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Liquid-phase hydrogenation of carbon monoxide
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A simple and recyclable homogeneous catalytic system for the hydrogenation of carbon monoxide to
methanol was established. The reaction is catalyzed by a molecular manganese complex using a high-
boiling alcohol as the solvent for catalyst immobilization. The CO hydrogenation is assisted by the
product itself and the solvent through the formation of a methyl or dodecyl formate ester intermediate
mediated by catalytic amounts of NaOMe as the base. This allows the catalytic formation of methanol in
alcohols combined with facile product separation and catalyst recycling via distillation. Initial turnover fre-
quencies (TOF) of 2250 h™* were reached under optimized conditions in 1-dodecanol/methanol as the
reaction medium (T = 160 °C, p(H,/CO) = 80/10 bar). The performance was stabilized in batch-wise re-
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cycling over 6 runs achieving a total turnover number (TTON) of >12 000 corresponding to an enhance-
ment of more than five times compared to single batch operation under identical conditions. Minimal
leaching of the components of the organometallic catalyst was observed during distillative product separ-
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Introduction

Methanol is of central importance for the future “defossilized”
chemical supply chain.»* Already today methanol is one of the
largest volume basic chemicals and an important C1 building
block for numerous organic transformations such as the pro-
duction of formaldehyde or acetic acid.>” In addition, H;COH
can be viewed as “liquid” synthesis gas providing H,/CO (2: 1)
upon catalytic dehydrogenation as high energy and valuable
industrial building blocks.® Methanol to olefins (MTO) or
gasoline (MTG) and related technologies enable the pro-
duction of aliphatic and aromatic hydrocarbons as a sustain-
able substitute for fossil resources when employing “green”
methanol.”® Methanol itself holds great potential as a substi-
tute fuel in hard-to-electrify sectors such as heavy-duty trans-
portation and the shipping industry.>'® Additionally, its pro-
perties (12.6 wt% hydrogen, liquid at room temperature) make

“Max Planck Institute for Chemical Energy Conversion, Stiftstrafie 34-36, 45470
Miilheim an der Ruhr, Germany. E-mail: andreas-j.vorholt@cec.mpg.de,

walter. leitner@cec.mpg.de

bInstitute for Technical and Macromolecular Chemistry, RWTH Aachen University,
Worringerweg 2, 52074 Aachen, Germany

TElectronic supplementary information (ESI) available: Additional graphics,
detailed experimental procedures and analytical data. See DOI: https://doi.org/
10.1039/d4gc01050g

This journal is © The Royal Society of Chemistry 2024

ation and catalyst activity could be fully restored by re-addition of the base NaOMe.

methanol a promising candidate for a key pivot point in a
hydrogen economy.'"*?

While the heterogeneously catalysed gas phase process
from syngas to methanol operating at high temperatures
(>200 °C) is well-established.”®™> Typically, the gas mixture
contains certain amounts of CO, which is the more active C1
compound over standard catalysts involving water-gas-shift
equilibria as part of the reaction network. In contrast, the use
of organometallic complexes in homogeneous catalysis for the
transformation of H,/CO to methanol is far less explored.
Possible lower reaction temperatures and operation in liquid
phase can be expected to result in higher one-through conver-
sions of CO due to favourable thermodynamics, making such
systems particularly attractive for the integration with decen-
tralized renewable carbon and energy supply. The direct
hydrogenation of CO has been proven challenging, however,
requiring harsh conditions even for only small turnover
numbers.'®?* This is mainly due to the high binding
affinity of CO with organometallic complexes and the high
endothermicity of its migratory insertion into metal-hydride
bonds.>**® The groups of Prakash®” and Beller*® aimed to
evade this limitation via the use of amines as co-reagents to
form formamides as reactive intermediates. While marking
a major advance in the productivity of CO hydrogenation
under mild conditions, these systems suffer from incom-
plete formamide conversion and trace amounts of
N-methylated side-product formation.
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In this context, our group developed a homogeneous cata-
lytic approach for the alcohol-assisted hydrogenation of CO to
methanol.>® The CO is activated as formate esters in situ in the
presence of the alcohol co-reagent using a catalytic amount of
NaO‘Bu as the base. The formate group is then hydrogenated in
two consecutive steps to methanol liberating the alcohol to act as
a co-reagent again (Scheme 1), which is based on the seminal
work by Milstein,**?" Sanford**** and others.**”® In particular, it
was demonstrated that the reaction can also be performed with
the product itself, methanol, as the alcohol component, opening
the possibility for catalytic “breeding” of methanol from H,/CO.
Using a manganese pincer-complex comprising the MACHO-type
ligand as catalyst (Mn-1), a TON of 4023 and a turnover frequency
(TOF) of 857 h™" with a methanol selectivity >99% was reached at
150 °C and 55 bar with ethanol as the alcohol component.
During the preparation of the present article, the Beller group
reported the utilization of a novel PNP ligand design (Mn-2)
increasing the TOF to >1600 h™" (Fig. 1).*°

