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The synthesis of trimethylamine (TMA) through a multicompo-
nent combination of ammonia with carbon dioxide and molec-

ular hydrogen by using a homogeneous ruthenium catalyst
was explored. The use of [Ru(triphos)(tmm)] [triphos: 1,1,1-tris-

(diphenylphosphinomethyl)ethane, tmm: trimethylene meth-

ane] together with aluminum trifluoromethanesulfonate as
a co-catalyst resulted in high ammonia conversion and excel-

lent selectivity for TMA in organic solvents. Aqueous solutions
of ammonium chloride were methylated almost quantitatively

to the corresponding hydrochloride salt (i.e. , TMA·HCl) in a bi-
phasic solvent system by using the same Ru complex without

the need for any co-catalyst.

Methylamines, the simplest members of the aliphatic amine
family, represent highly important and versatile intermediates

within the chemical supply chain. The industrial significance of
methylamines is reflected by a worldwide annual production

larger than 1.3 Õ 106 t with a growing rate of 3.5 % per

annum.[1] These basic chemicals are generally used as valuable
building blocks for the synthesis of solvents, surfactants, ion-

exchange resins, and synthetic fibers, as well as agrochemical
and pharmaceutical products.[2]

Methylamines are prepared on industrial scale by the exo-
thermic reaction of ammonia (NH3) and methanol (CH3OH)
with an amorphous silica–alumina catalyst in fixed-bed reac-

tors at 390–430 8C (Scheme 1 A). The composite equilibria
within the reaction network result in complex product mix-
tures, and the three possible methylamines (mono-, di-, and tri-
methylamine: MMA, DMA and TMA) are generally produced

with moderate selectivity for the individual product, largely
controlled by the NH3/CH3OH feed ratio.[2, 3] Moreover, MMA,

DMA, TMA, and NH3 form an azeotropic mixture, and the use
of zeolite-based catalysts in combination with methanol results

in dimethyl ether (DME) as an additional byproduct.[4] Conse-

quently, the downstream purification process is laborious and
requires a train of four to five distillation columns, which finally

results in integrated production plants at economy of scale.[2a, 5]

The synthesis of the ammonium chlorides is typically achieved

in a subsequent step (Scheme 1 B).
Herein, we report a novel catalytic approach for the selective

synthesis of trimethylamine and its hydrochloride by using

carbon dioxide (CO2) as a renewable C1 building block for the
formation of the three methyl groups on ammonia in the pres-
ence of molecular hydrogen.[6] In previous work from our
group, a well-defined and highly versatile [Ru(triphos)(tmm)]

[triphos: 1,1,1-tris(diphenylphosphinomethyl)ethane, tmm: tri-
methylene methane] catalyst was developed for the hydroge-

nation of CO2 to methanol and the utilization of CO2 and H2

for the N-methylation of primary and secondary amines.[7] On
the basis of these investigations, the direct triple N-methyla-

tion of NH3 (Scheme 1 C) or NH4Cl (Scheme 1 D) by using a com-
bination of CO2 and H2 was targeted.

In the mid-1990s, the group of Baiker worked on this chal-
lenging transformation and described the use of CO2/H2 for

the methylation of NH3 by using Cu- and Pd-based heteroge-

neous catalysts. The formation of methylamines was achieved,
but the system suffered from drawbacks such as low yield, low

selectivity, and the necessity of high reaction temperatures
(200–300 8C).[2b, 8] With respect to molecular catalysts, the group

of Vaska observed trimethylamine as a minor product in the
Ru- and Os-catalyzed transformations of dimethylamine with

Scheme 1. A) Industrial production of TMA by using CH3OH and NH3, and
B) formation of the hydrochloride. New approach for the synthesis of TMA
and its hydrochloride starting from C) NH3 or D) NH4Cl by using CO2/H2.
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CO2/H2 to dimethylformamide (DMF).[9] The formation of the
third methyl group was supposed to arise from hydrogenation

of DMF or the dismutation of the DMA substrate.[9, 10]

