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In the quest for novel, active ruthenium(II) complexes for homogeneous catalytic CO, hydrogenation to formate,
a small library of cationic Ru(x®-tpm) complexes [tpm = tris(pyrazolyl)methane] bearing different ancillary li-
gands were tested under various reaction conditions, with and without the addition of a Lewis acid co-catalyst.
Under optimized conditions (80 bar, 120 °C) and in the presence of LiOTf, TONs > 54000 were obtained in single
batch runs with the complex [RuCl(Ks—tpm)(PPh3)(CH3CN)]Cl (1). Mechanistic studies using NMR spectroscopy

and DFT calculations were also carried out to elucidate key steps and the energies associated with the reaction
pathway, which allowed for the proposal of a catalytic mechanism.

1. Introduction

CO, is a component of the Earth’s atmosphere that is essential for
photosynthesis in plants. Its steady increase over the past century, from
about 280 parts per million (ppm) to over 415 ppm today, is primarily
due to human activities, particularly the combustion of fossil fuels such
as coal, oil, and gas. This increase is contributing to global warming,
climate change and ocean acidification [1]. While CO5 capture and
storage (CCS) is an option under study to help in environmental reme-
diation, it has significant drawbacks, such as high costs and low
acceptance levels by the general public. In this view, and in combination
with the need of sustainable production, researchers worldwide are
advocating for the reuse of CO; as a cheap, safe, and abundant feedstock
for producing chemicals on both laboratory and larger scales (CCU
technologies) [2]. The reduction of CO, to C1 derivatives such as formic
acid, formaldehyde, methanol and methane is a viable pathway for CO5
utilization [3]. Among these, methanol (CH30H) and formic acid
(HCOOH) are considered as potential future fuels and liquid organic
hydrogen carriers (LOHCs), respectively. LOHCs represent a form of

“stored” hydrogen that can be released on demand through dehydro-
genation reactions in the presence of suitable catalysts, providing a
sustainable, carbon-neutral cycle for hydrogen storage and delivery [4].

The global demand for formic acid is increasing, particularly in the
Asian market, due to its various applications [5]. Currently, industrial
production of HCOOH occurs through the hydrolysis of methyl formate,
which is typically derived from fossil-based feedstock. A sustainable
alternative synthesis using renewable, non-fossil-based feedstocks, such
as the reaction between CO; and Hy, is thus of great interest. In the gas
phase, CO, hydrogenation is endergonic owing to entropic factors, but it
becomes exergonic in the presence of strong bases and/or polar solvents
[6]. Additionally, CO; is chemically inert, and activating it requires the
use of efficient catalysts. Precious and non-precious metals heteroge-
neous and homogeneous catalysts for CO, hydrogenation have been
developed and studied by numerous research groups worldwide. Ho-
mogeneous catalysts, based on tailored organometallic and/or coordi-
nation complexes, offer simpler synthetic tunability compared to their
heterogeneous counterparts, providing higher process selectivities
under milder pressures and temperatures. Over the past 40 years,
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research in this area has yielded remarkable advancements in catalyst
design and process optimization, significantly improving efficiency and
expanding our knowledge base [4,6,7].

Most transition metals have been tested over the years for homoge-
neous CO, hydrogenation, in combination with various classes of sta-
bilizing ligands, including mono-, bi-, and tridentate phosphines or
aminophosphines, pincer-type ligands, n-arenes, cyclopentadienyls and
bipyridines, and others. Among precious platinum group metals, Ru and
Ir have shown the highest performances [7]. In recent years, there has
been a growing interest in the study of CO» hydrogenation to formates
using earth-abundant metal complexes, principally Fe [8], Co [9], Mn
[10] and Ni [11], as cheaper alternatives to noble metals, reaching very
high productivities. In spite of this, precious metals are still the most
widely applied for this class of reactions. Selected examples of literature
data for some of the most highly active homogeneous catalysts for CO5
hydrogenation to formates are summarized in Table 1.

In the case of ruthenium-catalyzed CO5 hydrogenation to formate,
the state-of-the-art is currently held by Pidko and co-workers with the

Journal of Catalysis 450 (2025) 116231

pincer-type complex [RuH(CI)(CO)(PNP-'Bu)] as catalyst [PNP-'Bu =
2,6-Bis(di-tert-butylphosphinomethyl)pyridine], achieving outstanding
TON = 200,000 and TOF = 1,100,000 h™! in the presence of 1,5-diaza-
bicyclo(5.4.0)undec-7-ene (DBU) as a base, N,N-dimethylformamide
(DMF) as solvent, 60 bar Hy/CO5 (3:1), and 120 °C [12]. Pincer-type
molecules are among the most widely used ligands for their unique
donor properties, such as their exclusively meridional coordination to
the metal and the easy tunability of electronic and steric properties by
proper choice of functional group substituents and donor atoms,
particularly phosphorus and nitrogen (PNP ligands). Drawbacks include,
in some cases, the use of expensive chemical synthons, endangered el-
ements such as phosphorus, multi-step synthetic pathways, and lengthy
product purifications. On the other hand, polydentate phosphine ligands
are challenging to functionalize and are prone to oxidation, whereas 1°-
arenes are often observed to be labile under forcing reaction conditions,
leading to catalyst decomposition.

A well-known class of potentially tridentate N,N,N-capping ligands is
represented by tris(pyrazolyl)-based molecules, generally referred to as

Table 1
Selected examples of homogeneous catalysts for CO, hydrogenation to formates.™
Catalyst pHy/ Temp.  Solvent Base Additive  Highest Highest Ref.
pCO, [°C] TON TOF
(bar) (™
30/10 120 DMF DBU — 200,000 1,100,000 [12]
30/10 200 diglyme KoCO3 - 23,000 2200 [13]
70/120 50 scCOy/ NEts - 32,000 95,000 [14]
CeFsOH

60/30 70 H,0/MIBC NEts - 14,540 35,000 [3b]
30/30 120 THF KOH — 3,500,000 150,000 [15]
28/28 185 H,0 KOH - 348,000 14,500 [16]

(continued on next page)
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Table 1 (continued)

Catalyst pHz/ Temp.  Solvent Base Additive ~ Highest Highest Ref.
pCO, [°C] TON TOF
(bar) (G

_I + 30/30 120 H,0 KOH - 190,000 42,000 [17]

Ir,
‘s
cl
]2+ 225 80 H,0 KHCO; - 79,000 53,800 [18]
(\
CI, N N
- Ir/ 7 \Ir/
N s,
/ NI SN Cl
/
30/30 200 H,O KOH - 190,000 2500 [19]

_/Ir' |
“
o.__0
cl 25/25 120 THF N - 230,000 5000 [20]
| (CH,CH,0H)3
tBUz —j:_ tBl.lz
N~ N
40/20 140 THF/H,0 KOH - 450,000 22,500 [21]
t
H BU2
‘0, | H
h -
N IrV
74 | "H
t
, BU2
HBH,4 35/35 80 THF DBU LiOTf 58,990 2458 [8b]
\ .
Me K| F'Pr;
N. 1o
( Fey
7 | cOo
ip.. H
Pr2
Me. H 40/40 80 EtOH DBU - 10,275 489 [8a]
N- I IPl'z

Z_\N—Fe—CO

Me”  iPr,

(continued on next page)
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Table 1 (continued)
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Catalyst pHz/ Temp.  Solvent Base Additive ~ Highest Highest Ref.
pCO, [°C] TON TOF
(bar) (G
H\ Br 60/20 115 THF/H50 Lysine - 230,000 19,167 [10b]
N-|-PPr
N— s 2
NH(C;Hs)—” _ __N-Mn—CO
N—r / |
N_
-’
ip,. CO
H Prz
H H 40/40 100 THF/H0 DBU LiOTf 31,600 1317 [10g]
—|.pi
N |: Pr,
Z N—Nin—CO
-N70 CO
H IPrz
H _l Cl 40/40 120 iprOH DBU LiOTf 54,169 5940 This
work

Qe

Ny

@ Pressure, temperature, solvent, base, additive, TON and TOF data and values refer to the reported optimized conditions, applied in single batch experiments. scCO,

= supercritical CO2. MIBC = methyl isobutyl carbinol.

scorpionate ligands [22]. These all-N ligands promote facial coordina-
tion to metals and, depending on the bridgehead atom, can be either
neutral (C atom) or anionic (B atom). These two sub-classes are termed
tris(pyrazolyl)methane (tpm) and tris(pyrazolyl)borate (Tp), respec-
tively. These ligands behave as o-donors, forming strong tridentate
bonds with the metal through three nitrogen atoms, contrasting with
traditional metal-arene interactions that involve z-back-donation
[23,24]. Hemilabile ¥°- to k*>-coordination behavior has been observed
for Ru(tpm) complexes in some cases and has recently been exploited by
some of us in the catalytic transfer hydrogenation of ketones [24d].

