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A B S T R A C T : A s e t o f n e u t r a l [ I r B r ( L 2 ) -
(κC - tBuImCH2PyCH2OMe)] and ca t ion i c [ I r (L2) -
(κ2C,N-tBuImCH2PyCH2OMe)]PF6 (L2 = cod, (CO)2) Ir(I)
compounds featuring a flexible lutidine-derived polydentate ligand
having NHC and −OMe as donor functions have been evaluated as
catalyst precursors for the N-methylation of aniline using methanol
both as a reducing agent and a C1 source. The carbonyl complexes
are somewhat more active than the related diene compounds with
the neutral compound [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)]
being the more active. A range of aromatic primary amines,
including heterocyclic amines, have been selectively transformed
into the corresponding N-methylamino derivatives using this
catalyst at a low catalyst loading (0.1 mol %) and substoichiometric amounts of Cs2CO3 (half equiv) as a base, in methanol at 423 K.
For aliphatic primary amines, selective N,N-dimethylation was achieved under the same catalytic conditions. The unselective
deprotonation of the methylene linkers in [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] affords two isomeric neutral complexes
featuring a coordinated dearomatized pyridine core, which were converted into [Ir(OMe)(CO)2(κC-

tBuImCH2PyCH2OMe)] upon
addition of methanol. This compound undergoes thermal activation of a C−H bond of the tert-butyl group to give the
cyclometalated iridium(I) complex [Ir(CO)2{κ

2C,C-(-CH2Me2C-ImCH2PyCH2OMe)}] featuring a bidentate C,C-coordinated
NHC ligand. Mechanistic investigations support a borrowing hydrogen mechanism proceeding through iridium(I) intermediates
with the methoxo complex as the catalytic active species and the cyclometalated complex as the catalyst resting state. Deuterium
labeling experiments have demonstrated that both species are in equilibrium under catalytic conditions, which is consistent with the
exhibited catalytic activity of the cyclometalated complex.

■ INTRODUCTION

The development of efficient and environmentally friendly
catalytic strategies for the easy formation of carbon−nitrogen
bonds is an important goal in organic chemistry. N-substituted
amines, and in particular N-methylamines, play an important
role as key intermediates and building blocks in synthetic
organic chemistry, agrochemicals, and materials.1 In addition,
many medicinal drugs contain one or multiple N-methylated
amino subunits in their core structures that perform important
functions in the regulation of biological and pharmaceutical
properties.2

Traditional synthetic methodologies to produce N-methy-
lated molecules require toxic and hazardous stoichiometric
reagents such as methyl halides, dimethyl sulfate, or diazo-
methane, which produce large amounts of waste and generally
exhibit low selectivities as a result of the formation of
overalkylated products.3 Therefore, the development of new
synthetic strategies to reduce environmental impact is a topical
challenge for both chemical and pharmaceutical industries.4

The reductive amination involving formic acid, formaldehyde,

or carbon dioxide, and the use of dimethyl carbonate,4b,5

dimethyl sulfoxide (DMSO),6 CH3NO2,
7 or Me3NBH3

8 as
methylating agents are more sustainable alternatives that have
been intensively studied in the last decade. Nonetheless, some
of them still suffer from low atom economy and require harsh
reaction conditions or an excess of reducing agents.4b,9

Methanol has been actively investigated as a hydrogen
source,10 C1 reagent for catalytic organic transformations,11,12

and energy applications,13 and has emerged as a greener
approach in the methylation of amines14 and nitroarene
derivatives.15 In this regard, methanol is a convenient methyl
source because it is less hazardous, cheap, and available from
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many plentiful sources, and it only produces water as a
byproduct in the methylation processes.
Transition-metal-catalyzed N-alkylation of amines by alco-

hols based on hydrogen autotransfer or borrowing hydrogen
methodology16−18 has attracted considerable attention. Partic-
ularly, N-methylation of amines with methanol is a powerful
atom-economical catalytic strategy that has been significantly
expanded during the last few years14,19 after the pioneering
reports by Grigg,20 Porzi,21 Watanabe,22 and Jenner23 in the
1980s. Under borrowing hydrogen conditions, formaldehyde is
formed by hydrogen transfer dehydrogenation of methanol and
the N-methylamine product is obtained by hydrogenation of
the in situ generated methanimine intermediate by metal
hydride species (Scheme 1). The main challenge of this

methodology is to overcome the high energy demand of
methanol dehydrogenation (i.e., for methanol ΔH = 84 kJ·
mol−1 vs 68 kJ·mol−1 for ethanol).24 A number of
homogeneous and heterogeneous transition-metal-based cata-
lysts have been developed, with ruthenium14a,25 and
iridium14b,e,26 catalysts being the most active. In addition,
some examples of catalysts based on non-noble metals
cobalt,27 iron,11c,28 or manganese11b,29among others, have
also been reported recently.
N-heterocyclic carbenes (NHCs) have emerged as powerful

ligands to enhance catalytic activity, due to their strong
coordination ability and tunable electronic and steric proper-
ties, in a wide range of catalytic transformations.30 However,
only a few Ir-NHC catalysts efficient in the N-methylation of
amines have been reported to date (Figure 1). Crabtree and
co-workers reported efficient cationic bis-NHC iridium(I)
catalysts for the selective monomethylation of substituted
anilines under microwave irradiation and high catalyst loading
conditions.31 Fujita reported the selective N,N-dimethylation
of aliphatic primary amines and N-monomethylation using
Cp*Ir(NHC)-based catalysts at low catalyst and base loadings.
Interestingly, the N,N-dimethylation of aromatic primary
amines was also achieved with a related catalyst in the absence
of base.32 Recently, Hou et al. showed that the introduction of
2-arylbenzo[d]oxazole-functionalized benzyimidazol-2-ilydene
ligands improves the catalyst performance in the N-
methylation of ortho-substituted aromatic amines, thereby
broadening the substrate scope.26f In addition, the related
bimetallic bis-NHC Cp*Ir complex reported by Hou and Li

showed significantly higher activity than the monometallic
analogues.26b Moreover, using the “self-supporting” strategy,33

a series of NHC-metal coordination assemblies have been
developed. Among them, the NHC-Ir coordination assembly
shown in Figure 1 was successfully applied as solid molecular
recyclable catalysts in the selective mono-N-methylation of
amines.26h

Iridium(I) complexes bearing NHC ligands with O/N-
donor functions have been revealed as efficient catalysts for the
β-alkylation of alcohols and N-alkylation of amines with
alcohols via a borrowing hydrogen mechanism.18 The
incorporation of O- and N-functional groups as wingtips in
NHC ligands usually results in enhanced catalytic performance
probably due to their ability to assist the metal center in
catalytic transformations. In this context, we have recently
shown that [IrBr(CO)2(κC-tBuImCH2PyCH2OMe)] (Figure
1) featuring a flexible lutidine-derived polydentate ligand,
having NHC and −OMe as donor functions, efficiently
catalyzes the selective N-monomethylation of a range of
nitroarenes using methanol as both the reducing agent and the
C1 source.15a Herein, we report on the catalytic activity in the
N-methylation of amines of a series of neutral and cationic
iridium(I) complexes derived from this pyridine/OMe-
functionalized NHC ligand and their application in the N-
methylation of a range of anilines and alkyl amines. In addition,
reactivity and mechanistic studies have been performed to shed
light on the operating mechanism of this tandem trans-
formation.

■ RESULTS AND DISCUSSION
Synthesis and Structure of Iridium(I) Complexes

Bearing an N,O-Functionalized NHC Ligand. The

Scheme 1. Borrowing Hydrogen Mechanism for the N-
Methylation Amines Using Methanol as a C1 Source (MH2
Results from the Formal Abstraction of Two Hydrogen
Atoms by the Catalyst)

Figure 1. Ir-NHC catalysts for the N-methylation of Amines with
Methanol.
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imidazolium salt [tBuImHCH2PyCH2OMe]Br (1), precursor
for the N,O-functionalized NHC ligand, was prepared from the
commercially available 2,6-bis(bromomethyl)pyridine in two
steps following the synthetic procedure recently reported by
us.15a,34 Deprotonation of 1 by the methoxo bridging ligands of
[Ir(μ-OMe)(cod)]2 gave the iridium(I) diene complex [IrBr-
(cod)(κC-tBuImCH2PyCH2OMe)] (2), which was carbony-
l a t e d i n d i c h l o r om e t h a n e t o a ff o r d [ I r B r -
(CO)2(κC-

tBuImCH2PyCH2OMe)] (3). The reaction of
complex 2 with silver hexafluorophosphate (1:1) in CH2Cl2
resulted in the precipitation of AgBr and the formation of a
yellow solution of the cationic complex [Ir(cod)-
(κ2C,N-tBuImCH2PyCH2OMe)][PF6] (4) which was isolated
as a yellow solid in 87% yield. Carbonylation of 4 in CH2Cl2
led to the release of the cod ligand with concomitant formation
of the complex [Ir(CO)2(κ

2C,N-tBuImCH2PyCH2OMe)]-
[PF6] (5), which was isolated as a yellow solid in 79% yield
(Scheme 2).

