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Carbon Dioxide Hydrogenation to Formate Catalyzed by a
Neutral, Coordinatively Saturated Tris-Carbonyl Mn(l)-PNP

Pincer-Type Complex

Sylwia Kostera,” Gabriele Manca,” and Luca Gonsalvi*"

CO, catalytic hydrogenation to formate was achieved (TON,,.,=
ca. 3800) in the presence of the neutral, halide-free, coordina-
tively saturated tris(carbonyl) manganese pincer-type complex
[Mn(PNP)(CO);], bearing a diarylamido pincer-type PNP ligand,
using DBU as base and LiOTf as Lewis acid additive, under mild

Introduction

The growth in concentration of carbon dioxide (CO,) in the
atmosphere has reached alarming levels." Scientists worldwide
are developing technologies to reduce CO, emissions, for
example using Carbon Capture, Utilization and Storage (CCUS)
methods. Chemists have used CO, for many years as an
abundant source for C-1 syntheses, using catalytic processes to
overcome the thermodynamic stability of this inert molecule, to
obtain value-added products such as formic acid (HCO,H),
formaldehyde (HCHO), methanol (CH;OH), dimethyl ether
(CH;0CH;), methane (CH,) or higher hydrocarbons through
reduction methods.” Formic acid, the simplest product derived
from the 2-electrons CO, reduction or direct hydrogenation,®
currently has a large market for applications, which justifies
more investigation for its sustainable synthesis from CO,.

The homogeneous hydrogenation of CO, to formic acid
and/or formate salts in the presence of noble and non-noble
transition metal complexes is nowadays a mature science,”*”
and the use of cheap earth-abundant transition metal com-
plexes is rapidly growing in interest. Manganese, the third most
abundant metal in the Earth’s crust, has recently been used in
homogeneous catalytic processes such as hydrogenation,
dehydrogenation, and hydroelementation reactions with vari-
ous substrates.” Interestingly, only few manganese catalysts
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reaction conditions (60 bar, 80 °C). DFT calculations suggest that
the precatalyst activation key step occurs by intermolecular,
base assisted dihydrogen heterolytic splitting rather than by
the expected ligand-assisted intramolecular MLC-type mecha-
nism.

have been reported to date for CO, hydrogenation to formates
(Figure 1).

The first example of Mn(l)-catalyzed hydrogenation of CO,
to formate was reported as a result of our collaboration with
Kirchner's group in 2017.® The process was carried out in the
presence of the hydridocarbonyl complex
[MnH(PNPM-Pr)(CO),], stabilized by a PN°P pincer-type ligand,
at catalyst loadings in range of 0.1-10 umol. Quantitative yields
of formate and TONs (TON=turnover number) up to 10000
were obtained after 24 h using 1,8-diazabicycloundec-7-ene
(DBU) as base, 80 bar H,/CO, (1:1) total pressure, 80 °C. Notably,
the system was dramatically improved adding LiOTf (OTf=
CF,S0O,, triflate) as a co-catalyst, reaching TON >30000. Proton-
responsive, non-pincer type Mn(l)-bipyridyl complexes were
used by Nervi, Khusnutdinova and coworkers in the same year.
With an o0-OH substituted ligand, formate was obtained in 98 %
yield after 24 h, reaching a maximum TON of 6250 using
0.015 mol% of catalyst, CH,CN as solvent, DBU, 60 bar H,/CO,
(1:1), 65°C"" Next, Mn(l) complexes bearing pyridyl-type PNN
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Figure 1. Mn(l) complexes used as catalysts for CO, hydrogenation to
formate.
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pincer ligands were studied by Milstein and coworkers. In the
presence of a cheaper and milder base (KOH), HCO,K was
obtained in up to 23% yield with 10 mol% of catalyst, THF as
solvent, 60 bar H,/CO, (1:1), 110°C, 60 h.®! A slightly modified
system was then disclosed by Saouma and coworkers, using a
pyridyl-type PNP complex and KO'Bu as base, reaching TON=
58 after 18 h at 100°C"™ In 2022, Bernskoetter, Hazari and
coworkers demonstrated the use of a PNP-type Mn-MACHO
complex {MACHO =Bis[2-(diisopropylphosphino)ethyllmeth-
ylamine}, obtaining a rewarding TON=18300 with DBU, LiOTf,
70 bar H,/CO, (1:1), 80°C, 24 h." In the same year, Sponholz,
Junge, Beller and coworkers studied the use of PN°P-type Mn(l)
pincer complexes, with a triazole ligand core instead of
pyridine, for this process. An outstanding efficiency (92 % yield,
TON=230000) was achieved using lysine or potassium lysinate
as base, 80 bar CO,/H, (1:3), H,O/THF (1:1), 115°C."" The year
before, in a collaborative study with Kirchner and coworkers, we
explored the use of a simple textbook bis(phosphine)-Mn(l)
alkylcarbonyl complex [Mn(CH,CH,CH,)(dippe)(CO)s], in an effort
to achieve ligand simplification. The catalytic tests were run
under mild conditions [75 bar CO,/H, (1:3), 80°C], in the
presence of DBU and LiOTf. Formate was obtained in >98%
yield after 24 h, reaching a maximum TON of 1988 with 2 pmol
of catalyst in THF.'?

