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of Chemistry A catalytic reaction using syngas (CO/H,) as feedstock for the selective B-methylation of alcohols was
developed whereby carbon monoxide acts as a C1 source and hydrogen gas as a reducing agent. The
overall transformation occurs through an intricate network of metal-catalyzed and base-mediated
complex  [MN(CO)BrHN(C,H4PPr),ll 1 comprising earth-abundant

manganese acts as the metal component in the catalytic system enabling the generation of
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formaldehyde from syngas in a synthetically useful reaction. This new syngas conversion opens pathways
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Background and motivation

Synthesis gas (syngas), a mixture of carbon monoxide (CO) and
hydrogen (H,), is a crucial relay between the energy and the
chemical sector. While produced mainly from fossil resources
today,™” it can be obtained also from other carbon feedstocks
such as biomass,* recycled plastics,® or even carbon dioxide
(CO,) combined with renewable energy.”® Therefore, catalytic
processes for the chemical conversion of syngas are considered
central elements in future sustainable chemical value chains. In
particular, conversion of renewable-based syngas via the
Fischer-Tropsch process'®** or methanol synthesis™™ is
finding wide-spread interest due to the large product volumes.
At the same time, “de-fossilized” syngas may be envisaged also
as a Cl-building block in later-stages of the chemical value
chain.'*"” Hydroformylation, for example, uses syngas for the
production of commodities and fine chemicals.*®*°

We report here a novel catalytic process using syngas to
install methyl branches (H;C-) with high selectivity at existing
aliphatic carbon chains in the B-position of alcohol substrates
(Scheme 1). This transformation combines two distinct features
of Fischer-Tropsch chemistry (full deoxygenation of CO,
hydrocarbon product) and hydroformylation (chemo- and
regioselectivity, C1 building block). The reaction is catalysed by
a molecular complex comprising earth abundant and non-toxic
manganese as an active metal in the presence of a suitable base.
The transformation opens new pathways to introduce renew-
able carbon into molecular structures with potential
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synthesis of biologically active compounds, fine chemicals, and advanced biofuels.

applications for the synthesis of fuels, large volume products,
fine chemicals, and pharmaceuticals.

Results and discussion

Most recently, catalytic methods using methanol (CH;OH) for B-
methylation of alcohols have been reported by us**2* and
others.**® These reactions occur via an integrated “borrowing
hydrogen” reaction sequence involving metal-catalyzed re-

(a) Established chemistry using synthesis gas

Fischer-Tropsch
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(b) This work: Selective B-methylation of alcohols
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Scheme 1 (a) Established processes for the conversion of syngas (CO/
H,) to fuels and chemicals. (b) Novel catalytic reaction to use syngas as
a methyl source for the B-methylation of alcohols.
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hydrogenation and de-hydrogenation in conjunction with base-
mediated aldol-condensation/isomerization. Formaldehyde is
formed as the C1 building block in situ by de-hydrogenation of
methanol in these systems.*** Starting from syngas as the C1
source would thus require to provide sufficient concentrations
of formaldehyde to enter this sequence. Notably, examples for
catalytic generation of formaldehyde from syngas using
homogeneous catalysis are very scarce.*® Lately, however, the
groups of Prakash as well as Checinski and Beller reported the
amine assisted hydrogenation of CO to methanol using homo-
geneous transition metal catalysts based on ruthenium and
manganese, respectively.’>*?