The high-resolution mass spectra (ESI+) in methanol for
complexes 4 and 5 showed peaks at m/z 560.2241 and
508.1208, respectively, that match the mass of the correspond-
ing cations. Furthermore, the measured conductivity in
nitromethane of approximately 80 Ω−1 cm2 mol−1 for both
compounds is in agreement with that of 1:1 electrolytes. It is
noticeable that as a consequence of the conformational
restriction imposed by the coordination of the pyridine
fragment to the metal center, the protons of both methylene

linkers are diastereotopic and consequently were observed as
four well-separate doublets (4) or two AB quartets (5) in the
1H NMR spectra which contrast with the singlet resonance
observed for the protons of the CH2-OMe moiety in the
neutral complexes 2 and 3. On the other hand, the resonances
of the CH2-Im linker in 4 are high-field shifted with respect to
2, reasonably as a consequence of the coordination of the
pyridine fragment (see the Supporting Information).35 The
existence of two carbonyl ligands in a cis disposition in 5 was
confirmed by two strong stretching ν(CO) bands at 2069,
1994 cm−1 in the attenuated total reflectance-infrared (ATR-
IR) spectrum and two resonances at δ 179.2 and 171.7 ppm in
the 13C{1H} spectra.
The κ2C,N coordination mode of the lutidine-based NHC/

OMe ligand in complexes 4 and 5 (vide infra, Figure 2), in
contrast to the κC of the parent compounds, was established
by single-crystal X-ray diffraction analysis.
The crystal structures of 4 and 5 show a slightly distorted

square-planar environment for the iridium center. In both
complexes, the NHC-lutidine ligand exhibits a κ2C,N
coordination mode rendering the six-membered metalacycle
Ir-C1-N2-C6-C7-N8 (Figure 2). The visual inspection of this
cycle as well as the corresponding Cremer−Pople puckering
parameters36 (4, q 0.9876 Å, θ 99.51°, φ 1.4116°; 5, q 1.0482
Å, θ 78.08°, φ 177.4009°) clearly indicate a boat conformation
featuring the iridium center and the C6 atom in the out-of-
plane positions. The bite angle C1-Ir-N8 of the NHC-lutidine
ligand is slightly smaller in 4 [81.4(2)°] than in 5 [83.87(11)°]
reasonably as a consequence of steric hindrance of the cod
ligand. In both cases, the NHC moiety and the pyridine
fragment deviate from the least sterically hindered arrangement
perpendicular to the coordination plane, i.e., Ir-C1-N8-CT01-
CT02, 4, or Ir-C1-N8-C20-C22, 5, each ring forming angles
between 50° and 70° with the corresponding coordination
plane (4, NHC 59.0°, pyridine 67.7°; 5, NHC 51.8°, pyridine
54.3°). This behavior should be the consequence of the
constraint imposed by the above-mentioned κ2C,N coordina-
tion mode. In this connection, it is worth mentioning that the
NHC deviates significantly from the ideal arrangement with
respect to the Ir-C1 bond (4: pitch 2.6°, yaw 15.0°; 5: pitch
0.6°, yaw 13.8°),37 whereas a minor deviation is observed for
the pyridine ring with respect to the Ir-N8 bond (4: pitch 6.1°,
yaw 5.0°; 5: pitch 0.1°, yaw 3.1°).
The remaining coordination sites at the metal center are

occupied by one cyclooctadiene ligand (4) or two carbonyl
ligands (5). It is worth mentioning that in 4 the NHC group
exerts a higher trans influence than the pyridine moiety. As a
matter of fact, the Ir-CT01 distance [2.0641(3) Å] −trans to
NHC− is longer than the Ir-CT02 one [2.0186(3) Å], and
accordingly, the C20−C21 bond length [1.384(8) Å] is shorter
than the C24−C25 one [1.420(8) Å]. As for 5, reasonably the
strong π-acceptor character of the carbonyl ligands blurs the
different trans influence of the NHC and pyridine moieties,
which results in the fact that the C20−O21 [1.136(4) Å] and
C22−O23 [1.137(4) Å] bond lengths are similar, whereas the
Ir-C20 bond length [1.886(4) Å] is minimally longer than the
Ir-C21 one [1.850(4) Å].
Finally, Figure 2c shows the overlay of the crystal structures

of 4 and 5 demonstrating that the overall arrangements of the
N,O-functionalized NHC ligand in both complexes are similar
except for the conformation of the methoxymethyl substituent
at the 6-position of the pyridine moiety (N8-C9-C17-O18,

Scheme 2. Synthetic Pathway for the Preparation of Neutral
and Cationic Ir(I)/(tBuImCH2PyCH2OMe) Complexes
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−79.0(7)° 4, 166.1(3)° 5), which may be the consequence of
the solid state packing.
N-Methylation of Amines with Methanol Catalyzed

by Iridium(I) Complexes. The neutral and cationic Ir(I)
complexes 2−5 bearing an N,O-functionalized NHC ligand
have been evaluated as catalysts for the N-methylation of

amines using aniline as model substrate and methanol as C1
source under the following standard reaction conditions:
[aniline] = 0.33 M, 1 mol % of catalyst, 50 mol % of Cs2CO3 as
a base, and 1.5 mL of MeOH at 383 K for 5 h (Table 1). The
four catalysts showed comparable activity giving conversions
greater than 30% with complete selectivity to N-methylaniline.
In contrast, low conversion was attained with the iridium
dimer [Ir(μ-Cl)(cod)]2 under the same reaction conditions to
give a mixture of the mono- and dimethylated products (entry
2). The carbonyl compound [IrBr(CO)2(IMe)],38 with an
unfunctionalized 1,3-dimethylimidazol-2-ylidene ligand, af-
forded only a 5% conversion to N-methylaniline (entry 3).
However, the related compound [IrBr(CO)2(κC-
MeImCH2Py)] bearing a pyridine-functionalized NHC ligand,
prepared by carbonylation of the diene compound, gave a 22%
of conversion to N-methylaniline (entry 4), lower than that
attained with complexes 2−5. In general, the carbonyl
complexes 3 and 5 were found to be more active than the
parent diene complexes 2 and 4 (entries 4−7) being
compound [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3) the
most active catalyst with a 40% conversion to N-methylaniline
in 5 h. Although the cationic compound 5 is only slightly less
active than 3, the latter has been chosen for the optimization
process due to its easy synthesis.
The close performance of cod and carbonyl catalysts might

suggest the formation of similar catalytic active species. In fact,
methanol decarbonylation under catalytic conditions could
transform compound 2 into 3 in a multistage process involving
C−H activation of formaldehyde.39 However, the infrared
spectrum of the reaction mixture resulting from the reaction of
2 with methanol in the presence of Cs2CO3 at 403 K did not
show the presence of Ir-CO species ruling out the trans-
formation between both types of compounds under these
conditions.
Optimization of the reaction conditions, including base,

base/substrate ratio, temperature, and catalyst loading, was
carried out for the benchmark reaction of N-methylation of
aniline with methanol using catalyst 3 (see the Supporting
Information). Several organic and inorganic bases such as
KHMDS, NaOMe, KOtBu, NaH, NaOH, KOH, K2CO3, and
Cs2CO3, have been investigated under the standard conditions.
The best catalytic performance was attained with Cs2CO3 as a
base using a minimum amount of 50 mol %. The temperature
has a strong influence on the catalytic activity. Indeed, a
progressive increase in conversion to N-methylaniline from
40% at 383 K to 100% at 423 K was observed. Interestingly,
the catalyst loading can be lowered up to 0.5 mol % at 423 K
affording a 97% conversion to N-methylaniline. Based on these
results, the optimized reaction conditions are as follows: 0.5
mol % of 3, 50 mol % of Cs2CO3, methanol (1.5 mL), and 423
K for a reaction time of 5 h. Finally, a catalytic test in the
presence of mercury (4 equiv), under the optimized catalytic
conditions, gave similar results, confirming that the catalytic
reaction proceeds in a homogeneous phase.40

To explore the substrate scope of this catalytic system, the
N-methylation of a range of substituted anilines and alkyl
amines with methanol was carried out under the optimized
reaction conditions (Table 2). In general, good conversions
with complete selectivity to mono-N-methylation products
were attained with aniline derivatives. Aniline derivatives with
electron-donating groups in para position were quantitatively
transformed into the corresponding N-methyl derivatives 6b
and 6c and isolated in yields higher than 90%. Both derivatives

Figure 2. ORTEP view of the cation of (a) compound 4, (b)
compound 5, and (c) overlay of the crystal structure of 4 (purple) and
5 (green). Ellipsoids are at 50% probability; hydrogen atoms and the
hexafluorophosphate anion are omitted for clarity. Selected bond
lengths (Å) and angles (°) are: 4, Ir-C1 2.054(6), Ir-N8 2.122(5), Ir-
CT01 2.0641(3), Ir-CT02 2.0186(3), C20-C21 1.384(8), C24-C25
1.420(8), C1-Ir-N8 81.4(2), CT01-Ir-CT02 86.314(13); 5, Ir-C1
2.082(3), Ir-N8 2.122(3), Ir-C20 1.886(4), Ir-C22 1.850(4), C20-
O21 1.136(4), C22-O23 1.137(4), C1-Ir-N8 83.87(11), C20-Ir-C22
89.68(16). CT01 and CT02 are the centroids of the C20 and C21
atoms, and of the C24 and C25 atoms, respectively.
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are more reactive than aniline. In fact, additional catalytic
experiments performed at 2.5 h showed 88% of conversion for
the N-methylation of 4-methoxyaniline to 4-methoxy-N-
methylaniline (6c), whereas a 79% conversion was attained
in the N-methylation of aniline to 6a. Also, para-substituted
anilines with weak electron-withdrawing groups, such as 4-
chloroaniline and 4-bromoxyaniline, were selectively trans-
formed into the corresponding N-methyl derivatives 6d and
6e, respectively, which were isolated in yields higher than 95%.
In contrast, substrates with a strong electron-withdrawing
group, such as 4-(trifluoromethyl)aniline, proved to be less
reactive as only a 50% conversion was achieved in 5 h with
total selectivity to 4-(trifluoromethyl)-N-methylaniline (6f).
Increasing the reaction time to 15 h resulted in a slight
improvement in conversion up to 61%, but selectivity
decreased significantly to 55% due to the formation of methyl
4-aminobenzoate and methyl 4-(methylamino)benzoate as
byproducts. In this regard, methanolysis of the −CF3 group
in basic media41 gives rise to the aminobenzoate derivative,
which is subsequently methylated to give the product 4-
(methylamino)benzoate. Increasing the catalyst loading to 2
mol % and decreasing the temperature to 383 K resulted in a

93% conversion in 48 h although the selectivity to 6f was only
43%.
Regarding ortho- and meta-substituted methoxyaniline

derivatives, longer reaction times and/or higher catalyst
loadings were necessary to achieve selectivities above 90%
for the desired N-methylanilines 6g and 6h (Table 2).
Particularly, the o-anisidine derivative is by far the least
reactive, requiring a catalyst load of 3 mol % and 48 h to
achieve complete conversion to 2-methoxy-N-methylaniline
(6g). On the other hand, m-anisidine is slightly less reactive
than p-anisidine with full conversion to 6h in 8 h. The negative
influence of the substitution at both ortho positions on the
reactivity was evident with 2,6-dimethylaniline since no
reaction was observed even using a 2 mol % catalyst loading
and 100 mol % of base after 48 h. Catalyst 3 is also efficient in
the N-methylation of the heterocyclic amines such as 4-
aminopyridine. Although the reaction is slower than with
aniline, N-methylpyridin-4-amine (6j) was selectively obtained
in 15 h. Therefore, the observed decrease in reactivity appears
to be a consequence of the electron-poor character of the
heterocycle rather than the inhibition of the catalysis by
coordination of the pyridine fragment to the metal center.