To the best of our knowledge, only a few examples of CO, homo-
geneous hydrogenation protocols in the presence of metal scorpionate
ligands have been reported so far. In 2001, Lin, Lau and coworkers
showed that hydrogenation of CO, to formic acid with complex [TpRuH
(PPh3)(CH5CN)], NEts, THF/H,0 (3:1); 50 bar CO/H, (1:1), 100 °C
reached TON = 760 after 16 h, and that the addition of water was
beneficial to increase catalytic efficiency [25]. In 2004, Lau and co-
workers expanded on the previous study, testing the same complex as
catalyst under different reaction conditions and solvents. It was
observed that the activity of [TpRuH(PPh3)(CH3CN)] is higher in
CF3CH>OH than in methanol and other non-acidic alcohols (max TON =
1815), likely due to the enhanced electrophilicity of the carbon atom of
CO5 in this solvent. Mechanistic studies suggested that HCOOH is
formed upon hydride and proton transfer from the transient alcohol
hydride intermediate [TpRuH(PPh3)(ROH)] to the incoming CO2 [26].
Finally, Martins and coworkers demonstrated in 2017 the successful use
of the Fe(I)-tpm complex [FeCly(x>-tpm)] in the one-pot COy hydro-
genation to CH30H (44 % yield, TONs up to 2300) in the presence of
pentaethylenehexamine (PEHA) as a base, 75 bar CO,/H; (1:3), 80 °C,
48 h [27].

Inspired by these results, we jointly investigated the applicability of a
library of cationic Ru(tpm) complexes (Fig. 1) as catalysts for CO, hy-
drogenation to formate. The main catalytic results are hereby described
together with mechanistic details obtained through a combination of
experimental techniques (NMR) and Density Functional Theory (DFT)

calculations.
2. Results and discussion
2.1. Synthesis of novel Ru tris(pyrazolyDmethane complexes

Complex [RuCl(Ks—tpm)(PPhg)z]Cl (4) was synthesized from ruthe-
nium trichloride and tpm [28a], whereas complex 7 was obtained from a
suspension of [RuCl3(1<3-tpm)]ol.5 H>0 and Zn dust in CH3CN [29],
both according to previously described methods. Complex 4 served as a
precursor for the known mono-cationic derivatives 1-3 and 5 (Fig. 1),
upon the substitution of one PPhg with other chosen ligands, in ethanol
or isopropanol as solvents at reflux temperature [24d],[28]. Similarly,
the unprecedented mono-cationic complex 6 was obtained in 98 % yield.
Additionally, the new family of bis-cationic complexes 8-10 was syn-
thesized from 4 upon thermal reaction with the appropriate bidentate
ligand in ethanol solutions (8-10). The addition of 2 equivalents of
silver nitrate was required to ensure the removal of the chloride ligand
and the incorporation of two nitrates as counteranions. Complexes 8-10
were isolated in high yields (82-96 %) after work-up; they are well-
soluble in alcohols (including methanol and ethanol), fairly-soluble in
chlorinated solvents and water, and insoluble in hexane, toluene, diethyl
ether and THF. The novel complexes 6, 8-10 were characterized by
elemental analysis and IR spectroscopy in the solid state, and by
multinuclear NMR spectroscopy in various solvents (see Experimental
Section). The isocyanide ligand in 6 manifests itself with a strong
infrared absorption at 2133 em ! (0 = 2125 em™! for uncoordinated 4-
methoxyphenylisocyanide in CH2Cly), indicating weak back-donation
from the ruthenium(Il) center [30]. The IR spectra of 8-10
(Figs. S2-S4 in the Supporting Information) display an intense, broad
band at 1315-1377 ecm ™! accounting for the nitrate anions. The NMR
spectra of 6, 8-10 (Figs. S5-S16) showed the presence of single species
in solution, and their main features are substantially in line with those
reported for 1-5. 'H and 3!'P NMR experiments revealed the stability of
8-10 in D50, with spectra appearing substantially unchanged over 72 h.
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Interestingly, the -NHy groups in 8 undergo progressive deuterium-
exchange in D0, as suggested by the disappearance of the 'H signal
at 4.23 ppm after 72 h (Fig. S17), presumably favored by the double
cationic charge of the complex.

The structures of 8-10 were confirmed by single-crystal X-ray
diffraction analyses (Fig. 2 and Table S1 in the Supporting Information).
The molecular structure of the cation of 10 was previously reported in a
private communication as its [Ru(K3-tpm)(PPh3)(phen)]
[BF4]2-0.5acetone salt, together with the related [RU(KS-tpm)(PPhg)
(bipy)]1[BF4]2-0.5acetone complex [31]. Cations 8-10 display distorted
octahedral geometry, as shown by the analysis of § values (Table S1 and
Fig. S71) [32], with the N-Ru-N angles involving the tridentate tris
(pyrazolyl)methane ligand smaller than 90°, similar to related com-
plexes [24d],[28],[33]. The bonding parameters of 8-10 are very
similar to those reported for the two bis-cationic [Ru(K3-tpm)(PPh3)(N-
N)1>* (N-N=bidentate N-ligand) complexes previously reported [31].
Replacement of CI” with a neutral N-ligand does not seem to signifi-
cantly affect the structure. The Rul-N1 bond [2.156(5), 2.123(6) and
2.1137(18) A for 8, 9 and 10, respectively] trans to PPhs is longer than
Rul-N3 [2.079(5), 2.091(7) and 2.0825(18) 10\] and Rul-N5 [2.085(5),
2.082(7) and 2.0750(18) ;\] trans to N-ligands. The Rul-N7 [2.023(4),
2.120(5), 2.056(7) and 2.0679(18) ;\] and Rul-N8 [2.022(4), 2.115(5),
2.109(6) and 2.0588(18) 10\] bonding distances reflect the hybridization
of nitrogen, being Ru-N(sp) < Ru—N(spz) < Ru—N(sps). Hydrogen bonds
are present within the crystal structures of 8-H,O and 9-solv (see
Tables S2-S3 and Fig. S72), involving the NHy groups of the cations, the
nitrate anions and H,O molecules.

2.2. Catalytic tests

CO5 hydrogenation tests (Scheme 1) were initially carried out in the
presence of [RuCl(K3-tpm)(PPh3)(CH3CN)]Cl (1) under the conditions
previously applied by Lau and coworkers with [TpRuH(PPh3)(CH3CN)],
ie. using NEt3 as base (1103 equiv.), under Hp/CO, (1:1) at a total
pressure of 60 bar, at 100 °C for 24 h, instead of 16 h as reported for the
Tp analogue [26]. In solvents such as THF, THF/H,0 or toluene, no
activity was observed (Table 2, entries 1-3). Using methanol as a sol-
vent, only traces of product were detected (Table 2, entry 4).

