
CO2 Utilization Hot Paper
DOI: 10.1002/anie.201403711

Ruthenium-Catalyzed Reductive Methylation of Imines Using Carbon
Dioxide and Molecular Hydrogen**
Kassem Beydoun, Ghazi Ghattas, Katharina Thenert, J�rgen Klankermayer,* and Walter Leitner

Abstract: The use of the well-defined [Ru(triphos)(tmm)]
catalyst, CO2 as C1 source, and H2 as reducing agent enabled
the reductive methylation of isolated imines, as well as the
direct coupling of amines with aldehydes and the subsequent
reductive methylation of the in situ formed imines. The
method, which afforded the corresponding N-methyl amines
in very good to excellent yields, was also used for the
preparation of the antifungal agent butenafine in one step
with no apparent waste, thus increasing the atom efficiency of
its synthesis.

The sustainable utilization of carbon dioxide (CO2) as
renewable C1 building block in order to reduce the predom-
inant dependence on petrochemical feedstocks for the
chemical supply chain is attracting continued attention.[1] In
particular the hydrogenation of CO2 to methanol has been
studied extensively,[2] and the first organometallic catalytic
systems for this transformation were presented recently.[3] The
formation of a methyl group through the reduction of CO2 has
a high potential to be developed into a general synthetic
principle, but until recently was limited to the stoichiometric
use of expensive and waste-producing reductants.[4] Recently,
we described the catalytic methylation of amines with carbon
dioxide as C1 source and molecular hydrogen as reductant.[5]

The mono- and dimethylation of aromatic amines could be
achieved with the highly versatile triphos-based ruthenium
catalyst [Ru(triphos)(tmm)] (triphos = 1,1,1-tris(diphenyl-
phosphinomethyl)ethane, tmm = trimethylene methane;
Scheme 1).[6] Subsequently, Beller and co-workers extended
the transformation to aliphatic amines by using an in situ

generated catalyst system comprised of the triphos ligand,
a ruthenium precursor, and LiCl.[7] Meanwhile, heterogene-
ously catalyzed hydrogenative N-methylations of primary and
secondary amines were also described.[8]

Herein, we report the reductive N methylation of struc-
turally diverse and readily accessible imines with CO2 and H2,
and the effective synthesis of unsymmetrical tertiary N-
methyl amines (Scheme 1, step A). Exploiting the chemo-
selectivity of the [Ru(triphos)(tmm)] catalyst enables an
unprecedented three-component coupling reaction of pri-
mary amines, aldehydes, and CO2 to produce tertiary N-
methyl amines in one step, generating water as the only by-
product (Scheme 1, step B).

Tertiary amines are key structural motifs in various
biologically active natural compounds and consequently an
integral part of numerous pharmaceutical products.[9] The
synthesis of tertiary amines can be achieved through the
reduction of amides to imines,[10] followed by their reductive
alkylation. At present, the Pd-catalyzed amination of arylha-
lides is one of the preferred methods for the synthesis of
substituted amines.[11] Additionally, imine derivatives can be
transformed to tertiary amines through stoichiometric hydro-
stannation followed by nucleophilic substitution using alkyl-
halides.[12] The catalytic hydrogenative methylation of imines
with CO2 provides a flexible and convergent alternative
strategy for the production of these important chemicals in
accordance with the principles of green chemistry.[13]

In an initial set of experiments, we investigated suitable
conditions for the reductive methylation of imines using N-(1-
phenylethylidene)aniline as model substrate (Table 1). The
active catalyst was formed from [Ru(triphos)(tmm)]
(2.5 mol%) in the presence of trifluoromethanesulfonylimide

Scheme 1. Catalytic reductive methylation of imines with CO2 and H2

(step A), and one-step synthesis of unsymmetrical tertiary N-methyl
amines through a three-component coupling of primary amines,
aldehydes (R2 = H), and CO2 (step B).
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(HNTf2) at a Ru/acid ratio of 1:2. Using a catalyst loading of
2.5 mol% in THF at 80 8C and 60 bar hydrogen pressure
resulted in the quantitative formation of the hydrogenation
product N-(1-phenylethyl)aniline (1’), confirming the effec-
tiveness of the system to catalyze the hydrogenation
of imines (Table 1, entry 1). The application of an
additional pressure of 20 bar of CO2 under otherwise
identical conditions resulted in the formation of 1’ in
85% yield (GC), together with 11% (GC) of N-
methyl-N-(1-phenylethyl)aniline (1), which is the
desired product of the reductive methylation
(Table 1, entry 2). A slight increase of the temper-
ature to 100 8C gave 1 as the main product in 53%
yield (GC; Table 1, entry 3). Higher reaction tem-
peratures (> 140 8C) resulted in the decomposition
of the imine substrate. However, extension of the
reaction time to 24 hours at 100 8C resulted in the
formation of 1 in 88% yield (GC, Table 1, entry 4).
At a catalyst loading of 5 mol%, the desired product
1 was isolated in 83% yield (GC: 96% yield; Table 1,
entry 5).