Table 1. Catalysts Evaluation for the N-Methylation of Aniline with Methanola

aReaction conditions: aniline (0.5 mmol), catalyst (0.005 mmol, 1.0 mol %), Cs2CO3 (0.25 mmol, 50 mol %) in methanol (1.5 mL) at 383 K for 5
h. bConversion of aniline and selectivity determined by gas chromatography (GC) using mesitylene as the internal standard.
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On the other hand, the N-alkylation of aliphatic amines
selectively affords N,N-dimethylated amines which is in
agreement with previous results.25−27 Thus, benzylamine was
selectively transformed in N,N-dimethyl-1-phenylmethanamine
(7k) in 15 h. However, N-methylation of cyclohexylamine
required a higher catalyst loading and longer reaction time to
achieve complete conversion to the N,N-dimethylcyclohexan-
amine product (7l). In this case, it was possible to observe the
formation of the monomethylated intermediate product, N-
methylcyclohexanamine (6l), which is the major product at
very low conversions, and its transformation to 7l at higher
conversions. In general, N-methylated amines are isolated in
good yields, except when byproducts are formed, e.g., 4-
trifluotomethyl-aniline, or when double methylation occurs.
Reactivity of [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3).
Metal−ligand cooperation, MLC, based on the dearomatiza-
tion of pyridine-based pincer complexes has provided a new
paradigm for bond activation and homogeneous catalysis.
Particularly, Ru(II)-dearomatized five-coordinate lutidine-
derived PNP and PNN pincer complexes heterolytically
activate polar and nonpolar chemical bonds.42 Metal
complexes based on lutidine-derived CNC, CNP, and CNN

pincer ligands (C stands for an NHC moiety) have also
received considerable attention in recent years.43 Although
deprotonation of asymmetric lutidine-derived pincer ligands
can take place in both methylene arms, selective deprotonation
of one of the arms has generally been observed.44

In this context, to determine the ability of the N,O-
f unc t i ona l i z ed NHC l i g and in [ I rB r (CO) 2(κ -
C-tBuImCH2PyCH2OMe)] (3) to undergo dearomatization−
aromatization processes of relevance in cooperative catalysis,
the acidic nature of the methylene protons linking the pyridine
moiety has been investigated. The 1H NMR spectrum of a
solution of 3 in methanol-d4 in the presence of an excess of
Cs2CO3 (5 equiv) evidenced the initial formation of the d3-
methoxo [Ir(OCD3)(CO)2(κC-

tBuImCH2PyCH2OMe)] (8-
d). Compound 8-d undergoes progressive H/D exchange at
the CH2-Im linker that is completed after 20 h at room
temperature (see the Supporting Information). The 2H NMR
spectrum of this species in tetrahydrofuran showed two broad
2H-singlets at δ 5.88 and 4.33 ppm, which correspond to the
CD2-Im fragment and the CD3O ligand.

Table 2. N-Methylation of Aromatic and Aliphatic Amines with Methanol Catalyzed by
[IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3)a

aReaction conditions: amine (0.5 mmol), Cs2CO3 (0.25 mmol, 50 mol %) in methanol (1.5 mL) at 423 K. bConversion based on the amine.
Selectivity determined by GC using mesitylene as the internal standard. cIsolated yield (%) in parentheses after purification by column
chromatography. dSelectivity to 6f of 55 and 43%, respectively. e383 K. fNot isolated. g100 mol % of Cs2CO3.

hSelectivity to 7l of 65 and 86%,
respectively.
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Compound [Ir(OMe)(CO)2(κC-
tBuImCH2PyCH2OMe)]

(8) was prepared by reaction of 3 with Cs2CO3 (5 equiv) in
toluene/methanol and isolated as a pale-yellow solid in 68%
yield (Scheme 3i). The 1H NMR spectrum of 8 in toluene-d8
showed two doublets, at δ 6.11 and 5.47 ppm, and a singlet at
δ 4.48 ppm for the protons of the CH2-Im and CH2-OMe
linkers, respectively, which is in agreement with a κC
coordination mode of the N,O-functionalized NHC ligand.
Moreover, the methoxo ligand was observed at δ 4.69 and 66.6
ppm in the 1H and 13C{1H} NMR spectra, respectively.
Finally, the presence of two carbonyl ligands in a cis
configuration was confirmed by the two strong stretching
ν(CO) bands at 2045, 1959 cm−1 in the IR spectrum, and the
two resonances at δ 183.3 and 174.2 ppm in the 13C{1H}
NMR spectrum.
The addition of a moderate excess of potassium bis-

(trimethylsilyl)amide (KHMDS) (5 equiv) to a yellow
suspension of 3 in toluene-d8 at 273 K afforded a dark-yellow
suspension due to the formation of KBr. The 1H NMR
spectrum evidenced the formation of two dearomatized species
in a 1:1 ratio, 9a and 9b, resulting from the nonselective
deprotonation of the two methylene linkers (Scheme 3ii) (see
the Supporting Information). According to the NMR
information, [Ir(CO)2(κ

2C,N-tBuImCHPy’CH2OMe)] (9a)
is formed by deprotonation of the CH2-Im linker, whereas
deprotonation of the CH2-OMe linker results in the formation
of [Ir(CO)2(κ

2C,N-tBuImCH2Py’CHOMe)] (9b). Thus, the
methine group of 9a was observed as a singlet at δ 6.00 ppm,
whereas the protons of the CH2-OMe linker appeared now as a
second order AB quartet centered at δ 4.36 ppm. However, the

methine group and the protons of the CH2-Im linker in 9b
were observed as two singlets at δ 4.56 and 4.54 ppm,
respectively.
We hypothesized that the rigidity imparted by the methine

group in the dearomatized ligand framework could stabilize
penta-coordinated structures derived from the coordination of
the −OMe moiety. However, density functional theory (DFT)
calculations have shown that the hypothetical trigonal
bipyramidal structures in which the dearomatized ligand
adopts a tridentate pincer coordination are 20.0 and 24.3
kcal·mol−1 less stable than the proposed square-planar
structures (Figure 3). This energy difference could be
attributed to conformational constraints imposed by the
fused metallocycles that prevent the CH bridge to adopt a
planar disposition (see the Supporting Information).
The mixture of dearomatized compounds has the ability to

activate methanol. In fact, the addition of methanol (5 equiv)
to a solution of 9 generated in situ in toluene-d8 at 273 K
resu l ted in the c lean format ion of [I r(OMe)-
(CO)2(κC-

tBuImCH2PyCH2OMe)] (8) (Scheme 3iii).
The easy substitution of the bromide ligand in 3 prompted

us to attempt the preparation of the key amido complex
[Ir(NMePh)(CO)2(κC-

tBuImCH2PyCH2OMe)] likely in-
volved as an intermediate in the N-alkylation catalytic reaction.
With this aim, 3 was reacted with potassium methyl(phenyl)-
amide, prepared in situ by reaction of N-methylaniline and
KHMDS in toluene-d8, at 353 K for 2 h. The 1H NMR of the
reaction mixture showed the formation of an unexpected
compound and the presence of methyl(phenyl)amine. This
compound has been identified as a square-planar iridium(I)

Scheme 3. Reactivity of 3: Synthetic Routes for the Preparation of Compounds 8 and 10
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complex [Ir(CO)2{κ
2C,C-(-CH2Me2C-ImCH2PyCH2OMe)}]

(10) featuring a bidentate C,C-coordinated NHC ligand due to
the activation of a C−H bond of the tert-butyl group. On the
other hand, the reaction of 3 with a moderate excess of lithium
methyl(phenyl)amide in toluene-d8 under milder conditions,
273 K, gave the dearomatized compound 9. Interestingly,
heating a solution of 8 in toluene-d8 at 353 K for 3 h showed
the clean formation of 10 and methanol. The transformation of
8 into 10 in methanol-d4 under the same conditions evidenced
that both compounds undergo facile H/D exchange at the
CH2-Im linker (see the Supporting Information).
Compound 10 was prepared by heating a solution of 8 in

toluene at 353 K for 3 h and was isolated as a reddish-purple
solid in 69% yield (Scheme 3iv). The compound has been fully
characterized by mass spectrometry, IR, and NMR spectros-
copy (see the Supporting Information). The HRMS (ESI+) in
CH3CN showed a peak at m/z of 480.1281 corresponding to
the molecular fragment [M − CO + H]+. The 1H NMR
spectrum in toluene-d8 showed a new resonance at δ 2.39 ppm
for the methylene group formed after the C−H activation of
the t-butyl group which correlates with the resonance at δ 40.3
ppm in the 13C{1H} NMR spectra. In addition, the infrared
spectrum of 10 in toluene showed two ν(CO) bands at 2026
and 1949 cm−1, which are characteristic of square-planar
iridium(I) compounds having two carbonyl ligands in cis
disposition. The inequivalent carbonyl ligands were observed
at δ 190.4 and 187.7 ppm in the 13C{1H} NMR spectrum.
Interestingly, both methylene linkers in the ligand framework

were observed as singlets at δ 5.04 and 4.33 ppm in the 1H
NMR spectrum which suggest the noncoordination of the
pyridine moiety to the iridium center which agrees with DFT
calculations. On the other hand, the Ir-CH2 resonance showed
cross-peaks with the carbonyl carbon atoms in the 1H/13C-
HMBC spectrum that strongly support the proposed structure.
The DFT-optimized structure of 10 is shown in Figure 3.
A number of examples of cyclometalation reactions via

intramolecular C−H activation of ItBu or IMes with reactive
iridium(I) centers have been described.45 In our case, the
cyclometallation reaction likely proceeds by a concerted
intramolecular C−H activation involving the deprotonation
of the methyl group in the t-butyl moiety by the methoxo
ligand acting as an internal base. In fact, the bromo compound
3 remains unchanged after heating in toluene at 353 K for 5 h
which supports the proposed mechanism.

Mechanistic Studies. The reaction profile of the 3-
catalyzed N-methylation of aniline monitored by GC under the
optimized conditions showed a rapid decrease in aniline
concentration along with the formation of N-methylaniline
with a conversion above 20% after 20 min of reaction (Figure
4). Hydrogen transfer reduction of the putative intermediate

N-methylidenaniline should be fast since it was not detected
throughout the reaction, indicating that the reduction of the
imine intermediate product is not the limiting step of the
overall process (Scheme 1).

Formation of N-Methylidenaniline. The possible influence
of the iridium catalyst on the formation of the N-
methylidenaniline intermediate was investigated by studying
the condensation step between formaldehyde and aniline
(Table 3). It should be noted that the study was performed in
wet toluene since commercial formaldehyde was supplied as an
aqueous solution (37 wt %) with 10−15% methanol as a
stabilizer. When the condensation reaction was carried out in
the absence of a catalyst, a 22% aniline conversion was attained
in 30 min (entry 1) to afford a white solid corresponding to
the condensation product N-methylidenaniline (11), insoluble
in the reaction medium, or more precisely to the cyclic
compound 1,3,5-triphenylhexahydro-1,3,5-triazine, which is in
equilibrium with 11 (Scheme 4i.3) and is the predominant
species at low temperature.46 In addition, gas chromatog-

F i gu r e 3 . DFT -op t im i z e d s t r u c t u r e s o f ( a ) [ I r -
(CO)2(κ

2C ,N - tBuImCHPy ’CH2OMe)] (9a) , (b) [ I r -
(CO)2(κ

2C,N-tBuImCH2Py’CHOMe)] (9b), and (c) [Ir-
(CO)2{κ

2C,C-(-CH2Me2C-ImCH2PyCH2OMe)}] (10).