Reaction conditions were then changed, adopting parameters
recently applied by some of us for CO5 hydrogenation in the presence of
[Mn(PNP)(CO)s], i.e. using DBU as base (1000 equiv. to 1), Hy/CO (1:1)
60 bar total pressure, 100 °C instead 80 °C for 24 h [34]. In the first
screening of reaction parameters, the choice of best solvent was
assessed. Using dry MeOH as solvent and a 1/DBU ratio of 1:1000,
formate was obtained in 17 % yield (Table 2, entry 5) with respect to
DBU, with a corresponding TON = 167. In the case of 4, the use of
methanol also led to low TON = 183 (Table 2, entry 10). By changing the
solvent to iPrOH, formate was obtained with high yield >99 % (entry 6)
in the case of complex 1 and 90 % in the presence of 4 (entry 11). The
use of KO'Bu as a base did not afford formate with satisfactory yields (17
%, entry 7). Based on these results, dry ‘PrOH was chosen as solvent for
the rest of the study. Next, the screening of other complexes bearing the
six-electron donor tpm ligand was tested. Very good yields (93 %) were
obtained after 24 h with 2 and 3. Complexes 5-10 showed lower activity
compared to 4, as summarized in Table 2. Negligible activities were
observed using 9/DBU and 10/DBU ratio to 1:1000, 60 bar, 100 °C, 24
h, with only 9 % yield, TON = 89 and 1 % yield, TON = 11, respectively
(entries 16 and 17), likely due to the absence of hemilability of the
aminopyridine and phenanthroline ancillary ligands. This indicates that
the generation of a vacant coordination site is crucial for substrates
activation. Selected results are summarized in Table 2 and visualized as
bar graph in Fig. 3.

Fig. 4 shows the trend of activities of complexes increasing from 1 to
10 under the conditions described above. It can be observed that
although the synthetic precursor 4 also exhibited good catalytic activity,
the highest activity was demonstrated by complex 1, containing, in
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addition to triphenylphosphine and k>-tpm, chlorine and acetonitrile as
co-ligands. This can be attributed to an optimal combination of suitable
monodentate donor ligands that, under reaction conditions, are labile
enough to undergo substitution by solvents and substrates, which are
key steps in the catalytic cycle (vide infra).

Next, the effects of catalyst/DBU ratio and temperature were tested,
both in the absence of and in the presence of a Lewis acid (LA), at
different catalyst/LA ratios (Table 3), under the same pressure and time
applied above (60 bar total pressure, 24 h). The effect of adding a Lewis
acid (LA) as a co-catalyst was examined in the presence of selected Ru
complexes, specifically 1, 4, and 6. With base metals complexes, it was
previously demonstrated that LA additives can favor accessible transi-
tion states in COy hydrogenation reaction pathways [10g],[35]. More
recently, this effect was studied by DFT calculations for other classes of
transition metal complexes, including precious metal based ones [36].
To the best of our knowledge, the present study is the first experimental
report describing the testing of a lithium salt LA as co-catalyst in CO,
hydrogenation in the presence of ruthenium complexes. Consistent with
the method previously applied with iron [8b] and manganese catalysts
[10g], LiOTf COTf = CF3SO3) was chosen as LA to promote CO» hy-
drogenation to formate, using 60 bar of Hy/COy = 1:1 gas mixture and
testing different catalyst/DBU ratios [34].

Initially, catalyst concentration effects were tested in the absence of
LiOTf. Using a 4/DBU ratio of 1:1000, formate was obtained in 91 %
yield, with TON = 910 (Table 3, entry 1). Next, the amount of catalyst
was decreased to 4/DBU ratios of 1:2000, 1:5000, and 1:10,000 (entries
2, 4 and 7, respectively), running the tests at 60 bar, 100 °C, 24 h. At an
optimal 1:5000 ratio, TON increased to 3427, albeit with a decreased
yield = 68 %. Lower 4/DBU ratio led to modest results (TON = 3362,
yield = 33 %, entry 7).

In the case of complex 6, with a 6/DBU ratio of 1:1000 and without
Li, formate was obtained in 63 % yield with TON = 628 (entry 8). In
another test run for 48 h (entry 9), higher yield (74 %) and TON = 741
were obtained under the same conditions. Upon the addition of LiOTf (1
mmol, 6/LiOTf = 1:100), formate was obtained in 81 % yield (TON =
816, entry 10) after 24 h. Also in the case of 7, addition of LiOTf gave
formate yield (94 %) and TON enhancement (entry 11, Table 3)
compared to the values obtained in its absence (53 % yield, TON = 530,
entry 14, Table 2) in catalytic tests run at 100 °C, 24 h.

Next, 1/DBU ratios of 1:1000 and 1:2000 were tested, and formate
was obtained in >99 % yield in both cases, with TON = 1004 and 2008,
respectively (entries 12 and 13, respectively). The effect of catalyst
concentration in the presence of LiOTf was then tested with 1. A pre-
liminary assessment of the lower limit of catalyst amount needed to
achieve the significant yield was carried out initially without LA, and the
amount of catalyst was decreased to 1/DBU ratios of 1:5000 and
1:10,000 under 60 bar Hy/CO4 (1:1), 100 °C, 24 h (entries 14 and 15,
respectively). Ata 1/DBU = 1:5000 ratio, TON increased to 4245 with a
slight yield decrease to 84 %, whereas 1/DBU = 1:10,000 ratio gave
TON = 3436 (entry 15). In the presence of added LiOTf (1.0 mmol, 1/
LiOTf = 1:1000, 1/DBU = 1:10,000), formate was obtained in 58 %
yield (TON = 5857, entry 16) after 24 h. The 1/LiOTf ratio was then
varied in three different runs (entries 16-18, respectively), at a constant
1/DBU = 1:10,000 ratio. Lowering the Li amount from 1.0 mmol to 0.5
and 0.25 mmol did not significantly affect the reaction results, with
yields of 56 and 59 %, respectively. Using a 1/DBU ratio of 1:20,000 and
1/LiOTf = 1:500, formate was obtained in 24 % yield relative to DBU,
with TON = 4729 (entry 19).

The effect of temperature increase was then tested, switching from
100 to 120 °C, initially on 24 h runs, at a constant LiOTf/DBU = 1:40
ratio and 1/DBU ratios varying from 1:10,000 to 1:50,000 (entries
20-22). The best result was obtained with 1/DBU = 1:20,000, with a
yield of 83 % and TON = 16469. Next, the effect of increased gas
mixture total pressure from 60 to 80 bar was tested, at LiOTf/DBU =
1:40 ratio and 1/DBU ratios varying from 1:20,000 to 1:100,000 (entries
23-27), at reaction times ranging from 1 to 96 h. Under these optimized
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Fig. 1. Chemical drawings of Ru-tris(pyrazolyl)methane complexes (1-10) tested in this study.

conditions, the best yield in formate (84 %) was obtained after 24 h
using 1/DBU = 1:20,000, 1/LiOTf = 1:500, 120 °C, with a corre-
sponding TON = 16,637 (entry 23). The highest TON = 54,169 was
instead observed at 1/DBU = 1:100,000, 1/LiOTf = 1:2500 and 120 °C
after 96 h, with a formate yield of 55 %. The catalytic results are sum-
marized in Table 3 and selected data are visualized as bar graph in Fig. 5.

An additional run at 1 h (entry 24) under the optimized conditions
used for entry 23, allowed to obtain the value of initial TOF;, = 5940
h~! with a yield of 30 %, suggesting a fast reaction already in the first
hour of the experiment. Finally, two proof-of-concept experiments were
run to evaluate catalyst recyclability. In the first experiments, using the
conditions applied for entry 14 (Table 3), after the first run the autoclave
was cooled to 10 °C, gas pressure was carefully released and replaced by
nitrogen. A new aliquot of DBU (84 % of the amount used in run 1) was

added through the inlet port without opening the autoclave, that was
then re-pressurized with 80 bar CO»/H; (1:1) and heated to 100 °C for
24 h (run 2). At the end of the reaction, formate was obtained in 81 %
yield (TON = 4093), with only a slight decrease compared to run 1 (84 %
yield). Thus, for the two consecutive runs under the described reaction
conditions, it was possible to obtain an overall TON = 8338. The second
experiment was carried out in a similar way, using the conditions
applied for entry 20 (Table 3), i.e. at lower catalyst to base ratio and in
the presence of LiOTf. For run 2, formate yield was confirmed at 87 %
(TON = 8796), as in the case of run 1. An overall TON = 17,592 was
therefore reached after the two consecutive runs under these conditions.
These two experiments clearly demonstrate the possibility to efficiently
recycle catalyst 1 for consecutive runs at low catalyst loadings, with and
without the addition of the LiOTf co-catalyst.
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10

Fig. 2. Views of the X-ray crystal structures of complexes 8-10. Displacement ellipsoids are at the 30% probability level.