Based on recent progress using Mn-complexes in alkyl-
ation®»*****¢ and CO/CO, hydrogenation,***” we explored the
potential of the well-established complex [Mn(‘Pr-
MACHO)(CO),Br] (‘Pr-MACHO = HN(C,H,P'Pr,),; 1) as a cata-
lyst precursor for the methylation directly from syngas. At the
outset, 2-phenylethanol (2a) was selected as a benchmark
substrate to validate the catalytic activity of 1 and to screen a set
of parameters for optimization. The initial conditions involved
reacting 2a under a mixture of CO (5 bar) and H, (15 bar) in the
presence of complex 1 (1 mol%) and NaOBu as a base (2 equiv.
with respect to 2a) in toluene as a solvent. Already under this
preliminary set of conditions, analysis of the liquid phase
revealed >99% conversion of 2a and the formation of the B-
methylated product 3a in a yield of 65% after 24 h at 150 °C
(Table 1, entry 1). Alkenes and aldol-coupled products were
observed in the reaction mixture indicating selectivity as the
main optimization target. Using the closely related noble metal
complex [RuH(CO)(BH,)(HN(C,H,PPh,),)] as a catalyst resulted
in rather unselective conversions with 25% yield of 3a only,
highlighting the superior performance of the 3d metal in the
diagonal position of the periodic table in this case.

The selectivity for B-methylation could be improved signifi-
cantly when the amount of complex 1 was increased to 2 mol%.
The desired product 3a was formed with a selectivity of 92% at
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>99% conversion and isolated in 86% yield by column chro-
matography (Table 1, entry 2). Lower yields were obtained at
lower (120 °C) as well as higher (170 °C) temperatures (Table 1,
entry 3 and 4) reflecting a combined influence of activity and
selectivity. Reducing the syngas pressure decreased the yield to
the desired methylated product drastically while conversion
remained relatively high (Table 1, entry 5). Increasing the
syngas pressure (CO: 8 bar, H,: 24 bar) gave similar results as
under the conditions of entry 2 (Table 1, entry 6). When the
amount of NaO‘Bu was decreased to 1 equiv. with respect to 2a,
the rate of the transformation decreased leading to 3a in 67%
yield at 82% conversion (Table 1, entry 7). Replacing the base
with KO'Bu led to high conversion but very unselective product
formation including polymeric materials, while Cs,CO; resul-
ted in no significant activity (Table 1, entry 8 and 9).
Monitoring the pressure over time for the B-methylation of 2-
phenyl propanol 2a under the conditions of entry 2, Table 1,
indicated sigmoidal reaction progress (see the ESIt). In the first
3 hours, the pressure dropped slowly by 2.5 bar followed by
a sharp decrease resulting in a total 12 bar pressure drop over
7 h which continued to finally reach a stable value of a 15 bar
total pressure drop after 16 h. The conversion/time profile ob-
tained by the "H NMR analysis of the reaction mixture at
different time intervals corroborate this observation (Fig. 1).
The reaction starts with a significant induction period exhibit-
ing only 5% conversion and 4% yield to the B-methylated
alcohol product after 1.5 h. The reaction rate continuously
increases reaching a maximum around 50% conversion.
Subsequently, the transformation slows down but continues to
reach >99% conversion while selectivity catches up to result in
92% yield of the desired product 3a. The 'H NMR spectra
revealed the formation of small amounts phenylacetaldehye ("H
NMR = 9.86 ppm, t, /] = 4 hz), methanediol ("H NMR =
4.89 ppm, s), and methanol ("H NMR = 3.50 ppm, s) as potential
intermediate products in the reaction (see the ESIt).

Tablel Mn' catalyzed B-methylation of 2a with CO and H,: influence of different reaction conditions®

OH t01|l/12iz,e T CH, H /-BL .
(j/V 24h ©)VOH N, | JPPr
+ CO + 2H, n
-H,O 5 7 \CO
2a 3a Pry Cco
1
CO (bar) H, (bar) Base (equiv.) Temp. (°C) Conv. (%) Yield (%)
1° 5 15 NaO‘Bu (2) 150 >99 65
2 5 15 NaO'Bu (2) 150 >99 92
3 5 15 NaO‘Bu (2) 120 94 73
4 5 15 NaO'Bu (2) 170 >99 54
5 2.5 7.5 NaO‘Bu (2) 150 72 15
6 8 24 NaO‘Bu (2) 150 >99 93
7 5 15 NaO‘Bu (1) 150 82 67
8 5 15 KO'Bu (2) 150 >99 0
9 5 15 Cs,CO; (1) 150 8 0