Figure 4. Reaction profile of the N-methylation of aniline with
methanol monitored by GC. Reaction conditions: aniline (0.5 mmol),
3 (0.0025 mmol, 0.5 mol %) and Cs2CO3 (0.25 mmol, 50 mol %) in
methanol (1.5 mL) at 423 K.
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raphy−mass spectrometry (GC-MS) analysis of the solution
revealed the formation of N-phenylformamide (12). However,
when the condensation reaction was performed in the presence
of catalyst 3 (2.5 mol %) under the same conditions, a mixture
of N-phenylformamide (12) and N-methylaniline (6a), was
initially obtained with a 25% aniline conversion and a 65%
selectivity to 6a (entry 2). The aniline conversion increased to
53% after 2 h with a selectivity to 6a of 88% (entry 3).
To better understand the condensation reaction in the

absence of a catalyst, additional experiments using methanol as
a solvent have been carried out. A solution of aniline (0.25
mmol) and formaldehyde (0.5 mmol) in methanol-d4 was
heated at 403 K for 15 min in a reinforced glass reactor. The
1H NMR of the reaction mixture evidenced the formation of
1,3,5-triphenyl-1,3,5-triazine. This species showed a set of
resonances in the aromatic region and a characteristic
resonance at δ 4.82 (s, 6H) ppm, that correlates with the
signal at δ 68.6 ppm in the two-dimensional 1H-13C HSQC
spectrum, which is assigned to the >CH2 protons of the central
cycle (see the Supporting Information).47 The presence of N-
methylidenaniline was discarded by the absence of the imidic
carbon at δ 157.0 ppm in the 13C{1H}-NMR.48 On the other
hand, the addition of Cs2CO3 (0.375 mmol) to the reaction
mixture and heating at 403 K for 15 min resulted in the

disappearance of the white precipitate and a color change of
the solution from pale yellow to brown. GC-MS analysis of the
solution allowed the detection of N-phenylformamide (m/z =
121) and N-methylidenaniline (m/z = 105)49 in a relative ratio
of 85:15. Finally, in an additional experiment, if after the
formation of 1,3,5-triphenylhexahydro-1,3,5-triazine, Cs2CO3

(0.375 mmol) and 3 (0.0125 mmol) are added, and the
reaction mixture is heated to 403 K for 15 min, a brown
solution containing N-phenylformamide and N-methylaniline
(m/z = 107) in a similar relative ratio of 88:12 (GC-MS
analysis) was obtained.
These results suggest that under noncatalytic conditions in

the presence of base two competitive pathways could be
operative: (i) the formation of N-methylidenaniline in
equilibrium with the cyclic trimer form as a result of the
condensation reaction and (ii) the formation of N-phenyl-
formamide (Scheme 4). Specifically, the formation of N-
methylidenaniline may occur by dehydration of the hemi-
aminal, (phenylamino)methanol, catalyzed by a base (Scheme
4i.2). The imine is in equilibrium with the 1,3,5-triphenyl-
1,3,5-triazine trimeric form, an equilibrium that is shifted
toward the cyclic form at low temperatures (Scheme 4i.3). On
the other hand, the formation of N-phenylformamide may
occur through the Cannizzaro reaction by disproportionation

Table 3. Formaldehyde and Aniline Condensation Experiments: Influence of the Iridium Catalyst on the Formation of N-
Methylidenanilinea

selectivity (%)a

catalyst t (h) conversion (%)a 11 12 6a

1 no catalystb 0.5 22 √ √ -
2 3, 2.5 mol % 0.5 25 - 35 65
3 3, 2.5 mol % 2 53 - 12 88

aConversion and selectivity determined by GC (mesitylene as internal standard) referenced to aniline. Reaction conditions: aniline (0.5 mmol),
formaldehyde (0.5 mmol, 37 wt % in water, with 10−15% methanol as stabilizer) and Cs2CO3 (0.375 mmol, 75%), in toluene (0.5 mL) at 403 K
for 30 min. bA mixture of N-methylidenaniline/1,3,5-triphenyl-1,3,5-triazine and N-phenylformamide was obtained.

Scheme 4. Reaction Pathways for the Formation of N-Phenylformamide (12) and N-Methylidenaniline (11)
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of formaldehyde in the presence of a base to give to methanol
and formic acid (Scheme 4ii.1). Subsequently, the condensa-
tion between formic acid generated in situ and aniline afforded
N-phenylformamide and water (Scheme 4ii.2). Finally, the
formation of N-methylaniline and the disappearance of N-
methylidenaniline in the presence of 3 confirm the efficiency of
this catalyst in the transfer hydrogenation of the imine
(Scheme 4i.4).
The absence of N-phenylformamide under the optimized

catalytic reaction conditions could be explained by the low
concentration of formaldehyde under catalytic conditions and
the fast hydrogenation of the imine by 3 that drives the
equilibrium along this path, inhibiting the Cannizzaro reaction.
Furthermore, the formation of significant amounts of N-
methylidenaniline in the absence of 3 under mild conditions
practically rules out that the condensation reaction between
aniline and formaldehyde occurs in the coordination sphere of
the metal center. This result contrasts with the theoretical
studies, carried out by our research group, on the mechanism
of N-alkylation of amines with alcohols in which the Ir(I)-
NHC catalyst is involved in the condensation step.18b

Deuterium Labeling Experiments. To gain insight into the
reaction mechanism, deuterium labeling experiments using
methanol-d4 or methanol-d1 as solvents have been carried out
(Scheme 5). N-methylation of aniline catalyzed by 3 in

methanol-d4 (≥99.8% D) resulted in the formation of N-
methylaniline with a degree of deuteration greater than 95% in
both the methyl and N−H groups indicating that all of the
methanol atoms, except for the oxygen atom which is
eliminated as water after the condensation reaction, are
incorporated into the final product. Furthermore, when
methanol-d1 (≥99.5% D) was used, the deuterium is
incorporated only in the N−H moiety, which confirms that
the deuterium of the −OD group is exclusively transferred to
the nitrogen atom of the amine (see the Supporting
Information). The 1H NMR kinetic study comparing the
reaction rate for the N-methylation of aniline with methanol
and methanol-d4 catalyzed by 3 under the optimized reaction
conditions gave a kinetic isotopic effect (KIE) of 4.47 ± 0.28
(see the Supporting Information). This value suggests that the
formation of the Ir-H species should occur in the rate-
determining step in accordance with the low concentration of
formaldehyde under catalytic conditions.50

IR Spectroscopy Studies. To identify possible species
involved in the mechanism, the catalytic reaction was

monitored by IR spectroscopy. The reaction of N-methylation
of aniline (0.5 mmol) was performed in methanol (1.5 mL) in
the presence of Cs2CO3 (50 mol %) using [Ir(OMe)-
(CO)2(κC-

tBuImCH2PyCH2OMe)] (8) as a catalyst (10
mol %) at 423 K. The IR spectra of reaction aliquots (1.5
mL) taken at 1 and 2 h, for which aniline conversion
determined by GC was 35 and 92%, respectively, showed two
strong stretching ν(CO) bands at 2026 and 1949 cm−1, which
correspond to the cyclometalated iridium(I) compound
[Ir(CO)2{κ

2C,C-(-CH2Me2C-ImCH2PyCH2OMe)}] (10).
The spectra also show two absorptions at 1979 and 1906
cm−1, which can be tentatively attributed to a cis-dicarbonyl
iridium(I) intermediate (see the Supporting Information).

Mechanistic Proposal. The IR experiments suggest that
the catalytic reaction likely proceeds through iridium(I)
intermediates featuring two carbonyl ligands in cis-arrange-
ment. The role of 10 in the catalytic reaction is a matter of
debate, as it could be considered both the active species and
the catalyst resting state. In principle, if the cyclometalated
compound 10 were involved in the mechanism the reaction
should proceed through 18 e− penta-coordinated anionic
iridium(I) intermediates, which is highly unlikely. Therefore, it
is very plausible that the methoxo compound 8 is the
catalytically active species and that β−H elimination in 8
leading to the key hydride intermediate [IrH-
(CO)2(κC-

tBuImCH2PyCH2OMe)] is favored over the
formation of 10 under catalytic conditions. However,
deuterium labeling experiments have demonstrated that 8
and 10 are in equilibrium under catalytic conditions. Thus,
heating of a solution of 10 in methanol-d4 at 423 K for 1 h
resulted in deuterium incorporation into the Ir-CH2-C(Me2)-
N fragment of the cyclometalated moiety, as well as in the
CH2-Im linker and the nearest-neighbor meta proton of the
pyridine ring (Figure 5).

Accordingly, compound 10 catalyzed the N-methylation of
aniline under optimized conditions affording a 78% conversion
to N-methylaniline in 5 h. The lower catalytic performance of
10 compared to that of 3 (97% conversion in 5 h) is consistent
with the expected lower concentration of the active species 8.
Interestingly, the 1H NMR of a solution of 10 in methanol
after heating at 423 K for 1 h showed two tiny resonances at δ
8.55 and −18.50 ppm (see the Supporting Information). Both
resonances are ascribed to formaldehyde, which is formed by
β−H elimination in the methoxo complex 8 (not observed) in
equilibrium with 10, and tentatively to the resulting iridium(I)
hydride intermediate [IrH(CO)2(κC-

tBuImCH2PyCH2OMe)]
(13). These observations support the methoxo complex 8 as
the catalytic active species and 10 as the catalyst resting state in
the N-methylation reaction.