2.3. Mechanistic studies

Due to the close structural similarity of complexes 1-10, we reasoned
that the mechanism of pre-catalyst activation could be common to most
complexes, thus worth being investigated in detail. The mechanism of
pre-catalyst activation was studied for the most active 1 and 4 by NMR
spectroscopy. In the first series of experiments (Figs. S61 and S62),
complex 4 (10 mg) was dissolved in THF-dg under nitrogen at room
temperature. 9 and 3'P{'H} NMR spectra were collected, then iso-
propanol (10 equiv.) was added. Next, DBU (5 equiv. to 4) was added to
the mixture, NMR spectra were collected, then the NMR tube was placed
in an oil bath set at 60 °C for 1 h. Whereas no changes were observed
before heating, and only the singlet at 39.3 ppm due to 4 was observed in
the 3'P{'H} NMR spectra, after 1 h at 60 °C new signals appeared. In
particular, the presence of free PPhs was observed at —6.4 ppm, sug-
gesting ligand exchange between PPhs and solvent(s), leading to a
mixture of four different species, characterized by broad singlets at 49.6,
49.9, 50.7 and 52.3 ppm. This reactivity can be expected upon substi-
tution of one PPhg ligand with a solvent molecule, to give initially a
species such as [RuCl(KB—tpm)(solv)(PPhg)]Cl (solv = THF-dg or ProH).
Then, the presence of a strong base (DBU) can deprotonate coordinated
iPrOH, giving complexes such as [RuCl(Ks-tpm)(iPrO)(PPhg)] and/or

cat., base

H, + CO, [DBUH][HCO,]

solvent, 100 °C, 24 h

~0—I

N
B
s D
e
o
N
D
5
\
-
/

<</ é N \\
// A AN _ N
Lau et al. 1
Base = Et3N
TON up 1815

Scheme 1. General scheme and standard conditions for CO5 hydrogenation
tests. Drawings of Ru-tris(pyrazolyl)borate [TpRuH(PPh3)(CH3CN)] complex
[26] and Ru-tris(pyrazolyl)methane complex 1 are shown for comparison.
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Table 2
CO;, hydrogenation catalyzed by complexes 1-10, in different solvents and with
different bases.™

Entry Catalyst Base Solvent Cat./Base ratio TON" Yield®
(%)

1 1 NEt; THF 1/1104 0 0

2 1 NEt3 THF/H,0  1/1104 0 0

3 1 NEt3 Toluene 1/1104 0 0

4 1 NEt; MeOH 1/1104 84 5

5 1 DBU MeOH 1/1000 167 17

6 1 DBU iproH 1/1000 1004 >99

7 1 KO'Bu  'PrOH 1/1000 175 17

8 2 DBU iproH 1/1000 932 93

9 3 DBU iproH 1/1000 932 93

10 4 DBU MeOH 1/1000 183 18

11 4 DBU iProH 1/1000 910 90

12 5 DBU iproH 1/1000 819 82

13 6 DBU iProH 1/1000 628 63

14 7 DBU prOH 1/1000 530 53

15 8 DBU iproH 1/1000 418 42

16 9 DBU iproH 1/1000 89

17 10 DBU PrOH 1/1000 11 1

@ Reaction conditions: catalyst, 10-13 umol; Base, 10-14 mmol; solvent, 6
(entries 5-15) or 20 mL (entries 1-4); Ho/CO5 (1:1) 60 bar total pressure; 100 °C,
24 h.

b TON = (mmol formate)/(mmol catalyst);

¢ Yield = [(mmol formate)/(mmol DBU)] x 100. The amount of formate was
calculated from the integration of the corresponding '"H NMR signal in D,0
against an internal standard (DMF). All experiments were repeated at least twice
to check for reproducibility, average error ca. 6 %.

[Ru(x>-tpm)(solv)(*PrO)(PPh3)]*. After 24 h at 60 °C, only two singlets
out of the four observed after 1 h were still present, namely at 49.9 and
50.7 ppm, in addition to unreacted 4 and free PPhs. The reactivity
pattern did not change significantly in a second set of experiments, run
under the same conditions except for decreasing the amount and ratio
between DBU and 'PrOH (2 equiv. each to 4), as shown in Figs. 563 and
S64.

In the second series of experiments, a similar sequence of 'H and 3'P
{'H} NMR experiments was run with 1 instead of 4 (Figs. S65 and S66).
Thus, complex 1 was initially dissolved in THF-dg, recording the first
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spectra, then 2 equiv. of 'PrOH were added and spectra were recorded,
followed by the addition of 2 equiv. of DBU, recording the final set of
spectra at 25 °C. As in the case of 4, reactivity of 1 with solvent and base
was observed only upon heating the reaction mixture. After 1 h heating
to 60 °C, the singlet due to unreacted 1 at 48.1 ppm was present together
with three new broad singlets at the same chemical shift values previ-
ously observed with 4, namely 49.6, 49.9, 50.7 ppm. After 24 h heating
to 60 °C, the pattern simplified to the two singlets at 49.9 (major) and
50.7 ppm, with a decrease in intensity of the signal due to 1. In the
corresponding 'H NMR spectra, it was observed that the initial signal at
2.16 ppm due to coordinated acetonitrile in 1 disappeared already after
1 h upon heating in the presence of isopropanol and base, and a new
signal at 1.95 ppm, that was attributed to free acetonitrile appeared.
Acetonitrile substitution by isopropanol in 1 upon heating was further
confirmed in a third experiment with 1, 'PrOH and the same sequence
described above but in the absence of DBU (Figs. S67, S68). The 31P{1H}
NMR spectrum recorded after 1 h at 60 °C showed a single broad singlet
at 49.6 ppm, that is thus assigned to [RUCI(KS-thII)(iPrOH)(PPh;g)]Cl
(11). Interestingly, in none of these experiments signals at negative
chemical shift values in 'H NMR spectra, that could be expected upon
Ru-H bond formation derived by a transfer hydrogenation mechanism in
the presence of 'PrOH/base, were observed. In turn, this suggests that
such a mechanism may not take place for these complexes under the
applied conditions.

By comparing the NMR experiments, we conclude that both pre-
catalysts 1 and 4 undergo activation by (reversible) ligand substitu-
tion, i.e. by release of either MeCN or a PPhg ligand, respectively, to
generate the same intermediate 11 upon 'PrOH coordination. This step
may then be followed by ‘PrOH deprotonation by DBU, giving [RuCl(x>-
tpm)(iPrO)(PPhg)] (12), which can further react with iprOH or THF to
give a putative solvento species such as [Ru(Ks-tpm)(solv)(iPrO)(PPh3)]
Cl (13). Attempts to synthesize and isolate pure samples of 11-13 failed
due to decomposition upon workup. For this reason, it was not possible
to conclusively assign the remaining >'P{'H} NMR signals at 49.9 and
50.7 ppm observed during the experiments described above. The pro-
posed pre-catalysts activation pathway, based on NMR experiments and
in the absence of CO5 and Hs, is shown in Scheme 2.

A final experiment was carried out to assess the possible formation of

B TON ™ Yield [%]

1004

932 932 910

819

100
93 93 90

82

1 2 3 4 5

Catalyst

628

530

418

63
53
42

89

11 4

Fig. 3. Screening of the activity of Ru complexes 1-10 in CO, hydrogenation. Reaction conditions: see Table 2 footnote. TON and yield bar scales are independent for

better clarity.
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Fig. 4. Ru-tris(pyrazolyl)methane complexes 1-10 activity growing trend in formate yields (%) at catalyst/DBU = 1:1000, 100 °C, 24 h.

