of 1b by HBF4: Complex 1b was prepared in situ by 
treatment of 10.0 mg (0.0132 mmol) of 1 with 3.7 mg (0.0331 
mmol – 2.5 equiv.) of KOtBu in acetonitrile-d3 for 3 min. To the 
red solution of 1b, 4.5 µL (0.033 mmol – 2.5 equiv.) of 
tetrafluoroboric acid diethyl ether complex (HBF4*Et2O) was 
added with a microsyringe, and the solution color immediately 
changed to yellow. The formation of [(N2S2)Ru(MeCN)2]2+ 
established by comparison of 1H NMR spectrum with complex 
1.
Formation of 2a in benzene-d6

In a glove box, 10.0 mg (0.014 mmol) of 2 was added to 1 mL of 
benzene-d6. To the mixture, 3.0 mg (0.025 mmol, 1.8 equiv.) of 
KOtBu was added to the mixture. The solution gradually became 
orange-red and was stirred for 20 min. After 20 minutes, the 
solution was filtered through a layer of celite and a clear orange 
solution was obtained that was characterized as 2a. Orange 
crystals were grown by vapor diffusion of pentane to the 
benzene solution of 2a. 1H NMR (600 MHz, 23 °C, C6D6): δ 8.02 
(t, 3JHH = 8.6 Hz, o-HPPh3, 6H), 7.12 (t, 3JHH = 6.8 Hz, p-HPPh3, 6H), 
7.04 (t, 3JHH = 7.3 Hz, m-HPPh3, 3H), 6.33 (t, 3JHH = 7.6 Hz, p-HPy, 
1H), 6.29 (d, 3JHH = 7.6 Hz, m-HPy, 1H), 6.06 (d, 3JHH = 7.6 Hz, m-
HPy, 1H), 6.04 (dd, 3JHH = 9.0 Hz, p-HPy, 1H),  5.92 (d, 3JHH = 8.7 Hz, 
m-HPy, 1H), 5.06 (d, 3JHH = 6.6 Hz, m-HPy, 1H), 4.81 (d, 2JHH = 14.7 
Hz, Py–CH2–S, 1H), 4.02 (d, 2JHH = 17.9 Hz, Py–CH2–S, 1H), 3.86 
(s, Py–CH–S, 1H), 3.82 (d, 2JHH = 14.8 Hz, Py–CH2–S, 1H), 3.23 (d, 
2JHH = 16.5 Hz, Py–CH2–S, 1H), 2.96 (d, 2JHH = 15.9 Hz, Py–CH2–S, 
1H), 2.76 (d, 2JHH = 15.9 Hz, Py–CH2–S, 1H). 13C{1H} NMR (151 
MHz, 23 °C, C6D6): δ 167.51 (quat. CPy), 162.35 (quat. CPy), 
157.94 (quat. CPy), 153.68 (quat. CPy), 136.02 (d, 1JPC = 40.9 Hz, 
quat. CPPh3), 134.57 (d, 2JPC = 10.1 Hz, o-CPPh3), 133.47 (o-CPy), 
129.28 (m-CPPh3), 128.35 (p-CPPh3), 122.37 (m-CPy), 118.32 (m-
CPy), 110.85 (m-CPy), 99.75 (m-CPy), 65.03 (Py–CH–S), 61.20 (Py–
CH2–S), 51.62 (Py–CH2–S), 48.68 (Py–CH2–S); (the signal of 
dearomatized ortho-CPy peak overlaps with benzene-d6 peak 
and cannot be clearly detected). 31P{1H} NMR (243 MHz, 23 °C, 
C6D6): δ 52.37 (s, PPh3).
A similar procedure was used to determine the yield of 2a in 
benzene-d6 in the presence of mesitylene as an internal 
standard. The yield of 2a in the presence of 0.9-1.4 equiv. of 
KOtBu was found to be identical, 88%, after 60 min at RT. The 

yield of 2a was determined by the peak of complex 2a at 4.81 
ppm against the internal standard peak at 6.73 ppm. 
Using over 2 equiv. of base leads to decomposition, accelerated 
by an excess base. When 2 equiv. of KOtBu are used, initially 
formed 2a (36% after 20 min) decomposes after 60 min, while 
using 3 equiv. and more leads to no detectable 2a and the 
formation of a mixture of products. 
