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ABSTRACT: A series of NNN pincer—ruthenium complexes of
the type ("*NNN)RuClL,(CH,CN) based on bis(imino)pyridine
ligands were synthesized and characterized. These pincer
ruthenium acetonitrile complexes, along with their phosphine and
carbonyl counterparts, were tested for the reforming of methanol in
water in the presence of a base. The catalyst (“>NNN)-
RuClL,(PPh;) was found to be the most efficient in comparison
to other considered catalysts. Among the bases screened, KO'Bu
(1.5 equiv with respect to water) was found to give the best results
at temperatures as low as 100 °C. Under these conditions, while EiFzEr A0kt 10

(CyZNNN)RuCIZ(PPh3) (0.2 mol %) in a mixture of methanol and [ ECREZR T ERIIZTILVACL ===

water in a 2:1 ratio gave a yield of up to 81% each of hydrogen and —LAERALEE AL ARSI QIEaTl]

formic acid (FA) at 100% selectivity, the corresponding reaction

with 2 mol % (“>NNN)RuCl,(PPh;) gave up to 90% of hydrogen and 73% of FA at 80% selectivity. On the other hand, the
(“*NNN)RuCl,(PPh;) (0.8 mol %) catalyzed reforming of a 3:1 methanol/water mixture gave good yields (84%) of hydrogen with
81% FA at 95% selectivity. The yield of hydrogen was cross-verified by using it to reduce unsaturated compounds and determining
the corresponding yield of the reduced product, which was found to be consistent. Isotope-labeling studies suggest the involvement
of C—H activation as a part of the catalytic cycle and not as a part of the rate-determining step (RDS) with an average secondary KIE
of 1.96. The reaction was observed to have a first-order dependence of rate on the concentration of both (“NNN)RuCl,(PPh,)
and methanol. DFT studies are in agreement with this, and the o-bond metathesis leading to the elimination of the first molecule of
hydrogen is computed to be the RDS either for the cycle leading to FA and 2 moles of hydrogen or for the cycle that results in
carbon dioxide and 3 moles of hydrogen. The Ru—H species (“”NNN)RuCI(H) plays a decisive role in the unprecedented
selectivity toward FA. In its choice to undergo a o-bond metathesis either with the O—H of methanol (that completes the FA cycle)
or with the O—H of FA that leads to carbon dioxide, it chooses the former as it is kinetically more favored by 4.58 kcal/mol. The
current catalytic system comprising of NNN pincer-ruthenium phosphines based on bis(imino)pyridine ligands that gives high yields
of H, and FA at unprecedented selectivity at low operating temperature offers immense promise in the transformation of methanol
to clean-burning hydrogen and high-value FA.
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B INTRODUCTION

sustainable hydrogen production from biomass™™ or via
thermochemical, photocatalytic, or electrolytic splitting of

Due to the ever-increasing global energy demand and the rapid
rate at which fossil fuel reserves are being depleted, there is a
great need for the emergence of alternative and clean sources
of energy which are sustainable and also would lessen the
burden of global pollution.' Alternative energy sources
explored till date, like solar, wind, tidal, nuclear, and
geothermal, suffer from several limitations.” Thus, a realistic
alternative would be utilizing a combination of renewable
energy sources and fossil fuels, leading to an uninterrupted
production and storage of energy.”*” Several reports have
emerged over the last few years on the production of H, as a
clean-burning sustainable energy source with high energy
content (120 MJ/ kg).sd_g Globally, the current emphasis is on
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water”™ ™ using electricity from wind,*' solar,”" and geo-
3h,i,m—o P .
thermal energy. The significant advancement in green
hydrogen production is, to a large extent, overshadowed by the
limitations associated with its storage and transportation,
which include but are not limited to low volumetric energy
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density, safe handling, and the need for expensive cryogenic
and high-pressure compression cylinders.””™* Alternative
hydrogen adsorption-based technologies suffer from drastic
conditions, low hydrogen storage capacities, low energy
efficiency, and high cost.’®" An emerging area of hydrogen
carrier systems is its storage in the chemical bonds of tiny
organic molecules.””" This is typically accomplished by
catalytic dehydrogenation of light organic hydrogen car-
riers.””" Among the various catalysts that are at one’s
disposal, homogeneous catalysts, especially those based on
pincers (chelating ligands that bind the metal through three
adjacent donor sites in a meridional geometry) have been
efficient in catalyzing reactions involving the release of

hydrogen, such as the aqueous reforming of methanol (Scheme
1.}

Scheme 1. Schematic Representation of Methanol
Reforming
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Methanol has up to 12.6% H, content and hence has been
used as an efficient hydrogen storage medium as it is capable of
meeting the ultimate Department of Energy targets (5.5 wt %)
for H, storage on-board vehicles.> Rightly, its reforming has
been reported by a number of groups employing homogeneous
complexes, resulting in hydrogen production in high yields and
TON. A major report that emerged in 2013 independently by
the groups of Beller* and Grutzmacher® describes the use of
Ru complexes for the catalytic conversion of the MeOH/H,O
mixture to H, and CO, (or CO;*7).

Beller' demonstrated that, in the presence of the Ru—
MACHO pincer complex (B) and base, methanol is
dehydrogenated to formaldehyde, which, in presence of
water, is further dehydrogenated to formic acid (FA) and
finally to carbon dioxide. Three equivalents of H, are evolved
in the process, at an ambient temperature of 65—90 °C, to give
a total a TON of 353409 at a TOF of 4700 TO/h." In the
same year, an anionic Ru complex (C) was reported by
Grutzmacher for methanol reforming, yielding a lower TOF
(54 TO/h) than the former but at a higher methanol
conversion (ca. 84% yield of H,).> This reaction proceeded
without the additional use of base, and the H,/CO, gas
mixture evolved was able to power an H,/0, fuel cell. Later,
they proceeded to elucidate the mechanistic details of the
reaction involving the complex [Ru(trop2dad)], trop2dad =
1,4-bis(SH-dibenzo[a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-
diene) by density functional theory (DFT)-based molecular
dynamics and solvent effects.” Meijer and co-workers also
focused their study on the solvent effects of this reaction,
concluding that the involvement of polar protic solvents largely
influences the energetics of the reaction due to hydrogen
bonding with the solvent molecules.” Other significant Ru-
based catalysts for this reaction include those by Beller [Ru-
MACHO (B) and pincer ruthenium bisphosphine dihydride
complex (D) that give 2064 TON and 2392 TON,
respectively]® and Milstein’s PNN pincer—ruthenium complex
(F) that results in up to 29,000 TON.’