Ru hydrido complexes upon Hy activation by the metal center. To a
screw-cap NMR tube containing a solution of 1, iproH (2 equiv.), DBU (2
equiv.) in THF-dg, initially placed in an ice bath to avoid solvent evap-
oration, Hy gas (1 bar) was bubbled through for 15 min. The tube was
shaken and let to warm to room temperature. >'P{'H} NMR analysis
showed as expected the appearance of signals due to 11 and 12. The
NMR tube was then heated to 60 °C for 12 h. After this time, the TH NMR
spectrum (Fig. S69) showed two new doublets in the negative chemical
shift range at —13.65 ppm (d, 2Jpy = 31 Hz) and at —14.53 ppm (d, 2Jon
= 27 Hz), accompanied by new singlets at 74.5 and 77.1 ppm in the
corresponding SIp{IH} NMR spectrum (Fig. S70), indicative of the for-
mation of two monohydrido Ru complexes, to which we attribute pu-
tative formulas [RuH(1<3—tpm)(iPrOH)(PPhg)]Jr (14) and [RuH(1<3—tpm)
(iPrO)(PPh3)] (15).

In order to understand the key mechanistic aspects of the catalytic
reaction and confirm the proposed pre-activation pathway, a detailed
Density Functional Theory (DFT) analysis of the reaction pathway
involved in the catalytic mechanism in the presence of 1 was carried out
at M062X-DFT level of theory with the inclusion of the dispersion forces.
The calculations were performed considering solvent effects using the
Conductor-like Polarizable Continuum Model (CPCM) for 2-propanol,
the same solvent used in the experimental tests. Initially, the structure
of the cationic ruthenium octahedral complex [RuCl(KS—tpm)(PPhg)
(MeCN)]™ (1, AT in the calculations) featuring a triphenylphosphine, a
chloride, an acetonitrile and a x>-tris(pyrazolyl)methane ligands was
optimized. Next, the free energy costs associated with the removal of
each of the ancillary ligands from the coordination sphere of the metal in
AT were separately calculated. The structures of the potential penta-
coordinated intermediates, obtained by alternatively removing
CH4CN, CI or PPhg from AT were optimized. The removal of the coor-
dinated acetonitrile was estimated to be endergonic by + 10.8 kcal
mol !, whereas chloride or triphenylphosphine dissociation would cost
+ 26.4 and + 21.0 keal mol ™%, respectively. Thus, the most favorable,
least energetically demanding process is the dissociation of MeCN to
give [RuCl(Kg—tpm)(PPhg,)]+ (BT). As the experimental tests were run in
2-propanol, the possible coordination of the solvent to BT was then

calculated. This step provides [RuCl(1<3-tpm)(PPh;;)(Klo-iPrOH)]Jr (11,
C* in calculations) with an estimated free energy gain of —8.5 kcal
mol~}, in line with the experimental findings described above. The
calculated structures of AT, B* and CT are shown in Fig. 6.

At this point, in the real system the coordination of Hj to the metal
center should occur. This step generally leads to a Ru(n?-Hy) interme-
diate evolving further to Ru-H species that in turn interact with CO,.
Different options were considered, depending on which of the ancillary
ligands in C* could be more favorably removed. Direct ligand exchange
of CI" with Hy would give the bis(cationic) complex [Ru(nz—Hg)(K3—tpm)
(PPhg)(1<1O—iPrOH)]2+ (D2+), but this process was discarded being
highly energy-demanding, with a free energy cost of +28.1 kcal mol *.
A possible alternative pathway was considered, where at first the acidic
proton of the 2-propanol ligand in CT interacts with DBU, giving adduct
E that features a hydrogen bonding between the 2-propanol proton and
the N5 atom of the DBU moiety (H-N5 distance of 1.63 1°\). From an
energy viewpoint, the formation of the adduct E* was estimated to be
exergonic by —2.1 kcal mol~. The complete deprotonation of the co-
ordinated 2-propanol by DBU from E™ to afford the neutral intermediate
[RuCl(Kg—tpm)(PPh3)(KIO—iPrO)] (11, F in calculations) was estimated to
be endergonic by +9.8 kcal mol !, with shortening of the Ru-O bond by
ca. 0.1 A. At this stage, one of the ligands may be displaced leaving a free
coordination site for the interaction with the Hy molecule. By the
assistance of DBUH™, generated in the previous step from the deproto-
nation of the coordinated 2-propanol, chloride can be released and the
new free coordination site can be occupied by Hj in a n-coordination
fashion, resulting in the formation of the intermediate [Ru(nz—Hz)(Kg—
tpm)(PPh3)(x'0-PrO)]* (G1) and [DBUH] " CI" salt. The free energy cost
for this step was estimated as +9.2 kcal mol~!. Hy coordination to the
metal center provides the appearance of a new peak in the calculated
infrared spectrum at 3269 cm™!, associated with H-H stretching. The
calculated structures of ET, F and G* are shown in Fig. 7.

Once G was formed, two possible pathways were considered for the
heterolytic activation of the (ﬂz-Hg) ligand. In the first one, the iso-
propoxide ligand acted as a base to convey intramolecular deprotona-
tion affording the Ru-hydrido species [RuH(K3-tpm)(PPh3)
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Table 3
CO, hydrogenation in the presence of complexes 1, 4, 6 and 7 under various
conditions of catalyst concentration, temperature, pressure, time and addition of
LiOTf.™

Entry  Catalyst  Cat./Base Cat./ Temp. TON" Yield®
ratio LiOTf [°C] (%)
1 4 1/1000 - 100 910 91
2 4 1/2000 — 100 1738 87
3 4 1/2000 1/200 100 1532 76
4 4 1/5000 - 100 3427 68
5 4 1/5000 1/500 100 2920 58
6 4 1/5000 1/250 100 2818 56
7 4 1/10000 - 100 3362 33
8 6 1/1000 — 100 628 63
9 6 1/1000 — 100 741 74
10¢ 6 1/1000 1/100 100 816 81
11 7 1/1000 1/100 100 946 94
12 1 1/1000 - 100 1004 >99
13 1 1/2000 — 100 2008 >99
14 1 1/5000 - 100 4245 84
15 1 1/10000 - 100 3436 34
16 1 1/10000 1/1000 100 5857 58
17 1 1/10000 1/500 100 5654 56
18 1 1/10000 1/250 100 5965 59
19 1 1/20000 1/500 100 4729 24
20 1 1/10000 1/250 120 8796 87
21 1 1/20000 1/500 120 16,469 83
22 1 1/50000 1/1250 120 15,241 31
23° 1 1/20000 1/500 120 16,637 84
24°f 1 1/20000 1/500 120 5940 30
25° 1 1/50000 1/1250 120 20,543 42
26° 1 1/50000 1/1250 120 35,401 72
27%% 1 1/100000 1/2500 120 54,169 55

@ Reaction conditions: catalyst 1-10 umol; DBU, 10 mmol; LiOTf (where
present), 40-400 ymol; ‘PrOH, 6 mL; Hy/CO, (1:1) 60 bar total pressure; 24 h.
All experiments were repeated at least twice to check for reproducibility,
average error ca. 6 %.

b TON = (mmol formate)/(mmol catalyst);

¢ Yield = [(mmol formate)/(mmol DBU)] x 100. The amount of formate was
calculated from the integration of the corresponding 'H NMR signal in D,O
against an internal standard (DMF).

4 48 h,

€ 80 bar.

f1h

8 96 h.

