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ABSTRACT: The conversion mechanisms of CO, and H, in methanol to 0L+ 2H. + 2CH.OH [P3COH]; CH.OCH.OCH, +2H.0
dimethoxymethane catalyzed jointly by metallic [P*Co-H]* catalyst and acidic ~° °* ¥ [HNTE] Rt i

HNTHY, cocatalyst in a domino sequence were investigated at the MO6L-SCREF level  co, \i PSCoH
o

of density functional theory. The whole conversion has the steps of the Co-catalyzed
hydrogenation (CO, + H, = HCOOH; HCOOCH; + H, = CH;OCH,OH) and 5 e A ,

acid-catalyzed esterification (HCOOH + CH;0H = HCOOCH,; + H,0; Pao},/o'}C_H CHsOH
CH,0CH,OH + CH;0H = CH;0CH,0CH, + H,0) reactions. The full Gibbs N7 {HNTE, —— CHeNTE :
free energy profiles show that the bidentate formate complex x*-[P*Co-OCHO]" is resting state A MO
the resting state and methylating CH;OCH,OH with CH;-NTf, is the rate- H, CH;OCH;0H
determining step. The whole reaction kinetics is controlled by both [P*Co-H]* and \i PCoHI" &
HNTY, cocatalyst. Our study clearly shows the individual role of metal catalyst and [HNTf,] H;
acid cocatalyst and the need to combine both catalysts for this reaction and explains HCOOH HCOOCH,

CHZ0H H,0
rationally why this process needs CO, + H, + CH;OH rather than only CO, + H,.

Compared to HNTT, as a cocatalyst, the lower activity of p-TsOH is due to the weaker interaction between acid and substrate. A
mechanism for the chain growth and termination of oxymethylene ether is proposed.

KEYWORDS: DMM formation, CO, hydrogenation, triphos ligand, cobalt complexes, acid effect, DFT

1. INTRODUCTION removal.® Furthermore, isotope labeling experiments were
. 3

Oxymethylene ethers (OMEs, CH;0-(CH,0),-CHs, n = 3— :-arrlec} Slétoforl_;he (g I)%u]chl;/i)M%!}?l (,O’ff) 3—c§.tatl){]zjec:. reac
S) are considered as promising clean fuels and substituents for E)n © d t Zfi an co 0133 C - ane lsl(_: C1>P ef 'stribution 1
petroleum diesel fuels due to their similar physical properties, E3e products of H Dy (methyl formate, MEF),
such as boiling point, vapor pressure, and viscosity.l’2 The 13CD3OCH21(3)H (methoxy methanol, MM), an'd
absence of C—C bonds and high oxygen content in OMEs CD;0CH,0"°CD; (DMM) shoY\;s that the Cp3 groups 1n
could significantly suppress soot and NO, emission. As MF, MM’ and DMM come frorr.1 CD;0D, while the C=0
dimethoxymethane (DMM, CH;0CH,OCH,) is the smallest group in MF f"nd the CH% group in MM and D MM come from
building block for synthesizing industrially desired OME, CO,. A reaction mechanism with tI71e sequential formatl.on of
fuels as well as environmentally friendly additive and solvent, ME’ MM, and D MM was prop osed.” Trapp etfﬂ)’ synthesized a
many studies were reported on the synthesis of DMM.3~¢ series of ruthe_nu.lm hetero—trlpho_s complexes, such as PhSi-
Industrially, DMM is synthesized via two successive reactions triphos, MeSi-triphos, and N-triphos, apd high activity was
(Scheme 1a), where methanol is first oxidized in the gas phase observed9 for the homogeneoulso catallysm of CQZ to form-
to formaldehyde on a heterogeneous catalyst and then aldehyde” or DMM and Nllfiz Besides ruthenium triphos
formaldehyde is further acetalized with methanol to DMM in system, Klankermayer et al,' showefi tbat the cheap and
a liquid phase.>* Alternatively, one-pot synthesis of DMM can a.bundant. 3d cobalt rrlle.tal in the combination of the triphos
be achieved via the oxidation of CHyOH or CH,;OCH,.® ligand with super acidic HNT.fZ as a cocatalyst cc?uld also

In 2016, Klankermayer et al.” reported the first sustainable access DMM from CO, and H, in CH;OH. By replacing super

novel route for the homogeneous synthesis of DMM from CO, acidic HNTf, with a weaker p a.ra—toluenesulfomc acid .(P X
and H, in the presence of CH,OH using (P*)Ru(TMM) TsOH) as a cocatalyst, however, did not lead to the formation
2 3

[triphos (P*) = 1,1,1-tris(diphenylphosphinomethyl)ethane;

TMM = trimethylene methane] with HNTT, or AI(OTf); as an Received:  April 20, 2021

acidic cocatalyst (Scheme 1b). This system is proved to be Revised: ~ May 19, 2021
efficient for the CO, hydrogenation to CH;OH, and Published: May 31, 2021
mechanistic studies revealed that the role of the acid in the
(P*)Ru(TMM)/HNTY, system is to generate the cationic
[PPRu-H]" complex as active species via reductive TMM

© 2021 American Chemical Society https://doi.org/10.1021/acscatal.1c01795
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Scheme 1. DMM Synthesis: (a) Commercial Heterogeneous Catalysis and (b) Homogeneous Catalysis by Ru/Co-Triphos
System

(a) Commercial heterogeneous catalysis for DMM synthesis

+ Oy, [Fe-Mo] + CH3OH
o Acid Ha
ChoH —_Oxidation oo 1A0dl c
or [Ag] Acetalization ~ CH30 OCHg
Dehydrogenation DMM

remove by distillation

(b) Sustainable homogeneous catalysis for DMM synthesis

[(Triphos)Ru(TMM)]
or Co(BF,),/Triphos I gZ
H,/CO, + CHZOH ~C< ¥ 7N
[Acid] H OCHz CH30 OCH3
MF DMM

Scheme 2. (a) Cobalt-Catalyzed DMM Formation Using HNTTf, as an Acidic Cocatalyst. (b) Proposed Mechanism of the
[P3Co"-H]*-Catalyzed Hydrogenation Reactions (in Black, H1—H4) and the HNTf,-Catalyzed, Esterification, Etherification,
and (De)hydration (in Blue, A1—A6)

(a) Cobalt-catalyzed transformation of CO, and H, to DMM

Co(BF4)2(15 mmol)

H, + CO, Triphos (1.1 equiv) o . gz

/7N
CH3OH (2 mL), THF (2 mL) H” “OCH,3 CH;0” OCH4
Acid (3.0 equiv), 100 °C, 22 h

o=

60 bar: 20 bar

MF DMM
TON (HNT#,) 32 92
TON (TsOH) 8 0
(b) Mechanism of DMM formation (kJ/mol)
co +H, ﬂ +Hy H, -H,0 ﬁ +H, - H,0
— — —_— — =——= 1/2 CH,0CH
2 eat] N ooy *H0 hCsy  leat CHOH = ho s
+ +
oo M [34/63] H2 [65/132] [H2] 461104 M4 o750 [:s] [-33/44]
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[:1] +|-(|: I—(|)3OH [A4] + CH3OH
AG [solvent/gas] T2
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( gas) (|3| +Hy H, + CH3;0H H,
Co [cat] ~C< PN
H OCHj CH30 OH -H,0 CH30 OCHs
[19/55] H3 [53/120] H] [41/107]
(-5/23) (0/50) AS (-14/36)