In 2021, Singh and co-workers demonstrated the methanol
reforming at low temperatures (90—130 °C) employing in situ
generated Ru nanoparticles from the ruthenium precursor E .'°
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Acridine-based pincer—ruthenium complex (G) has recently
been reported by Milstein for the base-free aqueous methanol
reforming process, and a very high reactivity was observed with
the addition of catalytic amount of hexanethiol.'' They
obtained very high TONs of H, (up to 130,000) after weeks
of heating. DFT and experimental studies pointed toward the
involvement of the ruthenium—thiolate complex (G) as the
catalytically active species responsible for the outer-sphere
dehydrogenation of methanol and methanediol. Recently, Qin,
Chung, Zheng, and co-workers applied the third generation
Grubbs catalysts (H) for the hydrogen production and
achieved 158 TO/h and 11424 TON after 72 h.'> Notably,
under homogeneous conditions, while methanol reforming is
dominated by catalysts based on Ru, there are a few reports
with catalysts based on Rh,"™>' 1r,"°7'7 Fe,'®'? and Mn,*
most of which, barring catalyst I (Figure 1), are selective
toward carbon dioxide production.

In the context of the role of pincer—metal complexes in
catalytic reforming of methanol, it is noteworthy that majority
of the reports involve moderately good 7-accepting phosphine
flanking groups in combination with a central N that is either a
o-donating amine or a pyridyl N.** As the modification of
pincer donor atoms have a profound impact on the catalytic
activity, it would be interesting to probe the change in
reactivity when the m-accepting phosphine flanking groups are
replaced by o-donor groups (say weaker o-donor imines to
begin with), while keeping the central pyridyl N intact. The
resulting bis(imino)pyridine based NNN pincers would be
innocent that offer a distinctly different metal-centered
reactivity in stark contrast to the corresponding phosphine-
based ligands which are typically noninnocent and operate via
metal—ligand cooperation.™

The NNN pincer ligands employed in the current report are
innocent, and the reactivity is expected to be metal-centered.
Our group has previously reported a series of NNN pincer—
ruthenium complexes (la—f and 2a—f, Figure 2) based on
bis(imino)pyridine and 2,6-bis(benzimidazole-2-yl) pyridine
ligands for catalytic reactions like N-alkylation,”" glycerol
transformation to lactic acid,** ﬂ—alkylation,23 and Guerbet
reactions”’ that involve dehydrogenation as a key step in the
presence of varying amounts of base. Considering the fact that
methanol reforming by homogeneous catalysts* *° also
involves its dehydrogenation in the presence of typical bases
as promoters, these NNN pincer—ruthenium complexes (1la—f
and 2a—f, Figure 2) are likely to be potential catalyst
candidates for this valuable transformation. In addition, a
series of new pincer—ruthenium complexes (3a—c, Figure 2)
were synthesized and employed for catalytic methanol
reforming. In stark contrast to the other catalysts reported
for methanol reforming (A—O, Figure 1) that are mostly
selective toward carbon dioxide (barring E and I), the
considered catalysts [(“NNN)RuCLPPh, (2b) in particular,
Figures 1 and 2] resulted in the selective production of FA
along with the concomitant evolution of hydrogen in
unprecedented yields. Considering the precious nature of
FA™™ and the hazardous nature of greenhouse carbon
dioxide, the current report offers immense potential for the
value addition of methanol reforming via selective production
of FA along with the generation of clean-burning hydrogen.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Pincer—Ruthenium
Acetonitrile Complexes Based on bis(Imino)pyridine

https://doi.org/10.1021/acscatal.2c05587
ACS Catal. 2023, 13, 3605-3617
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Figure 1. Homogeneous catalysts reported for the methanol reforming reaction.

Ligands. The NNN pincer—Ru acetonitrile complexes (3a—
c) were synthesized in good yields by the treatment of the
corresponding ligands®' ~** with [Ru(p-cymene)CL,], in
acetonitrile under reflux conditions overnight, followed by
washing with diethyl ether (Scheme 2). The complexes 3a—c
were fully characterized by high-resolution mass spectrometry
(HRMS) and infrared (IR), 'H, and "*C nuclear magnetic
resonance (NMR) studies.

Good-quality single crystals were obtained by slow diffusion
of 1 mL pentane into a 1 mL dichloromethane solution of 10
mg of the pincer—ruthenium complex 3c. We were also
successful in obtaining well-defined single crystals of 2f, which

was elusive in our previous attempts mainly due to its poor
solubility. The structures of both 3¢ and 2f were
unambiguously determined by single-crystal X-ray diffraction
studies. The structure with ORTEP drawn at 50% probability
is provided in Figure 3. The phenyl groups on all phosphorus,
all the hydrogen atoms, and the solvent molecules are omitted
for the sake of clarity.

Catalytic Activity of Pincer—Ruthenium Complexes
(1, 2, and 3) toward a Aqueous-Phase Methanol
Reforming Reaction. The initial optimization of pincer—
ruthenium (1, 2, and 3) catalyzed aqueous-phase methanol
reforming was commenced by heating a mixture of MeOH and
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1a;R=Bu
1b; R=Cy
1c; R="Pr

1e;R=H L = PPhg L = PPhg
1f; R =Me 2e 2f

Figure 2. NNN pincer—ruthenium catalysts investigated in the
current study for the methanol reforming reactions.

Scheme 2. General Synthetic Route to NNN Pincer—
Ruthenium Acetonitrile Complexes

[Ru(p-cymene)Cl,],

CH3CN, reflux, 20 h

4a; R =Cy 3a;R=Cy
4b; R =Pr 3b; R =Pr
4c;R=Ph 3¢;R=Ph

H,O (in a 2:1 ratio) containing an equivalent of base (with
respect to water) in the presence of 0.04 mol % of

Table 1. 1b Catalyzed Aqueous-Phase Methanol Reforming
in the Presence of Various Bases”

1b (0.04 mol%), Base (X Equivalents) O
CH30H J]\ + CO, + Hp
5 Water, 100 °C, 48h H 6 OH

% yield of products
mmol of gas H,” HCOOH® CO,”

entry  base (X equiv)

1 NaOH (1) 0.17 1.89 1.89 0
2 NaOBu (1) 0.14 1.48 1.48 0
3 KOBu (1) 0.37 3.4¢ 22 12
4 NaOEt (1) 0.23 2.5 2.5 0
S Na,CO; (1) 0.04 042 0.42 0
6 K,CO;, (1) 0.05 0.6 0.6 0
7 KOH (1) 0.03 0.3 0.3 0
8 NaO'Bu (0.2) 0.15 1.63 1.63 0
9 KO'Bu (0.5) 0.31 329 329 0
10 KO'Bu (0.2) 0.12 1.28 1.28 0
11 KO'Bu (0.1) 0.01 0.1 0.1 0

“Reaction conditions: methanol (0.375 mL, 9.27 mmol), H,O (0.083
mL, 4.635 mmol), base (X equiv), and 1b (0.04 mol %) at 100 °C.
Gas evolution was determined by burette measurements. “Yield was
calculated as moles of H, (as determined from GC and the amount of
gas evolved, see page S2)/moles of H,O. “The yield of FA is
calculated by '"H NMR spectroscopy using sodium acetate as an
internal standard. “The amount of carbon dioxide formed in the
reaction was calculated from SE1 and determined from GC (see page
S2). “Calculated as weighted average of % hydrogen generated from
FA and % hydrogen generated from carbon dioxide, as shown in SE2
(see page S2).