Scheme 5. Deuterium Labeling Experiments in the N-
Methylation of Aniline Catalyzed by 3 Using Methanol-d1
and Methanol-d4 as Solvents

Figure 5. Deuteration of 10 with methanol-d4 after heating at 423 K
for 1 h.
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On the basis of the experimental observations, the proposed
mechanism for the N-methylation of amines with methanol
catalyzed by 3 is depicted in Scheme 6. The mechanism
involves the rapid formation of the methoxo complex 8 (step
1) and subsequent β−H elimination to give the iridium(I)
hydride intermediate 13 releasing formaldehyde as the rate-
determining step (step 2). Formaldehyde condenses with the
amine yielding the corresponding imine outside the coordina-
tion sphere of the metal (step 3). Then, imine coordination
followed by insertion into the Ir−H bond affords the amido
intermediate 14 (step 4). Finally, methanolysis of the Ir−N
bond results in the formation of the N-methylamine product
regenerating the catalytically active species 8.18b Although the
role of the pyridine fragment in the sketched mechanism is not
evident, the positive influence of a functionalized NHC ligand
on the catalytic activity in the N-methylation reaction becomes
evident when comparing the performance of compounds
[IrBr(CO)2(IMe)] and [IrBr(CO)2(κC-MeImCH2Py)], fea-
turing an unfunctionalized and a pyridine-functionalized NHC
ligands, respectively (Table 1). Therefore, the possible
stabilizing role of the pyridine fragment, through the transient
formation of pentacoordinate species, as responsible for the
improved catalytic performance cannot be ruled out. On the
hand, the role of the remote flexible methoxymethyl fragment
in 3 could be related to its ability to facilitate the β−H
elimination reaction as it has been found in related catalytic
systems with improved activity in hydrogen transfer
reactions.51

■ CONCLUSIONS

Neutral and cationic iridium(I) compounds featuring a flexible
lutidine-derived polydentate ligand having NHC and −OMe as
donor functions have been revealed as efficient catalyst
precursors for the N-methylation of amines with methanol.
Catalyst screening has shown that carbonyl complexes are
more active than related diene compounds, with the neutral
compound [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] being the
more active in the N-methylation of aniline. This catalyst has
been applied for the N-methylation of a variety of aromatic and
aliphatic primary amines. A range of functionalized anilines
having both electron-withdrawing and electron-rich substitu-
ents, including heterocyclic primary amines, have been
selectively converted into the corresponding N-methylamine
derivatives in excellent yields at low catalyst loading and
substoichiometric amounts of cesium carbonate as a base. In
contrast, N,N-dimethylamine derivatives were selectively
obtained with aliphatic primary amines.
Reactivity studies have shown that compound [IrBr-

(CO)2(κC-
tBuImCH2PyCH2OMe)] undergoes deprotonation

of the functionalized NHC ligand with KHMDS to afford two
isomeric neutral complexes featuring a coordinated dearomat-
ized pyridine core that result from the unselective deprotona-
tion of the methylene linkers. Rearomatization of the
complexes with methanol selectively gives compound [Ir-
(OMe)(CO)2(κC-

tBuImCH2PyCH2OMe)]. Interestingly, this
methoxo compound, which is also accessible directly from the
bromo-complex in methanol in basic medium, undergoes

Scheme 6. Proposed Mechanism for the N-Methylation of Amines with Methanol Catalyzed by
[IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3)

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00125
Organometallics 2022, 41, 1364−1380

1374

https://pubs.acs.org/doi/10.1021/acs.organomet.2c00125?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00125?fig=sch6&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


thermal activation of a C−H bond of the tert-butyl group to
give the cyclometalated iridium(I) complex [Ir(CO)2{κ

2C,C-
(-CH2Me2C-ImCH2PyCH2OMe)}] featuring a bidentate C,C-
coordinated NHC ligand.
Deuterium labeling studies have demonstrated that the N-

m e t h y l a t i o n o f am i n e s c a t a l y z e d b y [ I r B r -
(CO)2(κC-

tBuImCH2PyCH2OMe)] proceeds through a bor-
rowing hydrogen mechanism. On the other hand, independent
reactivity studies have shown that the condensation step
between aniline and formaldehyde occurs without the
intervention of the iridium catalyst. Experimental observations
support the methoxo complex as the catalytic active species
and the cyclometalated iridium(I) complex as the catalyst
resting state in the N-methylation reaction. Deuterium labeling
experiments have demonstrated that both species are in
equilibrium under catalytic conditions which is consistent with
the exhibited catalytic activity of the cyclometalated complex.
The proposed mechanism involves the β−H elimination in the
methoxo compound to give a square-planar iridium(I) hydride
intermediate, which has been observed spectroscopically, and
formaldehyde which condenses with the amine to afford the
intermediate imine compound. Imine insertion into the Ir−H
bond affords an amido intermediate from which the N-
methylamine product is released by methanolysis, thus
regenerating the methoxo catalytically active species.

■ EXPERIMENTAL SECTION
General Considerations. All experiments were carried out under

an atmosphere of argon using Schlenk techniques or in a dry box.
Solvents were distilled immediately prior to use from the appropriate
drying agents or obtained from a Solvent Purification System
(Innovative Technologies). Oxygen-free solvents were employed
throughout. CDCl3, benzene-d6, and toluene-d8 were dried using
activated molecular sieves. Methanol-d4 and methanol-d1 (<0.02%
D2O) were purchased from Eurisotop and used as received. The
neutral compounds [IrBr(cod)(κC-tBuImCH2PyCH2OMe)] (2) and
[IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3) were prepared follow-
ing the procedure recently reported by us.15a The organic substrates
were obtained from common commercial sources and used as
received, or recrystallized or distilled prior to use depending on their
purity.
Scientific Equipment. C, H, and N analyses were carried out in a

PerkinElmer 2400 Series II CHNS/O analyzer. Infrared spectra were
recorded on an FT-PerkinElmer Spectrum One spectrophotometer
using Nujol mulls between polyethylene sheets. 1H NMR spectra
were recorded on a Bruker Avance 300 (300.128 MHz) or Bruker
Avance 400 (400.130 MHz). NMR chemical shifts are reported in
ppm relative to tetramethylsilane and are referenced to partially
deuterated solvent resonances. Coupling constants (J) are given in
hertz. Spectral assignments were achieved by a combination of
1H−1H COSY, 13C APT, 1H−13C HSQC, and 1H−13C HMBC
experiments. High-resolution electrospray ionization mass spectra
(HRMS-ESI) were recorded using a Bruker MicroToF-Q equipped
with an API-ESI source and a Q-ToF mass analyzer, which leads a
maximum error in the measurement of 5 ppm, using sodium formate
as reference. Conductivities were measured in ca. 5 × 10−4 M
nitromethane solutions of the complexes using a Philips PW 9501/01
conductimeter. The catalytic reactions were analyzed on an Agilent
4890D system equipped with an HP-INNOWax capillary column (0.4
μm film thickness, 25 m × 0.2 mm i.d.) using mesitylene as the
internal standard. Organic compounds were identified by gas
chromatography−mass spectrometry (GC/MS) using an Agilent
6890 GC system with an Agilent 5973 MS detector equipped with an
HP-5MS polar capillary column (0.25 μm film thickness, 30 m × 0.25
mm i.d.).
Synthesis of [Ir(cod)(κ2C,N-tBuImCH2PyCH2)]PF6 (4). AgPF6 (79

mg, 0.313 mmol) was added to a solution of [IrBr(cod)-

(tBuImCH2PyCH2OMe)] (2) (200 mg, 0.313 mmol) in dichloro-
methane (5 mL). The suspension was stirred at room temperature for
30 min, and the silver bromide formed was removed by filtration
through celite and washed with dichloromethane (2 × 5 mL). The
resulting solution was brought to dryness under vacuum to give an
orange oil, which was disaggregated by stirring with cold diethyl ether.
The yellow solid was washed with diethyl ether (2 × 5 mL) and dried
under vacuum. Yield: 192 mg, 87%. Anal. calcd for C23H33F6N3OPIr:
C, 39.20; H, 4.72; N, 5.96. Found: C, 38.98; H, 4.57; N, 5.83. HRMS
(ESI+, MeOH, m/z): calcd for C23H33N3OIr, 560.2253; found,
560.2241 [M]+. ΛM (nitromethane, 5.0 × 10−4 M) = 84 Ω−1 cm2

mol−1. 1H NMR (298 K, 300 MHz, CDCl3): δ 7.94−7.82 (m, 2H, Hm
and Hp, Py), 7.50−7.45 (m, 2H, Hm Py and CH Im), 7.02 (d, JH‑H
= 2.1, 1H,CH Im), 6.07 (d, JH‑H = 15.0, 1H, CH2Im), 6.67 (d, JH‑H
= 15.0, 1H, CH2Im), 4.92 (d, JH‑H = 12.6, 1H, CH2OMe), 4.59 (d,
JH‑H = 12.6, 1H, CH2OMe), 4.01−3.88 (m, 2H, CH cod), 4.86−
4.72 (m, 2H, CH cod), 3.56 (s, 3H, OCH3), 2.50−2.35 (m, 2H,
>CH2 cod), 2.25−1.84 (m, 4H, >CH2 cod), 1.67 (s, 9H, tBu), 1.64−
1.50 (m, 2H, >CH2 cod). 31P{1H} NMR (298 K, 121.4 MHz,
CDCl3): δ −144.2. 13C{1H} NMR (298 K, 75 MHz, CDCl3): δ 173.1
(CNCN), 159.1, 154.0 (Co Py), 139.7 (Cp Py), 125.7, 125.1 (Cm Py),
122.8, 118.8 (CH Im), 84.9 (CH cod), 75.8 (CH2OMe), 75.6
(CH cod), 61.8 (CH cod), 59.5 (OMe), 58.2 (C tBu), 56.9 (
CH cod), 56.4 (CH2Im), 32.8 (>CH2 cod), 32.5 (>CH2 cod), 32.3
(CH3

tBu), 30.0 (>CH2 cod), 29.3 (>CH2 cod).
Synthesis of [Ir(CO)2(κ

2C,N-tBuImCH2PyCH2OMe)]PF6 (5). Carbon
monoxide was bubbled through a solution of [Ir(cod)-
(κ2C,N-tBuImCH2PyCH2)]PF6 (4) (100 mg, 0.142 mmol) in
dichloromethane (5 mL) for 5 min at room temperature to give a
yellow solution. The solution was brought to dryness under vacuum
to give an oily residue, which was disaggregated by stirring with cold
n-hexane. The pale-yellow solid was washed with n-hexane (2 × 5
mL) and dried under vacuum. Yield: 73 mg, 79%. Anal. calcd for
C17H21F6N3O3PIr: C, 31.29; H, 3.24; N, 6.44. Found: C, 31.61; H,
3.79; N, 6.15. HRMS (ESI+, MeOH, m/z): calcd for C17H21N3O3Ir,
508.1212; found, 508.1208 [M]+; 480.1254 [M − CO]+. IR (ATR,
cm−1): 2069, 1994 (νCO). ΛM (nitromethane, 5.0 × 10−4 M) = 80
Ω−1 cm2 mol−1. 1H NMR (298 K, 300 MHz, CDCl3): δ 8.12−8.01
(m, 2H, Hp and Hm Py), 7.72 (d, JH‑H = 7.5, 1H, Hm Py), 7.61 (d, JH‑H
= 2.6, 1H, CH Im), 7.25 (d, JH‑H = 2.1, 1H, CH Im), 5.75 (ABq,
δA = 5.79, δB = 5.71, JA‑B = 5.0, 2H, CH2Im), 4.79 (ABq, δA = 4.88, δB
= 4.70, JA−B = 4.0, 2H, CH2OMe), 3.53 (s, 3H, OCH3), 1.78 (s, 9H,
tBu). 31P{1H} NMR (298 K, 121.4 MHz, CDCl3): δ −144.2. 13C{1H}
NMR (298 K, 75 MHz, CDCl3): δ 179.2 and 171.7 (CO), 168.8
(CNCN), 160.7, 154.7 (Co Py), 142.6 (Cp Py), 126.8, 125.8 (Cm Py),
123.4, 120.6 (CH Im), 76.2 (CH2OMe), 59.8 (C tBu), 59.5
(OMe), 55.9 (CH2Im), 32.2 (CH3