The literature data summarized above clearly show a
preference for pincer-type complexes in Mn-catalyzed CO,
hydrogenation. The common features of these precatalysts are
the presence of a tridentate pincer ligand, forcing meridional
coordination to the Mn center, two CO ligands and either a
bromide or hydride ligand to saturate the octahedral coordina-
tion sphere. Bromide is a good leaving group and can be easily
exchanged in situ with hydride in presence of base and hydro-
gen, to give a Mn—H active species interacting with CO, to
generate a x'-H-formato species. In pyridine- or amine-based
PNP complexes, the pincer ligands often participate in substrate
activation, via metal-ligand cooperation (MLC) mechanisms
involving either dearomatization/aromatization or protonation/
deprotonation steps.” On the other hand, in Mn(l)
bis(phosphine) catalysts,"? the ligand cannot activate a MLC
mechanism, and the active pentacoordinate species
[MnH(dippe)(CO),], that activates CO, by an inner-sphere
mechanism, was obtained by elimination of butanal under a
pressure of hydrogen. Thus, either the presence of a hydride
ligand, or the possibility to easily generate a vacant coordina-
tion site by CO elimination, seem to be required to achieve
catalytic activity with these classes of Mn(l) complexes.

Following on our interest in the fundamental aspects of this
field of research, we decided to explore the applicability of
coordinatively saturated Mn(l) pincer-type complexes bearing
three CO coligands in CO, hydrogenation and to pinpoint the
mechanistic details of the catalytic reaction. Although the use
of cationic Mn(l) tris(carbonyl) pincer-type complexes has been
demonstrated, for example in catalytic ketone hydrogenation,
to the best of our knowledge no example of use of this class of
complexes, especially neutral halide-free analogues, has been
reported so far in the literature for this kind of process. By a
perusal of the available literature, we identified complex [Mn-
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(PNP)(CO),] (1), stabilized by a diarylamido PNP-pincer ligand,
i.e. the deprotonated form of bis(2-(diisopropylphosphino)-4-
methylphenyl)amine, as a suitable candidate for investigation.
This compound belongs to a class of PNP ligands that has been
studied in particular by Ozerov and coworkers." In complex 1,
the PNP ligand is negatively charged, giving a formal Mn—N
amido bond that can in principle facilitate intramolecular
hydrogen activation via a MLC mechanism. The complex was
tested as catalyst for CO, hydrogenation under various con-
ditions of H,/CO, gas ratios and pressures, solvents, catalyst
concentrations, with or without the addition of a Lewis acid
(LiOTf, vide infra). By a combination of NMR experiments and
DFT calculations, it was possible to clarify mechanistic details
and propose a plausible catalytic mechanism. The results of this
study are hereby described.