S2NNNRuCL(CO) (1b) as the catalyst (Table 1) at 100
°C. Among the various bases screened, KO'Bu showed better
reactivity (entry 3 vs entries 1—7, Table 1). When the reaction
was further optimized at various loadings of KO'Bu, the best

CCDC 2111523

CCDC 2111524

Figure 3. Crystal structures of 2f and 3¢ with ORTEP drawn at 50% probability. The phenyl groups on all phosphorus, all the hydrogen atoms, and

the solvent molecules are omitted for the sake of clarity.
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result was obtained while using 0.5 equiv of KO'Bu (entry 9 vs
entries 3, 10, and 11, Table 1).

Further optimization of various pincer—ruthenium catalysts
was carried out with MeOH and H,O in a 2:1 ratio using 0.5
equiv of KO'Bu (Table 2). The best catalytic activity among

Among all the complexes screened, “>NNNRuCl,(PPh,)
(2b) turned out to be the most active catalyst (23.7% yield
of H, and HCO,H, entry 8, Table 2).

Further variations in reaction conditions (Table 3) were
performed with 0.04 mol % loading of 2b and 0.5 equiv KO'Bu

Table 2. Aqueous-Phase Methanol Reforming Catalyzed by
Various Ruthenium Complexes in the Presence of KO'Bu”

Ruthenium catalyst (0.04 mol%), fo)
CHsOH L+ COp + H
KO'Bu (0.5 Equivalents), H” ~OH
5 Water, 100 °C, 48h 6

% yield of products

entry catalyst (0.04 mol %) mmol of gas H,” HCOOH® CO,"
1 la 0.1 1 1 0
2 1b 0.31 3 3 0
3 1c 0.1 1 1 0
4 1d 1.3 14 14 0
S le 0.1 0
6 1f 0.8 9 9 0
7 2a 0.2 3 3 0
8 2b 22 24 24 0
9 2c 0.7 8 8 0
10 2d 1.9 21 21 0
11 2e 0.7 8 8 0
12 2f 1.2 13 13 0
13 3a 0.6 7 7 0
14 3b 0.5 6 6 0
15 3c 0.2 2 2 0
16  RuCl(PPhy), 02 3 3 0

17 RuCly3H,0 0.4 2.5° 1 L5

18 [Ru(p-cymene)ClL,], 1.09 12 12 0

“Reaction conditions: methanol (0.375 mL, 9.27 mmol), H,O (0.083
mL, 4.635 mmol), base (0.5 equiv), and Ru catalyst (0.04 mol %) at
100 °C. Gas evolution was determined by burette measurements.

bYield was calculated as moles of H, (as determined from GC and the
amount of gas evolved, see page S2)/moles of H,0. “The yield of FA
is calculated by 1H NMR spectroscopy using sodium acetate as an
internal standard. “The amount of carbon dioxide formed in the
reaction was calculated from SE1 and determined from GC (see page
S2). “Calculated as weighted average of % hydrogen generated from
FA and % hydrogen generated from carbon dioxide, as shown in SE2
(see page S2).

the carbonyl complexes (la—f) was exhibited by
PR2NNNRuCL(CO) (1d) which gave yields of hydrogen and
FA that were about 4.7 folds (entry 4 vs entry 2, Table 2)
higher in comparison to that obtained with 1b. On the other
hand, the corresponding yields obtained with 1a, lc, and 1le
were about three-folds (entries 1, 3, and S vs entry 2, Table 2)
lower. Further, upon employing the analogous PPh; complexes
2a—f (Table 2, entries 7—12), better yields (ca. 23.7% each,
7.9 folds higher in comparison with 1b) of hydrogen and FA
were obtained with complex 2b (entry 8 vs entry 2, Table 2).
The corresponding yields obtained in the reaction catalyzed by
2d were comparable (ca. 21%, entry 10 vs entry 8, Table 2).
The reactivity of 2f was comparable to 1d (entry 12 vs entry 4,
Table 2) The corresponding acetonitrile analogues (3a—c)
gave lower yields (entries 13—15, Table 2) in comparison to
2a—d. The commercially available ruthenium precursors
RuCly-3H,0, RuCl,(PPh;); and [Ru(p-cymene)Cl,], demon-
strated lower reactivity in comparison to the corresponding
pincer—ruthenium complexes (entries 16—18, Table 2).
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Table 3. Aqueous-Phase Methanol Reforming Catalyzed by
2b under Various Conditions

2b (Y mol%),

CHZOH

(o]
J]\ + CO, + Hp
H
5 6

KO'Bu (X Equivalents),
Water, 100 °C, 48h

% yield of products

KOBu (X  mmol
entry 2b (Y mol %) equiv) of gas H,’ HCOOH‘ CO0,?
14 0.04 0.5 22 24 24 0
2%¢ 0.04 0.5 2.14 23 23 0
3%f 0.04 0.5 191 21 21 0
44 0.04 1.0 3.98 43 43 0
58 0.04 LS 3.04 66 66 0
62 0.1 15 32 69 69 0
78 0.2 1.5 3.8 81" 81 0
8¢ 0.4 LS 498 8" 56 24
92 0.8 LS 53 89" 64 25
108 2.0 1.5 5.0 90" 73 18
1V 0.8 1S 405 84" 81 x2" 4
12F 0.8 1.5 3.4 s1 1 50
13! 0.8 0.75 34 29 21 8
14™ 0.8 0.75 0 0 0 0