Protonation of 2a by HBF4: Complex 2a was prepared iby 
treatment of 10.0 mg (0.0141 mmol) of 2 with 1.7 mg (0.015 
mmol) of KOtBu in benzene-d6 for 1 hour. To the orange solution 
of 2a, 2.1 µL (0.016 mmol – 1.1 equiv.) of tetrafluoroboric acid 
diethyl ether complex (HBF4*Et2O) was added with a 
microsyringe, and the yellow precipitate was immediately 
formed. The benzene solvent was evaporated under vacuum to 
give a yellow powder, which was identified as 2(BF4) by 1H NMR 
spectroscopy (with dichloromethane-d2 as NMR solvent). 
Similarly, protonation with 1.1 equiv of acetic acid results in the 
protonation of the ligand to give 2(OAc) with identical 1H NMR 
spectrum corresponding to the N2S2 ligand, and an additional 
peak of the acetate counter anion. 
Formation of 3a in benzene-d6

In a glove box, 10.0 mg (0.019 mmol) of 3 was added to 0.7 mL 
of benzene-d6. To the mixture, 2.4 mg (0.021 mmol, 1.1 equiv.) 
of KOtBu was added to the mixture. The mixture gradually 
became orange and was allowed to stir for 1 hour. After 1 hour, 
the solution was filtered through a layer of celite, and a clear 
orange solution was obtained that was characterized as 3a. 
Orange crystals were grown by vapor diffusion of pentane to 
the benzene solution of 3a. 1H NMR (600 MHz, C6D6, 23 oC) δ 
6.31 (t, 3JHH = 7.7 Hz, p-HPy, 1H), 6.21-6.20 (m, m- and p-HPy, 2H), 
6.04 (d, 3JHH = 8.8 Hz, m-HPy, 1H), 5.89 (d, 3JHH = 7.7 Hz, m-HPy, 
1H), 5.46 (d, 3JHH = 6.7 Hz, m-HPy, 1H), 4.75 (d, 2JHH = 15.8 Hz, Py–
CH2–S, 1H), 4.61 (d, 2JHH = 14.8 Hz, Py–CH2–S, 1H), 3.86 (s, Py–
CH–S, 1H), 3.74 (d, 2JHH = 14.8 Hz, Py–CH2–S, 1H), 3.64 (d, 2JHH = 
17.9 Hz, Py–CH2–S, 1H), 3.33 (s, (CH3)2SO, 3H), 3.20 (d, 2JHH = 
15.7 Hz, Py–CH2–S 1H), 3.08 (d, 2JHH = 17.9 Hz, Py–CH2–S, 1H), 
2.50 (s, (CH3)2SO, 3H).
NMR yield determination of 3a: In a glovebox, 5.0 mg (0.01 
mmol) of 3 was combined with 2 mL of benzene-d6; KOtBu (1.1 
or 2.0 equiv) was then added. 1.3 L (0.01 mmol, 1 equiv.) of 
mesitylene was added to the solution as an internal standard. 
The solution was placed into an NMR tube and analysed by 1H 
NMR spectroscopy. The yield of 3a was determined by the peak 
of complex 3a at 5.46 ppm against the internal standard peak at 
6.72 ppm. When 1.1 equiv. of KOtBu was used, the yield of 3a 
was 29% after 20 min and further increased to 55% after 60 min. 
When 2.0 equiv. of KOtBu was used, no detectable 3a was 
present and an intractable mixture of products formed. 
Protonation of 3a by HBF4: Complex 3a was prepared in situ by 
treatment of 10.0 mg (0.0141 mmol) of 3 with 2.4 mg (0.021 
mmol) of KOtBu in benzene-d6 for 60 min. To the orange 
solution of 3a, 2.9 µL (0.021 mmol – 1.1 equiv.) of 
tetrafluoroboric acid diethyl ether complex (HBF4*Et2O) was 
added with a microsyringe, and the yellow precipitate was 
immediately formed. The benzene solvent was evaporated 
under vacuum to give a yellow powder, which was identified as 
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3[BF4] by 1H NMR spectroscopy (with dichloromethane-d2 as 
NMR solvent). 
