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Cyclometalated ruthenium complexes 4-10 allow the effective methylation of anilines with methanol to
selectively give N-methylanilines. This hydrogen autotransfer procedure proceeds under mild conditions

(60 °C) in a practical manner (NaOH as base). Mechanistic investigations suggest an active homogenous

rsc.li/catalysis

Introduction

The selective N-alkylation of amines continues to be an
important and widely applied chemical transformation in
organic synthesis,’ especially for the synthesis of bio-active
compounds, e.g in the pharmaceutical industry.*® In this
respect, particularly N-methylation of amines is interesting,
since this transformation is regularly used to influence the
lipophilicity of such compounds, thus making them more
biologically accessible.””® While classical methods for
N-alkylation rely mainly on toxic and waste-generating
alkylating agents like formaldehyde and alkyl halides, modern
hydrogen autotransfer (also called hydrogen borrowing)
reactions offer an attractive alternative. This latter
methodology consists of a multistep reaction sequence
starting from easily accessible and often inexpensive alcohols.
Using a transition metal catalyst, the alcohol is
dehydrogenated in a first reaction step, which leads to the
formation of a more reactive aldehyde or ketone that can then
undergo reactions like aldol condensation or imine
formation. In the final step of the reaction sequence, the
hydrogen abstracted in the first step is used to hydrogenate
the intermediate product resulting in the overall formation of
new C-C or C-N single bonds, while producing water as the
sole stoichiometric by-product.”** Unfortunately, especially
the aforementioned methylation of amines is difficult, since
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ruthenium complex and B-hydride elimination of methanol as the rate determining step.

the dehydrogenation of methanol, that is needed as starting
material, has a considerably higher energy barrier compared
to the dehydrogenation of higher alcohols.

In line with this, in recent years methylation of anilines
with methanol was typically achieved at elevated
temperatures in the presence of either molecularly-defined
complexes or heterogenous materials. Most of the known
catalysts are based on noble transition metal complexes, e.g.
iridium"™” and specifically ruthenium."®>* However, more
recently, first row transition metals like iron**** or
manganese>®° and others were developed, t0o.>*"**

Notably, most of the currently known catalysts rely on
sophisticated ligands and only work above 100 °C in the
presence of large amounts of strong bases, which create
additional environmental concern (see Scheme 1).

Very recently, our group discovered that cyclometalated
ligands can have a positive influence on the reactivity of
ruthenium pincer complexes,>® so we were interested in
discovering more applications for such catalysts. Indeed,
cyclometalated ruthenium complexes gained increasing
attention for applications in hydrogen transfer catalysis,
recently.’>*® Mainly in the transfer hydrogenation of ketones,
ruthenium half-sandwich complexes bearing bidentate
ligands with a carbon and a classical donor atom have been
established.””*"  Moreover, cyclometalated ruthenium
complexes were used in the dehydrogenation of alcohols,
the direct hydrogenation of olefins®*™* and the a-alkylation
of amides using hydrogen autotransfer.*® In addition to that,
the implementation of a C-donor atom into pincer ligands
was accomplished by the group of Baratta and others for
efficient transfer hydrogenation, direct hydrogenation or
acceptorless dehydrogenation reactions.””® With this
potential in mind, we were interested in developing simple
cyclometalated ruthenium complexes for the N-methylation
of anilines with methanol.

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Selected catalysts used for the N-methylation of aniline.

Results and discussion

At the start of our investigations, different cyclometalated
ruthenium complexes of the general structure Ru(C"N)(p-
cymene)Cl (4-10 in Scheme 2) were synthesized following
modified literature procedures.****

All these complexes were then tested in the N-methylation
of aniline as a model system. In order to get an idea on the
catalytic potential of these complexes, initial test reactions
were carried out at 70 °C with 2 mol% of the respective
complex, albeit in the presence of 1 equiv. of KO¢Bu as strong
base (see Scheme 2). Surprisingly, all the investigated Ru
complexes were able to deliver the desired product. Notably,
the main precursor of these complexes, [Ru(p-cymene)Cl,],,
does not catalyse this reaction. The highest yield herein was
gained when using the novel ruthenium complex 9 bearing a
phenyl imidazoline ligand. The molecular structure of this
complex is depicted in Fig. 1.