“Reaction conditions: methanol (0.375 mL, 9.27 mmol), H,O (0.083
mL, 4.64 mmol), base (X equiv), and 2b (Y mol %) at 100 °C. Gas
evolution was determined by burette measurements. “Yield was
calculated as moles of H, (as determined from GC and the amount of
gas evolved, see page S2)/moles of H,O. “The yield of FA is
calculated by 'H NMR spectroscopy using sodium acetate as an
internal standard. “The amount of carbon dioxide formed in the
reaction was calculated from SE1 and determined from GC (see page
$2). “Reaction was performed at 120 °C./Reaction was performed at
140 °C. SReaction conditions: methanol (0.188 mL, 4.64 mmol),
H,0 (0.042 mL, 2.32 mmol), base (X equiv), and 2b (Y mol %) at
100 °C. Gas evolution was determined by burette measurements.
hCalculated as weighted average of % hydrogen generated from FA
and % hydrogen generated from carbon dioxide, as shown in SE2 (see
page S2). ‘This corresponds to 3.8 mmol of hydrogen, which was
further confirmed by obtaining 3.8 mmol of ethyl benzene starting
from 4 mmol of styrene in the presence of Pd/C at 120 °C.’6.95
mmol of MeOH, 2.32 mmol of water, 3.48 mmol of KO'Bu, and 0.018
mmol of 2b were used. ©9.268 mmol of MeOH, 2.32 mmol of water,
3.48 mmol of KO'Bu, and 0.018 mmol of 2b were used. ‘Only MeOH
(4.64 mmol) and 0.037 mmol of 2b were used. "*Only water (4.64
mmol) and 0.037 mmol of 2b were used. "Average of three runs.

and MeOH/H,0 (2:1). To begin with, the influence of the
temperature on the catalytic performance was studied.
Notably, the yields of hydrogen and FA at 120 °C and at
140 °C were comparable to those observed at 100 °C in the
2b-catalyzed aqueous-phase methanol reforming reaction
(entries 2 and 3 vs entry 1, Table 3). Hence, further
optimizations were performed at 100 °C for the 2b-catalyzed
aqueous-phase methanol reforming reaction. Notably, system-
atic improvements in yields were observed when the base
loading was increased to 1 equiv and further to 1.5 equiv of
KOBu leading to 43 and 66%, respectively, of hydrogen and
FA each (entries 4—S5, Table 3). It is noteworthy that, in these
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Scheme 3. Plausible Mechanism Involved in the 2 Catalyzed Reforming of Methanol
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Figure 4. Free energy (AGq) profile of the 2c catalyzed reforming of methanol at 100 °C. Structures of intermediates and transition states of only

the favorable path (green solid lines) leading to FA are provided. While the unfavorable path of the methanol to FA transformation is depicted as
dark red dashed lines, the path involving the methanol to carbon dioxide conversion is shown as red dotted lines.
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reactions, the selectivity toward FA is almost quantitative. A
further increase in base loading was not investigated owing to
the poor solubility of KO'Bu at higher concentrations.

There was a gradual increase in yield of hydrogen when the
catalyst loading was increased (entries S—10, Table 3) albeit
with a compromise in FA selectivity. The best yield of
hydrogen and FA at 100% selectivity toward the latter was
about 81% each and was obtained for the reforming of a 2:1
methanol/water mixture containing 1.5 equiv of KO'Bu
catalyzed by 0.2 mol % of 2b. At 0.8 mol % of 2b, though
hydrogen was obtained in a yield of 89%, the yield of FA was
however low (64 at 72% selectivity) owing to subsequent
dehydrogenation to carbon dioxide (ca. 25%, entry 9, Table 3).
There was hardly any increment in yield when the reaction was
repeated with 2 mol % of 2b, ultimately leading to 90%
hydrogen and 73% FA at 80% selectivity (entry 10, Table 3).

The generation of hydrogen from aqueous methanol was
studied at higher concentrations of methanol (ca. 3:1 with
respect to water), and good yields (84%) of hydrogen along
with 82% of FA at 95% selectivity was achieved (entry 11,
Table 3). Further increase in methanol/H,0 to 4:1 lead to
lower yields of hydrogen with no selectivity toward FA (entry
12, Table 3). Lower yields of hydrogen were observed in case
of neat methanol highlighting the importance of water in the
reaction (entry 13, Table 3). On the other hand, no reaction
was observed when only water was used as the reactant (entry
14, Table 3).

Control Experiments and Mechanistic Studies on the
Pincer—Ruthenium Catalyzed Aqueous-Phase Metha-
nol Reforming Reaction. Scheme 3 depicts the proposed
mechanism catalyzed by 2a—d, which demonstrates fairly good
activity among all the considered catalysts. In an influential
pioneering computational study, Lei very nicely elucidates the
nature of the pincer—ruthenium catalyzed aqueous-phase
methanol dehydrogenation to carbon dioxide and dihydro-
gen.”” We set up on to computationally probe the factors that
influence the selective formation of FA that is observed in the
current study on pincer—ruthenium catalyzed aqueous-phase
methanol dehydrogenation. For this purpose, DFT calculations
were performed employing the PBEPBE method using the
Def2SVP basis set with a polarization function (Figure 4).

The first step involves the loss of PPh; from 2c¢ to afford a
16-electron pentacoordinate species consisting of two chloride
ligands (2¢”).”" The barrier for this dissociation is computed to
be 22.16 kcal/mol at 100 °C. The dissociation of PPh; was
confirmed by 3P NMR studies (Figure S35) and HRMS
studies (Figure S36). In the presence of methanol (5) and
KO'Bu, the dichloride species undergoes salt metathesis to
form the Ru—methoxide species 7c. The calculation of the
energetics of the salt metathesis is not undertaken not only
because this is typically a facile reaction but also because of the
complex nature of the base (a cocktail of alkali—metal
alkoxides in the reaction mixture) and the corresponding
product salts (solvated or otherwise) involved.

The Ru—methoxide intermediate (7c) undergoes fS—H
elimination to give formaldehyde (5’) along with the
formation of Ru—H species 9¢ via TS-8c. This process is
slightly uphill (AG,o = 7.56 kcal/mol) with a barrier of 17.70
kcal/mol (Figure 4). The formaldehyde (5') can react with
water either independently or in the presence of 9c. While
independent reaction of S’ with one water leads to
methanediol (5”) with a barrier of 33.14 kcal/mol, the
corresponding reaction (9c — TS-10c — 11c) in the presence
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of 9¢ leads to §” coordinated 11c, with a comparable barrier
(32.25 kcal/mol) (Figure 4).

With an additional water molecule, while the corresponding
barrier is much lower (11.77 kcal/mol) in the absence of 9c,
the reaction 9c — TS-10'c — 1lc is almost barrierless in the
presence of 9c. Effectively, the presence of a second equivalent
of water helps in lowering the barrier via a six-membered
transition state for the conversion of formaldehyde (§') to
methanediol (5”) both in the presence and in the absence of
9c. It is likely that §” is formed via the barrierless steps 9¢ —
TS-10'c — 1lc in the presence of an additional water
molecule and remains coordinated to Ru in 11c.