Based on these recent developments in Mn-catalysed
liquid phase CO hydrogenation, a first attempt to demon-
strate the homogeneously catalyzed methanol synthesis in
combination with syngas production at a pilot facility was
recently implemented.?” A major challenge for homogeneous
catalysis is, however, the inherent challenge to separate and
recycle the organometallic active species from the product.
In the present study, we therefore aimed to develop an opti-
mized catalytic system integrating the alcohol-assisted CO
hydrogenation with facile product separation for the syn-
thesis of methanol and recycling of the organometallic
catalyst.
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Results and discussion

Due to the low boiling point of methanol and the high selectivity
of the reaction, we decided on a recycling strategy via distillation.
For an initial screening of possible high boiling solvents allowing
for separation of catalytically produced methanol, we used the
defined molecular complex Mn-MACHO-'Pr (Mn-1) as pre-catalyst
which is air-stable in its solid form. NaO'Bu was used as a base
to activate the precatalyst and the CO in the presence of pre-
charged methanol via methyl formate as the intermediate
(Scheme 1). With the solvent screening, we aim to increase the
boiling point (BP) difference between solvent and product, to
avoid azeotrope formation as in the reported toluene system,”
and to ideally use green solvents.*®

For this screening 5 pmol of Mn-1 with 10 eq. of NaO'Bu
was employed in 1.5 ml of a mixture of the solvent with metha-
nol at a temperature of 150 °C and a pressure of 10 bar of CO
and 50 bar of H, for 4 h. The previously used solvent toluene
as the reference system gave high TONs, as expected, but
product isolation was not possible due to azeotrope formation
(Table 1 entry 1). Product inhibition effects were found to
impede the utilization of methanol itself as the solvent (TON
of 64, entry 2). This most likely reflects that the heterolytic
hydrogen cleavage to form the catalytically active complex (4)
competes with the methanolate complex (3) (Scheme 1).*°

Polar high boiling (>200 °C) solvents like N-Methyl-2-pyrro-
lidon (NMP) or y-valerolacton showed no activity (ESI,
Table S1, entries 1 and 2}). We then turned our attention to
long-chain alcohols as they can also act as CO activators in the
presence of base and fulfils all desired criteria. Indeed, prom-
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Fig. 1 Development of the alcohol-assisted carbon monoxide hydrogenation with molecular pincer catalysts.
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Table 1 Hydrogenation of carbon monoxide with Mn-1 in various solvent mixtures. The reaction mixture was analyzed by 1H-NMR

MeOH n (Methyl formate) n (Dodecyl formate) n (MeOH) S to MeOH TON
Entry Solvent wt% (%) (mmol) (mmol) (mmol) (%) (MeOH)
1 Toluene® 33 0.23 — 7.28 97 1289
2 Methanol 100 0.99 — 0.37 27 64
3 1-Dodecanol 50 0.63 0.09 2.87 80 567
4 1-Dodecanol 33 0.31 0.06 4.73 93 869
5 1-Dodecanol 25 0.21 0.06 6.48 96 1189
6 1-Octanol 33 0.34 0.11° 4.51 91 827

Conditions: CO (10 bar), H, (50 bar), Mn-1 (5 pmol), NaO‘Bu (50 pmol), solvent + methanol (1.5 mL), 150 °C, 4 h, 20 mL autoclave. Selectivities
calculated as molar fraction of total products detected (methanol, methyl and dodecyl formate). “ Azeotrope formation with methanol. ? Octyl

formate.

ising TONs for methanol formation were observed with
formate esters of methanol and the solvents as the only detect-
able side-products (entries 3—-6). The performance in terms of
TONSs in these solvents could be further enhanced by decreas-
ing the initial methanol content in the solvent mixture. With
1-dodecanol (BP 259 °C) containing initially 25% MeOH a TON
of 1189 was finally reached, which is comparable to the bench-
mark system in toluene (entries 1 and 5). While similar pro-
ductivity was reached in 1-octanol (entry 6), its lower boiling
point (BP 195 °C) makes it less promising for separation and
product isolation. NMR spectra and GC-MS analysis of the
solution after the catalytic reaction confirmed that the reaction
system does not form any side-products and only consists of
the initially charged components when long-chain alcohols
are used as the solvent.

