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A “Power-to-X" Route to Acetic Acid via Palladium-
Catalyzed Isomerization of Methyl Formate

Philipp Jurling-Will,"” Tobias Botz," Giancarlo Francid,” and Walter Leitner*

The synthesis of acetic acid by formal isomerization of methyl
formate (MF) was investigated using molecular catalysts. The
base-catalyzed decarbonylation of MF, yielding CO and meth-
anol insitu, was integrated with their palladium-catalyzed
recombination for the synthesis of acetic acid and methyl
acetate in a one pot reaction. The complex [Pd(Cl),(dppe)]
[dppe = 1,2-bis(diphenylphosphino)-ethane] in combination
with Nal as iodide source and NaOMe as base were identified as
promising molecular components to enable the overall con-

Introduction

Carbonylation reactions are a pillar of today’s chemical industry
for the production of bulk and fine chemicals."’ Of extraordinary
importance is the carbonylation of methanol with carbon
monoxide (CO) for the production of acetic acid by the
Monsanto and Cativa processes. In 2016, 80% of the annually
produced 13 million metric tons of acetic acid were obtained
through these homogeneously catalyzed processes.”? Today,
the required feedstocks methanol and carbon monoxide are
produced from fossil resources like coal, oil, or natural gas.”’ As
part of the urgently required defossilization of the chemical
value-chain, carbon dioxide (CO,) is considered as a potential
alternative C, feedstock in line with the principles of green
chemistry.™ In addition to its direct conversion into CO by
electrolysis or reverse water gas shift reaction (rWGS), indirect
routes via methyl formate (MF), formic acid (FA), or MeOH are
also discussed as CO surrogates or reservoirs.”

Scheme 1 depicts the retrosynthetic pathway for the
production of acetic acid from carbon dioxide and renewable
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version. Sequential application of the statistical methods design
of experiments and simplex optimization was used in combina-
tion with thermodynamic analysis of the competing reaction
pathways for experimental planning and data analysis. Starting
from a proof-of-principle with a turnover number (TON) of 11,
the catalytic system could thus be optimized to allow
quantitative conversion of MF with a TON of 43000, whereby a
yield of 83% of acetate groups and a yield of 74% for free
acetic acid was obtained.
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Scheme 1. Retrosynthetic planning of a “power-to-X" pathway for the
production of acetic acid from carbon dioxide and hydrogen via MF and
focus of the present report.

hydrogen via MF as intermediate.® This opportunity for a

“power-to-X" approach to an important base chemical moti-
vated our present study on the formal isomerization of MF to
acetic acid.

The use of methyl formate as feedstock for acetic acid or
acetates was investigated in the 1980s in parallel to the
establishment of methanol carbonylation processes as docu-
mented in the patent literature.”” If additional CO pressure was
applied, transition metal complexes based on rhodium,®
iridium,® cobalt,"” nickel,"" and ruthenium,"? together with an
iodide source as promoter showed high productivities.'” The
Hils AG patented a bimetallic RhCl;/Cr(CO), system able to
achieve an outstanding turnover number (TON) of 5294 under
such conditions (Table 1).

In academic research, Petit and co-workers investigated in
detail the Rh/I"-catalyzed carbonylation of methyl formate,
concluding that different reaction mechanisms are operating,
which are controlled by I"/Rh ratio, CO pressure, and solvent.
The multimodal reactivity was found to lead to acetic acid,
acetaldehyde, or methyl acetate as preferred products.®® Similar
to methanol carbonylation, iridium-based catalysts rival or even
surpass the activity of rhodium catalysts also with MF as
substrate. Pruett and Kacmarcik described the Ir-catalyzed
synthesis of acetic acid from MF in propionic acid as solvent,
allowing the reaction to proceed without the need of high
external CO pressure (<1 bar).®@ Cheong et al. optimized Ir-
based systems so that TONs up to 6720 within 2h were
achieved with IrCl,-H,O/Mel as catalyst system in neat MF in
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Table 1. Homogeneous transformation of methyl formate to acetates and state-of-the-art catalytic systems.
0 [M], lodide, (Promoter) (0] (0]
¥
Hko/ (Solvent, CO), AT Hsc)kori HSC)J\O/