¢ Reaction conditions: 2-phenylethanol 2a (0.5 mmol), Mn-complex 1 (2 mol%), CO, H,, base, and toluene (0.8 mL) were heated in a high-pressure
reactor for 24 h. Conversion and yield were calculated using "H NMR spectroscopy. ° Modified conditions: 2a (0.5 mmol), 1 (1 mol%), CO, H,, base,

and toluene (0.8 mL) were heated in a high-pressure reactor for 24 h.
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Fig. 1 Conversion/time profile based on 'H NMR of individual
experiments. Reaction conditions: 2a (0.5 mmol), Mn-complex 1
(2 mol%), CO (5 bar), Hy (15 bar), NaO'Bu (1 mmol), and toluene (0.8
mL) were heated at 150 °C in a high-pressure reactor for a certain time.

Scheme 2 shows a plausible reaction network to rationalize
the basic mechanism of the new catalytic process which is
consistent with the conversion/time profile of Fig. 1 and sup-
ported by the control experiments summarized in Scheme 3.%*
The Mn-pincer complex catalyzed de- and re-hydrogenation
steps of the organic substrate and intermediates®* and the
base mediated aldol condensation are well established and the
deuterium scrambling over all three carbon centers is fully
consistent with this sequence (Scheme 3a).?>*¢ The high degree
of deuterium incorporation at the «- and B-position in product 4
reflects rapid de- and re-hydrogenation at all stages of the
catalytic network (Scheme 3a, see the ESI, Section 5.2 and 5.37).
The manganese-catalyzed generation of formaldehyde from CO/
H, is unprecedented, however, and unlocks the overall mani-
fold. It can be reasonably assumed as the limiting factor in the
initial phase explaining the observed induction period. While
a direct hydrogenation pathway for CO reduction cannot be
fully excluded, we favor an indirect conversion similar to
previous reports on homogeneously catalyzed methanol
formation from syngas.******3* These reports have identified
organic formyl species resulting from base mediated coupling
of CO and secondary amines as crucial intermediates for CO
hydrogenation. In full analogy, the alcohols used as substrates
here can be converted to formate esters in the presence of CO
and NaO‘Bu.*** This possibility was confirmed for substrate 2a
in the absence of hydrogen and a catalyst under otherwise
typical reaction conditions (Scheme 3b). In line with this
assumption, the reaction of 2-phenethyl formate 5a produced
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Scheme 3 Control experiments to investigate the reaction sequence
shown in Scheme 2. Values in parentheses correspond to the pressure
of the reactive gases.

the methylated alcohol 3a in 81% yield under standard condi-
tions (Scheme 3c). Furthermore, the reaction of 2a in the pres-
ence of ethyl formate and hydrogen led to the methylated
product formation with a yield of 40% (Scheme 3d), clearly
demonstrating that formate esters can serve as a formaldehyde
source. On the other hand, when syngas was reacted under the
standard conditions but in the absence of alcohol, the reaction
resulted in only a very small amount of methanol (TON =< 2) and
no formation of formaldehyde or methanediol was detected
under these conditions (Scheme 3e). These control experiments
affirmed that the presence of the alcohol substrate is necessary
to mediate the hydrogenation of carbon monoxide most likely
via formate esters as intermediates.

Having established a robust method to construct a methyl
group from syngas in the B-position of the aliphatic chain in the
benchmark substrate 2a, we set out to explore the synthetic
scope of this catalytic reaction. The methyl branch is a highly
important structural motif in biologically active products such
as pharmaceuticals and agrochemicals.>**” Using the reaction
conditions of Table 1 entry 2 as standard procedure, various 2-

2H,
P e
OO
R

H,0

Scheme 2 Proposed reaction network for the catalytic B-methylation of alcohols using syngas (CO/H,) as a C1 source.
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arylethanol derivatives were methylated with CO and H,
addressing potential building blocks and intermediates for
biologically active products (Scheme 4, 3a-3i).