With a solvent system combining high productivity and
potential for recycling in hand (25% methanol in 1-dodecanol)

we aimed to understand the influence of different reaction
parameters to increase the TON values of the system. Variation
of the phosphine substituents at the MACHO ligand of catalyst
Mn-1 (Fig. 1) showed slightly decreased reactivity for the cyclo-
hexyl (TON 1034) and no reactivity for the tert-butyl derivative
(ESIL, Table S1, entries 3 and 47). Presumably, the increased
steric demand compared to Mn-1 is impeding hydride transfer
to the formate ester intermediate and thus reducing catalytic
activity. We significantly simplified the system by exchanging
the previously used base NaO‘Bu with NaOMe, as the corres-
ponding base of the product, which both show similar per-
formance. A minimum base amount of 10 eq. relative to the
Mn-1 was found necessary to achieve reactivity under these
conditions (Table 2, entries 1-5). A higher base concentration
improves the reaction to a maximum TON of 3411 at a base/
Mn ratio of 75:1. Computational analysis of the mechanism
indicated the first hydrogenation of methyl formate to formal-

H B
[NTTVITP
P”| ~co
Cco
Cat. active (1 ) Cat. active

0=CH,

CO
Base

Resting state

Scheme 1 Catalytic cycle for the alcohol mediated hydrogenation of CO by Mn-1 to methanol illustrating the formate ester hydrogenation to for-
maldehyde (cycle 1) and the consecutive hydrogenation to methanol (cycle 2).2°
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Table 2 Hydrogenation of carbon monoxide with Mn-1 with different base equivalents in respect to the catalyst and various CO/H, ratios at a con-
stant total pressure of 60 bar. The reaction mixture was analyzed by *H-NMR

H,/CO Base n (Methyl formate) n (Dodecyl formate) n (MeOH) S to MeOH TON
Entry Ratio equivalents (mmol) (mmol) (mmol) (%) (MeOH)
1 5:1 10 0.25 0.10 3.33 90 1665
2 5:1 25 0.24 0.08 4.66 94 2360
3 5:1 50 0.24 0.04 5.49 95 2745
4 5:1 75 0.28 0.09 6.48 95 3411
5 5:1 100 0.29 0.10 5.30 93 2522
6 2:1 25 0.63 0.35 1.50 61 712
7 3:1 25 0.44 0.21 3.08 82 1464
8 7:1 25 0.05 0.02 5.82 99 2844
9° 8:1 25 0.07 0.03 8.06 99 3930

Conditions: CO + H, (60 bar total), Mn-1 (2 pmol), NaOMe, 25% Methanol in 1-Dodecanol (1.5 ml), 150 °C, 5 h, 20 mL autoclave. Selectivities cal-
culated as molar fraction of total products detected (methanol, methyl and dodecyl formate). “ 90 bar total pressure.

dehyde as the rate determining step.’® Thus, it can be
assumed that a higher base amount is increasing the formate
concentration which accelerates this step in the catalytic cycle.
However, very high base concentrations were found detrimen-
tal, presumably due to catalyst deactivation. Selectivity to
methanol was above 90% for all reactions and only unreacted
formate ester intermediates were detected as side-products.

Subsequently, the influence of the partial pressures of the
reactive gases was investigated (Table 2, entries 6-9). While a
higher CO partial pressure would seem beneficial for a higher
formate ester intermediate concentration, CO as a strong
binding ligand can also inhibit the hydrogenation activity of
the catalyst. When keeping the total pressure constant, a
higher H,/CO ratio above the stochiometric ratio of 2:1 leads
indeed to an increase of the TON. A further improvement was
achieved by simultaneously increasing the H, partial pressure
(H»/CO = 8:1) and the total pressure to 90 bar reaching a TON
of 3930 within 5 h.

Varying the reaction temperature (Fig. 2) confirms the
formate ester hydrogenation as the overall rate determining
transformation. While the formation of the formate esters
already takes place at lower temperatures, a minimum of
130 °C is necessary to produce methanol. A temperature of
160 °C provided the optimal balance between reaction rate and
catalyst stability. At temperatures above 160 °C deactivation of
the catalyst starts to set in as indicated by a color change from
a clear, slightly yellow solution to a cloudy brown mixture and
supported by NMR experiments (see ESIt for details). The
highest TON of 4555 was achieved after 20 h at 160 °C corres-
ponding to almost full CO conversion, derived from the theore-
tical yield calculated via the ideal gas equation (ESI,
Table S37), at 99% methanol selectivity.