Results and Discussion
Catalytic tests

Complex 1 was synthesized using one of the methods
described by Ozerov, Nocera and coworkers in 2009,"® namely
by reaction of neutral bis(2-(diisopropylphosphino)-4-meth-
ylphenyl)lamine with 0.5 equiv. of Mn,(CO),, in refluxing
hexamethyldisiloxane. 'H, *'P{'H} and FTIR characterization of
the product obtained as an orange powder were in agreement
with the original data. CO, hydrogenation tests (Scheme 1)
were initially carried out in the presence of 1 under the
conditions previously applied with [Mn-
(CH,CH,CH,)(dippe)(CO),], i.e. using DBU as base (1000 equiv. to
1), under H,/CO, (1:1) 60 bar total pressure, at 80°C for 24 h.!""

In the first screening of reaction parameters, the choice of
best solvent was assessed. Using dry THF as solvent and a 1/
DBU ratio of 1:1000, formate was obtained in 77% yield with
respect to DBU, with a corresponding TON=777. By changing
the solvent to a THF/H,0 mixture (10:1), no formate was
obtained at the end of the reaction. The reason of adverse
effect of added water is unclear, perhaps due to catalyst
decomposition, witnessed by a dark colored solution observed
at the end of the reaction. By using toluene, only 5% vyield in
formate was observed. In this solvent, complex 1 resulted only
partially soluble. Based on these results, dry THF was chosen as
solvent for the rest of the study.

Next, the effect of 1/DBU ratio was tested, in the absence or
presence of a Lewis acid (LA), at different ratios 1/LA (Table 1),
under the same conditions of pressure, temperature and
reaction time (60 bar total pressure, 80°C, 24 h). As explained
by Bernskoetter and Hazari in an excellent review article, the
effect of Lewis acids in reversible CO, hydrogenation is to favor

1, DBU, (LA)

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

solvent, 80 °C, 24 h

Scheme 1. CO, hydrogenation to formate in the presence of 1 and DBU,
with or without addition of a Lewis acid (LA) co-catalyst.
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Table 1. Screening of the effects of catalyst/base/additive ratios in catalytic
CO, hydrogenation with 1, with or without LiOTf co-catalyst.

Entry 1/DBU 1/LiOTf LiOTf/DBU TON® Yield® (%)
1 1/1000 - - 777 77

2 1/2000 - - 561 28

3 1/1000 1/100 1/10 1004 >99
4 1/2000 1/50 1/20 907 46

5 1/2000 1/100 1/40 1099 55

6 1/2000 1/200 1/10 1290 65

7 1/5000 1/500 1/10 2863 57
8 1/5000 1/500 1/10 2285 46
9 1/5000 1/500 1/10 2240 45
10 1/5000 1/500 1/10 3805 76
1 1/10000 1/1000 1/10 921 9

Reaction conditions: catalyst 1, 1-10 umol; DBU, 10 mmol; LiOTf=0.25-
1 mmol; THF, 5.5 mL; 60 bar total pressure H,/CO, (1:1); 80°C; 24 h. [a]
TON=(mmol formate)/ (mmol catalyst). [b] 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). [c] 80 bar total pressure H,/CO, (1:1). [d] 100°C. [e]
Reaction time: 72 h. All experiments were repeated at least twice to check
for reproducibility, average error ca. 6 %.

more accessible transition states, especially in combination with
pincer-type complexes of base metals."” In keeping with our
previously published results,®'" LIOTf was chosen as a suitable
LA to promote CO, hydrogenation to formate, using 60 bar
total pressure of a H,/CO,=1:1 gas mixture and a 1/DBU in
different ratios.