The use of HNTf2 as the co-catalyst provided the
desired product 1 with high selectivity, whereas the
use of methanesulfonic acid (MSA) or p-toluenesul-
fonic acid (p-TsOH) led to the hydrolysis of the C=N
bond and subsequent methylation of the aniline. A
change of the reaction solvent from THF to toluene
or 1,4-dioxane slowed down the methylation reaction
and resulted mainly in the formation of the hydro-
genation product 1’ at 100 8C (see the Supporting
Information for details).

The methylation of a broad range of arylethyli-
denes was investigated using the optimized reaction
conditions (Table 2). Imines derived from unsubsti-
tuted aniline were reductively methylated to give
amines 1–4 with very good yields of up to 83%
(Table 2, entries 1–4). Electron-donating groups at
the aniline ring were fully tolerated, even if they
result in a considerable steric encumbrance (Table 2,
entries 5–10). However, the electron-withdrawing

chloro substituent led to noticeably lower yields of products
11 and 12 (Table 2, entries 11 and 12). These latter results are
largely due to a pronounced acid-catalyzed cleavage of the C=

N bond, as indicated by the formation of the 4-chloro-N,N-
dimethylaniline derivatives as the main side products in 15%
and 30 % yield, respectively. Structural variation at the other
aryl group had a less pronounced effect, again indicating
a slightly higher reactivity of substrates with electron-
donating substituents (see yields of products 1> 3> 2, 7>
8> 9, 11> 12).

The Ru-catalyzed methylation was readily extended to N-
benzylideneanilines to give products 13–15 with good to
excellent yields (Table 3). This broadens the synthetic poten-
tial of the method significantly, as the benzyl group is widely
used as protecting group for amine functionalities[14] and
allows further structural modification at the CH2 group.[15]

Fluorinated benzylidene imines afforded the N-(3-fluoroben-
zyl)-N-methylanilines products 13 and 14 in excellent yields of
82% and 91%, respectively (Table 3, entries 1 and 2),
whereas the nonsubstituted N-benzyl product 15 was
obtained in moderate yield under the standard reaction
conditions (Table 3, entry 3).

Table 1: Ruthenium-catalyzed reductive methylation of N-(1-phenylethy-
lidene)aniline with CO2 and H2.

[a]

Entry [Ru] [mol%] T [8C] t [h] Yields
1’:1 [%][b]

1[c] 2.5 80 15 99:0
2 2.5 80 15 85:11
3 2.5 100 15 43:53
4 2.5 100 24 6:88
5[d] 5 100 24 0:96 (83)

[a] Reaction conditions: N-(1-phenylethylidene)aniline (1.0 mmol), [Ru-
(triphos)(tmm)]/HNTf2 (1:2), THF (2.0 mL), CO2/H2 (20/60 bar).
[b] Determined by GC using n-dodecane as internal standard. Yield of
isolated product given in parentheses. Quantitative conversion observed
in all cases. [c] Reaction without CO2. [d] HNTf2 (10 mol%).

Table 2: Ruthenium-catalyzed methylation of imines with CO2 and H2.
[a]

Entry Product Yield
[%][b]

Entry Product Yield
[%][b]

1
96
(83)

7
93
(78)

2
74
(37)

8
87
(50)

3
80
(37)

9
82
(60)

4
96
(80)

10
70
(47)

5
80
(58)

11
60
(44)

6
86
(72)

12
40
(20)

[a] Reaction conditions: Imine (0.5 mmol), [Ru(triphos)(tmm)] (5 mol%), HNTf2

(10 mol%), THF (2.0 mL), CO2/H2 (20/60 bar), 100 8C. [b] Determined by GC using
n-dodecane as internal standard. Yields of isolated products given in parentheses.
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With a standard set of reaction conditions for the
N methylation of isolated imines in hand, we attempted to
couple the in situ formation of imines with this method.
Provided that the hydrogenative methylation of the imines is
the preferred reaction within the complex network of possible
pathways, a direct three-component coupling of the primary
amines, carbonyl substrates, and CO2 can be envisaged. We
were very pleased to obtain the unsymmetrical tertiary
amines in fair to excellent yields from aniline derivatives
and aromatic aldehydes under standard reaction conditions
(Table 4, entries 1–3). The use of benzyl amine required
higher reaction temperatures, but also gave the desired
products in moderate yields, which could be further optimized
to synthetically useful values at higher catalyst loadings
(Table 4, entries 4 and 5).

The high reactivity of the imines is corroborated by the
preparation of dibenzylmethyl amine 18 starting either from
N-benzylbenzylidene amine 20 or dibenzylamine substrate
21. The full conversion of 20, affording 18 in 87 % yield (GC),
was achieved under optimized conditions using 10 mol%
catalyst loading at 160 8C (Scheme 2). Starting from dibenzyl-
amine 21 as substrate, compound 18 was obtained in only
63% yield (GC) under identical conditions. The difference in
reactivity is attributed to the lower basicity of imine 20 in
comparison to amine 21; the lower basicity of the imine
enables its N methylation at a lower acid/Ru loading.[5] The
use of aliphatic imines did not result in the formation of the
reductively methylated product.