A concentration/time profile under the typcial conditions
was obtained by performing the reaction in a 280 ml reactor
equipped with on-line NMR and IR analytics. In Fig. 3 the course
of the concentration of methanol and the two formate ester inter-
mediates are illustrated as monitored by the indicated NMR
signals. Both formate ester concentrations can also be followed
via IR (ESI, Fig. S3 and 4t). After pressurization, the methyl
formate ester is formed rapidly within minutes, while the

7802 | Green Chem., 2024, 26, 7799-7805
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Fig. 2 Amount of Methanol and Formate ester (total of methyl- and
dodecylformate) at various temperatures and reaction times. Conditions:
CO (10 bar), H; (50 bar), Mn-1 (2 pmol), NaOMe (50 pmol), 25% metha-
nol in 1-dodecanol (1.5 ml), T, t, 20 mL autoclave.

dodecyl formate takes around 5 h to reach its highest concen-
tration. Consequently, besides different pK, values, both alcohols
get deprotonated and form formate ester intermediates in the
course of the reaction. The rate of methanol formation is highest
in the beginning while the highest total formate concentration
(methyl and dodecyl formate) is present. The total formate ester
concentration decreases in line with the recorded pressure drop
(ESI, Fig. S51) supporting that the concentration of formate
esters depends on the partial pressure of carbon monoxide. The
methyl formate ester appears to react preferentially to methanol
being consumed completely after a reaction time of 10 h.
However, the reaction is still proceeding after this point
suggesting that the dodecyl formate ester can also act as a reac-
tive intermediate, albeit apparently at a lower rate.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Product and intermediate time profile based *H NMR measure-
ments with internal standard THF. Conditions: CO (8 bar), H, (32 bar),
Mn-1 (48 pmol), NaOMe (2.4 mmol), 25% methanol in 1-dodecanol
(25 ml), 150 °C, 280 mL reactor. § = 3.33 (s, 3 H, Hz;C-OH (methanol)),
8.02 (s, 1 H, OOCH (methyl formate)), 8.53 (m, 1 H, OOCH (dodecyl
formate)) ppm.

Consequently, two parallel pathways for the hydrogenation
of carbon monoxide exist when employing long-chain alcohols
as the solvent in this reaction (Scheme 2). While the initial
loading with methanol is beneficial for a rapid start-up of the
reaction, the process can be performed also without the need
for pre-charged methanol.

We then combined all previous optimizations to maximize the
productivity and activity of the catalytic system (Table 3). Using
the standard pre-charged 25% methanol concentration, the
activity reached a TOFy,; of 2025 h™" within the first hour and a
TON of 4909 corresponding to nearly full conversion at high
selectivity after only 4 h. Initiating the reaction with lower or even
no methanol lead to similar performance, albeit a small amount
of methanol as “starter” proves beneficial, as expected. As the CO
is consumed nearly completely under these conditions, the TON
could be increased to 7139 by increasing the CO partial pressure
to 15 bar while maintaining a H,/CO ratio of 5: 1.

Finally, we turned our attention to the recyclability of the
system. In order to produce sufficient quantities for a reprodu-
cible product separation via distillation, the system was scaled

]
“OH - very fast- > \O/E\H -- fast--------
co 2H
H3COH
Base Mn-1
BN 2 f
CyHg™ OH -~~~ fast-==> ¢ Hys oGy oslows e

Scheme 2 Parallel pathways for activation of carbon monoxide with
methanol or 1-dodecanol via their respective formate esters and the
consecutive hydrogenations to methanol.

This journal is © The Royal Society of Chemistry 2024
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Table 3 TON and TOF;,; (first hour) for the hydrogenation of carbon

monoxide with Mn-1 under optimized conditions with different metha-
nol content. The reaction mixture was analyzed by *H-NMR

TOFini
CO H, MeOH S(%)to (MeOH) TON
Entry (bar) (bar) wt% (%) MeOH (h™) (MeOH)
1 10 80 25 99 2025 4909
2 10 80 10 >99 2250 5080
3 10 80 0 99 1895 4742
4 15 75 0 >99 n. d. 7139

Conditions: CO, H,, Mn-1 (2 pmol), NaOMe (150 pmol, 75 eq.), 25%,
10% or 0% Methanol in 1-Dodecanol (1.5 ml), 160 °C, 4 h, 20 mL auto-
clave. Selectivities calculated as molar fraction of total products
detected (methanol, methyl and dodecyl formate).