Ref. Catalyst lodide source Promoter P(CO) T Solvent TON® Sel. acetates

[bar] °a [%]
[7e] RhCl;-3H,0 Mel Cr(CO)¢ 50 200 - 5294 87-99
[9c] IrCl,-H,0 Mel P,0s 1 190 - 6720 78
[10a] Pd(OAc), Lil - 50 175 NMP 143 92
this work [Pd(Cl),(dppe)] Nal NaOMe - 173 - 43130 83
[a] Calculated from reported experimental data.

the presence of P,0O. with an AcOH/AcOMe selectivity of Results and Discussion
78%.°°9 Palladium catalysts were also investigated, showing in
general significantly lower activities than rhodium and iridium.
Roper et al. demonstrated that acetates can be produced with a
TON of 193 at 230°C and 70 bar CO when Pd(acac), (acac=
acetylacetonate) was applied, leading to 29% yield after 24 h.'"
Jenner reported a TON of 143 within 2 h and 92% selectivity
towards acetic acid applying Pd(OAc), at 175°C.["%

In this work, we present an alternative strategy to exploit
methyl formate for the synthesis of acetic acid via formal
isomerization without the need for any external CO source. In
an integrated transformation, the rapid and selective base-
catalyzed decarbonylation of methyl formate yielding CO and
methanol insitu is combined with their recombination to
produce acetic acid and methyl acetate using palladium
complexes as catalysts (Scheme 2). The desired conjoint reac-
tions, methyl formate decomposition and methanol carbon-
ylation, are realized as a one-pot process under neat conditions.
Tailoring of the catalyst components together with the
application of software-supported design of experiments (DoE)
and thermodynamic analysis of the underlying reaction network
resulted in a catalytic system with a productivity for acetate
formation surpassing those derived from previous reports by an
order of magnitude.

Although the decarboxylation of MF yielding CO, and CH, is
thermodynamically more favorable (AG°®,,«=—158.3 kimol™)
than the decarbonylation to CO and methanol (AG°«=
—16.3 kJmol™), the latter transformations can be selectively
accomplished using suitable catalysts including strong bases
such as alkoxides.”' Consequently, the decarbonylation of
methyl formate to methanol and CO was investigated applying
catalytic amounts of NaOMe (50-400 umol) and methyl formate
(2-4 mL) in a high-pressure reactor at 160°C. Within minutes,
pressures of up to 180 bar at reaction temperature were
achieved. Gas chromatographic (GC) analysis of the head space
in the cooled reactor confirmed the high selectivity of this
reaction. In all cases, the CO/CO, ratio was above 99%
(Table S1, Supporting Information). Next, the decomposition
was carried out in presence of a palladium complex together
with an iodide source as possible carbonylation catalyst. To
maintain the excellent CO-formation selectivity, palladium was
chosen over rhodium or iridium because of their high tendency
to catalyze decarboxylation or WGS pathways.”*'® The iodide
source was envisaged to facilitate the transition metal-catalyzed
carbonylation step via oxidative addition of the in-situ formed
methyl iodide.'® For the initial tests, the high-pressure reactor
was charged with Pd(OAc), (10 umol), Nal (0.5 mmol), and
equimolar amount of NaOMe dissolved in MF (2 mL) and heated
to 160°C (Table 2, entry 1). During the first minutes, a significant
autogenous pressure increase was observable as before. After