“Energies for the Respective Intermediates are Calculated Using the Mixture of [CO, + 2H, + 2CH;OH] as the Reference State.

of DMM and only small amounts of MF (TON = 8) was coordinating property of its conjugate base (Tf,N7)."’

obtained.'” This indicates that hydrogenation can occur and However, the energy barrier of the acid-catalyzed organic
the efficiency of MF formation using p-TsOH as a cocatalyst is reactions was always ignored in the literature."*

lower than that using HNTf, (TON = 32), while the Herein, we analyzed the bonding, structure, and stability of
methylation step is kinetically hindered. Therefore, super these Co-triphos complexes and explored the full Gibbs free
acidic HNTHT, plays a vital role in the subsequent methylation energy profiles of Co-triphos-catalyzed hydrogenation of CO,,

reaction. Since its first synthesis in 1984,"> HNTY, has been HCOOH, HCOOCH;, and CH,0 to HCOOH, HOCH,OH,
widely used as an acidic catalyst or additive in a wide range of CH;O0CH,0H, and CH;OH, respectively. Next, the acid-
organic transformations, e.g., the formation of C—C and C—X catalyzed methylation of HCOOH, CH,0, HOCH,OH, and
heteroatom bonds. It is generally accepted that the exceptional CH;0CH,0H to HCOOCH;, CH;0CH,OH, and
performance of HNTY, benefits from its good solubility in CH;0CH,0CH; was investigated and compared with p-
organic solvents as well as low nucleophilicity and non- TsOH-catalyzed methylation from theory and experiments.
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Figure 1. Optimized structures with critical bond distances (A; white ball for H, gray ball for C, pink ball for Co, and yellow ball for P); all C—H

bonds are omitted for clarity (P3).

2. COMPUTATIONAL DETAILS

All calculations were carried out with Gaussian 16 program.'’
Geometry optimization was performed in the gas phase at the
MOG6L'*" level with the 6-31G(d,p)"* *° basis set. The MO6L
functional has been valid in our recent work in which
benchmark calculations have been performed for the
thermodynamic parameters of Co'- and Co™-PNP complexes
using different density functional methods in the conjugation
of solvation and van der Waals dispersion correction.”" All
optimized structures were further characterized either as
energy minimums without imaginary frequencies or transition
states with only one imaginary frequency by frequency analysis,
which also provided zero-point vibrational energies and
thermal correction to enthalpy and Gibbs free energy at
298.15 K under 1 atm. On the basis of M06L/6-31G(d,p)
geometries in the gas phase, single-point energies were
calculated by including the solvation effect of methanol as
the solvent based on solute electron density (SMD) at MO6L-
SCREF level along with the def2-TZVP** basis set. The Gibbs
free energies were further corrected to the standard state in a
solution with a standard concentration of 1 mol/L (p = 24.5
atm) from the standard state in the gas phase (p = 1 atm). The
computed energetic data and optimized Cartesian coordinates
are listed in the Supporting Information. The optimized
structures were displayed by the CYLview visualization
program.”

3. RESULTS AND DISCUSSION

On the basis of the reactions in Scheme 2, we computed the
sequential mechanisms of the DMM formation in the presence
of super acidic HNTf,, where the hydrogenation of CO,,
HCOOH, HCOOCH;, and CH,0 to HCOOH, HOCH,OH,
CH;O0CH,O0H, and CH;OH, respectively, is catalyzed with the
Co-triphos complex and the methylation of HCOOH, CH,0,
HOCH,0H, and CH;OCH,OH to HCOOCH;,
CH;O0CH,0H, and CH3;0CH,OCHS;, respectively, is cata-
lyzed with the super acidic HNTf, or p-TsOH.

3.1. Catalyst Stability. In our previous work,” the
mechanism of cobalt-triphos (triphos (P?P) = bis(2-
diphenylphosphinoethyl)phenyl phosphine)-catalyzed reduc-
tive amination was investigated experimentally and computa-
tionally. Both dicationic [P*PCo"]*" and monocationic
[P?PCo"-H]* complexes were considered as potentially active
catalysts for phenylmethanimine (Ph-CH=NH) hydrogena-
tion. It was found that the monocationic [P*PCo-H]*
complex catalyzed cycle is kinetically more favored than that
catalyzed by the dicationic [P?’PCo"]*" complex by 46 kJ/mol.
Therefore, the monocationic [P*PCo™-H]* complex is
proposed as the active catalyst. Using the triphos ligand of
1,1,1-tris(diphenylphosphinomethyl)ethane (P?), the mecha-

6910

nisms of P?Ru- and P?Co-catalyzed hydrogenation of
carboxylic acids were investigated by Klankermayer et al.'*
and Bruin et al,,”” respectively, and the monocationic [P*Ru'"-
H]* and [P*Co™-(k*>-O0CPh)]* complexes were proved to be
the active catalysts.”®

In Klankermayer’s work,'"'* Co(BF,),6H,0 as a catalyst
precursor and triphos (P*) as a ligand were mixed and the
dimeric [Co,(P*),(u-OH),](BF,), complex was proved to
form spontaneously.”® Herein, the formation of the dimeric
[Co,(P?),(u-OH),]** complex from [P*Co(OH,)]** and
H,O was calculated in methanol. The reaction of the dimeric
complex formation, [2[P3Co™(OH,)]** + 2H,0 =
[Co,(P?),(u-OH),]*" + 2H;0%], is endergonic by 183 kJ/
mol (107 kJ/mol in the gas phase). Furthermore, the
formation of [P*Co™H]* from the reaction, [[Co,(P3),(u-
OH),]*" + 2H, = 2[P*Co-H]" + 2H,0], is slightly endergonic
by 17 kJ/mol (137 kJ/mol in the gas phase). The total
reaction, [2[P3Co™(H,0)]*" + 2H, = 2[P3Co-H]* + 2H,0"],
is endergonic by 200 kJ/mol (244 kJ/mol in the gas phase).
The high endergonic reaction energy cannot explain the
formation of the [P*Co-H]" species. To find the driving force
for [Co,(P?),(u-OH),]*" formation, the triphos (P*) ligand
was considered as the base as proposed by Sacconi.’® The
reaction of [2[P3*Co™(OH,)]** + 2P3 = [Co,(P3),(u-OH),]*
+ 2HP;*] is exergonic by 34 kJ/mol (—534 kJ/mol in the gas
phase). The total reaction, [2[P>*Co"(H,0)]** + 2H, + 2P° =
2[P*Co-H]" + 2HP;" + 2H,0], is exergonic by 17 kJ/mol
(=397 kJ/mol in the gas phase), and the high H, pressure can
enhance the equilibrium to [P*Co-H]*. Therefore, the triphos
(P?) ligand is found as a base for [P*Co(OH,)]**
deprotonation to dimeric [Co,(P?),(u-OH),]**. This finding
can reasonably explain recent experimental results reported by
Schaub et al.”’ that the catalytic performance is enhanced by
adding monodentate ligands such as PPhs, which is converted
into phosphonium salt within the system. Besides, the
stabilities of [P*Co-H]* and its phosphorus-protonated isomer
[HP*Co]* were compared (Figure 1). The phosphorus-
protonated isomer [HP?>Co]* in which one of the phenyl
groups on the protonated phosphorus in [HP?Co]* is
coordinated to the Co center in the #* form is much less
stable than [P3Co-H]* by 119 kJ/mol. Therefore, the
monocation [P3Co-H]* complex was used as the active
catalyst for the hydrogenation of CO,, HCOOH, HCOOCH;,
and CH,O.