Next, we performed more systematic variations of critical
reaction parameters. Gratifyingly, the base loading could be
reduced to only 10 mol% without a significant decrease in
reactivity (Table 1, entry 2). Furthermore, it was possible to
replace the strong base KOtBu with cheaper sodium
hydroxide (Table 1, entry 5). Interestingly, the reaction
turned out to work best in only 0.5 ml of undried
methanol (Table 1, entry 12). In addition, after defining 60
°C as the optimal reaction temperature, control experiments
revealed that no product was formed when the reaction
was carried out in the absence of catalyst or base.
Interestingly, by scaling up the reaction to 5 mmol, the catalyst
loading could be decreased to only 0.4 mmol%, while retaining
a high yield of 88% N-methylaniline (Table 1, entry 17).

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Cyclometalated Ru-complexes tested in the N-methylation
of aniline. All reactions were carried out with 1a (1.0 mmol), Ru catalyst
(0.02 mmol), KOtBu (1.0 mmol) in MeOH (1.5 ml) at 70 °C for 22 h.
Yields determined by GC using hexadecane as internal standard.

With optimal reaction conditions (1 mmol aniline 1a, 0.02
mmol of catalyst 9 and 0.1 mmol of sodium hydroxide in 0.5
ml of methanol at 60 °C for 22 h) in hand, we compared the
new reaction system to some state-of-the-art catalysts for this
transformation (see Scheme 3). Surprisingly, only a Mn PNP
pincer complex previously developed in our group®” was able
to produce N-methylaniline under such mild conditions,
while other investigated complexes based on Ru, Pd, Fe or Re

Fig. 1 Molecular structure of ruthenium complex 9. Displacement
ellipsoids correspond to 50% probability. Carbon-bound hydrogen
atoms are omitted for clarity.
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Table 1 Ruthenium-catalysed N-methylation of aniline with methanol: variation of reaction conditions

# Catalyst loading [mol%]| Base Base loading [mol%| Temp. [°C] MeOH [ml] Yield” [%]
1 2 KOtBu 100 70 1.5 98
2 2 KOtBu 10 70 1.5 91
3 2 KOtBu 5 70 1.5 85
4 2 Cs,C0; 10 70 1.5 88
5 2 NaOH 10 70 1.5 87
6 2 K,CO, 10 70 1.5 84
7 2 NEt, 10 70 1.5 —
8 3 NaOH 10 70 1.5 87
9 1 NaOH 10 70 1.5 75
10 2 NaOH 10 70 0.5 88
11 2 NaOH 10 70 2.0 68
12 2 NaOH 10 70 0.5” 91
13 2 NaOH 10 60 0.5” 96
14 2 NaOH 10 50 0.5” 51
15 — NaOH 10 60 0.5” —
16 2 — — 60 0.5” —
17° 0.4 NaOH 10 80 2.57 88

Unless otherwise stated, reactions were carried out with 1a (1.0 mmol), catalyst 9 and base in methanol for 22 h. ¢ Yields determined by GC
using hexadecane as internal standard. ? Technical grade methanol was used without drying prior to use. © Reaction was performed in 5 mmol

scale.

gave little or no product at all. This clearly shows that the
here presented catalyst works under significantly milder
conditions than most other catalysts known for this reaction.

Next, to understand this superior performance compared
to other known catalysts, we performed several mechanistic
experiments. First, we wanted to rule out the possibility of
nanoparticles or heterogeneous materials formed under
reaction conditions to be the main active catalyst species.
Hence, the reaction was performed in the presence of one
drop of mercury, which had no negative impact on the
reaction (see ESIf for details).®*®® Because amalgam

cat.
Ph—NH, + Me—OH —_— N_ + H0
NaOH Ph Me
1a 2a 3aa
+ +
PPh, PiPr,
~ HN, | H HN, | co| -
(Ru\ .\
Cl co 7| >co
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12, 13% 13, - -
TMS ¢ PPhy
(:E}O HN,, | o
I ' TmMS "Ru’ ‘ Pd/C
S cl” | ™
co PPhyll
15, 2% 16, - 17, 1%

Scheme 3 Performance of state-of-the-art catalysts under optimised
reaction conditions. All reactions were carried out with 1a (1.0 mmol),
catalyst (0.02 mmol), NaOH (0.1 mmol) in MeOH (0.5 ml) at 60 °C for
22 h. Yields determined by GC using hexadecane as internal standard.