o ! . o) o
HJ\O/ [Pd], Ligand, I Ps + )J\o/ 15 h, the reactor was cooled down and the generated gas
NaOMe, AT, ¢ OH
+NaOMe | (1) w |+ [OH7] vt MeOH
co (U ] W ] Table 2. MF isomerization to acetates: variation of catalyst components.”
tPO-]H’] \Pd] )OJ\ Entry  Precursor Additional NaOMe Nal TON
MeOH T Mel ) | PPh,® [mmol] [mmol] AcOMe AcOH
[equiv.]
MeOH
o o 1 Pd(OAC), - 05 05 1 0
(V1) I 2 Pd(OAc), 20 0.5 0.5 17 0
3 [PA(CN),(PPhs),] 2.0 0.5 0.5 18 0
o ) 4 [PA(CI),(PPh;),] 2.0 0.05 0.5 56 4
Scheme 2. Strategy for the combination of selective CO and methanol 5 [PA(CI),(PPhs),] 2.0 0.05 10 90 8
generation from methyl formate with methanol carbonylation in a one-pot 6 [PA(CI),(PPhy),] 2.0 0.05 2.0 100 16
approach. (I) NaOMe-catalyzed decarbonylation of MF. (Il) Formation of
methyl iodide from MeOH and Nal. (ll) Pd-catalyzed Mel carbonylation. [a] Reaction conditions: [Pd]=10 pmol, MF=2.0 mL, T=160°C, t=15 h.
Hydrolysis (IV) or methanolysis (V) to yield acetic acid or acetic acid methyl Products were quantified using 'H NMR spectroscopy with mesitylene as
ester, respectively. The condensation of methanol to dimethyl ether is internal standard. [b] Additional ligand equiv. to precursor. [c] TON=
included as possible side reaction (VI). MmOl oduc MMOltaiyst -
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phase carefully released. In the remaining liquid phase, small
amounts of 0.11 mmol of methyl acetate (TON=11) together
with methanol and unconverted methyl formate were found.
This proof-of-principle result was corroborated by analysis of
the gas phase showing CO as the predominant compound (>
99%) whereas methane (<0.02 mmol, <0.1%) and carbon
dioxide (<0.1 mmol, <0.3%) were present only in traces.
However, a black precipitate in the yellow liquid reaction
mixture indicated decomposition of the metal species to
palladium black. Nevertheless, the formation of acetate under
these conditions motivated us to systematically screen the
various reaction parameters starting with the molecular
components of the catalytic system.

The addition of 2 equiv. of PPh; (TON=17) or starting
directly with a preformed phosphine modified catalyst [Pd-
(CN,(PPhy),] increased the productivity slightly (TON=17 and
18, respectively), but precipitation of palladium was still
discovered at the end of the reaction (Table 2, entries 2 and 3).
While no improvement was observed with other iodide salts
(Table S2, Supporting Information), a significant increase in
productivity was attained by varying the concentrations of
NaOMe and Nal (Table 2, entries 4-6) reaching a TON of 116
with [Pd(Cl),(PPh,),]/PPh; in the presence of only 0.05 mmol
NaOMe and 2.0 mmol of Nal (Table 2, entry 6).

The effect of multidentate phosphine ligands with different
bite angles and distinct steric demand was investigated as
attempt to stabilize the molecular Pd species (Table 3). The use
of the chelating phosphine 1,2-bis(diphenylphosphino)ethane
(dppe) led to an increased TON of 285 (Table 3, entry 1).
Applying an additional equivalent of dppe resulted in a

breakthrough. For the first time, a homogeneous solution
without any precipitate was observed at the end of the reaction
and a significantly increased catalyst productivity was achieved
with a TON of 631 (Table 3, entry 2). With 2 equiv. of additional
dppe, the TON increased to 915 defining the optimum ratio
dppe/Pd of 3:1 (Table 3, entries3 and 4). All other tested
bidentate ligands (Table 3, entries 5-10) resulted in lower TONs
as well as catalyst precipitation. Only the potentially tridentate
PNP™ ligand also led to a homogeneous solution with a
comparably high catalyst productivity, reaching a TON of 690
(Table 3, entry 11).

Under the conditions described in Table 3, entry 3, in
addition to acetic acid and methyl acetate (9.15 mmol),
significant amounts of side products were found in the liquid
phase: dimethyl ether (3 mmol), ethyl acetate (0.2 mmol) as
homologation product, formic acid (4.4 mmol), and traces of
acetaldehyde and methane. In order to identify the main
control factors to optimize the productivity of the Pd/dppe
systems towards the desired acetate products in the complex
reaction network (Scheme 2), we decided to move from a one
factor at a time (OFAT) variation to a software-supported
experimental optimization strategy based on a DoE approach.""”
The parameters temperature, reaction time, amount of Nal, and
amount of NaOMe were chosen as variables (Table 4), while the
volume of methyl formate (4.0 mL), the catalyst loading {[Pd-
(Cl),(dppe)] =0.015 mol %}, and the 2 equiv. of additional dppe
were held constant. The experiment matrix of the response
surface methodology (RSM) was calculated following the
method of Box and Behnken using the Design Expert
software'™® A matrix of 29 experiments including 5 center
points (level 0) was obtained, and the results are summarized in
Table S6.