Deprotonation of complex 4
In a glove box, 14.0 mg (0.020 mmol) of 4 was added to 0.7 mL 
of benzene-d6. To the mixture, 2.5 mg (0.022 mmol, 1.1 equiv.) 
of KOtBu was added. The mixture gradually became red and was 
allowed to stir for 1 hour. After 1 hour, the solution was filtered 
through celite and a clear red solution of 4a was obtained that 
was characterized by NMR spectroscopy. 1H NMR (600 MHz, 23 
°C, C6D6): δ 7.82 (t, 3JHH = 9.6 Hz, o-HPPh3, 6H), 7.06 (t, 3JHH = 6.9 
Hz, p-HPPh3, 6H), 7.02 (d, 3JHH = 6.9 Hz, m-HPPh3, 3H), 6.67 (d, 2JHH 
= 13.7 Hz, Py–CH2–S, 1H), 6.46 (d, 2JHH = 8.2 Hz, p-HPy, 1H), 6.36 
(d, 3JHH = 5.5 Hz, m-HPy, 1H), 6.05 (vt, 3JHH= 8.7 Hz, 6.6 Hz p-HPy, 
1H), 5.92 (d, 3JHH = 9.6 Hz, m-HPy, 1H), 5.70 (d, 2JHH = 13.7 Hz, Py–
CH2–S, 1H), 4.98 (d, 3JHH = 6.9 Hz, m-HPy, 1H), 3.90 (d, 2JHH = 13.7 
Hz, Py–CH2–S, 1H), 3.81 (s, Py–CH–S, 1H), 3.74 (d, 2JHH = 13.7 Hz, 
Py–CH2–S, 1H), 3.46 (d, 2JHH = 13.7 Hz, Py–CH2–S, 1H), 2.61 (d, 
2JHH = 13.7 Hz, Py–CH2–S, 1H), –6.55 (d, 2JPH = 28.8 Hz, Ru–H, 1H). 
13C{1H} NMR (151 MHz, 23 °C, C6D6): δ 206.58 (d, 2JPC = 18.6 Hz, 
Ru-CO), 170.78 (quat. CPy), 165.65 (quat. CPy), 164.60 (quat. CPy), 
158.80 (quat. CPy), 135.62 (m-CPy), 135.24 (d, 1JPC = 47.7 Hz, quat. 
CPPh3), 134.14 (d, 2JPC = 10.5 Hz, o-CPPh3), 132.00 (p-CPy), 129.77 
(m-CPPh3), 128.35 (p-CPPh3), 123.53 (p-CPy), 122.78 (m-CPy), 
113.50 (m-CPy), 102.82 (m-CPy), 59.69 (Py–CH–S), 58.54 (Py–
CH2–S), 53.32 (Py–CH2–S), 43.61 (Py–CH2–S), 43.25 (Py–CH2–S). 
31P{1H} NMR (162 MHz, 23 °C, C6D6): δ 67.86 (PPh3).
NMR yield determination of 4a: In a glovebox, 5.0 mg (0.007 
mmol) of 4 was combined with 2 mL of benzene-d6; KOtBu was 
then added (1.1, 2.0, 3.0 or 4.0 equiv.). 1.0 L (0.01 mmol, 1 
equiv.) of mesitylene was added to the solution as an internal 
standard. After 60 minutes, the solution was taken out for 
analysis by 1H NMR spectroscopy. The yield of 4a was 
determined by the peak of complex 4a at 4.98 ppm against the 
internal standard peak at 6.73 ppm. The yields varied in the 
range of 96-99% when 1.1, 2.0, and 3.0 equiv. of KOtBu were 
used. In the presence of 4.0 equiv. of KOtBu, a slightly 
diminished yield of 77% was obtained after 60 min. 