Electron donating as well as withdrawing substituents in the
phenyl ring were fully tolerated and no dehalogenation was
observed (Scheme 4, 3a-3h). Notably, pharmaceutically relevant
ibuprofen and naproxen alcohols were prepared by using this
new methodology in excellent yields of 92% and 96%, respec-
tively (Scheme 4, 3¢ and 3f). The sulfur containing heterocyclic
2-(thiophen-2-yl)ethanol was converted effectively and the
product 3i could be isolated in 86% yield. Aryl-substituted
longer chain aliphatic alcohols reacted also smoothly under
standard conditions providing very good to excellent yields of
the corresponding methyl-branched products (Scheme 4, 3j-
3n). Again, heteroatoms were tolerated and the pharmaceuti-
cally important amino alcohol 2-(methyl(phenyl)amino)ethan-
1-ol*® was selectively mono-methylated with a yield of 73% at
>99% conversion (Scheme 4, 30).

Secondary alcohols of general structure 7 were used also as
substrates for selective p-methylation (Scheme 5). Using the
standard reaction conditions, 1-phenylpropan-1-ol was mono-
methylated at the pB-position with 81% selectivity at full
conversion and the product was isolated in 77% yield (Scheme
5, 8a). Similarly, 1-(p-tolyl)propan-1-ol was also mono-
methylated in good yield (Scheme 5, 8b). The reaction also

Ar\x/\/OH + CO + 2H,

2
X =(CHy)o.6, NMe

View Article Online
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OH 1 (2 mol%) OH OH
1
Ar)\ + CO+ 2H, —2OBU Ar/K(CHs or Ar)\(CHa
! tol., 150 °C,
7 8 CH,

24-36 h, -H,0

Conversion (%) / NMR Yield (Isolated Yield)

sapli¥eagiives

>99/81(77) >99/72(63) >99/652
trans:cis = 67:33

Seailvanliovan

>99/78(70)°

>90/54(48)°

Scheme 5 Mn' catalyzed B-methylation of secondary alcohols 7 with
CO and H,. Reaction conditions: same as Scheme 4. ?Modified
conditions: 7 (0.5 mmol), Mn-complex 1 (2 mol%), CO (5 bar), H, (15
bar), NaO'Bu (1 mmol), and toluene (0.8 mL) were heated in a high
pressure reactor for 36 h. °7 (0.5 mmol), Mn-complex 1 (2 mol%), CO
(8 bar), H, (24 bar), NaO'Bu (2 mmol), and toluene (0.8 mL) were
heated in a high-pressure reactor for 36 h.

occurred readily when the reactive position was part of a 6-
membered carbocycle, installing the methyl group with a 2: 1
preference in the ¢rans-position to the OH group (Scheme 5, 8c).

1 (2 mol%)
NaOBu GHy
Ar OH
tol., 150 °C X
24-36 h, -H,0 3

Conversion (%) / NMR Yield (Isolated Yleld)

CH;

OH
~o 3d
>99/92(86) >99/93(90) >99/92(85) >99/93(84)
Ibuprofen alcohol
| CH, CH; CH; CH;
ReAuliNe Al IS o AUl M
3e ~o 3f al 3g E 3h
>99/73(66) >99/96(86) >00/81(74) >99/76(71)
” ”””Naproxen alcohol U ——
CH, CH3 """" g
~ OH OH
\ S 3i 3j CH3 3k CH3 3l
777777 >99/91(86) — >99/81(75) >99/92(86) >99/86(80)
T CH, :
E ©/\/Y\OH OH ©/ j/\OH :
3m CH; 3n 30 CHs
>99/75(67) >99/81(74) >99/73(66)

Amino alcohol :

Scheme 4

| Mn' catalyzed B-methylation of aryl substituted alcohols 2 with CO and H,. Reaction conditions: 2 (0.5 mmol), Mn-complex 1

(2 mol%), CO (5 bar), H, (15 bar), NaO'Bu (1 mmol), and toluene (0.8 mL) were heated at 150 °C in a high-pressure reactor for 24 h. Conversion
and yield were calculated using *H-NMR spectroscopy. Yields in parentheses correspond to isolated yield.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2021, 12, 976-982 | 979