3.2. Hydrogenation Thermodynamics. The direct
reductive synthesis of DMM from the mixture of CO,/H,/
CH;0H [CO, + 2H, + 2CH;0H = CH;0CH,OCH; +
2H,0] is calculated as a four-step process (Scheme 2). In the
first step, formic acid formation from CO, and H, [CO, + H,
= HCOOH, H1] is endergonic by 34 kJ/mol. In the second
step, the esterification of formic acid with methanol to produce
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Figure 2. Gibbs free energy profile of the [P*Co-H]*-catalyzed CO, hydrogenation (reactions H1 and H2).

ME [HCOOH + CH,OH = HCOOCH, + H,0, Al] is
exergonic by 15 kJ/mol. In the third step, MF hydrogenation
to MM [HCOOCH, + H, = CH,0CH,0H, H3] is
endergonic by 34 kJ/mol. Alternatively, MM can be formed
via stepwise hydrogenation of HCOOH [HCOOH + H, =
HOCH,0H, H2] to HOCH,OH (methanediol, MD) and the
etherification of MD to MM [HOCH,0OH + CH;OH =
CH;OCH,OH + H,0, A3]. The final step is the etherification
of MM to DMM [CH,OCH,OH + CH,0H =
CH;0CH,0CH;+ H,0, AS], and this step is exergonic by
12 kJ/mol. Alternatively, CH,O can be formed via the stepwise
hydrogenation of HCOOH via HOCH,OH [HCOOH + H, =
HOCH,O0H = CH,0 + H,0, H2 and A2], and this process is
endergonic by 12 kJ/mol. The formation of CH,O from CO,
and H, [CO, + 2H, = HCOOH + H, = HOCH,OH = CH,0
+ H,0, H1, H2, and A2] is endergonic by 46 kJ/mol. Further
hydrogenation of CH,O to CH;OH [CH,O + H, = CH;0H,
H4] is exergonic by 73 kJ/mol.

Next, the dehydration of CH;0H to CH;0OCH; [2CH;0H
= CH;0CH,; + H,0, A6] as a side reaction is calculated. It is
found that the generation of CH;OCH; (dimethyl ether,
DME) from CO, and H, [2CO, + 6H, = CH;OCH, + 3H,0]
is exergonic by 66 kJ/mol. Therefore, the formation of
CH,OCH, is much more favorable than the DMM formation.
On the other hand, the formation of DMM by CH;0H as a
feedstock [3CH;0H = CH;OCH,OCH,; + H,0 + H,] is
endergonic by 68 kJ/mol in methanol (57 kJ/mol in the gas
phase) and hard to be balanced by CH;OCH; formation
[2CH;0H = CH;0CHj; + H,0], which is only exergonic by
12 kJ/mol.

The total reaction of the DMM formation from [CO, +2H,
+2CH,OH = 2H,0 + DMM]/[3CO, +8H, = 4H,0 + DMM]
in CH;OH has an enthalpy change (AH) of —14/—143 kJ/
mol (—37/—135 kJ/mol deduced from the standard enthalpy
of formation in the gas phase’®), and the corresponding Gibbs
free energy change (AG) is 41/—12 kJ/mol. This indicates
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that this process is accessible thermodynamically and the
formation of DMM can be promoted by adjusting the ratios of
the components in the reaction mixture, ie., adding either
adducts or removing products as well as changing the reaction
condition from the gas phase to liquid phase. This is why the
reaction-distillation process is always applied for heteroge-
neous catalysis when using CH;OH as a feedstock.

On the basis of the computed stability of the active catalyst
and the reaction thermodynamics, we explored the reaction
kinetics of the hydrogenation reaction of CO, (H1), HCOOH
(H2), HCOOCH,; (H3), and CH,O (H4). The full Gibbs free
energy profiles are shown in the Supporting Information
(Figures S1—S4), and the simplified Gibbs free energy profiles
are used for comparison and discussion.

3.2.1. CO, Hydrogenation. The simplified Gibbs free
energy profiles of CO, hydrogenation (H1; Scheme 2b) to
HOCH,OH are shown in Figure 2. There are many
computational studies on the CO, hydrogenation to formic
acid, and the mechanism is well accepted. As shown in Figure
2, the first transition state (TS1-H) is the transfer of the Co—
H hydride to the carbon center of CO,, and this can be
considered as a nucleophilic attack of the hydride on the
lowest unoccupied molecular orbital (LUMO) of CO,, and the
Gibbs free energy barrier is 26 kJ/mol. In TS1-H, the forming
C—H and the breaking Co—H distances are 1.156 and 1.985 A,
respectively. This step results in the formation of the
intermediate with the agostic Co—H interaction [P3*Co-

OCHO,,,]*, which can arrange to form the intermediate
with bidentate formate coordination k*-[P>*Co-OCHO]". This
is totally exergonic by 45 kJ/mol. The second transition state
(TS2-H) is the heterolytic H, metathesis leading to the
formation of HCOOH and the regeneration of the active
catalyst [P*Co-H]*. In TS2-H, the forming Co—H and O—H
distances are 1.608 and 1.264 A, respectively, and the breaking
H—H distance is 0.972 A. The Gibbs free energy barrier for H,
metathesis is 75 kJ/mol and the formation of [P3Co-
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H(HCOOH),]" is endergonic by 71 kJ/mol. The release of
HCOOH from [P3*Co-H(HCOOH),]* with the regeneration
of [P*Co-H]" is endergonic by 8 kJ/mol.

Next, we computed the subsequent hydrogenation of
HCOOH to HOCH,OH (H2; Scheme 2b). Since the reaction
was carried out under acidic conditions and formic acid is a
weak acid, we computed its neutral form hydrogenation, which
also has two steps. The first step is the hydrogenation of
HCOOH to [P3Co-OCH,OH]*, which is similar to the
hydrogenation of aldehydes or ketones. In the transition state,
TS3-H, the forming C—H and breaking Co—H distances are
1.523 and 1.779 A, respectively. This step has a Gibbs free
energy barrier of 23 kJ/mol and is endergonic by 10 kJ/mol.
The second step is the heterolytic H, metathesis [P*Co-
OCH,OH]" via the transition state TS4-H, where the forming
Co—H and O—H distances are 1.644 and 1.386 A, respectively,
and the breaking H—H distance is 0.924 A. This step has a
Gibbs free energy barrier of 87 kJ/mol and is endergonic by 21
kJ/mol.

On the Gibbs free energy profiles, HOCH,COH formation
has an apparent Gibbs free energy barrier of 131 kJ/mol and is
endergonic by 65 kJ/mol. Considering the intermediate with
the bidentate formate coordination k*-[P3Co-OCHO]" as the
resting state, the effective barrier is as high as 176 kJ/mol. All
these show that this transformation is very unfavored both
kinetically and thermodynamically, despite the fact that
HOCH,OH and H,CO can have equilibrium in the aqueous
solution (H,CO + H,0 = HOCH,OH). To escape this
energetic disadvantage, we computed the alternative routes
leading to the DMM formation.