Subsequent o-bond metathesis of the O—H bond in
coordinated §” with the Ru—H bond of 1lc via TS-12c
results in intermediate 13c and the evolution of the first
molecule of hydrogen, with a barrier of 23.85 kcal/mol and is
an uphill process (AG,o = 7.81 kcal/mol). This is followed by
a f-hydride elimination from the alkoxide coordinated to 13c,
leading to the formation of FA 6 (quantitatively detected in '"H
NMR) and the Ru—H species 9c in a downhill process (AG
— 9.02 kcal/mol) with a barrier of AGF,, = 11.40 kcal/mol
(TS-14c). This lowest-energy (Figure 4) intermediate 9c is
detected by NMR as 9b’ (Figure S35). The resulting Ru—H
species 9c¢ has two pathways available at its disposal.
Apparently in a favorable path, the Ru—H bond in 9c can
undergo a o-bond metathesis with the O—H of the methanol
to generate back the Ru-methoxide species 7¢ and the second
molecule of hydrogen via TS-18¢ (AAGYy, = 18.64 kcal/mol)
in an uphill reaction (AG,gy = 3.10 kcal/mol). This completes
the catalytic cycle for FA generation, which is an overall
downhill process (AGjp = —0.33 kcal/mol) starting from
equivalent amounts of methanol and water that also give rise to
two equivalents of hydrogen.

Alternatively, liberation of second molecule of hydrogen and
formation of Ru-formate 16c¢ via further o-bond metathesis of
the O—H of FA with the Ru—H bond in 9c is likely to be
difficult as it has a higher barrier (TS-15¢, AAGH,, = 23.41
kcal/mol). This is in good agreement with the slight or no
carbon dioxide observed during the reaction. However, when
all the water is consumed, the FA cycle (7c — TS-8c — 9¢ —
TS-10'c = 11c = TS-12¢ = 13¢c = TS-14¢c — 9¢ — TS-18¢
— 7c¢) stops and then the cycle involving the formation of CO,
(7¢ > TS-8¢c = 9¢ —» TS-10'c —» 11c —» TS-12¢ = 13¢c —
TS-14c = 9¢ — TS-15¢ — 16¢ = TS-17¢ = 9¢c — TS-18¢
— 7c) may take over. This explains the observation of carbon
dioxide at higher catalyst loadings (entries 8, 9, and 10, Table
3) and at lower concentrations of water (entries 11 and 12,
Table 3).

The f-hydride elimination from the formate in 16¢ via TS-
17¢ (AAG¥,, = 18.08 kcal/mol) with the concomitant release
of carbon dioxide is a downhill reaction (AG,oy = —14.75 kcal/
mol). Finally, the Ru—H in intermediate 9c undergoes o-bond
metathesis with the O—H of methanol to regenerate Ru-
methoxide species 7c¢ via TS-18c along with the liberation of
the third molecule of hydrogen. This is computed to be uphill
(AG,g = 3.10 kcal/mol with a barrier of 18.63 kcal/mol. The
overall process involving the generation of a mole of carbon
dioxide and 3 moles of hydrogen from a mole each of
methanol and water is downhill (AG,o, = —17.00 kcal/mol).
Single-point calculations at a higher level with Def2TZVP were
also performed (Figure $34), and interestingly, the level of the
calculation does not affect the trend of the result.
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Figure 5. (a) Plot depicting the initial rate of gas evolution in the 2b (0.8 mol %) catalyzed reaction of CH;OH (13.92 mmol) with water (4.64
mmol) in the presence of KO'Bu (6.96 mmol) at 100 °C and in the 2b (0.8 mol %)-catalyzed reaction of CD;OD (13.92 mmol) with water (4.64
mmol) in the presence of KOBu (6.96 mmol) at 100 °C. Also see Figures S27 and S28. (b) Variation of initial rate of formation of FA with
concentration of 2b (reaction condition: methanol (0.433 mL, 10.71 mmol), D,O (0.065 mL, 3.57 mmol), base (0.2 g, 1.78 mmol), and 2b (0.2,
0.4, 0.6, 0.8, and 1 mol %) at 100 °C in a NMR tube). Also see Figure S25. (c) Variation of the initial rate of formation of FA with a concentration
of methanol (reaction condition: methanol (0.108—0.433 mL, 2.67—10.71 mmol), D,O (0.065 mL, 3.57 mmol), base (0.2 g, 1.78 mmol), and 2b
(0.8 mol %) at 100 °C in a NMR tube). Dioxane is used as a makeup solvent at lower concentrations of methanol. Also see Figure S26.

Either for the cycle involving the formation of a mole of FA
and 2 moles of hydrogen or for the cycle that results in a mole
of carbon dioxide and 3 moles of hydrogen, the o-bond
metathesis of the O—H bond in coordinated $” with the Ru—
H bond of 11¢ (11c — TS-12¢c — 13c) appears to be the rate-
determining step (RDS) with a barrier of 23.85 kcal/mol.
Figure 4 clearly indicates 11¢ and/or 9c (formed via TS-14c)
to be the resting states of the reaction, and not surprisingly,
while 11b’, the derivative of 11b, is observed in HRMS
analysis (Scheme 3 and Figure $36), the lowest energy
intermediate 9c¢ is detected by NMR as 9b’ (Figure S35).

This is well-complemented by the deuterium-labeling studies
that indicate a secondary kinetic isotope effect (KIE) where
methanol C—H bond activation occurs as a part of the
mechanism'** and is not a part of the RDS'** (Figure Sa),
resulting in the H/D KIE value of 1.81. One should not be
misled by the linear plot observed at initial time (Figure Sa) as
the complete reaction profile is nonlinear (Figures S27 and
$28). In fact, the reaction demonstrates a first-order depend-
ence of rate on the concentration of methanol (Figure Sc and
discussions vide infra).

The ratio of the TOF (8.00 mmol/48 h) of gas evolution for
the 2b catalyzed reaction of CH;OH (13.92 mmol) with water
(4.64 mmol) in the presence of KO'Bu (6.96 mmol) at 100 °C
to the corresponding TOF (3.78 mmol/48 h) of gas evolution
starting from CD;OD (13.92 mmol) and water (4.64 mmol) is
2.1 (eqs 1 vs 2, Scheme 4). This KIE of 2.1 very nicely
correlates with the ratio (1.81) of the corresponding slopes of
the initial rate of gas evolution (Figure Sa).