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc05404f

Open Access Article. Published on 20 November 2020. Downloaded on 11/18/2025 6:01:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

H OH + CO + 2H, ————
M;\/ tol., 150 °C

24-36 h, -H,0 10

n=0-16, 9

View Article Online

Edge Article

1 (2 mol%)
NaOBu

Conversion (%) / NMR Yield (Isolated Yield)

oH o S CH,
N .
H3C)\,0H (_oH
10a 102’
>90/46  + 167

OH = CH, CH,3

N _A_oH ~ A oH
10a 10b
94/62° 97/78(66)°

Advanced biofuels

CH, CH,
/\/K/OH \/\)\/OH

10c 10d
>99/79(71)° 90/75°

CH, CH,
\/\/\)\/OH \/\/\/\)\/OH
10e 10f
82/81(73)P >99/80(73)

CH; CH,3 CH;
WOH OH OH
10g 10h 10i

>99/68(61)

>99/92(85)

>99/81(71)

Fatty alcohols

Scheme 6 Mn! catalyzed B-methylation of aliphatic alcohols 9 with CO and H,. Reaction conditions: same as Scheme 4. ?Modified conditions: 9
(0.5 mmol), Mn-complex 1 (2 mol%), CO (8 bar), H, (24 bar), NaO'Bu (2 mmol), and toluene (0.8 mL) were heated in a high-pressure reactor at
150 °C for 36 h. ®9 (0.5 mmol), Mn-complex 1 (2 mol%), CO (5 bar), H» (15 bar), NaO'Bu (1 mmol), and toluene (0.8 mL) were heated at 150 °C in

a high-pressure reactor for 36 h.

Di-methylation of 1-arylethanols to generate iso-propyl groups
was possible under slightly adjusted conditions (see the ESI}).
Increasing the amount of base to 4 equiv. and reacting the
substrates under higher pressures of CO (8 bar) and H, (24 bar)
for 36 h allowed isolation of the di-methlyated products 8a and
8d in 70% and 48%, respectively.

Methyl branches in aliphatic carbon chains feature beneficial
combustion properties in fuel components.*** As a possible
synthetic pathway for the upgrading of biogenic alcohols to fuel
components with improved combustion properties,*** we there-
fore focused next on the selective f-methylation of purely aliphatic
alcohols (Scheme 6). Ethanol proved to be a challenging substrate,
but a mixture of iso-butanol (46%) from di-methylation and 1-
propanol (16%) from mono-methylation was obtained under 8 bar
of CO and 24 bar of H, at an elongated reaction time of 36 h
(Scheme 6, 10a). Longer chain aliphatic alcohols that can result in
mono-methylation only were almost quantitatively converted
under 5 bar of CO and 15 bar of H, within 24-36 h providing good
selectivity and yields (Scheme 6, 10b-10f). Fatty alcohols including
lauryl alcohol, and stearyl alcohol were also converted resulting in
high yield to the corresponding B-monomethylated alcohols
(Scheme 6, 10h, and 10i). Remarkably, the unsaturated fatty
alcohol undec-10-en-1-ol was transformed into the corresponding
B-methylated product with 68% yield leaving the C=C double
bond in the molecule intact (Scheme 6, 10g). These products may
have potential application as fine chemicals for surfactants or in
the cosmetic industry.

Conclusions

In conclusion, a catalytic reaction has been developed employing
syngas as raw material for the catalytic f-methylation of alcohols

