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Abstract: A set of ruthenium(ll)-protic-N-heterocyclic carbene
complexes, [RUNNC)(PPh3)2(X)]CI (1, X=Cl and 2, X=H) and their
deprotonated forms [Ru(NNC)(PPhz),(X)] (1', X=Cl and 2', X=H) are
reported where NNC is a new unsymmetrical pincer ligand. The four
complexes are interconvertible by simple acid-base chemistry. The
combined theoretical and spectroscopic investigations indicate
charge segregation in anionic-NHC complexes (1" and 2") and can be
described from a Lewis pair perspective. The chemical reactivity of

deprotonated complex 1' shows cooperative small molecule activation.

Complex 1' activates H-H bond of hydrogen, C(sp®-1 bond of
iodomethane, and C(sp)-H bond of phenylacetylene. The activation of
CO; using anionic NHC complex 1' at moderate temperature and
ambient pressure and subsequent conversion to formate is also
described. All the new compounds have been characterized using
ESI-MS, H, 3C, and 3P NMR spectroscopy. Molecular structures of
1, 2, and 2' have also been determined with single-crystal X-ray
diffraction. The cooperative small molecule activation perspective
broadens the scope of potential applications of anionic-NHC
complexes in small molecule activation, including the conversion of
carbon dioxide to formate, a much sought after reaction in the
renewable energy and sustainable development domains.

Introduction

Protic-N-heterocyclic carbene (pNHC) complexes are a class of
compounds that have garnered significant attention in recent
years due to their potential applications in catalysis.!! These
complexes with proton-responsive ligands have shown promising
reactivity and selectivity in various catalytic reactions. Anionic-
naked-N-heterocyclic carbene complexes represent a relatively
new and emerging class of compounds obtained from pNHC
complexes after deprotonation of the N-H unit and are
characterized by negatively charged NHC ligands.®! The proton
responsive nature of pPNHCs and their deprotonated counterparts,
anionic-NHCs, make them excellent candidates for exploring
metal-ligand cooperativity (MLC)'>4 in complexes with NHC
ligands which have, traditionally, been regarded as excellent
spectator ligands.®!

Metal-ligand cooperativity plays a pivotal role in the
activation and functionalization of chemical bonds, making it an
attractive strategy for efficient catalysis.[!!' The cooperative
interactions between metals and CH/NH/OH functionalities within
the coordination sphere have been extensively documented and
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employed in various catalytic systems.[”? Notably, compared to the
a-protic metal-amine bifunctional catalysts reported by Noyoril®!
and lIkariya, complexes featuring protic N-heterocyclic carbene
(pPNHC) ligands exhibit a fNH group adjacent to the metal
center.®! In p-protic pPNHC complexes, these two reactive centers
are electronically conjugated through n-electron systems, despite
being more spatially separated. The unique characteristics of
pNHC complexes enable the activation of H, and CO; at the metal
center through interaction with the deprotonated NH-wingtip, 2648l
while also serving as a molecular recognition unit for substrates
via hydrogen bonding.?e3¢11

Frustrated Lewis pairs (FLPs), since the pioneering work by
Stephan and Erker, have grown into an exciting field of chemistry
which parallels the cooperative action of two components
traditionally observed for MLC based systems.*? MLC, though,
predates and is distinct from FLP chemistry,*¥! shares a
complementary strategy for activating and functionalizing small
molecules.'¥l Recent developments with the so called transition
metal frustrated Lewis pairs (TMFLPS) incorporating transition
metals into FLP chemistry have opened up new possibilities for
the exploration of rich chemistry and their applications in the field
of small molecule activation and catalysis.[*®! Expanding the
reactivity scope of MLC by leveraging principles and reactions
from main-group FLPs,#¢16 or designing novel backbones for
pre-organized intramolecular main-group FLPs based on the
extensive knowledge of ligand design could unlock further
potential for both approaches in various applications.” It has
further been proposed that looking at MLC systems from a Lewis
pair perspective could offer fresh insights for developing a wider
area of “cooperative” catalysis.l'® In this regard, the pair of
complexes with pNHC and their deprotonated anionic-NHC
ligands present an intriguing set of complexes which can be used
to describe this “parallelism” between MLC and FLP concepts.
While the pNHC complexes appear similar to the traditional MLC
systems, their anionic-NHC analogues can be looked at as having
Lewis pairs (Figure 1).
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Figure 1 Representative examples of complexes showing MLC and TMFLP

behaviour.

Herein, we have explored the reactivity of protic-NHC
complexes 1 and 2 bearing a new unsymmetrical NNC ligand
framework. The deprotonation of NH functionality of the Ru(ll)
pNHC complexes led to the formation of B-deprotonated NHC
complexes 1' and 2'. Experimental and theoretical studies show
that the 8 -deprotonated nitrogen in complexes 1' and 2' tends to
behave as Lewis basic site while the metal itself can be
considered as a Lewis acid. Complex 1' shows metal-ligand
cooperativity, which has been utilized in the activation of H,, COy,
phenylacetylene, and iodomethane. The reactivity pattern can be
looked at as “cooperative” action of Lewis pairs to describe the
metal-ligand cooperativity of these systems, as few other systems

have been described by Wass and coworkers.[8d

1", X=Cl;2",X=H

Results and Discussion

Synthesis and characterization

The unsymmetrical NNC pincer ligand 6-(1H-benzimidazol-1-yl)-
N-(pyridin-2-yl)-N-(p-tolyl) pyridin-2-amine, L1 was synthesized in
three steps as shown in Scheme 1. Precursors a and b have been
prepared by known literature procedures.'® L1 was obtained in
66% vyield by the Pd-catalyzed Buchwald-Hartwig cross-coupling
reaction of a and b.?% *H, 3C{*H}, and 2D (*H-'H COSY, HSQC
and HMBC) NMR spectroscopy was used to characterize ligand
L1. In addition, the HRMS(ESI*) supports the formation of L1 with
a corresponding peak for [M+H]" at m/z = 378.1722 (see Sl). The
reaction of L1 with an equimolar amount of [RuClx(PPhs)s] in
methanol for 12 hours at 65 °C led to the formation of
cyclometallated [Ru(NNCH)(PPhs),(CI)]CI complex 1, which was
isolated as a pale-yellow powder in 56% yield. The identity of 1
was confirmed by NMR, SCXRD, Mass and IR spectroscopy.
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Scheme 1 Synthesis of unsymmetrical NNC pincer ligand L1

The multinuclear NMR studies of 1 in dmso-ds indicated a
dynamic equilibrium between 1 and its phosphine dissociated
form. 'H NMR spectrum of 1 shows two peaks at & 14.15 and
13.97 ppm for the NH protons.?Y In addition, the pyridyl ortho
protons also display two doublets at 6 9.34 and 9.07 ppm, with
two sets of signals for other aromatic protons. 3*P{*H} NMR
spectrum also shows two peaks at § 23.89 and 32.44 ppm, along
with a peak at -6.00 ppm for free triphenylphosphine ligand in
solution.*?2 |n 3C{*H} NMR, the resonance for RU—Ccarene as
triplet signal observed at & = 204.5 for the bisphosphine complex
1, and a doublet signal at 6 202.7 ppm can be assigned for the
monophosphine species generated in solution (see Sl, Fig S9-12).
The dynamic equilibrium has been studied in detail using Cul as
phosphine scavenger?® as well as by addition of excess PPh; to
suppress the phosphine dissociation (see Sl, Fig S16-28). HRMS
(ESI*) showed the peak for [M-CI]* at m/z 1038.2220 (calculated
for CeoHa9Cl2NsP2Ru; 1038.2203) and the signal at 776.1379 for
[M-CI-PPhg]*.
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Scheme 2 Synthesis of Ru(ll) pNHC complexes 1 and 2