3.2.2. Hydrogenation of HCOOCHj;. Having the kinetic and
thermodynamic disadvantage of CO, hydrogenation to
HOCH,OH, we computed the hydrogenation of MF to MM
(H3; Scheme 2b), which can be formed from the condensation
of formic acid and methanol [HCOOH + CH;0H =
HCOOCH; + H,0], which is exergonic by 15 kJ/mol.
Starting from [CO, + 2H, + 2CH;0H], the formation of
HCOOCH; is endergonic by 19 kJ/mol (Scheme 2b). The
simplified Gibbs free energy profiles of HCOOCH; hydro-
genation to CH;OCH,OH are shown in Figure 3. There are
many computational studies on the hydrogenation of
carboxylic ester, and the mechanism is well accepted.

Starting from HCOOCH; formed from [CO, + 2H, +
2CH;0H] (Figure 3), the hydride transfer from Co—H to the
carbon of HCOOCH; via the transition state TSS—H has a
Gibbs free barrier of 11 kJ/mol. In TS5—H, the forming C—H
and breaking Co—H distances are 1.508 and 1.800 A,
respectively. This step leads to the formation of an
intermediate [P*Co-OCH,0OCH,]*, which is slightly ender-
gonic by 3 kJ/mol. The second step is the heterolytic H,
metathesis [P*Co-OCH,OCH,]* via the transition state TS6-
H, where the forming Co—H and O—H distances are 1.644
and 1.299 A, respectively, and the breaking H—H distance is
0.978 A. This step has a Gibbs free energy barrier of 98 kJ/mol
and is endergonic by 34 kJ/mol for the formation of
CH;0CH,0OH and the regeneration of the active catalyst.
Compared with Figure 2, TS6-H is lower in energy than TS4-
H by 14 kJ/mol.

3.2.3. CH,0 Hydrogenation. Although HOCH,OH for-
mation from CO, and H, needs a very high apparent barrier
(131 kJ/mol) and is endergonic (65 kJ/mol), we computed
the hydrogenation of CH,O (H4; Scheme 2b), which can be
formed from the HOCH,OH dehydration [HOCH,OH =
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Figure 3. Gibbs free energy profile of the [P*Co-H]*-catalyzed
HCOOCH; hydrogenation (reaction H3).

CH,O + H,0], and it is noted that CH,0O and HOCH,OH
form an equilibrium in the aqueous solution. The simplified

Gibbs free energy profile of the CH,O hydrogenation to
CH;OH is shown in Figure 4.

+
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Figure 4. Gibbs free energy profile of the [P*Co-H]*-catalyzed CH,O
hydrogenation (reaction H4).

As shown in Figure 4, the first step of CH,O insertion into
Co—H is barrierless and the formation of agostic species
[P3Co-OCH;]" is exergonic by 81 kJ/mol. The next step is the
heterolytic H, metathesis of [P>*Co-OCH,]* to methanol. In
the transition state (TS7—H), the breaking H—H distance is
0.952 A, and forming Co—H and O—H distances are 1.663 and
1.339 A, respectively. This step has a Gibbs free energy barrier
of 83 kJ/mol and is endergonic by 8 kJ/mol. Totally, the
CH,0 hydrogenation to methanol has an apparent barrier of 2
kJ/mol and is exergonic by 73 kJ/mol.

3.2.4. Correlation between Descriptor and Gibbs Free
Energy Barrier. Based on the Gibbs free energy profiles, it is
found that the rate-determining step for the hydrogenation of
CO,, HCOOH, HCOOCHS;, and CH,O is H, metathesis.
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Figure 6. Gibbs free energy profile of HNX, (X = SO,CF;)-catalyzed esterification of HCOOH to HCOOCH; by CH;0H (reaction Al).

Since an excellent relationship between the deprotonation
energy of the hydrogenated product (AGpy = G[R;R,CHO]
— G[R,R,CHOH]) and the reverse barrier of H* transfer
(AG*~(H")) was found in our recent work,”" the relationship
between the deprotonation energy of the hydrogenated
product AGpy* was explored. As shown in Figure Sa, a
correlation (R* = 0.92) between the deprotonation Gibbs free
energy of the hydrogenated product AGpy- and the reverse
Gibbs free energy barrier of H, metathesis AG*~(H") was
found. Furthermore, a correlation (R* = 0.98; Figure 5b) is
found between the formation Gibbs free energy of [P*Co-
OR]* AGppor and the apparent Gibbs free energy of the H,
metathesis AGZ;P(H“L). Therefore, both the deprotonation
energy of the hydrogenated product AGpy and the formation
Gibbs free energy of [P*Co-OR]" AGy.or can be used as
potential descriptors for estimating the Gibbs free energy of
the rate-determining step of proton transfer.

3.3 Acid-Catalyzed Esterification, Etherification, and
(De)hydration. Since acid was used as a cocatalyst and
different acids have different catalytic activities, we investigated
the acid-catalyzed HCOOCH; (Al), HOCH,OH (A2),
CH;0CH,0H (A3 and A4), and CH;0CH,0OH (AS)
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formation using HN(SO,CF;), as a catalyst (abbreviated as
X,NH, X = SO,CF;). For comparison, we computed the
energies of the corresponding rate-determining step by
replacing X,NH with p-TsOH as an acidic cocatalyst. It is
reported that in the water solution, p-TsOH has a pK, of —1.6,
while HN(SO,CF;), has a pK, of 1.7,"> and this shows that
both acids have different strengths in the water solution, and
therefore their different activity in DMM formation should not
come from their different acid strengths. On the basis of these
facts, we computed the acid-catalyzed kinetics first and then
the kinetics from methylation agents. The full Gibbs free
energy profiles are shown in the Supporting Information
(Figures SS and S6), and the simplified Gibbs free energy
profiles are used for comparison and discussion.

3.3.1. Esterification of HCOOH with CH;0H. As shown in
Figure 6, the esterification of HCOOH (Al in Scheme 2b) can
occur through either the nucleophilic attack of H-bonded
CH;0H:--HNX, by HCOOH via the carbonyl group or H-
bonded HCOOH---HNX, by CH;OH. First, the formation of
H-bond between CH;OH or HCOOH with HNX, is
endergonic by 14 and 19 kJ/mol (Figure SS). The nucleophilic
attack of CH;" by carbonyl via TS8-CH;OH-HCOOH has a
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Figure 7. Gibbs free energy profile of X,NH (X = SO,CF;)-catalyzed formation of MM and DMM starting from [CH,O + 2CH;0H + H,0]

(reactions A2—AS).

free energy barrier of 162 kJ/mol. Alternatively, the
methoxymethanediol CH;OCH(OH), can be generated
through the C—O coupling by the nucleophilic attack of
carbonyl by CH;OH via TS9-HCOOH-CH;O0H, which has a
Gibbs free energy barrier of 59 kJ/mol. Therefore, the
dehydration of HCOOH with CH;OH via CH;OCH(OH),
intermediate is kinetically more favorable. Subsequently, the
dehydration of CH;OCH(OH), resulting in the formation of
HCOOCH, via TS10-H,O has a Gibbs free energy barrier of
50 kJ/mol.

3.3.2. CH;0CH,0H and CH;0CH,0CH; Formation. Start-
ing from CH,0, CH;0OCH,OH can be formed directly with
methanol [CH,0 + CH;OH = CH;0CH,OH, A4] or
stepwise via HOCH,OH intermediate [CH,O + H,O +
CH,;0H = HOCH,OH + CH;0H = CH;0CH,0H + H,0,
A2 and A3]. The simplified Gibbs free energy profiles are
shown in Figure 7. For the direct formation of CH;OCH,OH,
the reaction via the concerted transition state (TSB11-CH,O-
CH;OH) has a Gibbs free energy barrier of 54 kJ/mol and is
endergonic by 7 kJ/mol.