up to a 300 ml autoclave. The Mn-1 concentration was kept at
1.3 x 107> M at a NaOMe/Mn ratio of 50 : 1. 70 ml of 1-dodeca-
nol was used as the solvent without pre-charged methanol to
ensure that all distilled product would come from the catalytic
reaction. An initial pressure of 120 bar at room temperature
(H,/CO = 5:1) together with a reaction temperature of 150 °C
was chosen. Due to the geometry of the reactor, the gas/liquid-
phase ratio is lower (~3.6/1) compared to the autoclave setup
(~14.5/1) thus, despite the doubled CO pressure, reducing the
maximum possible TON per run by approx. 50%. Even though
the reaction can be performed at significantly lower pressures,
the high pressure is necessary in this setup to produce
sufficient quantities of the product methanol for a reliable col-
lection and quantification. After cooling down the reactor, the
excess pressure was released. The product separation was
achieved via a vacuum distillation directly from the reactor at
70 °C with the product collected in a cooling trap. The isolated
product was analyzed by NMR and catalyst leaching was quan-
tified by X-ray fluorescence (XRF) measurements.

Methanol was detected as the only product in the distillate
after the first run (ESI, Fig. S71). The amount of methanol col-
lected (201-213 mmol, ESI, Table S57) correlates well with the
amount of CO in the reactor estimated from the ideal gas law
(205 mmol, ESI, Table S31) indicating full conversion as
expected under these conditions and nearly quantitative yield
even in the simple and non-optimized set-up. The reaction was
repeated in the same reactor by simply re-pressurizing and
re-adjusting the temperature again for 4 h. Following the
batch-wise operation, the performance remained constant
for 4 consecutive runs with only small fluctuations that can
be attributed to manual handling errors at high yields
(Fig. 4). In run 5, however, the isolated methanol quantity
was significantly lower reflecting lower conversion as also
indicated by a reduced pressure drop (ESI, Table S5%).
However, the addition of another batch of NaOMe between
run 5 and 6 restored the catalytic performance back to pre-
vious levels. This base deactivation can possibly be attribu-
ted to (moisture) impurities entering the catalytic system
through manual operation between runs. A continuous oper-
ation of the product separation and catalyst recycling in a
closed system will presumably suppress this deactivation

Green Chem., 2024, 26, 7799-7805 | 7803
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Fig. 4 Amount of methanol produced and theoretical yield in the cata-
lyst recycling experiment in the hydrogenation of CO. Conditions: CO
(20 bar), H, (100 bar), Mn-1 (92 pmol), NaOMe (4.65 mmol, 50 eq.),
1-dodecanol (70 ml), 150 °C, 4 h, 300 mL reactor. (a) Addition of NaOMe
(4.65 mmol) in 1-dodecanol (10 ml).

and give more insights into other possible deactivation
modes. Analyzing the contamination of the isolated metha-
nol with phosphorous and manganese confirmed a minor
loss of 1.83% of the employed ligand over the 6 recycling
runs, while manganese leaching in each run was below the
detection limit (detailed leaching per run can be found in
the ESI, Table S5f). The ligand leaching is presumably
attributed to the non-optimized distillation conditions and
can be lowered with a more controlled distillation setup.

Over the 6 runs of repetitive batch operation, a TTON of
12.138 was achieved, marking the highest reported pro-
ductivity for the homogenous carbon monoxide hydrogenation
to methanol.

Conclusion

In conclusion, we have developed a simple and recyclable
system for the alcohol-assisted homogeneously catalyzed for-
mation of methanol from carbon monoxide and hydrogen.
The use of sodium methanolate as the base in long-chain alco-
hols, in the case of 1-dodecanol, enables the activation of CO
via the formation of formate esters allowing initiation of the
catalytic hydrogenation by a manganese pincer complex such
as Mn-1. The difference in volatility of the low-boiling product
methanol and all other components of the catalytic systems
allows simple product isolation by flash distillation directly
from the reactor. Re-using the catalyst solution in a batch-wise
recycling was demonstrated for six consecutive runs yielding a
TTON of over 12 000 corresponding to a more than five times
enhancement over the TON in single batch mode under identi-
cal conditions. This defines the highest productivity for metha-

7804 | Green Chem., 2024, 26, 7799-7805
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nol formation from H,/CO in terms of turnover per metal
reported today. Notably, the demonstrated stability of the
organometallic catalyst beyond the actual series of experiments
makes this system very attractive for continuous operation as
the next phase of development.
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