The metal-hydride complex [Ru(NNCH)(PPhs),(H)]CI, 2 was
obtained in 87% yield as a yellow solid by reacting 1 with one
equivalent KOBu in isopropyl alcohol under reflux condition
(Scheme 2). In contrast to 1, the NMR spectrum of 2 indicates
negligible phosphine dissociation in the solution. 'H NMR
spectrum of 2 shows a characteristic triplet at & —10.55 ppm with
2Jpn = 23 Hz, showing the presence of the Ru-H
functionality.*>24 The *H NMR shows the presence of a singlet at
0 12.18 ppm for the protic N-H group and only one set of signals
for the rest of the protons, as expected. The *P{ H} NMR
spectrum of 2 shows a signal at & 51.18 ppm, which is shifted
more downfield compared with complex 1 (6 23.89 ppm) and also
confirms that there was no phosphine dissociation.®*C{*H} NMR
spectrum shows the triplet signal for carbene carbon at 6 208.54
ppm. The FTIR spectrum of complex 2 displays a strong
absorption at 1868 cm* assigned to metal hydride (Ru-H).2* In
mass spectrometry, again, there is no phosphine dissociation
observed. HRMS analysis showed a molecular ion peak for [M—
CI]* at m/z = 1004.2576. The molecular structures of complexes
1 and 2 have been confirmed by X-ray crystal diffraction studies.
These are crystallized in an orthorhombic system with the Aea2
space group and a monoclinic system with the P2,/c space group,
respectively. The crystallographic parameters are given in Table
S1, and selected bond lengths and angles are provided in Table
S2-S3 (See Sl). Figures 2 and 3 show the solid-state structures
of complexes 1 and 2, respectively.

Figure 2 Solid-state structure of 1 (hydrogen atoms except for NH are omitted
for clarity). Phenyl rings of phosphine ligand drawn in tube form for structure
clarity. Selected bond lengths (A) and bond angles (°): Ru1-C1 = 1.960(7), Rul-
N3 =2.042(5), Rul-N5 = 2.138(5), C1-N1 = 1.351(8), C1-N2 = 1.371(8) and N3-
Rul-N5 = 91.0 (2) C1-Rul-N3 = 79.9(2), CI1-Rul-N5 = 94.4(1), C1-Rul-N5 =
169.3(2).

Figure 3 Solid-state structure of 2 (solvent molecules and hydrogen atoms
except for NH, hydride are omitted for clarity). Phenyl rings of phosphine ligand
drawn in tube form for structure clarity. Selected bond lengths (A) and bond
angles (°): Rul-C1 = 1.949(3), Rul-N3 = 2.115(3), Ru1l-N5= 2.145(3), C1-N1 =
1.353(5), C1-N2 = 1.400(4) and N3-Rul-N5 = 88.8(1), C1-Rul-N3 = 79.4(1),
C1-Rul-N5 = 168.2(1).
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The molecular structures of both 1 and 2 show the
unsymmetrical NNC ligand around Ru bound as a tridentate
pincer ligand forming a six-membered and a five-membered
metallacycles. The two PPh; ligands are trans to each other, and
one CI (1) or H" (2) ligands occupy the 6™ coordination site. Ru-C
and Ru-N distances in 1, Rul-C1 = 1.960(7), Rul-N3 = 2.042(5),
and Rul-N5 = 2.138(5)) are comparable to the previously
reported Ru(ll) protic NHC complexes.? One chloride counter ion
is hydrogen bonded to the NH group of 1 with N-H---Cl distance
of 2.395 A with an angle of 153.74°. In the case of 2, one molecule
of a methanol solvent is found to be hydrogen bonded to the N-H
group, while the CI counterion is hydrogen bonded to the O-H of
this methanol molecule.

Reversible deprotonation of 1 and 2

The reaction of complex 1 with one equiv of K,CO3 in dmso-ds
solution led to no deprotonation of NH functionality of 1. However,
the equimolar reaction of complex 1 with Cs,CO3; in THF at
ambient temperature led to the deprotonation of the pNHC
complex to afford complex 1' with 70% yield (Scheme 3). Similarly,
the deprotonation of N-H functionality of 2 was carried out with
Cs,COs in THF at room temperature with 75% yield. Alternatively,
deprotonated metal hydride complex 2' can be synthesized in
60% yield from the reaction of 2 with one equivalent of KO'Bu in
'PrOH at 80 °C for 6 h. Both 1' and 2 react with aqueous HCI in
methanol to give 1, while 2" reacts with aqueous HCI in methanol
to give 2 and 1 in a stepwise manner. The protonation of the
anionic NHC complexes 1' and 2’ is also achieved by ammonium
chloride (pKa = 9.24) in methanol, affording the pNHC complex 1.

The formation of 1' has been confirmed by NMR, Mass, and
IR spectroscopy. *H NMR spectrum of 1' in dmso-ds exhibits the
disappearance of the NH signal at 6 14.15 and 13.97 ppm
corresponding to complex 1. *P{*H} NMR spectrum of 1' shows
significant dissociation of phosphine ligand with peaks for metal
bound phosphine at 6 48.26, 38.30 and 30.13 ppm along with free
PPhs at -6.00 ppm. (See SlI, Fig S37-40). The signals for two
monophosphine species in solution (denoted as 1a' and 1b') at &
48.26 and 38.30 ppm may be due to two reasons; a) dmso-de
coordinated isomeric species having dmso-ds trans to PPhs ligand
or trans to pyridine-N atom or b) chloride coordinated or
dissociated forms. Since, *P{H} NMR of 1 shows only one
monophosphine species, we are inclined to believe that isomeric
monophosphine forms 1a' and 1b' are not due to different
coordination sites of dmso-ds but due to chloride dissociation in
1'. In the C{*H} NMR spectrum, the signal for the carbene
carbon of deprotonated complex 1' appears as a doublet at
195.26 ppm with 2Jcp of 14.2 Hz, slightly up-field with respect to
the corresponding signal at 6 202.74 ppm with 2Jcp of 14.2 Hz for
pNHC complex 1. The slight upfield shift in the signal of
deprotonated complex 1' is in line with the previously reported
anionic NHC complexes. The HRMS(ESI*) analysis of complex 1'
in acetonitrile provides the two peaks at 1002.2445 for [M-CI]* and
1043.2705 for [M+MeCN-CI]*, which agrees with the computed
values: 1002.2439 and 1043.2735, respectively.
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Scheme 3 Reversible -deprotonation of 1 and 2 to synthesize 1' and 2.