M TON ™ Yield [%]
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(KIO-iPrOH)]Jr (H1). A transition State TSG+,/m4+ Was computationally
detected with a free energy barrier of 7.3 kcal mol™L. In TSG+/m+, the
O—H distance is largely shortened, up to 1.42 A, compared to the
starting value of 2.74 A, while the H-H distance is 0.15 A longer
compared to the value in G*. The nature of the transition state was
confirmed by the detection of a single imaginary frequency at —1278
em™!, associated with the shortening of the O—H distance and the
weakening of the H-H bond. After TSg./u+, the system evolves toward
H, with a large free energy gain of —25.1 kcal mol™!. The total free
energy for the conversion of Gt to HT was estimated as —17.8 kcal
mol . In the second pathway, intermolecular deprotonation of the co-
ordinated H, in G™ by external DBU was considered as an alternative, to
give a putative [RuH(KS-tpm)(PPh3)(K10-iPI‘O)] complex. This reaction
would be associated with a free energy gain of only —7.8 kcal mol 2, less
favorable compared to intramolecular deprotonation (—17.8 kcal
mol™1). The intermolecular pathway is associated with an estimated
energy barrier of ca. 5 kcal mol~?, that is comparable to the value ob-
tained for the intramolecular process. Based on these findings, the for-
mation of H" by intramolecular dihydrogen ligand deprotonation
should be preferred. The optimized structures of transition state TSg.,
H4, and intermediate HT are shown in Fig. 8.

The newly formed hydride ligand in HT is then aptly positioned for
an outer-sphere interaction with incoming CO5 to give at first the adduct
I, featuring a bent CO, molecule with the 01-C1-O2 angle reduced by
46° than in the free molecule. CO; activation allows a strong elongation
of the pristine Ru-H bond (1.82 Avs.1.58 AinTT and H™, respectively)
and a quasi-formed H-C1 bond at 1.20 A. This CO, activation causes the
appearance of a calculated IR peak at 1789 cm™! assigned to the C-O
stretching, suggesting an efficient charge transfer from the hydride to
the terminal CO, oxygen atoms. The formation of adduct I* starting
from separated H* and CO, was estimated to be endergonic by 13.1 kcal
mol L. Interestingly, the presence of a hydrogen bond between the 2-
propanol proton and the O2 atom of CO, in I was observed, with a
distance of 1.67 A, similar to what proposed by Lau and co-workers for
CO4 hydrogenation using in the presence of [TpRuH(PPh3)(CH3CN)] as
a catalyst [26]. The intermediate I releases HCOOH in the presence of
the external base (DBU), to give the formate end product. This reaction
serves as the thermodynamic driving force for CO, hydrogenation re-
actions in the presence of a base. Relaxed scan from I'" along the C-H and
O-H reaction coordinate for the formation of formic acid provides an
estimation of the energy barrier of 8.2 kcal mol! leading to the tran-
sition state TSy /5. This state then evolves into the pentacoordinated
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Fig. 5. Selected data for CO, hydrogenation in the presence of 1 at different catalyst/base ratios under various conditions. Reaction conditions: see Table 3 footnote.
Entry numbers in red belong to runs with added LiOTf co-catalyst. TON and yield bar scales are independent for better clarity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Scheme 2. Proposed pathway for pre-activation of 1 and 4 in the presence of iPrOH and DBU.
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Fig. 6. Optimized structures of complex A" and intermediates B* and C*. Hydrogen atoms were omitted for clarity except for the OH proton of coordinated 2-prop-
anol in C™.

E+

Fig. 7. Optimized structures of intermediates E, F and G*. Hydrogen atoms were omitted for clarity except for the OH proton of coordinated 2-propanol in E™.

Fig. 8. Optimized structures of transition state TSg. /x4 and intermediate H'. Hydrogen atoms were omitted for clarity except for the H, ligand and the OH proton
of coordinated 2-propanol.

species [Ru(1<3-tpm)(PPhg)(KlO-iPrO)]Jr (J7). The formation of J* mol’l, allowing the catalytic cycle to restart. The overall free energy for

together with the ionic pair [DBUHT][HCOO™] was associated with an the entire process was calculated as —1.7 kcal mol’l, well within reach

overall free energy cost of only +2.3 kcal mol~!. The optimized struc- under experimental conditions. The free energy pathway from A™ to IT

tures of the transition state TSy /54 and the intermediates I'* and J* are is shown in Fig. S72. Based on the combination of experimental data and

shown in Fig. 9. DFT calculations, the proposed simplified catalytic cycle, following the
Finally, the coordination of another Hy molecule to J* restores the initial pre-catalyst activation step, is shown in Scheme 3.

intermediate G with a quasi-null free energy cost of only +0.7 kcal

12
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Fig. 9. Optimized structures of the transition state TSy /54 and the intermediates I and J*. Hydrogen atoms were omitted for clarity except for the H, ligand and

the OH proton of coordinated 2-propanol.
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Scheme 3. Proposed simplified catalytic cycle for CO, hydrogenation to
formate starting from pre-catalyst A™.

3. Conclusions

In conclusion, octahedral ruthenium(II) complexes bearing tris(pyr-
azolyl)methane as x>-capping ligand, with varying combinations of the
three remaining ligands in the coordination sphere of the metal, were
successfully tested for the first time as well-defined homogeneous cat-
alysts for CO3 hydrogenation to formate, in the presence of a base and a
Li salt co-catalyst. Among the tested catalysts, complex [RuCl(KB—tpm)
(PPh3)(MeCN)]CI (1) gave the highest activity, reaching TON >54,000
in single batch runs, at a catalyst loading of 0.001 mol% relative to the
base and in the presence of LiOTf as co-catalyst. Mechanistic studies
highlighted the role of the solvent (iPrOH) and the base (DBU) in crucial
steps of pre-catalyst activation and in the catalytic cycle. About the ef-
fect of lithium salt, in the absence of more conclusive experimental

13

evidence, it is plausible that, together with a possible role in the catalytic
mechanism as previously described for other systems [10g],[35],[36], it
may also work in the pre-catalyst activation step as chloride scavenger.
The role of alkali metal salts as halide scavengers for Ru(Il) coordination
compounds has been widely reported in the literature [37]. Finally,
proof-of-concept experiments showed that the catalyst solution obtained
from 1 can be efficiently recycled for consecutive runs, without minor or
no loss of activity. In summary, the present results demonstrate the
potential of tris(pyrazolyl)methane complexes in previously neglected
catalytic reactions of high current interest, and pave the way for further
studies in other CO, reduction processes, that are currently ongoing in
our laboratories.

4. Experimental section
4.1. Synthesis and characterization of Ru complexes 6, 8-10

[RuCl(x>-tpm)(PPh3)(CNC(CH)4COCH3)]Cl (6)

5 O/ 6

A solution of 4 (150 mg, 0.165 mmol) and 4-methoxyphenyl iso-
cyanide, CNC(CH)4COCH3 (23 mg, 0.17 mmol) in 10 mL of ethanol was
heated at reflux for 5 h. Hence, the volatiles were evaporated under
reduced pressure, and the solid residue was washed with diethyl ether
(25 mL) and then dried under vacuum. Yellow solid, yield 126 mg (98
%). The title compound was also prepared in comparable efficiency
using 1 instead of 4 as starting material, following a similar synthetic
protocol. Anal. caled. for C36H32CloN7OPRu: C, 55.32; H, 4.13; N, 12.54;
Cl, 9.07. Found: C, 55.16; H, 4.02; N, 12.36; Cl, 9.18. IR (solid state): 0/
em! = 3092 w, 2133s (ClN), 1603w, 1505s, 1481 w, 1487 m, 1435 m,
1406 m, 1251 s, 1221 w, 1185w, 1166 w, 1086 s, 1048 m, 1022 w, 990
w, 983 w, 896 w, 834 s, 791 s, 762 s, 742 s, 699 s, 690 s. 'H NMR
(CDCl3): &/ppm = 12.39 (s, 1H, CSH); 8.94, 8.79, 8.65 (d-br, 3H, C'H);
8.13, 6.82, 6.14 (d-br, 3H, C*H); 7.51 (t-br, 6H, C%); 7.40 (t, 3H, *Jyy =
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7.45 Hz, C'%); 7.30 (t-br, 6H, >Juy = 7.88 Hz, C%); 7.10 (d, 2H, 3Jyy =
8.40 Hz, C*); 6.85 (d, 2H, 3Juy = 8.43 Hz, C%); 6.39, 6.11, 5.94 (t-br, 3H,
CPH); 3.82 (s, 2H, C®H). 3c{'H} NMR (CDCls): 5/ppm = 159.4 (C>);
147.4, 145.9, 145.0 (C%); 135.9, 134.5, 133.4 (C"); 134.2 (d, 2Jcp = 9.6
Hz, C®); 132.4 (d, Jep = 45.4 Hz, C7); 130.4 (C'%); 128.5 (d, 3Jep = 9.6
Hz, C%); 127.4 (C*; 122.4 (C?); 114.7 (C%); 108.3, 108.1, 108.0 (C%);
74.2 (C%); 55.7 (C5). 3'P{'H} NMR (CDCl3): 5/ppm = 47.6. Labeling
refers to carbon atoms as in the molecular drawing shown above.
[Ru(x®N-tpm) (x®>N-NH,CH,CH,NH,)(PPh3)] [NOs] (8)