Without LiOTf, the initial test (Table 1, entry 1) was repeated
using a 1/DBU ratio of 1:2000. A decrease in activity was
observed, with a maximum TON of 561 and a yield of 28% in
formate (entry 2). In the presence of LiOTf (1 mmol, 1/LiOTf=
1:100), formate was obtained in >99% yield (TON=1004,
entry 3). The 1/LiOTf ratio was then varied in three different
runs (entries 4-6), maintaining a 1/DBU ratio of 1:2000. Under
these conditions, the best TON=1290 was obtained at 1/
LiOTf=1:200 (entry 6). By further optimization, an even higher
TON=2863 was obtained by lowering the 1/DBU ratio to
1:5000, using a 1/LiOTf ratio of 1:500 (entry 7). Slightly lower
TON values were measured using 1/DBU=1:5000, 1/LiOTf=
1:500 at higher pressure (80 bar, 60°C, TON=2240, entry 8) or
higher temperature (100°C, 60 bar, TON=2285, entry 9). At
longer reaction time (72 h, entry 10), using 1/DBU=1:5000, 1/
LiOTf=1:500, 60 bar, 80°C, it was possible to increase further
the yields up to 76%, corresponding to a maximum TON of
3805. On the other hand, lowering the 1/DBU ratio to 1:10000,
with a LIOTF/DBU ratio of 1:10, 60 bar, 80°C, 24 h, gave formate
in only 9% yield, with TON=921 (entry 11).

In previous studies,""'? it was demonstrated that an
increase of the H,/CO, ratio can be beneficial in Mn(l)-catalyzed
CO, hydrogenation. To verify whether tuning this parameter
could further improve the activity, catalytic tests using 1/DBU =
1:2000, 1/LiOTf=1:200, 80°C, were run for 24 h at H,/CO,
ratios of 2:1 (75 bar total pressure) and 9:1 (100 bar total
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pressure). Small amounts or traces of formate were observed in
both cases (Table 2, entries 2 and 3), accompanied by formation
of dark brown colored solutions at the end of the reactions,
indicative of catalyst decomposition. Thus, it was confirmed
that a 1:1 ratio of gases should be preferred for this catalytic
system (Table 2, entry 1).

Finally, in order to rule out catalytic activity due to the
metal precursor or to the free ligand, additional tests were run
(Table 3) and the results were compared with those obtained
with preformed 1. Only traces of formate were observed after
24 h, confirming that the well-defined complex 1 is required as
precatalyst for CO, hydrogenation.

Mechanistic studies

In order to establish mechanistic details on the formation of the
catalytic active species and on substrates activation leading to
formate, NMR experiments and DFT calculations were carried
out. We reasoned that activation of precatalyst 1 might occur
under catalytic conditions, either by dissociation of one CO
ligand or through ligand (reversible) hemilability, to free a
coordination site from the hexacoordinate metal center. In this
way, the resulting pentacoordinate species may favor hydrogen
splitting and form a Mn—H moiety able to interact with CO,, as
described in the literature for related Mn(l) pincer-type

Table 2. Catalytic CO, hydrogenation with 1 using different H,/CO, partial
pressure ratios.

Entry  pH,/pCO, 1/ LiOTf/ TON®  Yield®
(bar) LOTf  DBU %)

1 30/30 1/200 1/10 1290 65

2 50/25 1/200 1/10 65 1

3 90/10 1/200 1/10 16 <1

Reaction conditions: catalyst 1, 5 umol; DBU, 10 mmol; LiOTf, 1 mmol; THF,
5.5 mL; H,/CO,, 1:1, 2:1 or 9:1 ratios, partial pressures as indicated; 80 °C,
24 h. [a] TON=(mmol formate)/(mmol catalyst). [b] Yield=[(mmol for-
mate)/(mmol DBU)]x100. The amount of formate was calculated from the
integration of the corresponding 'H NMR signal in D,O against an internal
standard (DMF). All experiments were repeated at least twice to check for
reproducibility, average error ca. 6 %.