Similarly, the formation of 2' was confirmed by the NMR,
SCXRD, Mass, and IR spectroscopy. The *H NMR spectrum of 2"
in dmso-ds shows the doublets at 6 8.59 ppm correspond to ortho
pyridyl proton slightly downfield from the complex 2 (doublet at &
= 8.27 ppm). 3P{*H} NMR spectrum of 2' gives the information
related to free phosphine at 6 -6.00 and two signals at 6 57.53
and 54.80 ppm for monophosphine (2a") and bisphosphine (2"
complexes, respectively. The *C{*H} NMR of 2' could not be
obtained due to poor solubility. The FTIR spectrum of complex 2'
displays a strong absorption at 1885 cm™ assigned to metal
hydride (Ru-H) (See Sl Fig S51).

Figure 4 Solid-state structure of 2' (solvent molecules and hydrogen atoms
except for methanol OH are omitted for clarity). Phenyl ring of phosphine ligand
are drawn in tube form for structure clarity. Selected bond lengths (A) and bond
angles (°): Rul-C1 = 1.971(3), Ru1-N3 = 2.112(2), Ru1-N5 = 2.136(2), C1-N1
=1.326(3), C1-N2 = 1.443(3) and C1-Ru1-N3 = 80.9(1), C1-Rul-N5 = 170.2(9),
N3-Ru1-N5 = 89.7(9).
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The molecular structure of complex 2' consists of a
ruthenium center in a distorted octahedral environment with NNC
mer-tridentate chelating ligand. The two PPh; are trans to each
other, and hydride is trans to pyridine. We have compared the
protic complex 2 with deprotonated 2' by looking more closely at
the bond lengths. 2' shows a slightly shorter bond length for N1-
C1 compared to 2, i.e., N1-C1(1.326(3) A vs. 1.353 (5)) A, thus
indicating a partial double bond character. Similarly, the N2-C1
bond length of 2' (N2-C1 = 1.443(3) A) is slightly longer compared
to 2 (N2-C1 = 1.400(4) A) as expected.

Cooperative bond activations using 1'

The BC{*H} NMR of 1' shows an upfield shift of 7.4 ppm in the
chemical shift value of carbene carbon (6 195.3 ppm) compared
to 1 (6 202.7). Similar upfield shifts in the carbene carbon of pNHC
complexes after deprotonation have been reported in the
literature and discussed as an anionic-naked-NHC ligand.[26:11025]
The deprotonated nitrogen atom is expected to be a basic site and
can participate in the metal-ligand cooperativity. To check the
cooperative reactivity of anionic NHC complexes, we have
performed some model reactions that can provide insight into the

chemical reactivity typically used to describe the cooperative
bond activation of small molecules (Scheme 4).

Complex 1' shows the ability to induce heterolytic chevage
of the H-H bond of the dihydrogen and gives the pNHC-Ru-
hydride complex 2. The treatment of complex 1' in dmso-ds
solution with hydrogen gas at 80 °C (1 atm) or room temperature
(10 bar) led to the formation of complex 2, which was confirmed
by multinuclear NMR spectroscopy. Further, the anionic NHC has
been shown to polarize the hydrogen of the sp carbon centre of
phenylacetylene.”®! The reaction of phenylacetylene with 1' in
dmso-dg at 80 °C leads to the formation of the acetylide complex
6. Spectroscopic analysis suggests that complex 6 shows some
degree of dissociation of PPhs; from the protic NHC acetylide
adduct. The *H NMR resonances at 6 13.52 and 13.93 ppm are
attributed to the NH proton of bisphosphine complex 6 and the in
situ generated monophosphine species 6a, respectively. The
31P{*H} spectrum shows three signals. The signal associated with
complex 6 resonates at 6 32.43 ppm, and the monophosphine
species 6a detected at 6 49.00 ppm along with the signal for free
phosphine at 6 -6.00 ppm. In HRMS, the isotropic distribution
pattern of complex 6 was consistent with the simulated pattern for
[M-CI]* at m/z = 1104.2911.
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Scheme 4 Cooperative bond activations of small molecules using 1'.

To investigate the ability of the anionic NHC complex in CO»
capture, an NMR tube experiment was performed. The 3!P{*H}
NMR spectrum of the CO, capture reaction indicates a significant
peak for the free phosphine ligand while signals of the starting
complex 1' almost disappeared. One small peak at & 25.19 ppm
is observed which has been confirmed to not be of O=PPhs. This
may be for some Ru species generated in small amount due to
decomposition. Also, both *3C{*H} NMR and ESI*-MS indicate no
phosphine containing species for the CO, captured complex 4.
The 3C{*H} NMR spectrum exhibits loss of a doublet signal at &
195.26 ppm (2Jcp = 14.2 Hz), and the appearance of a new singlet
at 6 193.34 ppm attributed to the absence of coordinated

phosphine co-ligand (Figure 5). A new singlet peak at 6 155.50
ppm is assigned as CO, bound with Ru/N Lewis pair of complex
1'. The in situ generated CO, captured species is
spectroscopically analyzed as complex 4 with the help of *3C{*H}
NMR and ESI*-MS. The mass spectrometry (ESI*) shows a signal
at m/z = 598.1032 for [M+MeCN-DMSOJ*, m/z = 616.1129 for
[M+MeCN+H,O-DMSO]* and at m/z 682.1561 for
[M+(2MeCN)+(DMSO)-CIJ* attributable to fragments originating
from 4.
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Figure 5 ¥C{*H} NMR spectra of CO: activation by anionic NHC complex in
dmso-ds. (a) The spectrum before bubbling with COz; *: Peak from complex 1%;
#: doublet peak of carbene from complex 1' (b) The spectrum after bubbling CO2
gas; @: peak from bound CO2 (complex 4); #: new carbene singlet signal for

complex 4; *: other signals for complex 4.

To gain insight into the hydrogenation of CO,, a solution of
1" in dmso-ds was treated with an approximate 2:1 mixture of H,
and CO,. After 16 h at 80 °C, this led to the conversion of 1' to
formate complex 3 (See SI, Fig S70-73). A peak at 6 8.58 ppm
appeared in the *H NMR spectrum of the solution in dmso-de,
indicating the presence of the formate product (HCO;") as shown
in Figure 6. Based on the reported literature,?1 CO,
hydrogenation can be explained to proceed via the metal hydride
complex, 2. The *H NMR spectroscopy showed a distinctive
signal at 6 -10.56 ppm, validating the production of the Ru-H
species from the interaction of 1' with H, in dmso-ds. The 3'P{*H}
signal at 51.92 ppm also supports the existence of Ru-H species
complex 2 in the reaction mixture.

*

14 13 12 11 10 9
f1 (ppm)

" 8104 ‘103 105 -107 -10.9
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Figure 6 *H NMR spectrum of CO2 hydrogenation to formate by anionic NHC
complex in dmso-ds. (i) The spectrum before bubbling with CO2 and Hz mixture;
*: peaks from complex 1' (ii) The spectrum after bubbling CO2 and H: gas.