Only 38% retention of deuterium in FA upon use of CD;O0D
+ H,0 (Figure S29 and eq 2, Scheme 4) and its lack thereof
while employing CH;OH + D,0O (Figure S30 and eq 3,
Scheme 4) suggests that while the steps (7c - TS-8¢ — 9¢ —
TS-10c — 11c) and are reversible, the transformation (11c —
TS-12c¢ — 13c — TS-14c — 9c) is facile and irreversible.
Similar results were obtained by Zheng12b and Singh'® where
they observed the participation of methanol C—H activation in
the rate determining step. Not surprisingly, complete retention
of deuterium was observed in FA in the reaction of CD;0D +
D,O catalyzed by 2b at 100 °C (Figures S31, S32 and eq 4,
Scheme 4).

Apparently, the reaction is primarily homogeneous™* ™ (see
Page S53) and the major contributor to the observed reactivity
was well-defined molecular pincer—Ru catalysts (eqs 1 vs S,
Scheme 4) with a minor contribution from heterogeneous Ru
nanoparticles (NPs). Accordingly, the tiny amounts of black
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Scheme 4. Control Experiments

2b (0.8 mol%), o)
3CHz;OH + H,0 Jk + COp + Hy, (1)
KO'Bu (1.5 Equivalents), H” ~OH
5 100 °C, 48h 6
82% 4%  84%
2b (0.8 mol%), o
3CD30D + HO L + CO, + Hy (2)
KO'Bu (1.5 Equivalents), D/H” ~OH
5a 100 °C, 48h 6a
41% 0%  41%
62% Deuterium Loss
2b (0.8 mol%), o
3CHOH + D,0 JL + COp + H, (3)
KO'Bu (1.5 Equivalents), H” ~OH
5 100 °C, 48h 6
82% 4%  84%
0% Deuterium Incorporation
in Formic Acid
2b (0.8 mol%) o)
3CD;OD + DO J_ +CO + D (4)
KO'Bu (1.5 Equivalents), D~ ~OD
5a 100 °C, 48h 6b
35% 0% 35%
0% Deuterium Loss
2b (0.8 mol%), o)
3CHsOH + H,0 + J +CO. Hy (9)
KO'Bu (1.5 Equivalents), H” “OH
5 100 °C, 48h 6
Excess Mercury 63% 0%  63%
Ru-NPs (0.8 mol%)
obtained from equation 1, e}
3CHOH + H,0 + A +cCo, H, (8
KO'Bu (1.5 Equivalents), H” “OH
5 100 °C, 48h 6

9% 0% 9%

particles formed in the 2b catalyzed reaction (entry 11, Table 3
and eq 1, Scheme 4) were analyzed by transmission electron
microscopy (TEM) (Figure S24), separated, and used as a
catalyst for methanol reforming under conditions identical as
entry 11, Table 3. The poor reactivity (eq 6, Scheme 4) is
suggestive of the fact that the formation of black Ru NPs is a
deactivation step in the 2b-catalyzed methanol reforming
reaction.

Kinetic experiments were performed to determine the rate
order of the reaction with respect to the concentration of the
catalyst and methanol in a NMR tube. For the sake of ease of
operation in a NMR tube, the reactions were performed using
0.5 equiv of KO'Bu rather than 1.5 equiv. Using the initial rate
method, it was found that the plots of the initial rate of
formation of FA versus [2b] (Figures Sb and S25) and the
initial rate of formation of FA versus [methanol] (Figures Sc
and $26) is linear, which is indicative of first-order dependence
on the concentrations of both 2b and methanol.
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Scheme 5. On-Site Generation of Deuterium for Labeling Various Unsaturated Compounds
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Steric bulk on the imine N could play a key role in deciding
the barrier of the overall RDS involving the o-bond metathesis
of the O—H bond in coordinated 5" with the Ru—H bond of
11 via TS-12. Considering the fact that the reaction is
performed in water under an atmosphere of air, it is likely that
a combination of steric factors and the relative stability toward
moisture/air dictates the observed difference in reactivity of
the various considered catalysts.

Obtaining the desired amount of deuterium for specialized
experiments”*" is often a challenge, not only owing to the fact
that D, is less readily commercially available across all
geographical locations but also because it is typically available
in select expensive pack sizes. Taking into consideration, the
immense applications of labeling organic compounds with
hydrogen isotopes in numerous areas, from materials science to
medicinal chemistry,”™" the ability of the current catalytic
system to produce pure hydrogen was put into valuable
application toward the on-site synthesis of desired amounts of
D, (Figure S33). Subsequent incorporation of the deuterium
generated into various unsaturated molecules led to valuable
compounds, including but not limited to reduced quinoline
derivatives, which are key structural features of many natural
and unnatural compounds with important biological properties
such as antibacterial, antifungal, and anticancer activity
(Scheme 5).*°% The yields of hydrogen/deuterium calculated
by measuring the volume of gas evolved are very consistent
and comparable to the corresponding yields of reduced
products obtained (see footnote i, Table 3 and the total
deuterium incorporated in ethyl benzene and 1-ethyl-3-
methylbenzene, Scheme §).
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B CONCLUSIONS

NNN pincer—ruthenium complexes of the type ("*NNN)-
RuCl,(CH;CN) based on bis(imino)pyridine ligands have
been synthesized and characterized. Apart from their
phosphine and carbonyl counterparts, these pincer ruthenium
acetonitrile complexes were tested for the value-addition of
methanol via its reforming in the presence of a base. In
comparison with the considered catalysts, the best efficiency
was observed with (“*NNN)RuCl,(PPh;). KOBu (0.5 equiv
with respect to water) was found to give superior results at
temperatures as low as 100 °C among the bases screened. For
a mixture of methanol and water in a 2:1 ratio (“’NNN)-
RuCl,(PPh;) (0.2 mol %) gave a yield of up to 81% each of
hydrogen and FA at 100% selectivity in the presence of KO'Bu
(1.5 equiv with respect to water) at 100 °C. However, under
identical conditions, a higher loading of (“"*NNN)-
RuCL(PPh;) (2 mol %) gave up to 90% of hydrogen and
73% of FA at 80% selectivity. In contrast, use of a 3:1
methanol/water mixture resulted in good yields (84%) of
hydrogen with 82% FA at 95% selectivity at a 0.8 mol %
loading of (“”’NNN)RuCl,(PPh,). The yields of hydrogen/
deuterium calculated by measuring the volume of gas evolved
are very consistent and comparable to the yields of products
obtained by using them for reducing the corresponding
unsaturated compounds.