tBu).
Synthesis of [IrBr(CO)2(κC-MeImCH2Py)]. Carbon monoxide was

bubbled through a solution of [IrBr(cod)(κC-MeImCH2Py)]
51b (50

mg, 0.142 mmol) in tetrahydrofuran (5 mL) for 5 min at room
temperature to give an orange solution, which was stirred under CO
atmosphere for 2 h. The solvent was removed by bubbling of CO, and
the residue washed with cold hexane (3 × 5 mL). Finally, the solvent
residue was removed under a CO stream. The compound was
obtained as an air-sensitive orange solid. Yield: 30 mg, 66%. HRMS
(ESI+, CH3CN, m/z): calcd for C11H11N3OIr, 394.0526; found,
394.0537 [M−Br−CO]. IR (ATR, cm−1): 2051, 1967 (νCO).

1H
NMR (400 MHz, CD2Cl2, 253 K): δ 8.69 (d, JH‑H = 5.1, 1H, Ho‑Py),
7.81 (ddd, JH‑H = 7.5, 7.5, 1.6, 1H, Hp‑Py), 7.58 (d, JH‑H = 7.5, 1H,
Hm‑Ph), 7.34 (dd, JH‑H = 7.5, 5.1, 1H, Hm‑Py), 7.37 and 7.09 (both d,
JH‑H = 1.4, 2H, CHN), 5.62 (br, 2H, CH2Im), 3.89 (s, 3H, Me).
13C{1H} NMR (298 K, 100 MHz, CD2Cl2): δ 182.4 and 168.7 (CO),
172.3 (CNCN), 154.9, 151.9 (Co Py), 138.0 (Cp Py), 123.9, 123.7 (Cm
Py), 123.1, 122.5 (CH Im), 55.6 (CH2Py), 38.5 (Me).

Synthesis of [Ir(OMe)(CO)2(κC-
tBuImCH2PyCH2OMe)] (8). Cs2CO3

(66 mg, 0,20 mmol) was added to a solution of [IrBr-
(CO)2(κC-

tBuImCH2PyCH2OMe)] (3) (30 mg, 0.051 mmol) in
toluene/methanol (1:1). The yellow solution was stirred at room
temperature for 10 min and then brought to dryness under vacuum to
give a solid residue. Compound 8 was extracted with toluene (1 mL),
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and the solution was brought to dryness under vacuum to give an oily
residue, which was disaggregated by stirring with cold n-hexane. The
pale-yellow solid was washed with n-hexane (2 × 5 mL) and dried
under vacuum. Yield: 17 mg, 68%. HRMS (ESI+, MeOH, m/z): calcd
for C18H24N3O4Ir, 539.1396 [M]; found, 508.1203 [M−OCH3]

+,
480.1253 [M−OCH3−CO]+, 452.1304 [M−OCH3−2CO]+. IR
(ATR, cm−1): 2045, 1959 (νCO).

1H NMR (298 K, 300 MHz,
toluene-d8): δ 7.50 and 7.20 (both m, 2H, Hm‑Py), 7.12 (m, 1H,
Hp‑Py), 6.53 and 6.36 (both d, JH‑H = 2.0, 2H, CH Im), 5.83 (ABq,
δA = 5.91, δB = 5.75, JA−B = 14.7, 2H, CH2Im), 4.69 (s, 3H, Ir-OMe),
4.48 (s, 2H, CH2OMe), 3.20 (s, 3H, OMe), 1.57 (s, 9H, tBu).13C-
{1H}-APT NMR (298 K, 75.0 MHz, toluene-d8,): δ 183.3 and 174.2
(CO), 177.2 (CNCN), 158.5 and 155.2 (Cq Py), 136.9 (Cp Py), 121.6
and 119.8 (both Cm Py), 119.5 and 118.6 (CH Im), 75.3
(CH2OMe), 66.6 (Ir-OMe), 58.9 (Cq-

tBu), 58.0 (OMe), 57.9 (s,
CH2Im), 31.6 (CH3

tBu).
Dearomatization of [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3): In
Situ Formation of 9. KHMDS (3.7 mg, 0.019 mmol) was added to a
solution of [IrBr(CO)2(κC-

tBuImCH2PyCH2OMe)] (3) (10 mg,
0.017 mmol) in toluene-d8 at 273 K to give a dark-yellow suspension.
The 1H NMR of the solution after centrifugation evidenced the
f o r m a t i o n o f t w o c o m p o u n d s , [ I r -
(CO)2(κ

2C ,N - tBu ImCHPy ’CH2OMe)] (9a ) and [ I r -
(CO)2(κ

2C,N-tBuImCH2Py’CHOMe)] (9b), in an approximately
1:1 ratio. NMR data for 9a (significant resonances): 1H NMR (273 K,
500 MHz, toluene-d8): δ 6.26 (s, 2H,CH Im), 6.00 (s, 1H,CH),
4.36 (ABq, δA = 4.40, δB = 4.32, JA−B = 5.0, 2H, CH2OMe), 3.12 (s,
3H, OMe), 1.72 (s, 9H, tBuIm). 13C{1H} NMR (273 K, 125 MHz,
toluene-d8): δ 123.2, 118.1 (CH Im), 75.8 (CH2OMe), 58.1
(OMe), 44.7 (CH), 31.6 (CH3

tBu). NMR data for 9b (significant
resonances): 1H NMR (273 K, 500 MHz, toluene-d8): δ 6.66 (s, 1H,
CH Im), 6.15 (s, 1H, CH Im), 4.56 (s, 1H, CH), 4.54 (m,
2H, CH2Im), 3.25 (s, 3H, OMe), 1.45 (s, 9H, tBuIm). 13C{1H} NMR
(273 K, 125 MHz, toluene-d8): 125.2, 114.8 (CH Im), 75.7
(CH2OMe), 58.1 (OMe), 39.6 (CH), 30.5 (CH3

tBu).
Reaction of 9 with Methanol: Formation of [Ir(OMe)-

(CO)2(κC-
tBuImCH2PyCH2OMe)] (8). A suspension of the dearomat-

ized compound 9 (0.017 mmol), prepared in situ by the reaction of 3
with KHMDS in toluene-d8, was treated with methanol (3.4 μL, 0.085
mmol) to give a yellow suspension. The 1H NMR of the solution after
centrifugation evidenced the formation 8.
Synthesis of [Ir(CO)2{κ

2C,C-(-CH2Me2C-ImCH2PyCH2OMe)}] (10).
A solution of 3 (50 mg, 0.085 mmol) in toluene/methanol 1:1 (5
mL) was treated with Cs2CO3 (138 mg, 0.425 mmol) and stirred for
30 min at room temperature. The solvent was removed under
vacuum, and the residue was extracted with toluene (5 ml) and
filtered through Celite to give a yellow solution of compound 8. The
solution was heated at 353 K for 3 h to give a pale-yellow solution.
The concentration of the solution and the slow addition of cold
hexane induced the precipitation of a reddish-purple solid, which was
washed with hexane (3 × 4 mL) and dried in vacuo. Yield: 30.0 mg
(69%). HRMS (ESI+, CH3CN, m/z): calcd for C17H20N3O3Ir,
507.1134 [M]; found, 480.1281 [M − O + H]+. IR (toluene, cm−1):
2026, 1949 (νCO).

1H NMR (300 MHz, toluene-d8, 298 K): δ 7.15
and 7.03 (both m, 3H, Py), 6.48 and 6.22 (both d, JH‑H = 2.0, 2H, 
CH Im), 5.14 (s, 2H, CH2-Im), 4.43 (s, 2H, CH2OMe), 3.17 (s, 3H,
OCH3), 2.39 (s, 2H, Ir-CH2), 1.25 (s, 6H, CH3).

13C{1H}-APT NMR
(75.0 MHz, toluene-d8, 298 K, 298 K): δ 190.4 and 187.7 (both CO),
183.5 (Ir-NCN), 159.2 (Cq Py CH2OMe), 155.1 (Cq Py CH2Im),
137.5 (Cp Py), 121.2 and 117.8 (both CH Im), 120.5 and 120.2
(both Cm Py), 75.5 (CH2OMe), 67.5 (Cq

tBu), 58.3 (OCH3), 56.4
(CH2Im), 40.3 (Ir-CH2) 33.6 (CH3).
General Experimental Procedure for the Catalytic N-

Methylation of Amines with Methanol. The catalytic reactions
were carried out under an argon atmosphere in thick glass reaction
tubes fitted with a greaseless high-vacuum stopcock. In a typical
experiment, the reactor was charged inside a glovebox with the
catalyst (0.0025 mmol) and base (0.25 mmol). After that, under
argon, methanol (1.5 mL), amine (0.5 mmol), and mesitylene as an
internal standard (0.25 mmol) were added. The resulting mixture was

stirred at room temperature until complete dissolution of the catalyst
and base and then placed in a thermostated oil bath at the required
temperature, typically 423 K, for the required time. Conversions and
selectivities were determined by gas chromatography analysis under
the following conditions: column temperature 353 K (4 min) to 523
K at a heating rate of 20 °C min−1 using ultrapure He as a carrier gas.

Time dependence studies on the N-methylation of aniline catalyzed
by 3 under the optimized reaction conditions were carried out by
performing a series of identical experiments in parallel, following the
outlined procedure, to avoid the adverse effects derived from the
opening of the system.

Isolation of N-Methylated Amines. The reaction mixture
obtained from catalytic reactions of N-methylation of amines was
cooled to room temperature, and then silica gel was added. The
mixture was dried under vacuum, and the residue was transferred to a
silica gel column and then eluted using the appropriate eluent (see the
Supporting Information).