Anionic NHC complex 1' proved to be a precursor for
synthesizing classical NHC complex 5 via heterolytic cleavage of
alkyl halide. The reaction of complex 1' with 1.5 equivalent of
iodomethane in toluene led to the formation of a corresponding
classical NHC complex 5. The *H NMR shows two methyl singlets
at 6 = 4.52 and 2.46 ppm for N-methyl benzimidazole and methyl
proton of the p-tolyl group of the ligand, respectively. The 3P{*H}
NMR spectrum illustrates the phosphine signal detected at &
31.48 ppm. In addition, the 3C{*H} NMR spectrum showed
characteristic resonance of carbene carbon appearing at  205.76

ppm and N-Me signal at 6 39.65 ppm. The mass spectrometry
analysis shows m/z calculated for CeiHs1CINsP.RU [M-I]*
1052.2359, found 1052.2381, and a signal at m/z calcd for
Ca3H36CINsPRu [M-I-PPhs]* 790.1443, found 790.1460 related to
complex 5 (See SI, Fig S74-79).

Computational analysis

Computational calculations were performed using the ORCA
5.0.3 program, and r2SCAN-3c composite functional,?®! was used
for the optimization of complexes 1, 2, 1' and 2'. The optimized
geometries of complexes show excellent agreement with the
experimental values (Single crystal X-ray diffraction data).
Therefore, r’SCAN-3c composite functional is acceptable as a
reliable method for predicting the covalent geometry of these
complexes. The electrostatic potential near the deprotonated
nitrogen for complexes 1' and 2' exhibit a distinct negative
maximum (Figure 7). In both the complexes, the phenyl rings of
the triphenylphosphine ligands partially shield the basic nitrogen
centre. Figures 8 and 9 show the comparison of DFT optimized
geometries of compounds 1 with 1' and 2 with 2, respectively.
The optimized geometry of complex 1' exhibits a slight shortening
of C1-N1(1.324 A) and slight lengthening in the C1-N2 (1.433 A)
bond in comparison to complex 1 as observed in the optimized
structure of 2'.

The natural population analysis (NPA) calculation was
performed on the optimized structures of 1, 1", 2, and 2' using
JANPA. While NPA analysis indicates a greater electron density
at the N-atoms of the carbene ligands in all complexes, a
comparison between pNHC complexes 1 and 2 with their B-
deprotonated analogues 1' and 2' shows the accumulation of
increased electron density at N1, a little less at N2, and only a
small increase at C1 compared to the protic NHC complexes. As
shown in Figure 8, the nitrogen (N1) of B-deprotonated NHC
complex 1' has a major difference (-0.054 C) in the calculated
atomic charge in comparison to carbene carbon (C1) (-0.009 C).
Similarly, the charge distribution in 2" in Figure 9 reveals the
appearance of a larger net negative charge (-0.056 C) at
nitrogen(N1) and slightly less charge (-0.026 C) accumulated on
nitrogen (N2) compared to carbene carbon (C1) (-0.009 C) with
respect to protic NHC complex 2. The high electronic charge on
the nitrogen (N1) of 1" and 2' further supports these complexes
having anionic-naked-NHC ligands.

-

Figure 7 Electrostatic potential map of the isodensity surface (0.14 a.u.) of
complex 1' (left) and 2' (right) in the range -0.09 (red) to 0.09 a.u. (blue).
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1
Rul-C1 1.953 (0.987)
C1-N1  1.351(1.177)
C1-N2  1.396 (1.012)

1
C1 -0.145
N1 -0.555
N2 -0.420

IR: Vipy1.c1) = 517 cm?, 3C NMR: §¢;) = 202.7 ppm (d), 204.5 ppm (t)

Bond lengths (WBIs)

1.992 (0.893)
1.324 (1.429)
1.433 (0.921)

NPA charges

-0.154 (-0.009)
-0.609 (-0.054)
-0.446 (-0.026)

1’

1’

1!

IR: V(gy1.c1) = 513 cm?, 3C NMR: §¢;) = 195.3 ppm (d)

Figure 8 DFT optimized structures of 1 and 1' (PPhs ligands are shown as sticks for clarity). Relevant bond lengths (A), Wiberg Bond Indices and NPA charges are

shown in tables for comparison.

g 2

Rul-C1 1.948 (1.036)
C1-N1  1.355(1.150)
C1-N2  1.403 (0.982)

2
C1 -0.137
N1 -0.580
N2 -0.437

IR: V(gy1.c1) = 513 cm?, 3C NMR: §¢;) = 208.5 ppm (t)

Bond lengths (WBIs)

NPA charges

-0.140(-0.003)
-0.636(-0.056)
-0.456(-0.019)

2!
1.993 (0.921)
1.329 (1.412)
1.442 (0.898)

2’

2I

IR: Vjgy1.cyy = 511 cm?, 13C NMR*

Figure 9 DFT optimized structures of 2 and 2' (PPhs ligands are shown as sticks for clarity). Relevant bond lengths (A), Wiberg Bond Indices and NPA charges are
shown in tables for comparison. * *3C {*H} NMR could not be obtained due to poor solubility.

Conclusion

In summary, we have synthesized a set of Protic and B-
deprotonated N-heterocycle carbene Ru (Il) complexes (1-2) and
(1'-2" with an unsymmetrical NNC ligand. The spectroscopic and
theoretical evaluations were used to gain insight into the

electronic structures. The NPA calculations provide reliable
information related to the charge distribution in the protic and B-
deprotonated Ru(ll) NHC complexes. The experimental and
computational investigation suggests the maximum electronic
charge accumulation on the [-deprotonated nitrogen (N1)
compared to the carbene carbon (C1) of Ru(ll) NHC complexes
and, therefore, complexes 1' and 2" are best described as having
anionic-naked-NHC ligand. The protonation of 1' and 2' by
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reaction with NH4Cl in methanol led to the formation of their
respective protic NHC complexes. We have explored the
cooperative small molecule activation reactivity of 1' with the
activation of H-H, C(sp®)-I, and C(sp)-H bonds of the hydrogen
molecule, iodomethane, and terminal alkyne, respectively. CO-
capture and its reduction to formate have also been described at
ambient temperature and mild pressure. The combined effect
(Lewis acid and Lewis base) of the Ru/N couple of anionic NHC
can be described as a cooperative small molecule activation.
Further applications of these complexes in various catalytic
reactions are under investigation.

Experimental Section

General considerations

All reactions were performed in oven-dried glassware under an inert
atmosphere using MBraun glovebox and standard Schlenk or high vacuum
line techniques. All reagents and solvents were purchased from
commercial sources. THF, Et20, and toluene were refluxed over sodium
benzophenone ketyl and distilled under a nitrogen atmosphere prior to use.
The ruthenium precursor [RuClz(PPhs)s] was synthesized according to
reported procedure®® and stored under a nitrogen atmosphere.
Deuterated solvents (CDCls, DMSO-ds) were purchased from Eurisotop
and Sigma-Aldrich and distilled over calcium hydride. NMR samples of
sensitive compounds were prepared in the glovebox under a nitrogen
atmosphere. NMR spectra were recorded at room temperature on a Bruker
Avance-400 and 500 NMR spectrometer. Chemical shifts were reported
relative to residual solvent peaks of the respective deuterated solvents. IR
spectra were recorded on Bruker alpha Il compact FTIR IR spectrometer.
Electrospray ionization mass spectra (ESI-MS) and high-resolution mass
spectra (HRMS) measurements were performed on a Bruker-Doltonics-
micro TOF -Qll spectrometer at 22 °C.