Valuable information was obtained from detailed mecha-
nistic studies. Evidence for the homogeneous nature of the
reaction involving well-defined molecular catalysts was
obtained from kinetic studies that demonstrated a first-order
dependence of rate on the concentrations of both (“*’NNN)-
RuCl,(PPh;) and methanol. Deuterium-labeling studies were
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indicative of an average KIE of 1.96 that points to a secondary
KIE where methanol C—H bond activation occurs as a part of
the mechanism but not as a part of the RDS. This is very well
complemented by DFT studies that compute that either for
the cycle leading to FA and 2 mol of hydrogen or for the cycle
that results in carbon dioxide and 3 moles of hydrogen, the o-
bond metathesis leading to the elimination of the first molecule
of hydrogen is the RDS. The unprecedented selectivity toward
FA in these pincer—ruthenium catalyzed methanol reforming
stems from the choice of the Ru—H bond in (“>NNN)RuCl-
(H) to undergo a o-bond metathesis either with the O—H of
methanol (that completes the FA cycle) or with the O—H of
FA that leads to carbon dioxide. Its preference for the former is
mainly dictated by kinetics, which is more favored by 4.58
kcal/mol. We report a powerful catalytic system that comprises
of an NNN pincer-ruthenium phosphine catalyst based on
bis(imino)pyridine ligand for the high yield transformation of a
mole of methanol and water to 2 moles of hydrogen and a
mole of FA at unprecedented selectivity at a temperature as
low 100 °C. This could open up exciting avenues for the
reforming of methanol into clean-burning hydrogen and high-
value FA.

B EXPERIMENTAL SECTION

General Procedure and Materials. All manipulations
were carried out under purified Ar using a standard double
manifold or a glove box. The solvents such as tetrahydrofuran,
hexane, and toluene were dried via double distillation over Na/
benzophenone prior to the experiment.”® Methanol was dried
and distilled under argon according to the literature
procedure.’® All other chemicals, such as pyridine-2,6-
dicarboxylic acid, [RuCl,(p-cymene)],, D,O, and CD,OD,
were purchased from MERCK or Sigma-Aldrich and used as
such. All catalytic reactions were set up under an argon
atmosphere using dried glassware. The ligands 4a—c and
complexes la—f and 2a—f were prepared according to the
literature procedure.”' ~***’

Physical Measurements. 'H, *H, *C{H}, *'P, and F
NMR were recorded on a Bruker ASCEND 600 operating at
600 MHz for 'H, 150 MHz for "*C{H}, 564 MHz for 3'P, and
565 MHz for '°F or on a Bruker AVANCE 400 operating at
400 MHz for 'H, 100 MHz for 3C{H}, 376 MHz for 3'P, and
377 MHz for 'F or on a Bruker AVANCE 500 operating at
500 MHz for 'H, 125 MHz for *C{H}, 470 MHz for 3'P, and
471 MHz for "F. Chemical shifts (5) are reported in ppm,
spin—spin coupling constants (J) are expressed in Hz, and
other data are reported as follows: s = singlet, d = doublet, t =
triplet, m = multiplet, q = quartet, and br s = broad singlet.
HRMS measurements were done using an Agilent Accurate-
Mass Q-TOF ESI-MS 6520. X-ray crystallographic data were
collected on a Bruker D8 Venture single-crystal X-ray
diffractometer with graphite-monochromated Mo Ka radia-
tion. The data refinement and cell reductions were carried out.
The crystal structures were solved by SHELXL*** and refined
by full-matrix least squares on F* using SHELXL.*® GC
analyses were performed on an Agilent 7820-GC instrument
fitted with a Agilent Front SS7 inlet N2 HP-PLOT Q_column
(30 m length X 530 ym X 40 ym) using the following method:
Agilent 7820-GC back detector; TCD starting temperature: 40
°C; time at starting temp: 0 min; ramp: 40 °C/min up to 250
°C with a hold time = 5 min; flow rate (carrier): 25 mL/min
(N2); split ratio: 195; inlet temperature: 40 °C; and detector
temperature: TCD: 250 °C, FID: 250 °C.
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General Procedure for the Synthesis of (F*NNN)-
RuCl,(CH;CN) Complexes (3a; R = Cy, 3b; R ='Pr and 3¢;
R = Ph). The complexes 3a were prepared by the reaction of
corresponding ligands 4a (0.100 g, 0.393 mmol) with
[RuCl,(p-cymene)], (0.120 g, 0.196 mmol), using acetonitrile
as the solvent and stirring overnight under reflux conditions.
The solvent was evaporated under reduced pressure, and the
dark brown solid (3a) was washed with diethyl ether (3 X 3
mL). The residue was dried under a vacuum and 3a isolated as
a black solid with a 64% yield (0.128 g). A similar procedure
was followed for the synthesis of 3a—c.

(Y2NNN)RuCl,(CH;CN) (3a). (0.128 g) 64% yield. NMR
analysis shows the presence of two isomers (cis and trans) in a
1:2 ratio. "H NMR (600 MHz, CDCL,): & 8.57 (s, 2H), 8.34
(s, 4H), 8.02—7.95 (m, 2H), 7.79 (s, 1H), 7.59 (d, ] = 7.8 Hz,
4H), 7.43 (t, J = 7.7 Hz, 2H), 3.96 (ddt, ] = 11.3, 8.0, 3.3 Hz,
6H), 2.91 (s, 3H), 2.83 (s, 6H), 2.26—2.28 (m, ] = 8.4, 4.3 Hz,
9H), 2.14—2.17 (m, 6H), 1.99—1.93 (m, 12H), 1.91—1.84 (m,
14H), 1.47—1.40 (m, 12H), 1.25 (d, J = 6.9 Hz, 7H). *C{H}
NMR (151 MHz, CDCL): 5 161.91, 159.47, 128.99, 127.82,
126.28, 122.35, 72.54, 33.52, 26.07, 25.93, 25.52, 25.26, 24.10,
23.57, 4.90. HRMS (ESI): m/z calculated for [3a — CI]* =
[C,H;,CIN,Ru]*, 475.1202; found, 475.1352; m/z calcd for
[M — Cl + CH;CN]* = [Cy;H3;CINgRu]*, 516.1468; found,
516.1628.