Crystal Structure Determination. Single crystals of 4 and 5
suitable for the X-ray diffraction studies were grown by slow diffusion
of diethyl ether into a concentrated solution of the complexes in
acetone. X-ray diffraction data were collected at 100(2) K on a Bruker
APEX SMART CCD diffractometer with graphite-monochromated
Mo−Kα radiation (λ = 0.71073 Å) using <1° ω rotations. Intensities
were integrated and corrected for absorption effects with SAINT−
PLUS52 and SADABS53 programs, both included in APEX2 package.
The structures were solved by the Patterson method with SHELXS-
9754 and refined by full-matrix least squares on F2 with SHELXL-
2014,55 under WinGX.56

Crystal Data and Structure Refinement for 4.
C23H33F6IrN3OP, 704.69 g·mol−1, triclinic, P1̅, a = 9.7213(14) Å, b
= 11.4046(17) Å, c = 12.2121(18) Å, α = 104.185(2)°, β =
104.386(2)°, γ = 100.718(2)°, V = 1226.8(3) Å3, Z = 2, Dcalc = 1.908
g/cm3, μ = 5.575 mm−1, F(000) = 692, yellow prism, 0.160 × 0.070 ×
0.020 mm3, theta min/max 1.909/25.682°, index ranges −11 ≤ h ≤
11, −13 ≤ k ≤ 13, −14 ≤ l ≤14, reflections collected/independent
11933/4618 [R(int) = 0.0515], max./min. transmission 0.6750/
0.4750, data/restraints/parameters 4618/0/320, GooF(F2) 1.029, R1
= 0.0367 [I > 2σ(I)], wR2 = 0.0707 (all data), largest diff. peak/hole
1.300/−1.302 e·Å−3. CCDC deposition number 2069275.

Crystal Data and Structure Refinement for 5.
C17H21F6IrN3O3P, 652.54 g·mol−1, monoclinic, P21/n, a =
8.5979(6) Å, b = 9.2848(7) Å, c = 26.8856(19) Å, β =
96.0480(10)°, V = 2134.3(3) Å3, Z = 4, Dcalc = 2.031 g·cm−3, μ =
6.407 mm−1, F(000) = 1256, yellow prism, 0.280 × 0.180 × 0.160
mm3, theta min/max 2.322/28.676°, index ranges −11≤h≤11,
−12≤k≤11, −34≤l≤34, reflections collected/independent 23340/
5144 [R(int) = 0.0344], max./min. transmission 0.2791/0.2034, data/
restraints/parameters 5144/0/284, GooF(F2) 1.028, R1 = 0.0248 [I >
2σ(I)], wR2 = 0.0579 (all data), largest diff. peak/hole 1.134/−0.683
e·Å−3. CCDC deposition number 2069277.
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(c) Barreiro, E. J.; Kümmerle, A. E.; Fraga, C. A. M. The Methylation
Effect in Medicinal Chemistry. Chem. Rev. 2011, 111, 5215−5246.
(3) Amino Group Chemistry: From Synthesis to the Life Sciences Ricci,
A., Ed.; Wiley-VCH: Weinheim, 2008.
(4) (a) Kim, Y.; Li, C.-J. Perspectives on Green Synthesis and
Satalysis. Green Synth. Catal. 2020, 1, 1−11. (b) Chen, Y. Recent
Advances in Methylation: A Guide for Selecting Methylation
Reagents. Chem. − Eur. J. 2019, 25, 3405−3439. (c) Moulay, S. N-
Methylation of Nitrogen-Containing Organic Substrates: A Compre-
hensive Overview. Current Org. Chem. 2019, 23, 1695−1737.
(5) (a) Zhang, Q.; Lin, X.-T.; Fukaya, N.; Fujitani, T.; Sato, K.;
Choi, J.-C. Selective N-formylation/N-methylation of Amines and N-
formylation of Amides and Carbamates with Carbon Dioxide and
Hydrosilanes: Promotion of the Basic Counter Anions of the Zinc
Catalyst. Green Chem. 2020, 22, 8414−8422. (b) Cabrero-Antonino,
J. R.; Adam, R.; Waerna, J.; Murzin, D. Y.; Beller, M. Reductive N-
Methylation of Amines Using Dimethyl Carbonate and Molecular
Hydrogen: Mechanistic Insights through Kinetic Modelling. Chem.
Eng. J. 2018, 351, 1129−1136. (c) Natte, K.; Neumann, H.;
Jagadeesh, R. V.; Beller, M. Convenient Iron-Catalyzed Reductive
Aminations without Hydrogen for Selective Synthesis of N-methyl-
amines. Nat. Commun. 2017, 8, No. 1344. (d) Li, B.; Sortais, J. B.;
Darcel, C. Amine Synthesis Via Transition Metal Homogeneous
Catalysed Hydrosilylation. RSC Adv. 2016, 6, 57603−57625.
(6) Jiang, X.; Wang, C.; Wei, Y.; Xue, D.; Liu, Z.; Xiao, J. A General
Method for N-Methylation of Amines and Nitro Compounds with
Dimethylsulfoxide. Chem.− Eur. J. 2014, 20, 58−63.
(7) Li, G.; Qin, Z.; Radosevich, A. T. P(III)/P(V)-Catalyzed
Methylamination of Arylboronic Acids and Esters: Reductive C−N
Coupling with Nitromethane as a Methylamine Surrogate. J. Am.
Chem. Soc. 2020, 142, 16205−16210.
(8) Meng, J.; Xia, H.-M.; Xu, A.-Q.; Wang, Y.-F.; Wang, Z.; Zhang,
F.-L. Selective N-Monomethylation of Primary Anilines with the
Controllable Installation of N-CH2D, N-CHD2, and N-CD3 units.
Org. Biomol. Chem. 2020, 18, 4922−4926.
(9) (a) Qiao, C.; Liu, X.-F.; Liu, X.; He, L.-N. Copper(II)-Catalyzed
Selective Reductive Methylation of Amines with Formic Acid: An
Option for Indirect Utilization of CO2. Org. Lett. 2017, 19, 1490−
1493. (b) Cui, X.; Zhang, Y.; Deng, Y.; Shi, F. N-Methylation of
Amine and Nitro Compounds with CO2/H2 Catalyzed by Pd/
CuZrOx under Mild Reaction Conditions. Chem. Commun. 2014, 50,
13521−13524. (c) Beydoun, K.; Ghattas, G.; Thenert, K.;
Klankermayer, J.; Leitner, W. Ruthenium-Catalyzed Reductive
Methylation of Imines Using Carbon Dioxide and Molecular
Hydrogen. Angew. Chem., Int. Ed. 2014, 53, 11010−11014.
(10) Chen, Z.; Chen, G.; Aboo, A. H.; Iggo, J.; Xiao, J. Methanol as
Hydrogen Source: Transfer Hydrogenation of Aldehydes near Room
Temperature. Asian J. Org. Chem. 2020, 9, 1174−1178.
(11) (a) Liu, M.; Qiu, Z.; Tan, L.; Rashid, R. T.; Chu, S.; Cen, Y.;
Luo, Z.; Khaliullin, R. Z.; Mi, Z.; Li, C.-J. Photocatalytic Methylation
of Non-activated sp3 and sp2 C-H Bonds Using Methanol on GaN.
ACS Catal. 2020, 10, 6248−6253. (b) Kaithal, A.; van Bonn, P.;
Hoelscher, M.; Leitner, W. Manganese(I)-Catalyzed β-Methylation of
Alcohols using Methanol as C1 Source. Angew. Chem., Int. Ed. 2020,
59, 215−220. (c) Polidano, K.; Williams, J. M. J.; Morrill, L. C. Iron-
Catalyzed Borrowing Hydrogen β-C(sp3)-Methylation of Alcohols.
ACS Catal. 2019, 9, 8575−8580. (d) Li, F.; Zhou, Y.; Yang, H.; Wang,
Z.; Yu, Q.; Zhang, F.-L. Monodentate Transient Directing Group
Enabled Pd-Catalyzed Ortho-C-H Methoxylation and Chlorination of
Benzaldehydes. Org. Lett. 2019, 21, 3692−3695.
(12) Natte, K.; Neumann, H.; Beller, M.; Jagadeesh, R. V.
Transition-Metal-Catalyzed Utilization of Methanol as a C1 Source
in Organic Synthesis. Angew. Chem., Int. Ed. 2017, 56, 6384−6394.
(13) (a) Olah, G. A.; Goeppert, A.; Prakash, G. K. S. Beyond Oil and
Gas: The Methanol Economy, Wiley-VCH: Weinheim, 2006. (b) Palo,
D. R.; Dagle, R. A.; Holladay, J. D. Methanol Steam Reforming for
Hydrogen Production. Chem. Rev. 2007, 107, 3992−4021.
(14) (a) Choi, G.; Hong, S. H. Selective N-Formylation and N-
Methylation of Amines Using Methanol as a Sustainable C1 Source.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00125
Organometallics 2022, 41, 1364−1380