Synthesis and characterization

Synthesis of Ligand L1: An oven-dried 100 ml 2-neck R.B. flask, fitted
with a reflux condenser was charged with 1-(6-bromopyridin-2-yl)-1H-
benzo[d]imidazole, a (2.740 g, 10 mmol), 2-(p-tolyl) pyridine, b (2.392 g,
13 mmol), Pd(dba)> (0.348 g, 0.38 mmol), dppf (0.205 g, 0.37 mmol),
sodium tert-butoxide (1.150 g, 12 mmol) and anhydrous toluene (20 mL)
under inert atmosphere. The flask was lowered into an oil bath and heated
to reflux for 24 h. After cooling to room temperature, ethyl acetate (20 ml)
was added and stirred for 30 min at room temperature when a red-colored
precipitate was formed. The reaction mixture was filtered through celite,
the red precipitate was discarded, and the filtrate was evaporated under
reduced pressure on a rotary evaporator to get a brown solid. The crude
product was purified by column chromatography on silica gel with ethyl
acetate/hexane (70:30) to give a 2.489 g light brown product (yield- 66%).
H NMR (400 MHz, CDCI3 25 °C) & 8.42 — 8.39 (m, 2H), 7.76 (d, J = 8.0
Hz, 1H), 7.69 (t, J = 8.0 Hz, 1H), 7.64 — 7.52 (m, 2H), 7.31 — 7.24 (m, 3H),
7.20 (t, J = 8.3 Hz, 2H), 7.13 — 6.98 (m, 5H), 2.42 (s, 3H). 33C{*H} NMR
(100 MHz, CDCls, 25 °C) 5 157.8, 157.5, 148.6, 144.6, 141.8, 141.1, 139.9,
137.9, 136.6, 132.2,130.8, 128.3, 123.8, 123.0, 120.3, 119.0, 118.2, 114.0,
112.0, 105.5, 21.3. DEPT-135 NMR (126 MHz, CDCls) 5 148.5, 141.0,
139.8,137.8,130.7,128.3, 123.7,123.0, 120.2, 119.0, 118.1, 113.9, 111.9,
105.4, 21.2. HRMS (ESI*) m/z calcd for C24H19Ns [M+H]* 378.1713, found
378.1722. Anal. Calcd for C24H19Ns: C, 76.37; H, 5.07; N, 18.55. Found: C,
76.12; H, 5.04; N, 18.48.

Synthesis of 1: An oven-dried Schlenk tube was charged with L1 (0.075
g, 0.2 mmol) in methanol (10 mL), followed by the addition of RuCl2(PPhz)s
(0.191 g, 0.2 mmol). The resulting mixture was stirred at reflux temperature
for 12 h. After the completion of the reaction, the mother liquor was filtered
through a short celite pad and reduced to 1-2 mL at reduced pressure;

then, diethyl ether was added, and the yellow precipitate was obtained.
Finally, after drying in a high vacuum, the compound was obtained as a
yellow powder. Yield 0.120 g (56%).*H NMR (500 MHz, DMSO-ds, 25 °C)
0 14.15 (s, 1H), 13.97 (s, 1H), 9.35 (d, J = 6.0 Hz, 1H), 9.07 (d, J = 5.8 Hz,
2H), 8.13 (d, J = 8.2 Hz, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.75 (d, J = 8.1 Hz,
1H), 7.72 - 7.65 (m, 2H), 7.60 (d, J = 7.0 Hz, 2H), 7.52 (t, J = 7.9 Hz, 6H),
7.36 (d, J =8.9 Hz, 10H), 7.25 (d, J = 7.9 Hz, 6H), 7.20 (g, J = 9.1 Hz, 9H),
7.12(d,J=8.1Hz, 7H), 7.08 (d, J = 17.1 Hz, 19H), 6.84 (t, J = 6.5 Hz, 1H),
6.75 (d, J = 7.6 Hz, 3H), 6.52 (d, J = 8.9 Hz, 1H), 6.25 (d, J = 9.6 Hz, 2H),
6.12 (d, J = 8.9 Hz, 2H), 5.75 (d, J = 7.6 Hz, 2H), 2.45 (s, 6H). 3'P{*H}
NMR (202 MHz, DMSO-ds, 25 °C) & 32.44 (s), 23.89(s), -6.00(s, PPhs).
13C{*H} NMR (126 MHz, DMSO-ds, 25 °C) (Ru-Ccarbene) 8 204.5 (t, J = 12.4
Hz), (Ru-Ccarbene) 202.8 (d, J = 14.2 Hz), 154.0, 153.5, 153.5, 153.0, 152.8,
152.8, 152.7, 140.4, 139.6, 139.5, 138.72, 137.9, 135.9, 133.3, 133.2,
133.1,132.7,132.7,132.6, 132.5, 132.3, 132.0, 132.0, 131.5, 131.4, 131.2,
131.1,130.9, 130.8, 130.6, 130.5, 130.2, 129.8, 129.7, 129.3, 129.2, 128.7,
128.7,128.6,128.1,128.0, 128.0, 127.9, 127.9, 124.4, 123.4 122.8, 117.6,
117.0, 113.2, 112.0, 111.7, 111.3, 111.2, 105.6, 105.6, 20.8, 20.7.DEPT-
135 NMR (126 MHz, DMSO-ds, 25 °C) 5 152.6, 151.6, 138.5, 137.6, 137.2,
136.1,133.1, 132.9,132.5, 132.4, 132.4, 132.3, 132.0, 131.7,131.7,131.2,
131.1, 129.6, 129.4, 129.1, 129.0, 129.0, 128.5, 128.5, 128.4 (d, J = 2.3
Hz), 127.9, 127.8, 127.7, 127.7, 127.7, 124.2, 123.8, 123.1, 122.5, 117.4,
117.0, 116.8, 113.0, 112.0, 111.8, 111.5, 111.0, 110.9, 105.4, 105.3, 20.5,
20.5. ATR-FTIR (solid): 0 cm™ (Ru-Cecarbene) = 517. HRMS (ESI*) m/z calcd
for CeoHa9Cl2NsP2Ru [M-CIJ* 1038.2203, found 1038.2220. Anal. Calcd for
CsoH49Cl2NsP2Ru: C, 67.10; H, 4.60; N, 6.52. Found: C, 67.48; H, 4.30; N,
6.82.