Table 3. Catalytic CO, hydrogenation with 1, metal precursor Mn,(CO),,
and free PNP ligand.

Entry  Catalyst 1/LIOTf  LIOTf/DBU  TON®  Yield® (%)
1 1 1/100 1710 1004 >99

2 Mn,(CO),o 1/100 1/10 26 1

3 PNP ligand  1/100 110 4 <1

Reaction conditions: catalyst: 10 umol; DBU, 10 mmol; LiOTf, 1 mmol; THF,
55mL; H,/CO, (1:1) pressure; 80°C, 24 h. [a] TON=(mmol formate)/
(mmol catalyst); [b] Yield=[(mmol formate)/(mmol DBU)]x100. The
amount of formate was calculated from the integration of the correspond-
ing '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 %.
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complexes.'® In their original article/'® Ozerov, Nocera and
coworkers reported that mixtures of 1 and pentacoordinate
[Mn(PNP)(CO),] (2) derived by elimination of one CO ligand
from the metal coordination sphere, could be obtained either
by refluxing 1 in mesitylene for 6 h, or by reaction of 1 with [(p-
cymene)RuCl,], in fluorobenzene at 60°C for 3 days. Complex 2
was identified by *'P{'H} NMR in C¢D,, as a singlet at 83.0 ppm
and by solution IR spectra (C¢Dg), showing two vCO bands at
1900 (s) and 1838 (s)cm ™.

In our study, the *'P{'H} NMR analysis of the reaction
mixtures at the end of the typical catalytic runs in the presence
of 1 invariably showed the presence of a single species
characterized by a broad singlet at ca. 84 ppm, due to 1. Our
attempts to synthesize 2 by reaction of 1 with Me;NO, a
common method often used in organometallic chemistry to
achieve selective decarboxylation,"” unfortunately were not
successful even under prolonged reflux conditions in various
solvents, and either unreacted 1 or extensive decomposition
were observed at the end of the reactions.

Two additional experiments were carried out to verify the
formation of the putative Mn-hydrido complex [MnH(PNP)(CO)1,
(3) by exposing 1 to a hydrogen pressure (20 bar), in the
presence and absence of base, at 25°C for 4 days. The experi-
ments were inconclusive, and the corresponding 'H NMR
spectra did not show signals at negative chemical shift values,
as expected for the formation of Mn—H bonds.

DFT calculations were then run to examine the energy
requirements and propose a possible reaction pathway for the
catalytic system. Initially, the analysis of the electronic structure
of the optimized compound 1 was carried out by using
Gaussian 16 software® at PBET1PBE-DFT level of theory®" with
the inclusion of the dispersion forces contribution. More details
on the computational method are described in the Supporting
Information. The Highest Occupied Molecular Orbital (HOMO)
was found to be delocalized over the PNP anionic ligand with
only a contribution of 28% from the nitrogen atom, as shown
in Figure 2, suggesting a weak nucleophilic character of the
amido-type ligand. For this reason, a potential involvement of
this atom in H, activation by heterolytic splitting seems unlikely.

Figure 2. Plot of the HOMO of complex 1.
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This observation is also confirmed by the failure of all the
computational efforts to obtain any interaction of an incoming
H, molecule with the nitrogen center.

Next, the mechanism of CO, hydrogenation to formate was
studied using the computational methodology mentioned
above, and the obtained reaction pathway is shown in Figure 3
and in Figure S.18 (Supporting Information). A preactivation
step involving the removal of one carbonyl ligand from 1,
generating a free coordination site from the octahedral
geometry, was at first evaluated. It was calculated that a free
energy cost of +16.4kcalmol™ is needed to obtain the
pentacoordinate complex [Mn(PNP)(CO),] (2), renamed as A as
starting point in the reaction pathway, that can be considered
as the active species in the catalytic cycle.