- — - - 0 The upper and lower boundaries (—1/4+1 levels) were
Table 3. MF isomerization to acetates: ligand and P/Pd ratio variation.” . . .
estimated from the previous screening results (Table 3). As
i+ ini [b] [c]
Entry  Precursor Additional  Precipitate™ TON response, the catalyst productivity TON for the desired products
ligand AcOMe  AcOH . .
lequiv.] acetic acid and methyl acetate was chosen, as well as the CO/
1 [Pd(Cl),(dppe)] _ yes 285 32 CO, ratio in the gas phase. The analysis of variance (ANOVA)
2 [Pd(CI)z(dppe) 1 no 516 115 and fit statistics for the obtained data implied a quadratic
i o (( )i(?dppe))] i no ;?g 12? model (Supporting Information, chapter 1.3) for correlation with
e, no . . . .
5 [Pd(CI)i(dEEm)] 1 yes 348 30 a determination coefficient (R? of 0.96 for the response TON.
6 [Pd(Cl),(dppp)] 1 yes 320 23 The obtained mathematical function reflecting the interactions
7 [Pd(Cl),(Xantphos)] 2 yes 333 21 of the parameters is visualized in the three-dimensional
8 [PA(CI),(dppf)] 2 yes 278 21 . "
9 [Pd(Cl),(dcype)] 5 yes 82 9 response surface graphs (Figure 1). The results show a positive
10 [P(Cl),(dppmbz)] 2 yes 239 18 trend for an increasing temperature, Nal amount, and reaction
11 [P(C,(PNP™)] 2 no 544 146 time. In contrast, augmenting the amounts of NaOMe is
counterproductive. This substantiates and quantifies the trends
PP  PPhy  php PPN2 P ppn,  cypp PV pre o i ¢ q
observed in the initial screening experiments. For the second
dppm dppe dppp deype . X _ .
response, the CO/CO, ratio, the fit statistics describe a weaker
©\ D
O O PPh, -
Pth N (:CPPhZ Table 4. Applied variables and limits for the Box-Behnken design.
Pphz PPh, PPh, PPh, PPh,
Independent variable Level
Xantphos dppf PNPPh dppmbz | 0 +1
[al [Pd]=10 umol, NaOMe =0.05 mmol, Nal=1.0 mmol, MF=4.0 mL, T= T[°Cl 140 155 170
160°C, t=15 h. Products were quantified using GC-FID with mesitylene as reaction time [h] 1 8.5 16
internal standard. [b] Precipitate formed at the end of the reaction. [c] Nal [mmol] 0.50 1.25 2.0
TON =mmOlogc MMOl iyt - NaOMe [pumol] 50 125 200
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Figure 1. Response surface plot for the Box-Behnken design. Interactions are shown for the parameters temperature and (a) Nal amount as well as (b) NaOMe

amount on the response TON for acetates.

correlation of the data points to the fitted model with a
calculated R* value of 0.79. A perturbation plot reveals a
negative correlation with increasing reaction time, whereas
raising the amount of NaOMe leads to a higher CO content in
the gas phase after the reaction (Figure S3). In all conducted
experiments the CO percentage of the gas phase composition
was found to be above 90%. From the mathematical result of
the DoE a TON of 1353 was predicted if the reaction parameters
were to be set at the factors 165°C, 16 h, 1.76 mmol Nal, and
100 umol of NaOMe. The validity of the model was verified
experimentally achieving a TON of 1446+ 131, which corre-
sponds to an improvement of nearly 50% as compared to the
starting conditions (Table 2, entry 3).