For the stepwise formation of CH;OCH,OH, the first step is
the formation of HOCH,OH between CH,O and H,0O, and
this step via the corresponding transition state (TSB12-CH,O-
H,0) has a Gibbs free energy barrier of 68 kJ/mol and is
endergonic by 19 kJ/mol. The next methylation of
HOCH,0H with CH,OH to CH,OCH,0H via TS13-
CH3;0OH-MD has a Gibbs free energy barrier of 156 kJ/mol
and is exergonic by 12 kJ/mol. As shown on the Gibbs free
energy profiles, the direct formation of CH;OCH,OH is much
favored kinetically by 121 kJ/mol. The following methylation
of CH;0CH,OH with CH;OH to CH;0CH,OCHj; via TS14-
CH;OH-MM has a Gibbs free energy barrier of 154 kJ/mol
and is exergonic by 12 kJ/mol.

Taking the complex of formate-coordinated k*-[P*Co-
OCHO]" as the resting state (—4S kJ/mol; Figure 2) and
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the transition state (TS14-CH;0H-MM) of CH;OCH,OCH,
formation as the rate-determining state, the effective barrier is
as high as 252 kJ/mol, and such a high barrier is incompatible
with the high TON (92) obtained at 100 °C. Therefore, one
should think about the ultimate role of acid in this reaction.
3.3.3. Alternative Mechanism for Etherification. Having
the problem of the rather high apparent (207 kJ/mol) and
effective (252 kJ/mol) barriers for the last step of DMM
formation, we reconsidered the ultimate role of the super
acidic HNX, for the high activity in the reaction. As shown in
Scheme 3a, we computed the reaction of HNX, with CH;OH
resulting in the formation of CH;-NX,, DME as well as the ion
pair of oxonium ion [(CH;);0]" and "NX,, [(CH;);0]*/
[NX,]™. Then, we computed their etherification activity for
CH,;0CH,OH and CH;O0CH,OCHj, formation (A3 and AS;
Scheme 2b) and compared with that of CH;OH as the methyl
group donor (Scheme 3b). The full Gibbs free energy profiles

Scheme 3. (a) Interconversion of Methyl Donors. (b)
Etherification of HOCH,OH and CH;OCH,OH by
CH,OH, DME, CH,-NX,, and [(CH,),0]*/[NX,]

(a) Interconversion of methyl donors

XoNH + CHzOH XoNH + 1/2 DME

X,N-CHa
H,0 — M2 M3
DME XoNH
XoN-CHs —\%> [(CH3)30T*/[NXo]

(b) Etherification of HOCH,OH and CH3;0CH,OH

1/2 Hy0

methyl methyl
2 donor 2 donor Ho
U — YU~ - C.
HO OH A3 CH30 OH A5 CH30 OCHs3
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Figure 8. Gibbs free energy profile for the formation of CH;OCH;, CH;-NX,, and [(CH;);0]"/[NX,]™ (X = SO,CF;, reactions M1-M3).

are shown in the Supporting Information (Figures S7—S11),
and simplified Gibbs free energy profiles are used for
comparison and discussion.

First, CH;0OCHj; can be formed via a concerted mechanism
from two CH;0H (M1; Scheme 3a) via TS15-DME (Figure
8; black line), and this step has a Gibbs free energy of 130 kJ/
mol and is exergonic by 13 kJ/mol. In addition, the formation
of CH;-NX, and [(CH;);0]*/[NX,]” (M2 and M3; Scheme
3a) are computed. Interestingly, the formation of CH;-NX, via
TS16-CHj, (red line) is highly exergonic by 25 kJ/mol and has
a Gibbs free energy barrier of 124 kJ/mol, indicating that the
CH;-NX, formation is more favored kinetically and
thermodynamically. Next, the reaction of DME and CH;-
NX, with the formation of [(CH;),0]"/[NX,]” via TS17-
O(CH;);* (blue line) has a Gibbs free energy barrier of 110
kJ/mol and is highly endergonic by 76 kJ/mol. The formation
Gibbs free energies of CH;-NX, and [(CH;);0]*/[NX,]”
indicate that CH;-NX, might be the key methyl donor in this
process, while the formation of [(CH;);0]*/[NX,]™ is
thermodynamically unfavorable. Nevertheless, we computed
the etherification of HOCH,OH and CH;OCH,OH with
DME, CH;-NX,, and [(CH;);0]*/[NX,]” as methylation
agents for comparison.

For the etherification of HOCH,OH and CH;0CH,OH by
DME, CH;-NX,, and [(CH,);0]"/[NX,], we used the same
reference line [X,NH + 4CH,OH + CO, + 2H,] for general
comparison. As shown in Figure 9, the etherification of
HOCH,OH by DME, CH;NX,, and [(CH,);0]*/[NX,] to
CH,OCH,OH via X,NH-TS-DME-MD, X,N-TS-CH,-MD,
and X,NH-TS-(CHj;);0-MD have apparent Gibbs free energy
barriers of 211, 170, and 167 kJ/mol, which is lower or much
lower than that by CH;OH (221 kJ/mol). The barrier of the
CH;0CH,0H etherification by DME, X,N-CH,;, and
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[(CH,);0]*/[NX,]” to CH,0CH,0CH, via X,NH-TS-
DME-MM, X,N-TS-CH;-MM, and X,N-TS-(CH,),0-MM
have apparent Gibbs free energy barriers of 173, 134, and 156
kJ/mol, respectively, which are lower or much lower than that
by CH,OH (207 kJ/mol). The comparison shows that X,N-
CH, and [(CH,);0]"/[NX,]" significantly decrease the free
energy barrier of CH;OCH,OH etherification by 52 and 30
kJ/mol, respectively. Considering the whole process, the Gibbs
free energy barrier via HCOOH and HCOOCH; intermedi-
ates [CO, + H, = HCOOH (H1); HCOOH + CH,0H =
HCOOCH,; (Al1); HCOOCH,; + H, = CH;0CH,OH (H3);
CH,0CH,OH + CH;0H = CH;0CH,OCH; (AS)] is lower
than that via HOCH,OH and CH,0 [CO, + H, = HCOOH
(H1); HCOOH + H, = HOCH,OH (H2); HOCH,OH =
CH,0 + H,0 (A2); CH,0 + CH,0OH = CH,0CH,OH (A4);
CH;0CH,0OH + CH;0OH = CH;0OCH,0OCH; (AS)] by 14
kJ /mol for DMM formation (117 for TS6-H vs 131 kJ/mol for
TS4-H). This is in good agreement with the experimental
result that HCOOCH; is formed in the catalytic system. The
rate-determining step is the etherification of CH;OCH,OH to
CH;0CH,0CH; by CH;-NX, as a methylation agent. The
calculated effective Gibbs free energy barrier (179 kJ/mol) by
taking k*-[P>*Co-OCHO]" (—4S kJ/mol) as the resting state
agrees with the experimental results that acid is vital for the
selective transformation of CO, and H, to DMM.