Synthesis of 2. Complex 1 (0.053 g, 0.05 mmol) was dissolved in
isopropyl alcohol in a Schlenk tube. Then, potassium tert-butoxide (0.005
g, 0.05 mmol) was added, stirred, and refluxed for 18 h. After completing
the reaction, a yellow precipitate was obtained. After slow cooling, the
solution was filtered off, and the yellow solid was washed several times
with EtzO. The complex was obtained as a bright yellow-orange powder.
Yield: 0.045 g (87%). *H NMR (500 MHz, DMSO-ds, 25 °C) & 12.18 (s, 1H),
8.28 (d, J = 6.3 Hz, 1H), 7.68 (t, J = 8.4 Hz, 1H), 7.57 (d, J = 8.4 Hz, 1H),
7.45(d, J =8.1Hz, 2H), 7.39 (d, J = 3.7 Hz, 2H), 7.24 (s, OH), 7.17 — 7.08
(m, 9H), 7.05 (t, J = 7.6 Hz, 14H), 6.71 (d, J = 7.9 Hz, 2H), 6.31 (d, J = 8.4
Hz, 1H), 6.02 (t, J = 6.5 Hz, 1H), 5.84 (d, J = 9.0 Hz, 1H), 2.43 (s, 3H), -
10.55 (t, J = 23.0 Hz, 1H). 3*P{*H} NMR (202 MHz, DMSO-ds, 25 °C) d
51.18. ¥C{*H} NMR (126 MHz, DMSO-ds, 25°C) & 208.5 (Ru-
Cecarbene),156.0,154.7,152.8,150.7,140.8,139.7,136.6,134.4,134.3,134.1,1
33.8,133.6,132.9,132.8,132.8,132.6,132.0,131.9,130.3,129.8,128.3,123.
4,122.1,117.4,116.7, 111.8, 111.0, 110.3, 105.9, 21.2. ATR-FTIR (solid):
0 cm™ (Ru-Ccarbene) = 513 and 0 cm™* (Ru-H) = 1868. HRMS (ESI*) m/z
calcd for CeoHsoP2CIRUNs [M-CI]*1004.2596, found 1004.2576. Anal Calcd
for CeoHsoCINsP2Ru: C, 69.32; H, 4.85; N, 6.74. Found: C, 69.01; H, 4.53;
N, 6.61.

Synthesis of 1": In a glovebox, an oven-dried 15 mL vial equipped with a
magnetic stirring bar was charged with complex 1 (0.118 g, 0.11 mmol)
and cesium carbonate (0.035 g, 0.11 mmol) in dry THF. The mixture was
stirred overnight at room temperature. After completion of the reaction, the
yellow residue was filtered and washed several times with Et.O to obtain
a yellow powder. Yield: 0.080 g (70%). *H NMR (500 MHz, DMSO-ds,
25°C)510.23 (d, J =5.9 Hz, 1H), 9.51 (d, J = 7.6 Hz, 1H), 7.78 (d, J = 8.2
Hz, 2H), 7.55 (t, J = 8.4 Hz, 2H), 7.51 (d, J = 7.1 Hz, 2H), 7.46 — 7.39 (m,
13H), 7.38 — 7.34 (m, 16H), 7.30 (t, J = 8.1 Hz, 13H), 7.27 — 7.20 (m, 12H),
7.15 (t, J = 7.5 Hz, 5H), 7.13 — 7.08 (m, 3H), 7.05 (t, J = 8.9 Hz, 4H), 7.00
(t, J = 7.0 Hz, 7H), 6.86 (t, J = 8.9 Hz, 8H), 6.72 (t, J = 6.5 Hz, 2H), 6.48
(d, J =8.6 Hz, 2H), 6.37 (d, J = 8.8 Hz, 2H), 6.19 (d, J = 8.4 Hz, 1H), 6.13
(d, J=8.6 Hz, 2H), 2.42 (s, 3H), 2.39 (s, 3H). 3P NMR (202 MHz, DMSO-
ds, 25 °C) 5 47.81, 38.30, 30.13 -5.99. 3C{*H} NMR (126 MHz, DMSO-ds,
25 °C) 6 195.3 (Ru-Ccarbene) (d, J = 14.2 Hz), 154.6, 153.6 (d, J = 2.8 Hz),
151.8, 148.6, 141.8, 138.7, 138.5, 137.2, 133.9, 133.4, 133.2, 133.1, 132.9
(d, 3 =9.2 Hz), 132.3 132.1 (d, J = 2.8 Hz), 131.5 (d, J = 10.1 Hz), 130.3,
129.1, 128.8 (d, J = 2.3 Hz), 128.8 (d, J = 2.8 Hz), 127.7 (d, J = 9.2 Hz),
122.0, 119.4, 117.9, 116.3, 115.6, 111.1, 110.1, 101.7, 20.8. DEPT-135
NMR (126 MHz, DMSO-ds, 25 °C) 6 154.4, 152.2, 138.3, 136.9, 136.1,
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133.1 (d, J = 6.2 Hz), 132.9, 132 7 (d, J = 9.6 Hz), 131.8 (d, J = 3.4 Hz),
131.6, 131.3 (d, J = 6.2 Hz), 131.2, 130.0, 129.2, 128.8 (d, J = 7.3 Hz),
128.7-128.4 (m), 127.5 (d, J = 8.5 Hz), 127.0 (d, J = 8.5 Hz), 121.7, 121.2,
119.2,118.5,117.7,116.9 - 115.7 (m), 115.3, 110.8, 109.9, 109.5, 109.21,
101.9, 101.4, 31.0, 20.5. ATR-FTIR (solid): 0 cm™? (Ru-Ccarbene) = 513.
HRMS (ESI*) m/z calcd for CeoH4sCINsP2Ru [M-CI]* 1002.2439, found
1002.2445. Anal. Calcd for (CeoH4sCINsP2Ru + CsCl): C, 59.76; H, 4.01; N,
5.81. Found: C, 59.38; H, 4.16; N, 5.89.

Synthesis of 2'. Complex 2 (0.118 g, 0.11 mmol) and cesium carbonate
(0.035 g, 0.11 mmol) was suspended in dry THF (5 mL) in an oven-dried
15 mL vial equipped with a magnetic stirring bar. The reaction was stirred
at room temperature overnight. After the completion of the reaction, a
yellow precipitate appeared. The yellow solid was washed with diethyl
ether (3x5 mL) to afford the desired product. Yield: 0.025 g (75%). 'H NMR
(500 MHz, DMSO-ds, 25°C) 6 8.59 (d, J = 3.5 Hz, 1H), 7.56 (d, J = 7.9 Hz,
4H), 7.40 (d, J = 4.7 Hz, 9H), 7.32 (t, J = 8.8 Hz, 2H), 7.25 — 7.21 (m, 8H),
7.19 (t, J = 8.3 Hz, 8H), 7.13 (t, J = 7.2 Hz, 4H), 7.07 (t, J = 7.1 Hz, 4H),
6.99 (t, J = 6.8 Hz, 5H), 6.94 (t, J = 8.1 Hz, 7H), 6.81 (s, 1H), 6.35 (t, J =
6.4 Hz, 2H), 6.28 (d, J = 8.8 Hz, 2H), 6.23 (d, J = 8.5 Hz, 2H), 2.41 (s, 6H).
31p{1H} NMR (202 MHz, DMSO, -ds, 25 °C) & 57.53, 54.80, -6.00. ATR-
FTIR (solid): 0 cm™ (Ru-Ccarbene) = 511 and 0 cm™* (Ru-H) = 1885. HRMS
(ESI*) m/z calcd for CeoHa9CINsP2Ru [M+H]* 1004.2596, found 1004.2617.
Anal. Calcd for (CeoHaoNsP2Ru + KCI): C, 66.87; H, 4.58; N, 6.50. Found:
C, 66.95; H, 4.81; N, 6.89.