Given this rather limited precedence, we were very pleased

to find that the direct methylation of ammonia occurred effi-
ciently by using the [Ru(triphos)(tmm)] catalyst in dioxane solu-

tion under mild conditions at 150 8C and an initial total pres-
sure of 80 bar [p(CO2)/p(H2) = 1:3; 1 bar = 0.1 MPa]. Activation
of the catalyst by the addition of acid[11] was found to be nec-

essary for the reaction (Table 1, entry 1). The use of [Ru(tri-
phos)(tmm)] (2.5 mol %) together with trifluoromethanesulfo-

nylimide (HNTf2, 20 mol %) resulted in the formation of TMA in
23 % yield as the only methylated amine product detectable in

the reaction solution (Table 1, entry 2). A larger excess amount
of HNTf2 gave a lower yield of TMA and methanol was formed

as the major product.

In addition to protic acids, Lewis acids such as Al(OTf)3 (alu-
minum trifluoromethanesulfonate) were recently reported as
co-catalysts for hydrogenation reactions by using ruthenium–
triphos catalysts.[12] Replacing HNTf2 with Al(OTf)3 resulted in
a largely improved performance of the Ru catalyst and led to
selective formation of TMA in a high yield of 67 % (Table 1,

entry 3). Decreasing the loading of [Ru(triphos)(tmm)]/Al(OTf)3

to 1.5:10 mol % led to a drop in the TMA yield to 36 % (Table 1,
entry 4). Interestingly, the use of a Brønsted acid in addition to

Al(OTf)3 improved the activity even further to afford TMA in
yields of 73 and 77 % at HNTf2 loadings of 5 and 10 mol %, re-

spectively (Table 1, entries 5 and 6).
To obtain insight into the progress of the reaction, experi-

ments at various reaction times were analyzed (Table 2). After

12 h, selective formation of TMA in 21 % yield was determined
(Table 2, entry 1), and the yield increased to 30 % within 15 h

(Table 2, entry 2). Together with the yield of 67 % obtained
after 24 h (Table 1, entry 3), these data indicate an induction

period for the catalytic system to reach its full activity. Con-
ducting the reaction at temperatures of 120 and 180 8C in

both cases resulted in lower yields than those obtained under
the standard conditions at 150 8C (Table 2, entries 3 and 4).

Changing the reaction solvent to THF gave TMA in a slightly

lower 52 % yield (Table 2, entry 5) than that obtained in diox-
ane under comparable conditions. Interestingly, the addition of

water (dioxane/H2O = 4:1) still afforded TMA in a good yield of
53 % (Table 2, entry 6), which confirmed the stability of the cat-

alyst system in aqueous media.
This finding prompted us to investigate the possible use of

ammonium chloride (NH4Cl) in aqueous solution as the nitro-

gen source for the direct synthesis of trimethylamine hydro-
chloride (TMA·HCl). However, the use of the established condi-

tions in the presence of Al(OTf)3 gave no methylation product.
Conversely, in the absence of Al(OTf)3, the NH4Cl feed was con-

verted smoothly into TMA·HCl in 46 % yield by using a 4:1 mix-
ture of dioxane/H2O (Table 3, entry 1). Increasing the pressure

of the gas mixture and in particular the partial pressure of CO2

resulted in increased yields of 60 and 88 %, respectively
(Table 3, entries 2 and 3). Finally, a practically quantitative yield

Table 1. Ruthenium-catalyzed methylation of NH3 with CO2 and molecu-
lar hydrogen.[a]

Entry Catalyst
[mol %]

Co-catalyst
[mol %]

Time
[h]

Yield[b]

[%]

1 2.5 none 20 –
2 2.5 HNTf2 (20) 24 23
3 2.5 Al(OTf)3 (20) 24 67
4 1.5 Al(OTf)3 (10) 24 36
5 2.5 Al(OTf)3/HNTf2 (20:5) 24 73
6 2.5 Al(OTf)3/HNTf2 (20:10) 24 77

[a] Reaction conditions: [Ru(triphos)(tmm)] , co-catalyst, 0.32 m NH3 in di-
oxane (2 mL), CO2/H2 (20:60 bar), 150 8C. [b] TMA yield in the reaction so-
lution was determined by NMR spectroscopy by using mesitylene as an
internal standard.