Ru

7 ¢ NH

5 HN_ 2
6 4 3

8 7

A mixture of 4 (100 mg, 0.11 mmol), ethylenediamine (7.35 mL,
0.11 mmol) and AgNOs3 (37 mg, 0.22 mmol) in ethanol (7 mL) was
refluxed overnight. After cooling to room temperature, the final mixture
was filtered through celite, and the solvent evaporated under reduced
pressure. The crude product was redissolved in the minimum volume of
dichloromethane, and this solution was filtered on celite. The volatiles
were then evaporated under reduced pressure. The obtained powder was
dispersed in THF (ca. 10 mL) and left stirring for 1 h. The final mixture
was filtered, and the solid isolated was washed with diethyl ether (2 x
10 mL) and then dried under vacuum. White solid, yield 80 mg (96 %).
Anal. calcd. for C3gH4oN719006PRu: C, 46.75; H, 5.49; N, 18.17. Found: C,
46.63; H, 5.42; N, 18.06. IR (solid state): U/cm™ ! = 3670 w, 3329 w,
3298 w, 3277 w, 3241 w, 3155 w, 3113 w, 2984 m, 2972 m, 2902 m,
1613 m (8nn), 1518 w, 1479 w, 1434 m, 1360 s (Uno3), 1317 s, 1288 m,
1253 m, 1233 m, 1187 m, 1152w, 1089 s, 1058 s, 890 w, 855 m, 827 m,
791 m, 751 5,741 5,699 s, 610 m, 606 m, 530 s, 506 s, 459 m. 'H NMR
(CD30D): 8/ppm = 9.80 (s, 1H, C°H); 8.52 (d, 1H, 3Jyy = 2.7 Hz, CH);
8.50 (d, 2H, 3Juy = 3.0 Hz, C'H); 8.32 (d, 1H, Jyuy = 2.3 Hz, C*H); 7.52
(m, 3H, C®H); 7.48 (m, 6H, C°H or C’H); 7.06 (d, 2H, >Jyy = 2.3 Hz,
C"H); 7.02 (m, 6H, C°H or C’H); 6.72 (t-br, 1H, CPH); 6.35 (t, 2H, Juy =
2.9 Hz, C’H); 4.50 (m, 2H, N'H + N*H); 3.73 (m, 2H, N'H + N*H); 2.87
(m, 2H, C°H + C°H); 2.55 (m, 2H, C?H + C3H). °C NMR (CDsOD):
8/ppm = 158.0 (2C%); 155.8 (C); 145.4 (2CY); 144.4 (CY¥); 141.9 (d, 2Jcp
= 9.5 Hz, C%); 140.3 (d, LJcp = 40.6 Hz, C*); 140.0 (C”); 138.9 (d, *Jcp =
9.3 Hz, C%); 118.2 (2C%); 117.5 (C%); 84.9 (C%); 54.18 (C% + C2). 3IP{'H}
NMR (CD30D): §/ppm = 55.1. 1H NMR (D20): 6 ppm = 9.47 (s, 1H,
C®H); 8.39 (d, 3H, 3Jyn = 2.9 Hz, C'H); 8.18 (d, 1H, 3Juyy = 2.3 Hz, C°H);
7.57 (t, 3H, 3Juy = 7.4 Hz, C®H); 7.46 (t, 6H, 3Juy = 7.4 Hz, C°H or C"H);
7.07 (d, 2H, 3Juy = 2.2 Hz, C°H); 7.04 (m, 6H, C°H or C’H); 6.64 (t-br,
1H, CPH); 6.27 (t, 2H, 3Juy = 2.9 Hz, CPH); 4.23 (m, 2H, N'H + N*H);
3.66 (m, 2H, N'H + N*H); 2.91 (m, 2H, C?H + C3H); 2.60 (m, 2H, CH +
c3m). 3'p{'H} NMR (D20): 8/ppm = 56.0. Labeling refers to carbon
atoms as in the molecular drawing shown above. Crystals suitable for X-
ray diffraction were collected by slow evaporation of the solvent from a
methanol solution of 8.

14

Journal of Catalysis 450 (2025) 116231

[Ru(x>N-tpm)(x2N-CsH4NCH,NH)(PPh3)] [NOsl5 (9)