Heterolytic cleavage of H, (1 atm) at 80 °C by 1'. In a N2 glove box, J.
Young NMR tube was charged with complex 1' (50 mg, 0.048 mmol) and
DMSO-ds, then NMR was recorded. This solution was bubbled with
hydrogen gas while it was heated for two hours at 80 °C. This step was
followed by closing the NMR tube under an Hz environment and heating it
at 80 °C overnight. *H NMR (400 MHz, DMSO-ds, 25°C) & 12.26 (s, 1H),
8.26 (d, J = 6.1 Hz, 2H), 7.67 (t, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H),
7.14 (d, J = 7.0 Hz, 7H), 7.10 (d, J = 4.4 Hz, 16H), 7.06 (d, J = 7.5 Hz,
18H), 6.69 (d, J = 8.1 Hz, 4H), 6.29 (d, J = 8.7 Hz, 2H), 6.02 (t, J = 6.5 Hz,
2H), 5.82 (d, J = 8.9 Hz, 2H), -10.57 (t, J = 22.9 Hz, 1H). 31P{*H} NMR (202
MHz, DMSO-ds, 25°C) & 51.12.

Heterolytic cleavage of H, (10 bar) at room temperature by 1'. In a
high-pressure reactor, a Poly tetra fluoroethylene (PTFE) tube was
charged with complex 1' (50 mg, 0.048 mmol) and DMSO-ds (0.5 mL),
applied 10 bar Hz pressure, and stirred at ambient temperature for 18 h.
After that solution was transferred into an NMR tube, and 'H and 3'P{*H}
were recorded. *H NMR (500 MHz, DMSO-ds, 25 °C) & 12.27 (s, 1H), 8.68
(s, 1H), 8.26 (s, 1H), 7.70 — 7.55 (m, 7H), 7.43 (d, J = 7.4 Hz, 14H), 7.38 —
7.32 (m, 8H), 7.19 — 7.09 (m, 20H), 7.09 — 6.92 (m, 13H), 6.70 (d, J=7.9
Hz, 5H), 6.28 (s, 1H), 5.83 (d, J = 9.0 Hz, 1H), 2.42 (s, 20H), -10.56 (t, J =
23.0 Hz, 1H), -11.62 (d, J = 27.1 Hz, 2H). 3'P{*H} NMR (202 MHz, DMSO-
ds, 25°C) 5 51.17.

CO; hydrogenation by 2. In a glovebox under a nitrogen atmosphere, a
J. young NMR tube was charged with complex 2 (50 mg, 0.048 mmol) in
0.5 mL DMSO-ds. J. young NMR tube was taken out from the glovebox,
and the NMR tube was purged with CO2 to ensure a complete CO2
environment in the NMR tube. Then, the NMR tube was closed under the
CO2 environment and left overnight at room temperature. NMR
spectroscopy was used to analyze product 3 as the formate peak was
assigned at 8 8.56 ppm. *H NMR (500 MHz, DMSO-ds, 25 °C) & 12.35 (s,
1H), 9.70 (dd, J = 5.8, 2.1 Hz, 1H), 8.56 (s, 0.09H), 8.26 (d, J = 6.0 Hz,
1H), 7.98 (d, J = 7.9 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 8.4 Hz,
1H), 7.49 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.1 Hz,
5H), 7.35 (t, J = 7.4 Hz, 9H), 7.28 (t, J = 7.8 Hz, 11H), 7.15 (t, J = 6.6 Hz,
6H), 7.10 (d, J = 3.5 Hz, 2H), 7.05 (t, J = 7.6 Hz, 15H), 6.92 (d, J = 8.5 Hz,
1H), 6.86 (s, OH), 6.70 (d, J = 8.2 Hz, 2H), 6.65 (d, J = 8.4 Hz, 1H), 6.30
(d, 3 =8.7 Hz, 1H), 6.01 (t, J = 6.6 Hz, 1H), 5.83 (d, J = 8.9 Hz, 1H), 2.43
(s, 8H). 3P{*H} NMR (202 MHz, DMSO) & 47.54, -6.00.

CO; hydrogenation by 1'. In a glovebox under a nitrogen atmosphere, a
J. young NMR tube was charged with complex 1' (43.5 mg, 0.042 mmol)
in 0.5 mL DMSO-de. J young NMR tube was taken out from the glovebox,
and the NMR tube was purged with an Hz: CO2 (2:1) mixture to ensure a
complete H2:CO2 environment in the NMR tube. After that, the NMR tube
was closed and placed in a preheated oil bath at 80 °C, then heated
overnight. NMR spectroscopy was used to analyze product 3 as the
generation of formate peak was observed at & 8.58 ppm. *H NMR (500
MHz, DMSO-ds, 25°C) 6 10.23 (d, J = 5.9 Hz, 1H), 9.70 (d, J = 5.7 Hz, 1H),
9.49 (d, J = 6.3 Hz, 1H), 8.58 (s, 0.1H), 7.98 (d, J = 8.0 Hz, 2H), 7.88 (d, J
= 8.2 Hz, 1H), 7.85 (s, 1H), 7.64 (d, J = 8.2 Hz, 3H), 7.54 (d, J = 5.9 Hz,
3H), 7.49 (d, J = 7.8 Hz, 3H), 7.44 (d, J = 11.6 Hz, 2H), 7.39 (d, J = 3.1 Hz,
25H), 7.25 (d, J = 3.8 Hz, 13H), 7.20 — 7.14 (m, 5H), 7.05 (t, J = 8.0 Hz,
18H), 6.86 (t, J = 8.9 Hz, 8H), 6.65 (d, J = 8.4 Hz, 2H), 6.48 (d, J = 8.8 Hz,
1H), 6.18 (s, 1H), 2.43 (s, 6H). 3*P{*H} NMR (202 MHz, DMSO-ds, 25°C)
6 51.89, 49.50, -6.00.

CO; capture by 1'. In a glovebox under a nitrogen atmosphere, a J young
NMR tube was charged with complex 1' (43.5 mg, 0.042 mmol) in 0.5 mL
DMSO-ds. J Young NMR tube was taken out from the glovebox, and the
tube was purged with CO2to ensure a complete COz environment in the
NMR tube. After that, the NMR tube was closed under the CO:
environment and placed in a preheated oil bath at 80 °C, then heated
overnight. NMR spectroscopy was used to analyze product 4. 'H NMR
(400 MHz, DMSO-ds, 25°C) 5 10.24 (d, J = 7.8 Hz, 1H), 9.71 (d, J = 7.9
Hz, 2H), 7.98 (d, J = 8.1 Hz, 5H), 7.92 — 7.82 (m, 7H), 7.76 (d, J = 4.6 Hz,
2H), 7.65 — 7.59 (m, 13H), 7.54 (t, J = 7.3 Hz, 11H), 7.48 (d, J = 8.2 Hz,
7H), 7.44 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 6.1 Hz, 63H), 7.24 (t, J = 6.7 Hz,
34H), 7.11 - 6.98 (m, 6H), 6.95 — 6.82 (m, 8H), 6.65 (d, J = 8.2 Hz, 5H),
2.42 (s, 6H). 3'P{*H} NMR (202 MHz, DMSO-ds, 25°C) & 48.31, 38.87,
30.65, 25.02, -6.00. 13C{*H} NMR (126 MHz, DMSO-ds, 25°C) & 193.3,
155.5, 154.1, 153.6, 151.9, 148.0, 141.8, 139.9, 139.0, 138.5, 136.1 (d, J
=7.4Hz),133.3(d, J = 18.8 Hz), 132.0, 131.5 (d, J = 9.2 Hz), 130.6, 129.1,
128.74 (d, J = 7.4 Hz), 122.2, 120.1, 117.9, 116.4 (d, J = 37.2 Hz), 111.7,
110.5 103.0, 20.80, 20.8.