In order to probe the practical utility of this protocol, we
decided to evaluate the Ru-catalyzed reductive methylation
for the synthesis of butenafine 23 (N-(4-tert-butylbenzyl)-N-
methyl-1-naphthalene amine), an antimycotic agent that
exhibits fungicidal activity particularly against dermato-
phytes, aspergilli, dimorphic, and dematiaceous fungi.[16] The
established method to prepare butenafine comprises a four-

step synthesis that starts from para-tert-butylbenzoic acid[17]

and produces large amounts of inorganic salts as by-products.
In addition, the required solvent changes between the various
reaction steps are associated with a low space–time yield and
a high E factor (E factor = total waste [kg]/product [kg]). Our
route starts from 1-naphthalene aldehyde and 4-tert-butyl-
benzyl amine as commercially available substrates. Using the
standard reaction conditions for the methylation of imines,
butenafine 23 was obtained in 88% yield (GC) from the
corresponding imine 22 (Scheme 3, pathway A). The direct
three-component coupling gave 23 in a remarkable yield of
60% in a single step, even under these non-optimized
conditions (Scheme 3, pathway B). The methylation method
uses CO2 and H2 as extremely cheap components for the
formation of the methyl group, results in an atom economy of
85%, and forms H2O as the only by-product. This example
clearly emphasizes the promising potential of the new

Table 3: Ruthenium-catalyzed reductive methylation of N-benzylidenea-
niline with CO2 and H2.

[a]

Entry Product Yield [%][b]

1 97 (82)

2 97 (91)

3 57 (41)

[a] Reaction conditions: benzylidene amine derivative (0.5 mmol), [Ru-
(triphos)(tmm)] (5 mol%), HNTf2 (10 mol%), THF (2.0 mL), CO2/H2

(20/60 bar), 100 8C, 24 h. [b] Determined by GC using n-dodecane as
internal standard. Yields of isolated products given in parentheses.

Table 4: Ruthenium-catalyzed one-step formation of tertiary N-methyl
amines through three-component coupling of primary amines, alde-
hydes, and CO2 with H2 as reductant.[a]

Entry Product T [8C] Yield [%][b]

1 100 92

2 100 63(40)

3 100 90(74)

4 160 61

5 160
51
78[c]

[a] Reaction conditions: amine derivative (0.5 mmol), [Ru(triphos)-
(tmm)] (5 mol%), HNTf2 (10 mol%), THF (2.0 mL), CO2/H2 (20/
60 bar), 100 8C, 20 h. [b] Determined by GC using n-dodecane as internal
standard. Yields of isolated products given in parentheses. [c] [Ru-
(triphos)(tmm)]/HNTf2 = 10/20 mol%.

Scheme 2. Ruthenium-catalyzed synthesis of dibenzylmethyl amine
(18), starting from N-benzylbenzylidene amine (20) and dibenzyl
amine (21) using CO2 and H2.
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methodology for the sustainable synthesis of biologically
active molecules.

In conclusion, the catalytic reductive N-methylation of
imines using CO2 as C1 source and H2 as reducing agent is
a promising synthetic method to obtain tertiary amines that
bear one CH3 group. The catalytic system comprises the
readily available complex [Ru(triphos)(tmm)] and an acid of
a non-coordinating anion as co-catalysts. The reaction can be
carried out with the isolated imines or as direct three-
component coupling reaction starting from primary amines,
aldehydes, and CO2. Both methods were successfully used to
prepare a range of unsymmetrical tertiary amines. The
practical utility of this novel methodology was further
demonstrated with the synthesis of butenafine as a model
pharmaceutical product, indicating a significant potential to
improve the atom and step economy of the synthesis of this
substrate class by using carbon dioxide as building block.

Experimental Section
General procedure for the one-step synthesis of tertiary N-methyl
amines through three-component coupling: Under an argon atmos-
phere, a solution of the catalyst [Ru(triphos)(tmm)] (0.019 g,
0.025 mmol) and the co-catalyst HNTf2 (0.014 g, 0.05 mmol) in THF
(1 mL) was transferred by cannula to a carefully degassed and dried
stainless-steel autoclave (10 mL). A mixture of the primary amine
(0.5 mmol) and the aldehyde (0.5 mmol), dissolved in THF (1 mL),
was then added by cannula to the autoclave. The autoclave was
pressurized at room temperature with CO2 to 20 bar and then with H2

to a total pressure of 80 bar. The reaction mixture was mechanically
agitated with a magnetic stir bar and heated to 100 8C in an oil bath.
After 20 hours, the autoclave was cooled in an ice bath and then
carefully vented. The crude mixture was analyzed by 1H NMR
spectroscopy using mesitylene as internal standard and the results

confirmed by gas chromatography using dodecane as internal
standard.
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