2514 | Catal. Sci. Technol., 2021, 11, 2512-2517

formation is not necessarily taking place for Ru particles,
further control experiments under addition of strongly
coordinating ligands were performed. Here, the addition of
sub-stoichiometric amounts of triphenylphosphine as well as
1,10-phenantroline led to slightly decreased yields of 78% or
68%, respectively. The addition of over-stoichiometric
amounts of these ligands with respect to the catalyst however
resulted in a complete shutdown of its reactivity. Overall, this
behaviour is typical for homogenous -catalysts, so that
nanoparticles or even heterogenous materials are unlikely to
be the active catalysts in this transformation.

Instead, we believe the pre-catalyst becomes activated by the
base as shown by an "H NMR experiment were only the catalyst
and sodium hydroxide are suspended in MeOH-d, (see ESIT for
details). This immediately led to the formation of a clear orange
solution (pre-catalyst 9 is insoluble in methanol), that was
investigated via 'H NMR spectroscopy. Here, the phenyl
imidazole ligand as well as n°® coordinated p-cymene could be
detected. The aromatic signals of p-cymene were relatively broad
which indicated that the complex is dynamic in behaviour likely
because the chloride of the precursor was abstracted and
replaced by fluctuant solvent molecules. The possibility that
phenyl imidazoline as well as p-cymene remained bound to the
metal centre over the whole course of the reaction was
additionally supported by other experiments in which 10 mol%
of these ligands were added under otherwise optimised reaction
conditions. Would any of these ligands be released to form the
active catalyst, the additional ligand should have suppressed
this reaction by shifting its equilibrium. Instead, for p-cymene
this did not lead to any decrease in product formation, while
the yield only dropped to 79% when phenyl imidazoline was
added. We assume this slight decrease in product yield likely
stems from the phenyl imidazoline acting as a weak additional
ligand concurring for the catalysts active site.

This journal is © The Royal Society of Chemistry 2021
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To further investigate the mechanism, the model reaction
was carried out with differently deuterated methanol
derivatives and we investigated the deuteration pattern of the
resulting N-methylaniline (see Fig. S11). While the amount of
deuterium at the NH position can easily scramble with
solvent molecules during workup, the deuteration pattern at
the methyl group is a clear indication for the reaction
mechanism. Surprisingly, when methanol with a deuterated
methyl group was the starting material, a fully deuterated
methyl group was found in the product (>98%), while
methanol without deuterium at the methyl group did not
produce any deuteration at the product's methyl group
(<1%). Overall, this means that there is no exchange between
the hydrogen atoms stemming from methanol's CH; group
and any other H atoms in the reaction solution. This occurs
either if no actual methanol dehydrogenation takes place
during the reaction or if the Ru hydride (deuteride) species
formed by methanol dehydrogenation only transfers this
hydride (deuteride) to the imine's a-carbon and is not able to
release it as H,.

To distinguish between these two possibilities, yield time
plots of the reaction with differently deuterated methanol
derivatives were recorded. As shown in Fig. 2, there is a clear
reactivity difference between the reactions with CH;OH and
CH;0OD and the ones with CD;-OH and CD;-OD. More
specifically, a kinetic isotope effect of 1.8 for MeOH-d; was
found. This indicates that the C-H bond of the methyl group
is involved in the rate determining step of the reaction,
which likely corresponds to the B-hydride elimination of
methanol bound to the catalyst forming a Ru hydride species
and formaldehyde.

On the other hand, for MeOD no significant KIE was
found, so the O-H bond does not play a significant role in
the rate determining step, ruling out a concerted H, transfer
from methanol to the catalyst. We believe that the reactivity
differences between CH3;OH/CH;OD as well as CD;—OH/CD;-

Yield Time Plot
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=—@— MeOH ==@=— MeOD MeOH-d3  ==@== MeOH-d4

Fig. 2 Yield time plot of the reaction for differently deuterated
methanol derivatives. All reactions were carried out with 1a (1.0 mmol),
catalyst 9 (0.02 mmol), NaOH (0.1 mmol) in MeOH (0.5 ml) at 60 °C for
the stated time. Yields determined by GC using hexadecane as internal
standard.
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View Article Online

Paper

OD are insignificant and can be explained by minor
variations in the respective experiments.