H [NOs3]
g _I 3lo
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A mixture of 4 (100 mg, 0.11 mmol), 2-picolylamine (10.8 mL, 0.11
mmol) and AgNO3 (37 mg, 0.22 mmol) in ethanol (7 mL) was refluxed
for 6 h. The subsequent workup was performed following the procedure
described for complex 8. White solid, yield 84 mg (94 %). Anal. calcd.
for C34H33N1906¢PRu: C, 50.43; H, 4.11; N, 17.30. Found: C, 50.39; H,
4.01; N, 17.28. IR (solid state): U/cm™! = 3664 w, 3417 w, 3283 w, 3244
w, 3146 w, 3183 w, 2988 w, 2902 w, 1598 m (5nn), 1516 w, 1481 w,
1450 m, 1434 m, 1377 s (Unos), 1344 s (Uno3), 1277 s, 1252 m, 1246 m,
1229 m, 1182w, 1152 w, 1091 m, 1085 m, 857 m, 827 m, 781 s, 765 s,
752's, 694 s, 614 m, 609 m, 529 s, 503 m. 'H NMR (CDCl3): 8/ppm =
11.20 (s, 1H, C®H); 8.77, 8.54, 8.50 (d, 3H, 3Jun = 2.9 Hz, C'H); 7.88 (d,
1H, 3Jyy = 5.7 Hz, C'H); 7.78 (t-br, 1H, 3Jyy = 7.7 Hz, C°H); 7.44 (t-br,
3H, 3Juy = 7.3 Hz, C1°H); 7.39 (d, 1H, 3Jyu = 8.5 Hz, C*H); 7.27 (m, 6H,
CBH); 7.40, 7.34, 6.59 (d, 3H, 3Juy = 2.0 Hz, C*H); 7.16 (t-br, 1H, 3Juy
= 6.5 Hz, C?H); 6.67 (m, 6H, C°H); 6.31, 6.25, 6.16 (t, 3H, >Juy = 2.3
Hz, CPH); 4.94-4.79 (m, 2H, NH,); 4.48 (dd, 1H, 2Jyy = 16.4 Hz, 3Jyy =
5.1 Hz, C°H); 3.17 (m, 1H, C°H). 3'P{'H} NMR (CDCls): 5/ppm = 52.8.
'H NMR (CD30D): 8/ppm = 8.60, 8.56, 8.51 (dd, 3H, 3Juy = 2.9 Hz,
4Jun = 0.7 Hz, C'H); 8.06 (d-br, 1H, 3Jgy = 5.8 Hz, C'H); 7.96 (td, 1H,
3Juu = 7.7 Hz, *Juu = 1.5 Hz, C3H); 7.51 (m, 4H, C'°H + C*H); 7.34 (m,
7H, C®H + C?H); 7.48, 7.10, 6.88 (d, 3H, >Jyy = 2.3 Hz, C*H); 6.77 (t-br,
6H, 3Juy = 8.9 Hz, C°H); 6.54, 6.46, 6.42 (t, >Juy = 2.9 Hz, 3H, CPH);
4.27 (d, 1H, %Juu = 16.53 Hz, C°H); 3.33 (d, 1H, 2Juyy = 16.50 Hz, C°H);
NH, not observed. 1*C NMR (CD3sOD): 5/ppm = 163.7 (C%); 152.0 (C1);
149.6, 148.1, 143.3 (C%); 137.9 (C%); 135.7, 135.5, 134.6 (C");132.7 (d,
2Jep = 9.7 Hz, C®); 130.9 (d, Wep = 42.8 Hz, C7); 130.8 (d, “Jop = 2.2 Hz,
C19);129.1 (d, 3Jcp = 9.4 Hz, C°); 125.1 (C%); 122.1 (C*H); 109.2, 108.9,
108.8 (CPH); 51.1 (C%). 3'P{'H} NMR (CD30D): §/ppm = 52.0. 'H NMR
(D;0): 8/ppm = 8.41, 8.40, 8.33 (d, 3H, 3Jyy = 2.9 Hz, C'H); 8.06 (d-br,
1H, 3Jyy = 5.7 Hz, C'H); 7.87 (td, 1H, 3Jyu = 7.7 Hz, “Jyy = 1.4 Hz,
C°H); 7.49 (t, 3H, 3Jun = 7.4 Hz, C'°H); 7.43 (d, 1H, 3Jyy = 7.9 Hz,
C*H); 7.34, 6.95, 6.95 (d, 3H, 3Juy = 2.3 Hz, C*H); 7.30 (t, 6H, 3Jyy =
7.6 Hz, C®H); 7.24 (t, 1H, 3Juy = 6.6 Hz, C?H); 6.81 (t-br, 6H, C°H);
6.41,6.32, 6.31 (t, 3H, 3Juu = 2.6 Hz, CPH); 4.27 (d, 1H, 2Jyy = 16.7 Hz,
CPH); 3.33 (dd, 1H, %Jyy = 16.7 Hz, 3Juy = 6.0 Hz, C°H); NH; not
observed. 3'P{'H} NMR (D20): 8/ppm = 52.7. Labeling refers to carbon
atoms. Crystals suitable for X-ray diffraction were collected by slow
diffusion of diethyl ether into a solution of 9 in dichloromethane/
methanol mixture (approximately 1:1 v/v). Labeling refers to carbon
atoms to carbon atoms as in the molecular drawing shown above.

[Ru(x®N-tpm)(x2N-1,10-phenanthroline)(PPhs)] [NOs], (10)
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A mixture of 4 (100 mg, 0,11 mmol), phenanthroline (19.8 mg, 0.11
mmol) and AgNO;3 (37 mg, 0.22 mmol) in 5 mL of ethanol was heated at
reflux for 6 h. The subsequent workup was performed following the
procedure described for complex 8. Orange solid, yield 79 mg (82 %).
Anal. calcd. for C490H33N19006¢PRu: C, 54.48; H, 3.77; N, 15.88. Found: C,
54.42; H, 3.52; N, 15.91. IR (solid state): U/cm™* = 3119 w, 3052 w,
2984 w, 2975 w, 2899 w, 1512 w, 1481 w, 1425 m, 1411 m, 1357 s
(Ono3), 1356 s (Uno3), 1285 m, 1273 m, 1241 m, 1227 m, 1107 w, 1090
m, 1075w, 1057 m, 853 m, 842 m, 829 w, 791 m, 776 m, 757 m, 744 m,
721 s, 692 s, 607 m, 525 s, 504 s, 459 m. H NMR (CD30D): &/ppm =
8.84 (dd, 2H, *Jyuy = 5.3 Hz, “Jun = 1.2 Hz, C'H); 8.76 (m, 2H, *Juy =
3.0 Hz, C'H); 8.72 (dd, 2H, *Jyp = 8.2 Hz, “Jun = 1.2 Hz, C*H); 8.49 (d,
1H, 3Juy = 2.9 Hz, C'H); 8.17 (s, 2H, C°H); 7.92 (dd, 2H, 3Juu = 8.2 Hz,
3 Jun = 5.2 Hz, C2H); 7.48 (d, 2H, 3Juy = 2.3 Hz, C°H); 7.37 (t, 3H, *Jun
= 7.4 Hz, C'°H); 7.12 (t, 6H, 3Juy = 7.8 Hz, C®H); 6.65 (dd, 2H, 3Juy =
3.0 Hz, Juy = 2.3 Hz, CPH); 6.29 (m, 8H, C°H + C°H + CPH); H; not
observed. 13C NMR (CD30D): &/ppm = 153.8 (C1); 149.1, 143.1 (C%);
148.3 (C%); 137.3 (C®); 136.1, 134.5 (C); 132.6 (d, Jcp = 9.6 Hz, C%);
130.7 (C*; 130.6 (C7); 128.6 (d, 2Jcp = 9.4 Hz, C); 127.9 (d, YJep =
43.4 Hz, C"); 127.7 (C®); 125.9 (C?); 109.4 (2¢P); 108.8 (CP); C° not
observed. 3'P{*H} NMR (CD3OD): 5/ppm = 47.1. 'H NMR (D,0): 5/ppm
=8.75 (d, 2H, 3Juy = 5.3 Hz, C'H); 8.61 (dd, 2H, *Juy = 8.3 Hz, “Juy =
1.2 Hz, C°H); 8.56 (d, 2H, >Jyn = 3.0 Hz, C'H); 8.29 (d, 1H, 3Jup = 2.8
Hz, C'H); 8.09 (s, 2H, C°H); 7.77 (dd, 2H, *Juy = 8.2 Hz, %Juy = 5.2 Hz,
C?H); 7.45 (d, 2H, 3Juy = 2.3 Hz, C"H); 7.33 (t, 3H, *Juy = 7.1 Hz,
C'°H); 7.06 (t, 6H, 3Jyy = 7.7 Hz, C®H); 6.51 (t, 2H, 3Jun = 2.6 Hz, CPH);
6.30 (t, 6H, Juy = 2.3 Hz, C’H); 6.29 (m, 8H, C®H + C*H + C"H); 6.16
(m, 1H, C*H); 6.14 (m, 1H, CPH); C°H not observed. *'P{'H} NMR (D,0):
8/ppm = 47.6. Labeling refers to carbon atoms as in the molecular
drawing shown above.
General Procedure for Carbon Dioxide Catalytic Hydrogenation.
In a typical experiment, the catalytic mixture containing solvent, cata-
lyst, base and additive (if any) was prepared in a Schlenk tube under
nitrogen and subsequently injected into a 40 mL magnetically stirred
teflon-lined stainless steel autoclave built at CNR-ICCOM, kept under a
nitrogen atmosphere. Then, the autoclave was pressurized with a Hy/
CO4 gas mixture at the desired pressure, placed into an oil bath pre-
heated to the desired temperature and left stirring at 500 rpm for the
set reaction time. After the run, the autoclave was cooled to < 10 °C
using an ice bath, the pressure was gently released and the reaction
mixture was transferred into a round bottom flask. The autoclave beaker
was thoroughly rinsed with HoO and the washings added to the rest of
the mixture. The volume of the mixture was then gently reduced using a
rotary evaporator at room temperature until a homogeneous mixture
was obtained. DMF (300 pL) was added to the mixture as internal
standard and the formate content was determined by integration of the
corresponding 'H NMR signal vs. DMF. D20 (ca. 0.7 mL) was added as
deuterated solvent. All tests were repeated at least twice to check for
reproducibility (average error ca. 6 %).
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