Protonation of 4a by HBF4: Complex 4a was prepared in situ by 
treatment of 10.0 mg (0.0142 mmol) of 1 with 1.8 mg (0.016 
mmol, 1.1 equiv) of KOtBu in benzene-d6 for 30 min. To orange 
solution of 4a, 2.1 µL (0.016 mmol – 1.1 equiv) of 
tetrafluoroboric acid diethyl ether complex (HBF4*Et2O) was 
added with a microsyringe, and the yellow precipitate was 
immediately formed. The benzene solvent was evaporated 
under vacuum to give a yellow powder, which was identified as 
4[BF4] by 1H NMR spectroscopy (with dichloromethane-d2 as 
NMR solvent).

Formation of complex 5.
In a glovebox, 50.0 mg (0.070 mmol) of 2 was dissolved in 15 mL 
of THF. To the mixture, 25.0 mg (0.223 mmol, 3.2 equiv) of 
potassium tert-butoxide was added. The mixture was stirred at 
room temperature for 1.5 hours. During this time, the solution 
became dark brown. The solution was then concentrated under 
vacuum. 2 mL of benzene was added to dissolve the solid and 
the obtained solution was filtered through celite and left for 
crystallization by vapor diffusion of pentane. The complex 5 was 
obtained as red crystals in very low yield, ca. 5-10 mg, as a part 
of the more complex mixture of unidentified products that 
could be isolated. 1H NMR (600 MHz, 23 °C, THF-d8): δ 7.50 (t, 
3JHH = 8.6 Hz, o-HPPh3, 12H), 7.16 (t, 3JHH = 7.2 Hz, p-HPPh3, 6H), 
7.10 (t, 3JHH = 7.6 Hz, m-HPPh3, 12H), 6.34-6.29 (m, p-HPy, 2H), 
5.96-5.93 (m, p-HPy & m-HPy, 4H), 5.73 (d, 3JHH = 8.3 Hz, m-HPy, 
2H), 5.56 (d, 3JHH = 6.2 Hz, m-HPy, 2H), 4.95 (d, 3JHH = 6.2 Hz, m-
HPy, 2H), 3.94 (d, 2JHH = 14.5 Hz, Py–CH2–S, 2H), 3.49 (d, 2JHH = 
13.8 Hz, Py–CH2–S, 2H), 3.47 (s, Py-CH(Ru)-S, 2H), 3.08 (d, 2JHH = 
14.5 Hz, Py–CH2–CH, 2H), 2.41 (d, 2JHH = 14.5 Hz, P–CH2–CH, 2H); 
(proton peak of Py–CH(CH2)–S overlaps with THF). 13C{1H} NMR 
(600 MHz, 23 °C, THF-d8): δ 168.78 (quat. CPy), 166.20 (quat. CPy), 
159.50 (quat. CPy), 157.97 (quat. CPy), 138.13 (d, 1JCP = 36.1 Hz, 
quat. CPPh3), 135.31 (d, 2JCP = 10.1 Hz, o-CPPh3), 130.72 (p-CPy), 
128.90 (p-CPPh3), 128.14 (p-CPy), 127.78 (d, 3JCP = 10.1 Hz, m-
CPPh3), 109.54 (m-CPy), 108.81 (m-CPy), 101.14 (m-CPy), 100.78 
(m-CPy), 64.35 (Py–CH(CH2)–S), 63.48 (Py–CH(Ru)–S), 60.30 (Py–
CH2–S), 59.36 (Py–CH2–CH).
Computational details 
All calculations were performed using density functional theory 
(DFT) as implemented in the Gaussian 16 suite of programs.42 
Geometry optimizations and frequency analyses were carried 
out without symmetry restrictions; ground states corresponded 
to the absence of imaginary frequencies. The initial atomic 
coordinates were taken from the crystal structures determined 
by SC-XRD. Gibbs free energies are reported as the ‘Sum of 
electronic and thermal free energies’. The results reported in 
Table 2 and Figures 4 and 6 are reported for geometries 
optimized using M06 functional43 and SDD (for Ru)44/6-
311+g(d,p) (for other elements) 45-52 basis set taking into 
account solvent effect via SMD model.53 This method was found 
to provide good match to the structural parameters from SC 
XRD data for complex 1b and was previously used for 
computational analysis of dearomatized pincer Ru complexes.54 
Second order perturbation theory analysis data was performed 
using NBO 7.0.55 CM5 (Truhlar’s Charge Model 5) charges were 
calculated for optimized structures using Multiwfn.56
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