Inspired by the mechanism of acidic zeolite catalyzed DMM
formation from CH,O and CH;O0H, the stepwise mechanism
through X,N-CH,OCHy, is also considered (Figure 10). In our
previous investigation, the CH,OCH;" cation stabilized by the
deprotonated anion ZO~ was found to be a crucial
intermediate for C—O and C—C bond formation.” Herein,
the generation of X,N-CH,0OCHj; from CH,O and X,N-CH;
via TS-CH;-CH,O has a Gibbs free energy barrier of 136 kJ/
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X,N-CH;, and [(CHj;);0]*/[NX,]™ as a methyl donor for DMM generation (X = SO,CF;, reactions A3 and AS).

mol. The reaction between X,N-CH,OCH; and CH;OH with
DMM formation has a Gibbs free energy barrier of 87 kJ/mol.
The effective Gibbs free energy barrier for DMM formation via
the X,N-CH,0OCH; route (202 kJ/mol) is 23 kJ/mol higher
than via the etherification of CH;0CH,0OH by X,N-CH,;.
Therefore, X,N-CHj; should be the key methylation agent.

3.3.4. p-TsOH-Catalyzed Etherification. To get a deep
understanding of the effect of acid on the DMM formation, the
rate-determining step of the etherification catalyzed by p-
TsOH was computed and compared with that catalyzed by
HNTY,. As shown in Figure 11, the Gibbs free energy barrier of
the rate-determining step of the CH;OCH,OH etherification
by CH;OH, DME, p-TsO-CH;, and p-TsO™---(CH;);0" to
CH;0CH,OCH; via p-TsOH-TS-CH;OH-MM, p-TsOH-TS-
DME-MM, p-TsO-TS-CH;-MM, and p-TsO-TS-(CH;);0-
MM have apparent Gibbs free energy barriers of 205, 198, 171,
and 186 kJ/mol, respectively. Therefore, the most favorable
route via p-TsO-CHj as a methyl donor has an effective Gibbs
free energy barrier of 216 kJ/mol, which is 37 kJ/mol higher
than that via X,N-CHj.

To understand the acidic effect, we further analyze the
structures of the corresponding transition states by the ASM
(activation strain model; Figure S12 and Table S1) analysis.g'0
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Compared with p-TsO-CH; CH;-NTf, provides stronger
interaction energy by 21 kJ/mol (164 vs 143 kJ/mol), while
the distortion energies of them are very similar (231 vs 237 kJ/
mol). Therefore, the lower free energy barrier for X,N-CH,
can be attributed to the higher interaction energy than that of
p-TsO-CH;.

Since the Gibbs free energy profiles have the same reference
line [X,NH + 4CH;OH + CO, + 2H,], one can compare the
kinetics between the [P3Co-H]* complex and HNTf,-
catalyzed reactions. We can conclude that the most favored
reaction route involves the following elementary reaction steps:
(a) CO, hydrogenation to formic acid catalyzed by Co
complex; (b) acid-catalyzed esterification between formic acid
and methanol to methyl formate; (c) hydrogenation of methyl
formate to methoxy methanol catalyzed by the Co complex;
and (d) acid-catalyzed condensation between methoxy
methanol and methanol to dimethoxymethane.

The Gibbs free energy profiles show methyl formate and
dimethoxymethane as detectable intermediates, in agreement
with the experiment. The bidentate formate coordination x?-
[P3Co-OCHO]" is the resting state and the H, metathesis step
in HCOOCH; hydrogenation is the rate-determining step, and
the apparent barrier is 117 kJ/mol. For the HNTf,-catalyzed
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Figure 10. Gibbs free energy profile for DMM formation via the X,N-
CH,OCH, route (X = SO,CF,).

etherification reaction from CH;OCH,OH and CH;OH to
CH;O0CH,0OCH;, the apparent barrier is 134 kJ/mol. For
DMM formation, the HNTTf,-catalyzed etherification of
CH;OCH,OH is the rate-determining transition state, and

the catalytic activity is controlled by both [P3*Co-H]* complex
and acidic cocatalyst. This indicates that it is necessary to
consider both metal- and acid-based catalysis, i.e., the stability
of metal-formate intermediate (ligand effect) and the
interaction between methylation agent and substrate (acid
effect), they are decisive for the formation of the desired
products.

On the basis of these results, we propose the mechanism of
the chain growth via the repeating cycle of esterification
between formic acid and alcohol to formate catalyzed by acid
and the subsequent hydrogenation of formate to the next
higher alcohol (Scheme 4); and this is the chain growth

Scheme 4. Proposed Chain Growth Mechanism of
Oxymethylene Ethers

HCOOH - n HCOOH/H,
ROCH,0H ROCH,00CH ROCH,0CH,OH-+---3 RO(CH,0),H

CHgOH& CH:,OH\ CH30H \\

RO-CH,0CH5 ROCH,0OCH,0CH;  RO(CH,0),CHs

sequence, and the etherification of the formed alcohol to the
corresponding ether is the chain termination step. Therefore, it
should be possible to control the chain length by changing the
metal complex and acid.

4. CONCLUSIONS

The goal of this study is the elucidation of the mechanisms of
the transformation of CO,, H,, and CH;0OH to
CH;OCH,OCHj; catalyzed jointly by the [P*Co-H]* complex
and HNTT, as an acidic cocatalyst in a domino sequence. This
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Figure 11. Gibbs free energy profile for the CH;OCH,OH etherification by CH;0H, CH;0CH;, p-TsO-CH;, and [(CH,;);0]*/[p-TsO] as the

methyl donor for DMM generation (reaction AS).
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transformation has four sequential steps, CO, + H,
HCOOH and HCOOCH; + H, = CH;OCH,OH catalyzed
by the [P3Co-H]* complex, and HCOOH + CH;OH =
HCOOCH,; + H,0 and CH,0CH,0H + CH,0OH
CH;0CH,0CH; + H,O. All energetic data are discussed on
the same reference line and can be used for general

comparison.

With respect to the experimentally observed dimeric [P*Co-
OH],*" complex, the triphos ligand plays a role of the base to
deprotonate [P3Co(OH,)]** to dimeric [Co,(P?),(u-
OH),]**. The monocationic [P*Co-H]* complex has been
found to have high thermal stability under H, atmosphere and
is also the active catalyst for the hydrogenation steps.

In the [P?Co-H]"-catalyzed hydrogenation reaction, H,
metathesis is the rate-determining step, and the apparent
barriers for CO,, HCOOCHS,;, and CH,0 are 34, 117, and 48
kJ/mol, respectively. The correlation between the deprotona-
tion Gibbs free energy of the hydrogenated product AGpy
and the reverse barrier AG”~(H") as well as that between the
formation Gibbs free energy of [P*Co-OR]" AGy_cg and the
apparent Gibbs free energy of proton transfer AGZ;P(H+)
indicates that the deprotonation energy of the hydrogenated
product AGpyy- and the formation Gibbs free energy of [P*Co-
OR]* AGpor can be used as potential descriptors for
estimating the Gibbs free energy of the rate-determining step
of the hydrogenation reactions. The descriptors found in this
work can be used for related catalyst screening and prediction.

For the methylation reactions using HNTT, as a cocatalyst,
different methylation steps have been considered. Taking the
acid catalyst interconversion into account, methylating
CH;OCH,0OH using CH;OCH;, CH;-Tf,N, and
[(CH;);0]"/[NX,]” is more favorable than that using
CH;OH by 51, 73, and 51 kJ/mol, respectively. In addition,
the formation of CH;-Tf;N is favored kinetically and
thermodynamically. Consequently, the methylation of
CH;0CH,OH by CH;-Tf,N is the most favorable route.
Compared to HNTT, as a cocatalyst, the lower activity of p-
TsOH as an acidic cocatalyst is due to the weaker interaction
between the methylation agent and the substrate.