Table 2. Parameter variation in the ruthenium-catalyzed methylation of
NH3 with CO2 and molecular hydrogen.[a]

Entry Solvent Temperature
[8C]

Time
[h]

Yield[b]

[%]

1 dioxane 150 12 21
2 dioxane 150 15 30
3 dioxane 120 20 16
4 dioxane 180 20 34
5[b] THF 150 24 52
6[c] dioxane/H2O 150 24 53

[a] Reaction conditions: [Ru(triphos)(tmm)] (2.5 mol %), Al(OTf)3

(20 mol %), 0.32 m NH3 in dioxane (2 mL), CO2/H2 (20:60 bar). [b] TMA
yield in the reaction solution was determined by NMR spectroscopy by
using mesitylene as an internal standard. [b] 0.4 m NH3 in THF (2 mL).
[c] H2O (0.5 mL) was added.

Table 3. Direct synthesis of TMA·HCl in aqueous solution by the [Ru(tri-
phos)(tmm)]-catalyzed methylation of NH4Cl with CO2 and H2.[a]

Entry [Ru]
[mol %]

CO2

[bar]
H2

[bar]
Yield[b]

[%]

1 2.5 20 60 46
2 2.5 30 90 60
3[c] 2.5 40 90 88
4 5 40 90 >99

[a] Reaction conditions: [Ru(triphos)(tmm)] (2.5 or 5 mol %), NH4Cl (1 mL
NH4Cl in H2O solution, 2 m, 2.0 mmol), dioxane (4 mL). [b] TMA yield in
the reaction solution was determined by NMR spectroscopy by using me-
sitylene as an internal standard. [c] A total of 2 mL of H2O was used.
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(>99 %) of TMA·HCl was obtained at an increased catalysts
loading of 5 mol % (Table 3, entry 4).

Under the optimized conditions, the aqueous/organic bipha-
sic system also allowed for convenient separation of the cata-

lyst and product (Figure 1). Upon removing the reaction mix-

ture from the high-pressure reactor, the two liquid phases sep-
arated spontaneously with the catalyst partitioning into the or-
ganic dioxane phase with high preference, as judged from the
coloration. TMA·HCl formed was isolated as a colorless solid
after separation/evaporation of the aqueous phase (Figure 1).

This beneficial phase behavior opens the possibility for inte-
grated reaction/separation sequences under recycling of the

organic catalyst phase.

To gain insight into the pathway of the selective formation
of TMA starting from the NH3/CO2/H2 feed, we conducted a set

of experiments with different possible intermediates for TMA
formation. Formamides were previously suggested as inter-

mediates for the direct N-methylation of amines.[6b, 13] Under
the standard reaction conditions but in the absence of CO2,

the hydrogenation of DMF gave TMA in a yield of 33 % in addi-

tion to trace amounts of methanol and 18 % of DMA, which
most likely resulted from catalytic decarbonylation of DMF

[Scheme 2, Eq. (1)] . If dimethylamine was used as a substrate

under CO2/H2 pressure, TMA was obtained in 26 % yield, and in
addition, DMF was detected as a byproduct [Scheme 2,

Eq. (2)] . Again, however, methanol was observed in trace
amounts under these conditions. This prompted us to probe

the direct methylation of ammonia with methanol under these
mild conditions. Indeed, TMA was obtained in 53 % yield if the

reaction was performed in the presence of methanol and the
absence of CO2 [Scheme 2, Eq. (3)] .

Taken together, these results suggest, in principle, two possi-
ble pathways for the methylation of ammonia and ammonium

chloride with the novel catalytic process (Scheme 3). In, path-
way A, the methylation occurs via formamide intermediates,

which are well known to be formed from amines, CO2, and
H2.[6] In pathway B, methanol is formed from CO2 and H2 and

acts as a methylating agent through typical alcohol-amination

mechanisms.[14] As Ru–triphos is known to catalyze the hydro-
genation of amides[15] as well as the hydrogenation of CO2 to

methanol,[7] distinction between the two pathways is currently
not plausible. Given the possible equilibria between the in-

volved species, they may well occur in parallel under the cata-
lytic action of the Ru–triphos system.