To investigate the potential of the reaction beyond the fixed
boundaries of the DoE, a simplex optimization was chosen as
suitable complement to the performed RSM.'"” Based on the
DoE results, the parameters temperature, amount of NaOMe
and Nal were chosen for the optimization resulting in a three-
dimensional design space. The remaining parameters were kept
constant as before (16 h, [Pd(Cl),(dppe)] 0.015 mol%, dppe
0.03 mol %, MF 4 mL). For the first simplex the best results from
the Box-Behnken experimental plan were used as parameter
set to start the algorithm. Again, the optimization target was
set to maximize the catalyst productivity (TON) for the products
acetic acid and methyl acetate. Satisfyingly, the first iteration
(simplex 2) already resulted in a significantly improved amount
of acetates with a remarkable catalyst productivity of TON 1,908
at a low standard deviation of +£51 (Figure 2). The simplex
iteration converged around a TON value of around 2000 already
within approximately 8 steps. The parameters of simplex 6
(173°C; Nal: 2.92 mmol; NaOMe: 215 umol) resulted in a TON of
2223+89 providing yet another improvement of 50% as
compared to the DoE optimization (Table 5).

ChemSusChem 2022, 15, 202201006 (4 of 7)
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Figure 2. Results for the simplex search applied to the Pd-catalyzed isomer-
ization of methyl formate to acetates using the result of the DoE as starting
point.

Table 5. TON values and standard deviations for the simplex search
applied to the Pd-catalyzed isomerization of methyl formate to acetates
using the result of the DoE as starting point.?

Simplex No. TON acetates® Standard deviation
19]

1 1446 +9.0

2 1908 +2.6

3 585 +16.2

4 1811 +44

5 1382 +14.0

69 2223 +4.0

7 1018 +8.1

84 1993 +4.2

[a] Reaction conditions: [Pd(Cl),(dppe)]=10.0 umol, dppe=20.0 umol,
MF=4.0 mL, t=16 h. Products are quantified using GC-FID with mesity-
lene as internal standard. [b] TON=mmol, o4 MMOleayse - [€] Simplex
rotated.
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With the optimized reaction parameters at hand, the
catalyst loading was reduced to explore the productivity limits.
Remarkably, the TON scaled effectively linearly with the amount
of catalyst until a loading of 1.87x107°mol% was reached
(Table 6). This corresponds to only 1.25 umol of Pd-complex
setting a practical limit to further reduction in our experimental
setup. An extremely high TON of nearly 20000 was achieved
within 16 h reaction time underlining the excellent stability of
the catalyst under these reaction conditions.

The ratio of acetic acid to methyl acetate (AcOH/AcOMe)
reached up to 50% under the hitherto optimized conditions.
Dimethyl ether (DME) was present as the only significant further
side product in 8.6%. The methyl groups in the ester and ether
product limit the stoichiometrically feasible quantitative con-
version of MF towards acetic acid leaving significant parts of
the liberated CO unreacted. The Gibbs free energies of the
major reaction pathways leading to the three main products
were analyzed in order to evaluate their relative thermodynam-
ic driving forces. Density functional theory (DFT) calculations
were performed at 446.15K in the gas phase at def2-TZVP/
B3LYP-D3(BJ) level (Table S8, Supporting Information) as a first
approximation. Interestingly, the reaction of methyl formate to
acetic acid with a AG of —131.8 kimol™' is thermodynamically

more favorable than the transformation to methyl acetate
having a AG of —63.4 kimol™". The formation of dimethyl ether
from methyl formate is the least favorable pathway with AG=
—13.0 kimol™". With the formation of CO, and CH, being cut off
kinetically, higher production of acetic acid from methyl
formate should be possible if the formation of the side products
was reversible to approach the thermodynamic equilibrium. To
prove this hypothesis, an experiment with a prolonged reaction
time of 1 week was performed under the conditions of Table 6,
entry 5, and the result confirmed the analysis. The pressure/
time curve (Figure 3b) shows the rapid autogenous pressure
increase to approximately 150 bar within the first 10 min
associated with the very fast decarbonylation step catalyzed by
NaOMe. The MF conversion at this point reaches already around
70% (Table S8, entry 6). The following pressure drop indicates
the consumption of CO via the Pd-catalyzed methanol carbon-
ylation. Most notably, the pressure continuously decreases
asymptotically towards the vapor pressure of the liquid
products at the given reaction temperature confirming that the
Pd-catalyst remained active over the entire reaction time. Once
a stable pressure was reached, the composition of the reaction
mixture and gas phase of the autoclave revealed a practically
quantitative conversion for MF (>99%) as well as for the in-situ