N-methylation of 1'. A 100 mL pressure tube charged with a mixture of
complex 1' (100 mg, 0.096 mmol) and methyl iodide (8.96 uL, 0.144 mmol)
in toluene (10 mL) was heated at 110 °C for 24 h. The mixture was cooled
to ambient temperature to get a pale-yellow precipitate. The product was
collected by filtration, washed with diethyl ether (3X10 mL), and dried
under a vacuum to afford the desired product 5. Yield: 50 mg (48%). H
NMR (400 MHz, DMSO-ds, 25 °C) 8 9.44 (d, J = 4.3 Hz, 1H), 8.13 (d, J =
8.3 Hz, 1H), 7.81 — 7.63 (m, 3H), 7.50 (dd, J = 32.2, 7.7 Hz, 5H), 7.36 (d,
J=8.3Hz, 2H), 7.30 (t, J = 7.0 Hz, 5H), 7.15 (t, J = 6.5 Hz, 5H), 7.06 (t, J
= 8.7 Hz, 9H), 6.81 (t, J = 6.7 Hz, 2H), 6.61 (d, J = 8.9 Hz, 2H), 6.41 (d, J
= 8.3 Hz, 2H), 4.52 (s, 3H), 2.46 (s, 3H). *C {*H} NMR (100 MHz, DMSO-
ds, 25°C) 5 205.8 (Ru-CNHC) & 159.4, 159.0, 158.2, 145.7, 145.1, 144.9,
144.2, 143.5, 142.6, 137.8 (d, J = 9.5 Hz), 137.4, 136.4, 136.1, 136.0,
135.4, 135.2, 133.4 (d, J = 9.2 Hz), 129.9, 129.5, 122.8, 122.3, 119.0,
117.2, 116.4, 110.6, 39.7, 26.1.3'P{*H} NMR (162 MHz, DMSO-ds,25°C)
O = 31.48 ppm. HRMS (ESI*) m/z calcd for CeiHs1CINsP2Ru, [M-I]*,
1052.2359, found 1052.2381.

Terminal alkyne activation by 1'. In a J. Young NMR tube, complex 1
(50 mg, 0.048 mmol) was dissolved in DMSO-des (0.5 mL). Then,
phenylacetylene (0.072 mmol, 7.90 yL) was added to the homogeneous
solution. The resulting mixture was placed in a preheated oil bath at 80 °C
for 12 h. The *H NMR analysis shows singlets at 3 13.52 and 13.92 ppm
for the NH functionality of 6 and 6a, respectively. 3'P{*H} NMR analysis
shows the signals at 3 32.43 and 49.00 ppm for 6 and 6a, respectively.
IH NMR (500 MHz, DMSO-ds, 25°C) 8 13.52 (s, 1H), 10.24 (d, J = 6.0 Hz,
2H), 9.71 (d, J = 5.6 Hz, 2H), 9.52 (d, J = 6.1 Hz, 1H), 9.47 (d, J = 6.3 Hz,
2H), 9.10 (dd, J = 12.1, 6.0 Hz, 3H), 8.93 (s, OH), 8.37 (d, J = 4.8 Hz, OH),
7.99 (t, J=7.4 Hz, 2H), 7.94 (d, J = 7.9 Hz, 2H), 7.89 (t, J = 8.2 Hz, 1H),
7.84 (d, J=8.0Hz, 2H), 7.78 (q, J = 7.2 Hz, 4H), 7.66 — 7.61 (m, 5H), 7.55
—7.50 (m, 6H), 7.50 — 7.44 (m, 7H), 7.38 (d, J = 3.8 Hz, 37H), 7.24 (dt, J
=6.9, 3.2 Hz, 26H), 7.18 (d, J = 10.1 Hz, 12H), 7.04 (s, 20H), 6.92 — 6.83
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(m, 14H), 6.65 (d, J = 8.2 Hz, 2H), 6.47 (s, 1H), 6.19 (d, J = 8.5 Hz, 3H),
2.46 (s, 3H), 2.39 (s, 3H). 3'P NMR (202 MHz, DMSO-ds, 25°C) & 49.00,
32.43, -6.00.

X-ray Diffraction Studies

Single crystals of complexes 1, 2, and 2, suitable for X-ray crystallographic
determination, were obtained by layering the corresponding complexes in
MeOH with Ether (1/3, v/v) at -18 °C. Single crystal X-ray diffraction studies
for complexes 1, 2, and 2' were carried out using dual-core Agilent
technology (Oxford diffraction) super Nova CCD system, with
monochromated Mo-Ka radiation (A = 0.71073 A). Unit cell determination,
data collection and reduction, and empirical absorption correction were
performed using the CrysAlisPro program. The Olex 2-1.5 programi®% was
used as the graphical interface. The structures were solved by direct
methods using SHELXT,Y which revealed the positions of all not-
disordered non-hydrogen atoms. The structure model was refined using
full matrix least squares minimization on F2 using ShelXL®2 within Olex2
for a graphical interface. The non-hydrogen atoms were refined
anisotropically. All hydrogen positions were fixed in place for the final
refinement cycles. Deposition Number(s) <url
href="https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ch
em.202301971"> 2238659 (for 1), 2238661 (for 2), 2238660 (for 2")</url>
contain the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe <url
href="http://www.ccdc.cam.ac.uk/structures">Access Structures
service</url>.

Computational details

All DFT calculations were performed using the ORCA 5.0.3 program
package developed by Neese and co-workers.BIThe geometry
optimizations were carried out using r’scan-3c composite functional, which
has been shown to produce excellent geometries for transition metal
complexes.3 The r2scan-3c uses a modified triple-{ basis, def2-mTZVPP
(BS1), along with auxiliary basis def2-mTZVPP/J for Resolution of Identity
(RI) approximation and def2-ECP on heavier elements (Ru and ),
Grimme’s atom-pairwise dispersion correction (D4), and a geometric
counterpoise correction (gCP). Single point calculations were performed
on the optimized geometries using M06 hybrid functional with def2-QZVP
and def2-ECP on Ruthenium and def2-TZVP(-f) (BS2) on all other atoms.
Grimme’s dispersion correction (D3Zero) and ORCA'’s inbuilt finer
integration grid “DEFGRID3” was used during the final single point
calculation. Tight SCF convergence criterion and a solvent model in which
methanol is described by an implicit conductor-like polarizable continuum
medium (CPCM) were used during all calculations. The results of single-
point calculations at MO6/BS2 level were used to perform NPA analysis
using JANPA software. 3%
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