In conclusion, the selective catalytic triple N-methylation of

ammonia and ammonium chloride by using CO2 as a C1 source
and molecular hydrogen as a reducing agent was demonstrat-

ed. The catalytic system comprised the readily available com-
plex [Ru(triphos)(tmm)] [triphos: 1,1,1-tris(diphenylphosphino-

methyl)ethane, tmm: trimethylene methane] as a precatalyst.
For the selective synthesis of trimethylamine (TMA) from am-

monia in organic solvents, a Lewis and/or Brønsted acid as co-

catalyst was required. The conversion of ammonium chloride
occurred very efficiently with practically quantitative yield in

a two-phase aqueous/organic system. No co-catalyst was re-
quired in this case, probably because of the availability of the

inherent proton from the substrate. Intermediate formation of
formamides and/or methanol were identified as possible path-

ways for the construction of the methyl groups from the CO2/

H2 mixture, and further mechanistic studies are underway to
unravel the complex reaction network.

A salient feature of this new catalytic reaction is the use of
ammonia, CO2, and H2 as the only reagents: all three compo-

nents are readily available at ammonia production sites. At
present, the hydrogen for ammonia production is formed from

fossil feedstocks, which results in concomitant CO2 formation

through the water gas shift equilibrium. Whereas the current
technology to produce methylamines requires an additional

unit operation for methanol production, the catalytic process
described herein allows for direct utilization of the available

gaseous production streams. Of course, the potential impact
on the carbon footprint of the synthesis of TMA or TMA·HCl

Figure 1. The aqueous/organic biphasic system after the reaction.

Scheme 2. Control reactions to elucidate possible pathways for the [Ru(tri-
phos)(tmm)]-catalyzed methylation of ammonia starting from DMF, DMA, or
NH3.

Scheme 3. Possible reaction pathways for the [Ru(triphos)(tmm)]-catalyzed
methylation of ammonia by using CO2/H2 as a C1 synthon.
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will be even larger as hydrogen may become available from
nonfossil sources exploiting excess renewable energy.

Experimental Section

General procedure for the one-step synthesis of trimethyl-
amine starting from NH3/CO2/H2

A solution of 0.32 m ammonia in dioxane (2.0 mL) was added
under an argon atmosphere to a Schlenk tube containing [Ru(tri-
phos)(tmm)] (0.012 g, 0.016 mmol) and Al(OTf)3 (0.061 g,
0.13 mmol). After stirring for 5 min, the solution was transferred to
a carefully degassed and dried 20 mL stainless-steel autoclave. The
autoclave was pressurized at room temperature with 20 bar CO2

and then H2 was added up to a total pressure of 80 bar. The mix-
ture was agitated with a magnetic stir bar and was heated to
150 8C by using a preheated aluminum cone. After 24 h, the auto-
clave was cooled in an ice bath and was then carefully vented. The
yield of trimethylamine in the solution was analyzed by 1H NMR
spectroscopy by using mesitylene as an internal standard.

General procedure for the one-step synthesis of trimethyl-
amine starting from NH4Cl/CO2/H2

A carefully degassed and dried 20 mL stainless-steel autoclave was
charged under an argon atmosphere with a solution of 2 m NH4Cl
in water (1.0 mL). Under an argon atmosphere, [Ru(triphos)(tmm)]
(0.039 g, 0.05 mmol) was dissolved in degassed dioxane (4 mL) in
a Schlenk tube. The mixture was then transferred under an argon
atmosphere by cannula to the autoclave. The autoclave was subse-
quently pressurized at room temperature with CO2 to 20 bar and
then H2 was added up to a total pressure of 80 bar. The mixture
was stirred and heated to 150 8C by using a preheated aluminum
cone. After 24 h, the autoclave was cooled to room temperature,
and the mixture was stirred for 2 h. The autoclave was then cooled
in an ice bath and carefully vented. The reaction solution was ana-
lyzed by 1H NMR spectroscopy by using mesitylene as an internal
standard.
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