980 | Chem. Sci, 2021, 12, 976-982

enabling the use of carbon monoxide as a renewable C1 source and
“green” hydrogen as a reducing agent. The catalyst system
comprises the earth-abundant, first row transition metal manga-
nese in the form of an air-stable pincer complex as the metal
component. This new catalytic reaction for the installation of
methyl groups at sp® C-centers generates water as the sole by-
product. The reaction shows a remarkable broad substrate scope
providing very high to excellent yields for primary and secondary
alcohols. Potential products include fuel components or
commodity chemicals, fine chemicals, and even pharmaceuticals.
Even with the resource basis of today's petrochemical industry, the
catalytic process described herein opens new retrosynthetic path-
ways to important target molecules providing potential environ-
mental benefits. Most intriguingly, however, the resulting novel
synthetic strategies may help to unlock the potential of waste,
biomass, or CO, as carbon sources for the chemical value chain in
line with the principles of Green Chemistry.”” The general concept
to access formaldehyde from syngas through a catalytic cycle with
a molecularly defined organometallic complexes and to intercept
this useful building block provides a multitude of further oppor-
tunities for chemical synthesis.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The studies were performed as part of our activities in the
framework of the “Fuel Science Center” funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany's Excellence Strategy—Exzellenzcluster 2186,

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc05404f

Open Access Article. Published on 20 November 2020. Downloaded on 11/18/2025 6:01:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

The Fuel Science Center “ID: 390919832”. A. K. thanks the
Erasmus Mundus Action 1 Programme (FPA2013-0037) “SIN-
CHEM” for a stipend.

Notes and references

1 H. Hiller, R. Reimert and H. M. Stonner, in Ullmann's
Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2011, DOI: 10.1002/
14356007.a12_169.pub3.

2 J. Kopyscinski, T. J. Schildhauer and S. M. A. Biollaz, Fuel,
2010, 89, 1763-1783.

3 A.]. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek,
J. Cairney, C. A. Eckert, W. ]J. Frederick, J. P. Hallett,
D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy,
R. Templer and T. Tschaplinski, Science, 2006, 311, 484.

4 J. Ren, J.-P. Cao, X.-Y. Zhao, F.-L. Yang and X.-Y. Wei, Renew.
Sust. Energ. Rev., 2019, 116, 109426.

5 R. C. Baliban, J. A. Elia and C. A. Floudas, Energy Environ. Sci.,
2013, 6, 267-287.

6 G. Lopez, M. Artetxe, M. Amutio, J. Alvarez, J. Bilbao and
M. Olazar, Renew. Sust. Energ. Rev., 2018, 82, 576-596.

7 J. Artz, T. E. Miller, K. Thenert, J. Kleinekorte, R. Meys,
A. Sternberg, A. Bardow and W. Leitner, Chem. Rev., 2018,
118, 434-504.

8 S. Hernandez, M. Amin Farkhondehfal, F. Sastre,
M. Makkee, G. Saracco and N. Russo, Green Chem., 2017,
19, 2326-2346.

9 S.R.Foit, I. C. Vinke, L. G. ]. de Haart and R. A. Eichel, Angew.
Chem., Int. Ed., 2017, 56, 5402-5411.

10 R. Dittmeyer, M. Klumpp, P. Kant and G. Ozin, Nat.
Commun., 2019, 10, 1818.

11 E. van Steen and M. Claeys, Chem. Eng. Technol., 2008, 31,
655-666.

12 N. Dahmen, E. Henrich, E. Dinjus and F. Weirich, Energy
Sustain. Soc., 2012, 2, 3.

13 G. A. Olah, A. Goeppert and G. K. S. Prakash, Beyond Oil and
Gas: The Methanol Economy, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2nd edn, 2009.

14 M. Bertau, H. Offermanns, L. Plass, F. Schmidt and
H.-J. Wernicke, Methanol: The Basic Chemical and Energy
Feedstock of the Future, Springer-Verlag Berlin Heidelberg,
2014.

15 M. Bukhtiyarova, T. Lunkenbein, K. Kahler and R. Schlogl,
Catal. Lett., 2017, 147, 416-427.

16 P. Anastas and ]J. Warner, Green Chemistry: Theory and
Practice, Oxford University Press, Oxford [England], New
York, 1998.

17 J. B. Zimmerman, P. T. Anastas, H. C. Erythropel and
W. Leitner, Science, 2020, 367, 397-400.

18 P. W. N. M. van Leeuwen and C. Claver, Rhodium Catalyzed
Hydroformylation, Kluwer Academic Publishers,
Netherlands, 2000.