Table 6. Variation of catalyst loading on the formation of acetates applying the reaction conditions for the simplex optimization.”
Entry Catalyst load- Conv. Product distribution [mmol] TON aceta- Sel. ace- Mass bal-
ing MF AcOH AcOMe AcOEt MeOH FA DME CO (CO, Other® tes" tates ance
[mol %] (umol)  [%] [%] [%]
1 15%x 1073 (10) 89.1 9.4 13.2 0.5 3.8 3.6 3.2 146 23 15 2223 +88 39.9 85.6
2 7.5%x1073 (5) 929 17.7 11.9 0.5 2.1 3.8 3.2 192 22 08 5509 £506 49.9 92.8
3 3.75x107% (2.5 886 14.8 114 0.3 29 5.1 3.2 195 15 08 11204 £580 46.1 94.0
4 1.87x10°3 91.0 14.3 104 0.2 20 4.0 4.9 205 1.0 05 19749 +187 42.2 87.8
(1.25)
5@ 1.87x107° 99.9 482 5.1 0.6 0.1 nd® <01 22 13 02 43130 83.1 93.7
(1.25)
[a] Reaction conditions: P/Pd=6:1, NaOMe =215 umol, Nal=2.92 mmol, MF=4.0 mL (65.0 mmol), T=173°C, t=16 h. Quantification of the liquid phase
using GC-FID with mesitylene as internal standard. Quantification of the gas phase using ethylene as internal standard. [b] Acetaldehyde, ethanol, methane.
[c] TON =mmoOl,o4u MMOlpy.caralyst  @s determined in at least two independent runs. [d] t= 168 h. [e] n.d.=not determinable.
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Figure 3. TON vs. catalyst loading. Reaction conditions: [Pd(Cl),(dppe)]=var., P/Pd=6:1, Nal =2.92 mmol, NaOMe =215 pmol, MF=4.0 mL, T=173°C,

t=16 h. [b] Pressure/time curve under the same conditions over t=168 h.
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formed methanol (>99%) and CO (96%). The amount of
undesired DME was found to be below 0.1 mmol (<0.2%,
Table 6, entry5). The molar amount of acetate groups
accounted for 83.1% of the initially charged as MF at a recovery
rate of 93.7% translating into an outstanding TON of 43130 for
the conversion of the C; groups into the C, unit. Acetic acid was
formed as the major product with a ratio AcOH/AcOMe/AcOEt
of 90:9:1 corresponding to a yield of 74% for the free acid
(Table 6, entry 5).

Conclusion

We presented here a new catalytic system for the formal
isomerization of methyl formate to acetic acid and methyl
acetate opening a possible route for a “defossilized” production
of acetic acid based ultimately on CO, and H, as primary
feedstocks. While NaOMe catalyzes the selective decarbon-
ylation of methyl formate to carbon monoxide and methanol
with great efficiency, the catalyst [Pd(Cl),(dppe)l/Nal enables
the subsequent methanol carbonylation to acetic acid and
methyl acetate very selectively under optimized conditions. The
molecular components of the catalytic system are compatible
with each other and act synergistically to enable the overall
transformation in a single reactor unit without the need for an
additional source for CO. An impressive increase in the
productivity from an initial turnover number (TON) of 11 to a
final TON of more than 43000 was achieved applying a
combination of molecular engineering, statistical optimization
methods, and thermodynamic analysis of the reaction network.
This demonstrates the enormous potential for the systematic
integration of software-based experimental planning and data
analysis with molecular concepts in chemistry and catalysis.