The availability of a free coordination site allows the
coordination of incoming H, to give complex [Mn(n>
H,)(PNP)(CO),] (B), with a free energy cost of +4.4 kcalmol™".
Such a contribution is mainly due to the disfavored entropic
term, with a slightly exothermic enthalpic contribution of
—2.7 kcalmol™". The optimized structure of B shows a symmet-
ric n’-coordination to the metal with Mn—H distance of 1.69 A
and a H-H distance elongated by ca. 0.1 A compared to the
value obtained for the free H, molecule. The coordination of H,
to the metal caused the appearance of an active infrared mode
at 3205 cm™' associated with the H—H bond stretching. In the
following step, the n*H, ligand undergoes activation by
interaction with the external base DBU, that has a much
stronger basic character than the N atom of the PNP ligand, as
discussed above. The interaction between B and DBU allows
the formation of an initial adduct C featuring a long N(DBU)-
H(H,) distance of 2.26 A with a free energy cost + 7.8 kcalmol™".
The long N-H distance does not cause any significant
elongation of the H-H bond. From C, the system evolves
through the transition state TS, featuring an n'-coordination
of the H, moiety to Mn and with the other hydrogen interacting
with the DBU nitrogen (DBU—H distance 1.47 A). The estimated
free energy barrier to reach TScp is 6.2 kcalmol™. The transition
state nature has been confirmed by the detection of a single
imaginary frequency at —550 cm™' associated with the forma-
tion of a DBU-(H*") and a Mn-(H>") bonds. Then, the reaction
evolves to give a tight ion pair D with a free energy gain of
—9.0 kcal mol™'. D exhibits an already formed Mn—H bond with
a distance of 1.6 A between the two atoms, for example shorter
than the value found in the X-ray structure of
[MNH(PN®P)(CO),], whereas the H—H separation becomes
1.4 A. The complete separation of the ion pair to obtain the
anionic hydride complex [MnH(PNP)(CO),]~ (E) was estimated to
be endergonic by +10.6 kcal mol™".

The calculated Wiberg bond indexes®? for the Mn—H bond
was 0.78, suggesting a localization of electron density that
makes E a good nucleophile for an incoming electrophile such
as CO,. The reaction of E with CO, leads then to complex F,
featuring a «x'-H coordinated formate with a greatly elongated
Mn-H distance of 1.86 A and an already formed C—H bond at
1.19 A. In (x"-H)F the incoming CO, moiety is bent by an angle
of 133°, far from the free linear geometry (180°). The formation
of (x'-H)F from E and CO, was evaluated to be exergonic by
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Figure 3. Free energy reaction pathway (kcal mol™) for CO, hydrogenation to formate in presence of DBU catalyzed by A.

—3.3 kcalmol™". A similar interaction has also been proposed for
other Mn-catalyzed CO, hydrogenation processes,” and more
recently by Lei and coworkers, in the presence of [MnH
{(Ph,PCH,SiMe,),NH}(CO),1."® Although using different compu-
tational methodology, the analysis revealed a somewhat
hindered process from the energetic (endergonic formation of
the adduct) and structural points of view (short Mn—H distance
still present in the first adduct). The slight endergonicity
associated with the formation of a x'-H coordinated formate
intermediate, starting from a Mn(l) hydride complex with similar
PNP pincer ligands, was also observed by Moni and Mondal.”*

Once F is obtained, the decoordination of the formate
ligand to give back A may occur with or without prior
isomerization from (k'-H)F to (k'-O)F. This step was described
before in other Mn-catalyzed CO, hydrogenation systems,®'3?
and is generally considered as a thermodynamic sink for the
process. In our case, starting from (k'-H)F, formate extrusion
was estimated to be slightly endergonic by -+0.87 kcalmol™.
This small contribution was also confirmed by the Wiberg
indexes analysis for the Mn—H bond in (x'-H)F, with a calculated
value of 0.22 compared to the starting value of 0.78, suggesting
the weakness of the Mn—H bonding after the interaction with
CO,. A more favorable free energy gain of —13.2 kcalmol™" was
obtained by taking into account the [DBUH]* cation, through
the formation of adduct G with an interaction between the O~
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atom of the coordinated formate and the H atom of the
protonated DBUH*, leading to a more elongated Mn-H
distance (1.97 A) and a shortened C—H distance (0.03 A). The
complete decoordination step leading to [DBUH]"[HCO,]™ salt
and A, closing the catalytic cycle, has a free energy gain of
—4.7 kcal mol ™.