(P2NNN)RuUCl,(CH;CN) (3b). (0.117 g, black solid) 81%
yield. NMR analysis shows the presence of two isomers (cis
and trans) in a 1:2 ratio. "H NMR (600 MHz, CDCL,): § 8.56
(s, 2H), 8.37 (s, 4H), 7.96 (d, ] = 7.4 Hz, 2H), 7.78 (t, ] = 7.1
Hz, 1H), 7.60 (d, ] = 7.8 Hz, 4H), 7.44 (t, ] = 7.8 Hz, 2H),
4.39—4.30 (m, 6H), 2.91 (s, 3H), 2.84 (s, 6H), 1.61 (d, ] = 6.5
Hz, 22H), 1.56 (d, J = 5.0 Hz, 14H). *C NMR (151 MHz,
CDCLy); 6 163.26, 161.83, 160.60, 159.55, 134.01, 129.00,
128.08, 125.42, 122.41, 77.29, 77.08, 76.87, 65.29, 64.63,
23.19, 22.94, 22.91, 5.17, 4.79. HRMS (ESI): m/z calculated
for [3b — Cl — CH,CN]* = [C;;H,,CIN;Ru], 354.0311;
found, 354.0304; m/z caled for [3b — CI]* =
[C,sH,,CIN,Ru]*, 395.0576; found, 395.0575; m/z calcd for
[3b — Cl + CH,CN]* = [C,,H,CINRu]", 436.0842; found,
436.0845.

(""ZNNN)RuCl,(CH;CN) (3c). (0.116 g, purple solid) 69%
yield. 'H NMR (400 MHz, CDCL,): 5 8.38 (s, 2H), 7.73 (d, ]
= 7.9 Hz, 2H), 7.65 (d, ] = 8.4 Hz, 4H), 7.48 (t, ] = 7.9 Hz,
1H), 7.34 (dd, ] = 11.9, 7.3 Hz, 6H), 2.31 (s, 3H). *C{H}
NMR (151 MHz, CDCL): & 160.30, 154.78, 150.96, 137.50,
129.42, 127.07, 123.43, 121.33, 77.37, 77.16, 76.95, 1.16.
HRMS (ESI): m/z caled for [3¢ — Cl — CH,CN]*
[C1oH;sCIN;Ru]¥, 421.9998; found, 421.9986; m/z calcd for
[3c — Cl]* = [C,H,,CIN,Ru]*, 463.0263; found, 463.0261;
m/z caled for [3¢ — Cl + CH,CN]" = [C,3H,,CINRu]",
504.0529; found, 504.0525.

General Procedure for the Aqueous Methanol
Reforming Reaction. In a 5 mL pear-shaped vessel attached
to a condenser, KO'Bu (0.390 g, 3.48 mmol) and 2b (0.04—0.8
mol %; 0.0007—0.0136 g; 0.9—18.5 yumol) were added inside
the glove box. This was followed by the addition of dry
methanol (4) (0.188 mL, 4.635 mmol) or (0.282 mL, 6.951
mmol) and distilled water (0.042 mL, 2.317 mmol) under an
Ar atmosphere. The mixture was heated in a preheated oil bath
at 100 °C, and the gas evolved was quantified by the water
displacement method, and the composition of the gas
generated was analyzed by GC (see Supporting Information
for the details). The reaction was run till no more evolution of
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gas was observed (typically 48 h) and was then cooled down to
room temperature. An aliquot (10 mg approx.) was withdrawn
from the reaction mixture, and the yield of the FA was
determined by 'H NMR using D,O as the solvent and sodium
acetate (known amount added in the NMR tube) as a
standard.

General Procedure for the On-Site Generation of
Deuterium and Its Incorporation in Unsaturated
Substrates. In a S mL pear-shaped vessel (A) attached to a
condenser, KOBu (0.390 g, 3.48 mmol), 2b (0.8 mol %;
0.0136 g; 18.5 pmol), and anhydrous methanol-d,(Sa) (0.282
mL, 6.951 mmol) were added inside the glove box. This was
followed by the addition of D,0 (0.042 mL, 2.317 mmol)
under an Ar atmosphere. On the other hand, Pd/C (10 mol %;
0.0106 g; 0.1 mmol), unsaturated substrate (1 mmol), and 1,4-
dioxane (0.5 mL) were added to a 30 mL bomb vessel B under
an Ar atmosphere. The deuterium gas generated in the flask A
at 100 °C was fed to bomb vessel B at 120 °C for 48 h and
then cooled down to room temperature. An aliquot (10 mg
approx.) was withdrawn from the reaction mixture of A, and
the NMR yield of the FA-d, was determined by *H NMR using
H,O as the solvent and D,0 (known amount added in the
NMR tube) as an internal standard. The 'H NMR analysis was
also done to check the formation of FA (if any). An aliquot (10
mg approx.) was withdrawn from the reaction mixture of B,
and the NMR yield of the deuterated product was determined
by '"H NMR using CDCl, as the solvent and toluene (known
amount added in the flask) as the internal standard. The *H
NMR analysis was also done to check the deuterium
incorporation in the product.

General procedure of the kinetic studies performed for the
2b catalyzed transformation of methanol to FA.

Variation of Catalyst Concentration. In a ]-Young
Teflon valve NMR tube, KO'Bu (0.200 g, 1.79 mmol) and 2b
(0.2—1 mol %; 0.0050—0.0261 g; 7.14—35.7 umol) were
added inside the glove box. This was followed by the addition
of dry methanol (5) (0.433 mL, 10.71 mmol) and D,O (0.065
mL, 3.57 mmol) under an Ar atmosphere. The tube was heated
in a preheated oil bath at 100 °C. 'H NMR of the reaction
mixture was recorded at different time intervals using sodium
acetate as a standard.

Variation of MeOH Concentration. In a J-Young Teflon
valve NMR tube, KO'Bu (0.200 g, 1.79 mmol) and 2b (0.8
mol %; 0.0209 g; 28.56 umol) were added inside the glove box.
This was followed by the addition of dry methanol (5)
(0.433—-0.108 mL, 10.71-2.67 mmol) and D,0 (0.065 mL,
3.57 mmol) under an Ar atmosphere. Dioxane was used as a
make-up solvent at lower concentrations of methanol. The
tube was heated in a preheated oil bath at 100 °C. '"H NMR of
the reaction mixture was recorded at different time intervals
using sodium acetate as a standard.

Computational Details. The geometries of all the
considered complexes were fully optimized employin§ the
DFT(PBEPBE)*” method on the Gaussian-09 package.3 The
Def2SVP’' basis set with a polarization function was used for
the metal (Ru) and nonmetal atoms. The empirical dispersion-
GD3 was used in all molecular geometry optimization and
energy computations. The transition states were located using
the synchronous transit-guided quasi-Newton (QST2) meth-
od. The method and basis set were selected on the basis of
previous reports on pincer complexes.”’ Frequency calcula-
tions were also done to differentiate minima structures or
transition states on the potential energy surface. Single point
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calculations were performed to calculate the relative free
energy values at 100 °C. Single-point calculations were also
performed at a higher level with Def2TZVP.
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