Besides these findings, the yield time plots show a nearly
linear progress without a significant induction period. This
again hints towards a homogenously catalysed reaction that
probably is in a state of catalyst saturation and therefore
shows zero-order influence of the substrate aniline.

Overall, we explain these surprising results from the
reactions with the different forms of deuterated methanol by
a mechanistic proposal shown in Scheme S1 (see ESIf for
details). The selective hydrogenation/deuteration of the in situ
generated imine can be explained by the attractive interaction
of the aryl groups of the cyclometalated ligand and the imine.
Notably, H/D-exchange is easily possible on the nitrogen
atom of the imidazole ring while this is not possible for the
Ru-H/D bond.

Finally, we explored the substrate scope of the reaction
(Scheme 4). First, different toluidines were used. While the
methyl group in ortho position caused a lower yield due to
steric hinderance even when the temperature is elevated and
more NaOH is used (3ba), meta- or para-methylation had no
negative impact and the corresponding products were formed
quantitatively (3ca, 3da). An electron-withdrawing nitro group

9 H
R—NH, + R'—OH R —— _N_
NaOH R R
1a-l 2a-e 3aa-le

N s N N
©/ "Me "Me \©/ "Me /©/ "Me

3aa, 96%! 3ba, 52%@°] 3ca, 99%! 3da, 99%e]
§ s § N
©/ "Me /©/ "Me /©/ "Me /©/ ‘Me
O,N I Br o
3ea, 28%P! 3fa, 52% 3ga, 90% 3ha, 85%
s
E%( Me [ Y Me Mo ©
=N =N
NH,
3ia, 15%!®! 3ja, -l 3ka, 65%!"] 3la, 92%/!
H H H
N N M N
©/ ~ ©/ N : N @ ~ 07
3ab, 68%!° 3ac, 43% 3ad, 29% 3ae, 57%!!

Scheme 4 Scope of the N-alkylation of anilines with alcohols. Unless
otherwise stated, reactions were carried out with 1a-l (1.0 mmol),
catalyst 9 (0.02 mmol) and NaOH (0.1 mmol) in 2a-e (0.5 ml) at 60 °C
for 22 h. Isolated yields. [a] Yields determined by GC using hexadecane
as internal standard; [b] NaOH (0.3 mmol), 80 °C reaction temperature;
[c] NaOH (0.3 mmol), 100 °C reaction temperature.
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in aniline's 4-position led to lower 28% yield even with
higher temperature and base loading (3ea). Interestingly, no
significant hydrogenation of the nitro group was observed
here. Halide-substituted anilines including 4-iodoaniline
(3fa) selectively methylated without significant
dehalogenation side-reactions. Additionally, electron-rich
4-methoxyaniline gave the corresponding product with a high
yield or 85% (3ha). Furthermore, 2-aminopyridine allowed for
methylation, albeit with lower reactivity, while the
corresponding 2-amino pyrimidine was not methylated at all
(3ja). On the other hand, 1-amino naphthalene did not cause
many problems, so that the corresponding product was
obtained in 65% yield (3ka). Interestingly, 4-amidoaniline
gave very good 92% of the corresponding product without
methylation of the amido-group (3la). Unfortunately testing
primary aliphatic amines as substrates under analogous

were

conditions revealed only negligible reactivity for
methylation.

Lastly, other aliphatic and benzylic alcohols were tested as
alkylating agents. Without further optimization the

corresponding products were formed in yields up to 68%
(3ab-3ae).

Conclusions

To sum up, in this work cyclometalated ruthenium
complexes have been established as novel catalysts for the
methylation of anilines using methanol vie a hydrogen
autotransfer procedure. The optimal system 9 bearing a
phenyl imidazoline as bidentate ligand likely works in a
homogenous manner with f-hydride elimination of
methanol to form a Ru-H species being the
determining step. Compared to other known catalysts for
this transformation, 9 allows to work under very mild
reaction conditions without the necessity of strong/

rate

expensive bases.
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