Taking the whole Gibbs energy profile into consideration,
the route of the CH;OCH,OCHj; formation via HCOOH and
HCOOCH; intermediates is more favored than that via
HOCH,0OH and CH,O. This can reasonably explain the
formation of HCOOCH; as a detectable product in the
catalytic system. The whole Gibbs energy profile also shows
that the bidentate formate coordination k*-[P3*Co-OCHO]" is
the resting state and the HNTf,-catalyzed etherification of
CH;OCH,OH is the rate-determining transition state. There-
fore, the catalytic activity is controlled by both [P*Co-H]* and
acidic cocatalyst and reducing the stability of the metal-formate
intermediate (ligand effect), and the Gibbs free energy barrier
of the etherification of CH3;0CH,OH by enhancing the
interaction between the methylation agent and the substrate
(acid effect) can improve the activity and selectivity for the
formation of the desired products. Finally, our study shows the
individual role of the metal catalyst and acid cocatalyst and the
need to combine both catalysts for this reaction and also
explains why this process requires CO, + H, + CH;OH rather
than only CO, + H, for this dual system.

6918

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal. 1c0179S.

Full Gibbs free energy profiles for the [P*Co-H]*-
catalyzed CO,, HCOOH, HCOOCH;, and CH,O
hydrogenation (S1) and HNX, and p-TsOH-catalyzed,
esterification, etherification, and (de)hydration (S2);
ASM (activation strain model) analysis for
CH;OCH,OH etherification by CH;-NTf, and p-TsO-
CHj; (S3); and energies and Cartesian coordinates for all
optimized structures (S4) (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Zhihong Wei — Leibniz-Institut fiir Katalyse e.V., 18059
Rostock, Germany; Institute of Molecular Science, Key
Laboratory of Materials for Energy Conversion and Storage
of Shanxi Province, Shanxi University, Taiyuan 030006, P.
R. China; ® orcid.org/0000-0002-9460-7908;
Email: weizhihong@sxu.edu.cn

Haijun Jiao — Leibniz-Institut fir Katalyse e.V.,, 18059
Rostock, Germany; © orcid.org/0000-0002-2947-5937;
Email: haijun.jiao@catalysis.de

Authors

Xinxin Tian — Leibniz-Institut fiir Katalyse e.V., 18059
Rostock, Germany; Institute of Molecular Science, Key
Laboratory of Materials for Energy Conversion and Storage
of Shanxi Province, Shanxi University, Taiyuan 030006, P.
R. China

Michael Bender — BASF SE, 67056 Ludwigshafen am Rhein,
Germany

Matthias Beller — Leibniz-Institut fir Katalyse e.V,, 18059
Rostock, Germany; © orcid.org/0000-0001-5709-0965

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal. 1c01795

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by NAMOSYN
(Nachhaltige Mobilitit mit synthetischen Kraftstoffen,
03SF0566) project from the Bundesministerium fiir Bildung
und Forschung, Germany.

B REFERENCES

(1) Burger, J.; Siegert, M.; Stréfer, E.; Hasse, H. Poly(oxymethylene)
Dimethyl Ethers as Components of Tailored Diesel Fuel: Properties,
Synthesis and Purification Concepts. Fuel 2010, 89, 3315—3319.

(2) Baranowski, C. J.; Bahmanpour, A. M.; Krdcher, O. Catalytic
Synthesis of Polyoxymethylene Dimethyl Ethers (OME): A Review.
Appl. Catal, B 2017, 217, 407—420.

(3) Sun, R; Delidovich, L; Palkovits, R. Dimethoxymethane as a
Cleaner Synthetic Fuel: Synthetic Methods, Catalysts, and Reaction
Mechanism. ACS Catal. 2019, 9, 1298—1318.

(4) Reuss, G.; Disteldorf, W.; Gamer, A. O.; Hilt, A. Formaldehyde.
In Ullmann’s Encyclopedia of Industrial Chemistry, 2000.

(5) Thavornprasert, K-a; Capron, M.; Jalowiecki-Duhamel, L.;
Dumeignil, F. One-Pot 1,1-Dimethoxymethane Synthesis From
Methanol: a Promising Pathway over Bifunctional Catalysts. Catal.
Sci. Technol. 2016, 6, 958—970.

https://doi.org/10.1021/acscatal.1c01795
ACS Catal. 2021, 11, 6908—6919


https://pubs.acs.org/doi/10.1021/acscatal.1c01795?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01795/suppl_file/cs1c01795_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihong+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9460-7908
mailto:weizhihong@sxu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haijun+Jiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2947-5937
mailto:haijun.jiao@catalysis.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinxin+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Bender"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Beller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5709-0965
https://pubs.acs.org/doi/10.1021/acscatal.1c01795?ref=pdf
https://doi.org/10.1016/j.fuel.2010.05.014
https://doi.org/10.1016/j.fuel.2010.05.014
https://doi.org/10.1016/j.fuel.2010.05.014
https://doi.org/10.1016/j.apcatb.2017.06.007
https://doi.org/10.1016/j.apcatb.2017.06.007
https://doi.org/10.1021/acscatal.8b04441?ref=pdf
https://doi.org/10.1021/acscatal.8b04441?ref=pdf
https://doi.org/10.1021/acscatal.8b04441?ref=pdf
https://doi.org/10.1039/C5CY01858G
https://doi.org/10.1039/C5CY01858G
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01795?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(6) Dabral, S.; Schaub, T. The Use of Carbon Dioxide (CO,) as a
Building Block in Organic Synthesis from an Industrial Perspective.
Adv. Synth. Catal. 2019, 361, 223—246.

(7) Thenert, K; Beydoun, K.; Wiesenthal, J.; Leitner, W,;
Klankermayer, J. Ruthenium-Catalyzed Synthesis of Dialkoxymethane
Ethers Utilizing Carbon Dioxide and Molecular Hydrogen. Angew.
Chem., Int. Ed. 2016, 55, 12266—12269.

(8) Wesselbaum, S.; Moha, V.; Meuresch, M.; Brosinski, S.; Thenert,
K. M.; Kothe, J; vom Stein, T.; Englert, U; Holscher, M,;
Klankermayer, J.; Leitner, W. Hydrogenation of Carbon Dioxide to
Methanol using a Homogeneous Ruthenium-Triphos Catalyst: From
Mechanistic Investigations to Multiphase Catalysis. Chem. Sci. 20185,
6, 693—704.

(9) Siebert, M.; Seibicke, M.; Siegle, A. F.; Krih, S.; Trapp, O.
Selective Ruthenium-Catalyzed Transformation of Carbon Dioxide:
An Alternative Approach toward Formaldehyde. J. Am. Chem. Soc.
2019, 141, 334—341.

(10) Seibicke, M.; Siebert, M.; Siegle, A. F.; Gutenthaler, S. M,;
Trapp, O. Application of Hetero-Triphos Ligands in the Selective
Ruthenium-Catalyzed Transformation of Carbon Dioxide to the
Formaldehyde Oxidation State. Organometallics 2019, 38, 1809—
1814.

(11) Schieweck, B. G.; Klankermayer, ]J. Tailor-made Molecular
Cobalt Catalyst System for the Selective Transformation of Carbon
Dioxide to Dialkoxymethane Ethers. Angew. Chem., Int. Ed. 2017, S6,
10854—10857.