19 R. Franke, D. Selent and A. Borner, Chem. Rev., 2012, 112,
5675-5732.

20 B. Cornils, A. Borner, R. Franke, B. Zhang, E. Wiebus and
K. Schmid, in Applied Homogeneous Catalysis with

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Organometallic Compounds, ed. B. Cornils, W. A.
Herrmann, M. Beller and R. Paciello, Wiley-VCH Verlag
GmbH & Co. KGaA, 3rd edn, 2017, pp. 23-90.

21 A. Kaithal, M. Schmitz, M. Holscher and W. Leitner,
ChemCatChem, 2019, 11, 5287-5291.

22 A. Kaithal, P. van Bonn, M. Holscher and W. Leitner, Angew.
Chem., Int. Ed., 2020, 59, 215-220.

23 A. Kaithal, M. Schmitz, M. Holscher and W. Leitner,
ChemCatChem, 2020, 12, 781-787.

24 Y. Li, H. Li, H. Junge and M. Beller, Chem. Commun., 2014,
50, 14991-14994.

25 K. Oikawa, S. Itoh, H. Yano, H. Kawasaki and Y. Obora,
Chem. Commun., 2017, 53, 1080-1083.

26 S. M. A. H. Siddiki, A. S. Touchy, M. A. R. Jamil, T. Toyao and
K.-i. Shimizu, ACS Catal., 2018, 8, 3091-3103.

27 K. Polidano, J. M. J. Williams and L. C. Morrill, ACS Catal.,
2019, 9, 8575-8580.

28 L. Bettoni, S. Gaillard and J.-L. Renaud, Org. Lett., 2019, 21,
8404-8408.

29 M. Schlagbauer, F. Kallmeier, T. Irrgang and R. Kempe,
Angew. Chem., Int. Ed., 2020, 59, 1485-1490.

30 Some evidence for the formation of formaldeyhde from
syngas in the presence of a ruthenium complex was
reported: M. Ishino, M. Tamura, T. Deguchi and
S. Nakamura, J. Catal., 1987, 105, 478-482.

31 S. Kar, A. Goeppert and G. K. S. Prakash, J. Am. Chem. Soc.,
2019, 141, 12518-12521.

32 P. Ryabchuk, K. Stier, K. Junge, M. P. Checinski and
M. Beller, J. Am. Chem. Soc., 2019, 141, 16923-16929.

33 T. Liu, L. Wang, K. Wu and Z. Yu, ACS Catal., 2018, 8, 7201-
7207.

34 T. Irrgang and R. Kempe, Chem. Rev., 2019, 119, 2524-2549.

35 O. El-Sepelgy, E. Matador, A. Brzozowska and M. Rueping,
ChemSusChem, 2019, 12, 3099-3102.

36 A. Kaithal, L.-L. Gracia, C. Camp, E. A. Quadrelli and
W. Leitner, J. Am. Chem. Soc., 2019, 141, 17487-17492.

37 S. Kar, A. Goeppert, J. Kothandaraman and G. K. S. Prakash,
ACS Catal., 2017, 7, 6347-6351.

38 Note: Following a reviewer's suggestion, we have included an
alternate possible reaction network in the ESL. T In this case,
the enolate form of the aldehyde directly attacks the in situ
generated formate ester. The corresponding reaction
network is described in Section 12 of the ESL{ While all
data are consistent with the currently generally accepted
borrowing hydrogen pathway shown in Scheme 2, we agree
with the reviewer that this alternative cannot be excluded
and should be considered mechanistic
investigations.