Experimental Section

General materials and methods

All applied chemicals were purchased from Sigma Aldrich (MERCK
KGaA), Acros Organics, TCI Chemicals, or Alpha Aesar. They were
used as received or, if necessary, purified by common methods.
Solvents were distilled, degassed, and dried over molecular sieves
(4 A). Unless otherwise stated, all syntheses were carried out in an
inert argon atmosphere using Schlenk techniques or in a glovebox
using heat-gun-dried glassware. Methyl formate (97%, Acros
Organics) was stirred over Na,CO; and freshly distilled on activated
molecular sieves, degassed, and dried until the residual water
content was below 10 ppm.

All nuclear magnetic resonance (NMR) experiments were carried
out on a Bruker Ascend 400 MHz spectrometer at room temper-
ature. "H NMR and *C NMR spectra were referenced to the residual
solvent resonance and chemical shifts are given relative to
tetramethylsilane. Proton broadband decoupled spectra are indi-
cated as {1H}. Spin multiplicities were assigned as s (singlet),
doublet (d), doublet of doublet (dd), triplet (t), quadruplet (q), and
multiplet (m).

GC-FID analysis of the liquid samples and quantification were
carried out on a Trace 1310 (Thermo Fischer Scientific) equipped

ChemSusChem 2022, 15, 202201006 (6 of 7)

with an SSL injector (250°C, split: 80 mLmin~', ratio 53), a VF-
WAXms column (60 m, 0.25mm inner diameter, 0.25pum film
thickness, Agilent Technologies) and flame ionization detector (FID;
250°C) with nitrogen as carrier gas. The separation was carried out
by means of the temperature program: 50 °C isothermal for 10 min,
8°Cmin~' to 250°C, 25 min at 250°C.

The GC analysis and quantification of the permanent gases was
performed on an HP 6890 Series (Hewlett Packard now Agilent
Technologies) with manual injection (1000 pL) on a ShinCarbon ST
(2m, 1.0mm inner diameter, 100/120 mesh) and a thermal
conductivity detector (TCD) with helium as carrier gas. Separation
was performed using a temperature program: 35°C isothermal for
5 min, 3°Cmin~' to 150°C, 5 min at 150°C.

The GC analysis and quantification of the organic volatile com-
pounds in the headspace of the autoclave were performed on a
Trace 1310 (Thermo Fischer Scientific) with manual injection
(1000 uL) on a TG-624SilIMS column (30 m, 1.8 um) and FID
detection with helium as carrier gas under isothermal conditions:
50°C for 45 min. Detection using mass spectrometry (MS) was
performed using an I1SQ QD Single Quadrupole (Thermo Fischer
Scientific). lonization was performed at 250°C. 70 eV (EI").

The experimental design was calculated and analyzed using
Design-Expert Version 12.0.1 (StateEase, Inc.). The study type was
set as Response Surface applying the Box-Behnken design type
without blocks.

Experimental procedure

Safety advice: The selective decomposition of methyl formate at
elevated temperatures leads to high autogenous pressures of carbon
monoxide. This poses a significant safety risk and must solely be
conducted using suitable high-pressure equipment and following
appropriate safety procedures.

In a typical experiment, a 10 mL Hastelloy autoclave equipped with
glass inset and oven dried magnetic stirring bar was charged with
the palladium complex [Pd(Cl),(dppe)] (5.7 mg, 10.0 umol,
1.0 equiv.), dppe (8.0 mg, 20.0 umol, 2.0 equiv.), NaOMe (11.6 mg,
215 umol, 21.5 equiv.), and Nal (437 mg, 2.92 mmol, 100 equiv.)
under an argon atmosphere. Methyl formate (4.0 mL) was added
using a syringe, and the autoclave was heated to the respective
reaction temperature in a preheated aluminum cone. After the
given reaction time, the autoclave was cooled in an ice bath and
carefully vented. The entire gas phase was collected in a gas
sampling bag and analyzed via GC using ethylene as internal
standard. The liquid phase of the reaction was collected, and the
autoclave was carefully rinsed with acetone. The entire liquid phase
was analyzed with GC and/or NMR spectroscopy using mesitylene
as internal standard.
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