(12) Schieweck, B. G.; Klankermayer, J.; Leitner, W. Nickel and
Cobalt Catalysed Utilization of CO, as a C,-Synthon; Universitatsbi-
bliothek der RWTH Aachen, 2019.

(13) Zhao, W.; Sun, J. Triflimide (HNTf,) in Organic Synthesis.
Chem. Rev. 2018, 118, 10349—10392.

(14) Geilen, F. M. A;; Engendahl, B.; Hélscher, M.; Klankermayer,
J.; Leitner, W. Selective Homogeneous Hydrogenation of Biogenic
Carboxylic Acids with [Ru(TriPhos)H]": A Mechanistic Study. J. Am.
Chem. Soc. 2011, 133, 14349—14358.

(15) Frisch, M; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M,;
Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.
Gaussian 16. Gaussian, Inc.: Wallingford, CT, 2016.

(16) Zhao, Y.; Truhlar, D. G. A New Local Density Functional for
Main-Group Thermochemistry, Transition Metal Bonding, Thermo-
chemical Kinetics, and Noncovalent Interactions. J. Chem. Phys. 2006,
125, No. 194101.

(17) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics, Non-
Covalent Interactions, Excited States, and Transition Elements: Two
New Functionals and Systematic Testing of Four MO06-Class
Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008,
120, 215-241.

(18) Hehre, W. J.; Ditchfield, R;; Pople, J. A. Self—Consistent
Molecular Orbital Methods. XII. Further Extensions of Gaussian—
Type Basis Sets for Use in Molecular Orbital Studies of Organic
Molecules. J. Chem. Phys. 1972, 56, 2257—2261.

(19) Rassolov, V. A; Pople, J. A,; Ratner, M. A.; Windus, T. L. 6-
31G* Basis Set for Atoms K Through Zn. J. Chem. Phys. 1998, 109,
1223—-12209.

(20) Hariharan, P. C.; Pople, J. A. The Influence of Polarization
Functions on Molecular Orbital Hydrogenation Energies. Theor.
Chim. Acta 1973, 28, 213—222.

(21) Liu, J.; Wei, Z.; Jiao, H. Catalytic Activity of Aliphatic PNP
Ligated Co™" Amine and Amido Complexes in Hydrogenation
Reaction—Structure, Stability, and Substrate Dependence. ACS Catal.
2021, 4593—4605.

(22) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378—6396.

(23) Legault, C. CYLview, 1.0 b. Université de Sherbrooke, 2009.

6919

(24) Murugesan, K.; Wei, Z.; Chandrashekhar, V. G.; Neumann, H,;
Spannenberg, A.; Jiao, H.; Beller, M.; Jagadeesh, R. V. Homogeneous
Cobalt-Catalyzed Reductive Amination for Synthesis of Function-
alized Primary Amines. Nat. Commun. 2019, 10, No. 5443.

(25) Korstanje, T. J.; Ivar van der Vlugt, J.; Elsevier, C. J.; de Bruin,
B. Hydrogenation of Carboxylic Acids with a Homogeneous Cobalt
Catalyst. Science 2015, 350, 298—302.

(26) Mealli, C.; Midollini, S.; Sacconi, L. Synthesis and Structure of
Some Cobalt(II) Complexes with the Tridentate Ligand 1,1,1-
tris(diphenylphospinomethyl)ethane. Inorg. Chem. 1975, 14, 2513—
2521.

(27) Konrath, R; Sekine, K.; Jevtovikj, L; Paciello, R. A.; Hashmi, A.
S. K; Schaub, T. Performance Enhancing Additives for Reusable
Ruthenium-Triphos Catalysts in the Reduction of CO, to Dimethoxy-
methane. Green Chem. 2020, 22, 6464—6470.

(28) Lide, D. R. Standard Thermodynamic Properties of Chemical
Substances; CRC Press: Boca Raton, FL, 2007.

(29) Wu, J; Sun, Z; Wei, Z; Qin, Z; Zhao, Y. Catalytic
Performance and Mechanistic Insights into the Synthesis of
Polyoxymethylene Dimethyl Ethers from Dimethoxymethane and
Trioxymethylene over ZSM-S Zeolite. Catal. Lett. 2020, 151, 670—
684.

(30) Fernandez, L; Bickelhaupt, F. M. The Activation Strain Model
and Molecular Orbital Theory: Understanding and Designing
Chemical Reactions. Chem. Soc. Rev. 2014, 43, 4953—4967.

https://doi.org/10.1021/acscatal.1c01795
ACS Catal. 2021, 11, 6908—6919


https://doi.org/10.1002/adsc.201801215
https://doi.org/10.1002/adsc.201801215
https://doi.org/10.1002/anie.201606427
https://doi.org/10.1002/anie.201606427
https://doi.org/10.1039/c4sc02087a
https://doi.org/10.1039/c4sc02087a
https://doi.org/10.1039/c4sc02087a
https://doi.org/10.1021/jacs.8b10233?ref=pdf
https://doi.org/10.1021/jacs.8b10233?ref=pdf
https://doi.org/10.1021/acs.organomet.9b00107?ref=pdf
https://doi.org/10.1021/acs.organomet.9b00107?ref=pdf
https://doi.org/10.1021/acs.organomet.9b00107?ref=pdf
https://doi.org/10.1002/anie.201702905
https://doi.org/10.1002/anie.201702905
https://doi.org/10.1002/anie.201702905
https://doi.org/10.1021/acs.chemrev.8b00279?ref=pdf
https://doi.org/10.1021/ja2034377?ref=pdf
https://doi.org/10.1021/ja2034377?ref=pdf
https://doi.org/10.1063/1.2370993
https://doi.org/10.1063/1.2370993
https://doi.org/10.1063/1.2370993
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.476673
https://doi.org/10.1063/1.476673
https://doi.org/10.1007/BF00533485
https://doi.org/10.1007/BF00533485
https://doi.org/10.1021/acscatal.0c05562?ref=pdf
https://doi.org/10.1021/acscatal.0c05562?ref=pdf
https://doi.org/10.1021/acscatal.0c05562?ref=pdf
https://doi.org/10.1021/jp810292n?ref=pdf
https://doi.org/10.1021/jp810292n?ref=pdf
https://doi.org/10.1021/jp810292n?ref=pdf
https://doi.org/10.1021/jp810292n?ref=pdf
https://doi.org/10.1038/s41467-019-13351-7
https://doi.org/10.1038/s41467-019-13351-7
https://doi.org/10.1038/s41467-019-13351-7
https://doi.org/10.1126/science.aaa8938
https://doi.org/10.1126/science.aaa8938
https://doi.org/10.1021/ic50152a044?ref=pdf
https://doi.org/10.1021/ic50152a044?ref=pdf
https://doi.org/10.1021/ic50152a044?ref=pdf
https://doi.org/10.1039/D0GC02528C
https://doi.org/10.1039/D0GC02528C
https://doi.org/10.1039/D0GC02528C
https://doi.org/10.1007/s10562-020-03345-2
https://doi.org/10.1007/s10562-020-03345-2
https://doi.org/10.1007/s10562-020-03345-2
https://doi.org/10.1007/s10562-020-03345-2
https://doi.org/10.1039/C4CS00055B
https://doi.org/10.1039/C4CS00055B
https://doi.org/10.1039/C4CS00055B
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01795?rel=cite-as&ref=PDF&jav=VoR