39 B. Maji and M. K. Barman, Synthesis, 2017, 49, 3377-3393.

40 M. Garbe, K. Junge and M. Beller, Eur. J. Org. Chem., 2017,
4344-4362.

41 A. Mukherjee and D. Milstein, ACS Catal., 2018, 8, 11435-
11469.

42 G. A. Filonenko, R. van Putten, E. J. M. Hensen and
E. A. Pidko, Chem. Soc. Rev., 2018, 47, 1459-1483.

43 F. Kallmeier and R. Kempe, Angew. Chem., Int. Ed., 2018, 57,
46-60.

in future

Chem. Sci., 2021, 12, 976-982 | 981


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc05404f

Open Access Article. Published on 20 November 2020. Downloaded on 11/18/2025 6:01:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

44 S. Waiba and B. Maji, ChemCatChem, 2020, 12, 1891-1902.

45 A. Kaithal, M. Holscher and W. Leitner, Angew. Chem., Int.
Ed., 2018, 57, 13449-13453.

46 V. Zubar, Y. Lebedev, L. M. Azofra, L. Cavallo, O. El-Sepelgy
and M. Rueping, Angew. Chem., Int. Ed., 2018, 57, 13439~
13443.

47 A. Kumar, T. Janes, N. A. Espinosa-Jalapa and D. Milstein,
Angew. Chem., Int. Ed., 2018, 57, 12076-12080.

48 S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, K. Junge
and M. Beller, Angew. Chem., Int. Ed., 2016, 55, 15364-15368.

49 S. Elangovan, C. Topf, S. Fischer, H. Jiao, A. Spannenberg,
W. Baumann, R. Ludwig, K. Junge and M. Beller, J. Am.
Chem. Soc., 2016, 138, 8809-8814.

50 N. A. Espinosa-Jalapa, A. Nerush, L. J. W. Shimon, G. Leitus,
L. Avram, Y. Ben-David and D. Milstein, Chem. Eur. J., 2017,
23, 5934-5938.

51 R. van Putten, E. A. Uslamin, M. Garbe, C. Liu, A. Gonzalez-
de-Castro, M. Lutz, K. Junge, E. J. M. Hensen, M. Beller,
L. Lefort and E. A. Pidko, Angew. Chem., Int. Ed., 2017, 56,
7531-7534.

52 M. B. Widegren and M. L. Clarke, Org. Lett., 2018, 20, 2654~
2658.

982 | Chem. Sci., 2021, 12, 976-982

View Article Online

Edge Article

53 D. Mahajan, Top. Catal., 2005, 32, 209-214.

54 B.Liand K.-].Jens, Ind. Eng. Chem. Res., 2014, 53,1735-1740.

55 S. P. Tonner, D. L. Trimm and M. S. Wainwright, J. Mol
Catal., 1983, 18, 215-222.

56 E.]J. Barreiro, A. E. Kiimmerle and C. A. M. Fraga, Chem. Rev.,
2011, 111, 5215-5246.

57 H. Schonherr and T. Cernak, Angew. Chem., Int. Ed., 2013, 52,
12256-12267.

58 L. Jia, M. Makha, C.-X. Du, Z.-J. Quan, X.-C. Wang and Y. Li,
Green Chem., 2019, 21, 3127-3132.

59 S. M. Sarathy, C. K. Westbrook, M. Mehl, W. J. Pitz, C. Togbe,
P. Dagaut, H. Wang, M. A. Oechlschlaeger, U. Niemann,
K. Seshadri, P. S. Veloo, C. Ji, F. N. Egolfopoulos and T. Lu,
Combust. Flame, 2011, 158, 2338-2357.

60 M. Lapuerta, J. J. Hernandez and S. M. Sarathy, Combust.
Flame, 2016, 164, 259-269.

61 S. D. Minteer, in Handbook of Biofuels Production, ed. R.
Luque, J. Campelo and ]. Clark, Woodhead Publishing,
2011, pp. 258-265, DOI: 10.1533/9780857090492.2.258.

62 W. Leitner, J. Klankermayer, S. Pischinger, H. Pitsch and
K. Kohse-HoOinghaus, Angew. Chem., Int. Ed., 2017, 56,
5412-5452.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc05404f

	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f
	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f
	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f
	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f
	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f
	Carbon monoxide and hydrogen (syngas) as a C1-building block for selective catalytic methylationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc05404f