The (x'-H)F to (x'-O)F isomerization step was also calcu-
lated, and in agreement with previous results, the (i'-O)F was
found to be more stable by 9.1 kcalmol™". A free energy barrier
associated to the isomerization was estimated to be
6.9 kcalmol™'. Then, the system would evolve toward the
complex («'-O)F with a free energy gain of —16 kcalmol™. In
any case, such a reaction route has been discharged in view of
the more endergonic release of the formate (10 kcalmol™)
compared to the same process from complex (k'-H)F. In
addition, the experimental observation of a positive effect of
added Li salts on TONs, that was already demonstrated to
stabilize (x'-H) vs. (x'-O) coordinated formate species in CO,
hydrogenation,®'” suggests that also in our case the (k'-H)F
species has a pivotal role in the catalytic cycle.

Based on these results, we propose the simplified catalytic
cycle shown in Scheme 2. The total free energy for the entire
reaction pathway was calculated as —1.3 kcalmol ™.
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Scheme 2. Proposed simplified catalytic cycle for CO, hydrogenation to
formate in the presence of precatalyst 1.

Conclusions

In summary, it was shown that CO, hydrogenation to formate
can be achieved in high yields and TONs=ca. 3800 in the
presence of as low as 0.02 mol% of the neutral, coordinatively
saturated tris(carbonyl) manganese pincer-type complex [Mn-
(PNP)(CO),] (1), stabilized by the deprotonated form of bis(2-
(diisopropylphosphino)-4-methylphenyl)amine (PNP), using DBU
as base and LiOTf as Lewis acid additive, under mild reaction
conditions (60 bar total pressure, 80°C, 72 h). DFT calculations
showed that a pentacoordinate active species such as [Mn-
(PNP)(CO),] (2), can be generated by thermal decarboxylation
and that this step requires 16.3 kcalmol™'. The hydrido complex
[MnH(PNP)(CO),]™ (3) is then formed by intermolecular dihydro-
gen heterolytic cleavage assisted by DBU, instead of the
expected intramolecular MLC-type mechanism involving the N
donor atom of the PNP ligand, possibly due to the higher Lewis
basicity of the DBU nitrogen atom. The highest barrier
encountered along the reaction pathway is ca. 20 kcalmol™, in
line with the experimental reaction conditions. In our opinion,
these results suggest that for CO, homogeneous hydrogenation
in the presence of pincer-type complexes, the presence of
possible non-MLC pathways should be carefully considered and
evaluated.
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Experimental Section

General Procedure for Carbon Dioxide Catalytic Hydrogenation.
In a typical experiment, the catalytic mixture containing solvent,
catalyst, base and additive (if any) was prepared in a Schlenk tube
under nitrogen and subsequently injected into a 40 mL magneti-
cally stirred teflon-lined stainless steel autoclave built at CNR-
ICCOM, kept under a nitrogen atmosphere. Then, the autoclave was
pressurized with a H,/CO, gas mixture at the desired pressure, it
was 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 H,0 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 uL) was added to the mixture as internal
standard and the formate content was determined by integration
of the corresponding 'H NMR signal vs. DMF. D,0 (ca. 0.7 mL) was
added as deuterated solvent. All tests were repeated at least twice
to check for reproducibility.

Supporting Information

General methods and materials, selected NMR spectra and DFT
calculation methods are available in the Supporting Informa-
tion. The authors have cited additional references within the
Supporting Information.2*2
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