1377

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Victoria+Jime%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0545-9107
https://orcid.org/0000-0002-0545-9107
mailto:vjimenez@unizar.es
mailto:vjimenez@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+J.+Pe%CC%81rez-Torrente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3327-0918
https://orcid.org/0000-0002-3327-0918
mailto:perez@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Gonza%CC%81lez-Lainez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramo%CC%81n+Azpiroz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0096-1560
https://orcid.org/0000-0002-0096-1560
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Passarelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1735-6439
https://orcid.org/0000-0002-1735-6439
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="F.+Javier+Modrego"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9633-3285
https://orcid.org/0000-0002-9633-3285
https://pubs.acs.org/doi/10.1021/acs.organomet.2c00125?ref=pdf
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-021-83106-2
https://doi.org/10.1038/s41598-021-83106-2
https://doi.org/10.1038/s41598-021-83106-2
https://doi.org/10.1038/s41598-021-83106-2
https://doi.org/10.1002/anie.201205674
https://doi.org/10.1002/anie.201205674
https://doi.org/10.1002/anie.201205674
https://doi.org/10.1021/cr200060g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200060g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.gresc.2020.06.002
https://doi.org/10.1016/j.gresc.2020.06.002
https://doi.org/10.1002/chem.201803642
https://doi.org/10.1002/chem.201803642
https://doi.org/10.1002/chem.201803642
https://doi.org/10.2174/1385272823666190823114547
https://doi.org/10.2174/1385272823666190823114547
https://doi.org/10.2174/1385272823666190823114547
https://doi.org/10.1039/D0GC02890H
https://doi.org/10.1039/D0GC02890H
https://doi.org/10.1039/D0GC02890H
https://doi.org/10.1039/D0GC02890H
https://doi.org/10.1016/j.cej.2018.06.174
https://doi.org/10.1016/j.cej.2018.06.174
https://doi.org/10.1016/j.cej.2018.06.174
https://doi.org/10.1038/s41467-017-01428-0
https://doi.org/10.1038/s41467-017-01428-0
https://doi.org/10.1038/s41467-017-01428-0
https://doi.org/10.1039/C6RA10494K
https://doi.org/10.1039/C6RA10494K
https://doi.org/10.1002/chem.201303802
https://doi.org/10.1002/chem.201303802
https://doi.org/10.1002/chem.201303802
https://doi.org/10.1021/jacs.0c08035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c08035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0OB01054E
https://doi.org/10.1039/D0OB01054E
https://doi.org/10.1021/acs.orglett.7b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CC05119J
https://doi.org/10.1039/C4CC05119J
https://doi.org/10.1039/C4CC05119J
https://doi.org/10.1002/anie.201403711
https://doi.org/10.1002/anie.201403711
https://doi.org/10.1002/anie.201403711
https://doi.org/10.1002/ajoc.202000241
https://doi.org/10.1002/ajoc.202000241
https://doi.org/10.1002/ajoc.202000241
https://doi.org/10.1021/acscatal.0c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201909035
https://doi.org/10.1002/anie.201909035
https://doi.org/10.1021/acscatal.9b02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201612520
https://doi.org/10.1002/anie.201612520
https://doi.org/10.1021/cr050198b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050198b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ACS Sustainable Chem. Eng. 2019, 7, 716−723. (b) Toyooka, G.; Tuji,
A.; Fujita, K. Efficient and Versatile Catalytic Systems for the N-
Methylation of Primary Amines with Methanol Catalyzed by N-
Heterocyclic Carbene Complexes of Iridium. Synthesis 2018, 50,
4617−4626. (c) Wei, D.; Sadek, O.; Dorcet, V.; Roisnel, T.; Darcel,
C.; Gras, E.; Clot, E.; Sortais, J. Selective Mono N-Methylation of
Anilines with Methanol Catalyzed by Rhenium Complexes: An
Experimental and Theoretical Study. J. Catal. 2018, 366, 300−309.
(d) Tsarev, V. N.; Morioka, Y.; Caner, J.; Wang, Q.; Ushimaru, R.;
Kudo, A.; Naka, H.; Saito, S. N-Methylation of Amines with Methanol
at Room Temperature. Org. Lett. 2015, 17, 2530−2533. (e) Zou, Q.;
Wang, C.; Smith, J.; Xue, D.; Xiao, J. Alkylation of Amines with
Alcohols and Amines by a Single Catalyst under Mild Conditions.
Chem. − Eur. J. 2015, 21, 9656−9661.
(15) (a) González-Lainez, M.; Jiménez, M. V.; Passarelli, V.; Pérez-
Torrente, J. J. Effective N-Methylation of Nitroarenes with Methanol
Catalyzed by a Functionalized NHC-based Iridium Catalyst: A Green
Approach to N-Methyl Amines. Catal. Sci. Technol. 2020, 10, 3458−
3467. (b) Paul, B.; Shee, S.; Chakrabarti, K.; Kundu, S. Tandem
Transformation of Nitro Compounds into N-Methylated Amines:
Greener Strategy for the Utilization of Methanol as a Methylating
Agent. ChemSusChem 2017, 10, 2370−2374. (c) Wang, J.; Wu, J.;
Chen, Z.-N.; Wen, D.; Chen, J.; Zheng, Q.; Xu, X.; Tu, T. Selective
Mono-N-methylation of Nitroarenes with Methanol Catalyzed by
Atomically Dispersed NHC-Ir Solid Assemblies. J. Catal. 2020, 389,
337−344. (d) Wang, L.; Neumann, H.; Beller, M. Palladium-
Catalyzed Methylation of Nitroarenes with Methanol. Angew.Chem.
Int. Ed. 2019, 58, 5417−5421. (e) Zhang, L.; Zhang, Y.; Deng, Y.; Shi,
F. Light-Promoted N,N-dimethylation of Amine and Nitro Com-
pound with Methanol Catalyzed by Pd/TiO2 at Room Temperature.
RSC Adv. 2015, 5, 14514−14521.
(16) For seminal works on N-alkylation of amines catalyzed by Ir-
NHC complexes see: (a) Bartoszewicz, A.; Marcos, R.; Sahoo, S.;
Inge, A. K.; Zou, X.; Martín-Matute, B. A. Highly Active Bifunctional
Iridium Complex with an Alcohol/Alkoxide-Tethered N-Heterocyclic
Carbene for Alkylation of Amines with Alcohols. Chem. − Eur. J.
2012, 18, 14510−14519. (b) Gnanamgari, D.; Sauer, E. L. O.; Schley,
N. D.; Butler, C.; Incarvito, C. D.; Crabtree, R. H. Iridium and
Ruthenium Complexes with Chelating N-Heterocyclic Carbenes:
Efficient Catalysts for Transfer Hydrogenation, β-Alkylation of
Alcohols, and N-Alkylation of Amines. Organometallics 2009, 28,
321−325. (c) Prades, A.; Corberán, R.; Poyatos, M.; Peris, E.
[IrCl2Cp*(NHC)] Complexes as Highly Versatile Efficient Catalysts
for the Cross-Coupling of Alcohols and Amines. Chem. − Eur. J. 2008,
14, 11474−11479.
(17) For recent reviews on borrowing hydrogen or hydrogen
autotransfer methodology, see: (a) Reed-Berendt, B. G.; Latham, D.
E.; Dambatta, M. B.; Morrill, L. C. Borrowing Hydrogen for Organic
Synthesis. ACS Cent. Sci. 2021, 7, 570−585. (b) Irrgang, T.; Kempe,
R. 3d-Metal Catalyzed N- and C-Alkylation Reactions via Borrowing
Hydrogen or Hydrogen Autotransfer. Chem. Rev. 2019, 119, 2524−
2549. (c) Corma, A.; Navas, J.; Sabater, M. J. Advances in One-Pot
Synthesis through Borrowing Hydrogen Catalysis. Chem. Rev. 2018,
118, 1410−1459. (d) Hakim Siddiki, S. M. A.; Toyao, T.; Shimizu, K.
Acceptorless dehydrogenative coupling reactions with alcohols over
heterogeneous catalysts. Green Chem. 2018, 20, 2933−2952.
(e) Huang, F.; Liu, Z.; Yu, Z. C-Alkylation of Ketones and Related
Compounds by Alcohols: Transition-Metal-Catalyzed Dehydrogen-
ation. Angew. Chem., Int. Ed. 2016, 55, 862−875.
(18) (a) Jiménez, M. V.; Fernández-Tornos, J.; Modrego, F. J.;
Pérez-Torrente, J. J.; Oro, L. A. Oxidation and β-Alkylation of
Alcohols Catalysed by Iridium(I) Complexes with Functionalised N-
Heterocyclic Carbene Ligands. Chem. − Eur. J. 2015, 21, 17877−
17889. (b) Jiménez, M. V.; Fernández-Tornos, J.; González-Lainez,
M.; Sánchez-Page, B.; Modrego, F. J.; Oro, L. A.; Pérez-Torrente, J. J.
Mechanistic Studies on the N-Alkylation of Amines with Alcohols
Catalysed by Iridium(I) Complexes with Functionalised N-Hetero-
cyclic Carbene Ligands. Catal. Sci. Technol. 2018, 8, 2381−2393.

(19) (a) Holmes, M.; Schwartz, L. A.; Krische, M. J. Intermolecular
Metal-Catalyzed Reductive Coupling of Dienes, Allenes, and Enynes
with Carbonyl Compounds and Imines. Chem. Rev. 2018, 118, 6026−
6052. (b) Roy, B. C.; Debnath, S.; Chakrabarti, K.; Paul, B.; Maji, M.;
Kundu, S. Ortho-Amino Group Functionalized 2,2′-bipyridine Based
Ru(II) Complex Catalysed Alkylation of Secondary Alcohols, Nitriles
and Amines Using Alcohols. Org. Chem. Front. 2018, 5, 1008−1018.
(c) Faisca Phillips, A. M.; Pombeiro, A. J. L.; Kopylovich, M. N.
Recent Advances in Cascade Reactions Initiated by Alcohol
Oxidation. ChemCatChem 2017, 9, 217−246. (d) Yan, T.; Feringa,
B. L.; Barta, K. Direct N-alkylation of Unprotected Amino acids with
Alcohols. Sci. Adv. 2017, 3, No. eaao6494.
(20) Grigg, R.; Mitchell, T. R. B.; Sutthivaiyakit, S.; Tongpenyai, N.
Transition Metal-Catalysed N-Alkylation of Amines by Alcohols. J.
Chem. Soc., Chem. Commun. 1981, 611−612.
(21) Arcelli, A.; The-Khai, B.; Porzi, G. Selective Conversion of
Primary Amines into N,N-dimethylalkyl- or N,N-Dialkylmethyl-
amines with Methanol and RuCl2(Ph3P)3. J. Organomet. Chem.
1982, 235, 93−96.
(22) Huh, K-T.; Tsuji, Y.; Kobayashi, M.; Okuda, F.; Watanabe, Y.
Ruthenium Catalyzed N-Methylation of Aminoaranes Using Meth-
anol. Chem. Lett. 1988, 17, 449−452.
(23) Bitsi, G.; Schleiffer, E.; Antoni, F.; Jenner, G. N-alkylation
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(49) Fodor, A.; Kiss, Á.; Debreczeni, N.; Hell, Z.; Gresits, I. A
Simple Method for the Preparation of Propargylamines Using
Molecular Sieve Modified with Copper(II). Org. Biomol. Chem.
2010, 8, 4575−4581.
(50) Gómez-Gallego, M.; Sierra, M. A. Kinetic Isotope Effects in the
Study of Organometallic Reaction Mechanisms. Chem. Rev. 2011,
111, 4857−4963.
(51) (a) Mazloomi, Z.; Pretorius, R.; Pam̀ies, O.; Albrecht, M.;
Diéguez, M. Triazolylidene Iridium Complexes for Highly Efficient
and Versatile Transfer Hydrogenation of CO, CN, and CC
Bonds and for Acceptorless Alcohol Oxidation. Inorg. Chem. 2017, 56,
11282−11298. (b) Jiménez, M. V.; Fernández-Tornos, J.; Pérez-
Torrente, J. J.; Modrego, F. J.; Winterle, S.; Cunchillos, C.; Lahoz, F.
J.; Oro, L. A. Iridium(I) Complexes with Hemilabile N-Heterocyclic
Carbenes: Efficient and Versatile Transfer Hydrogenation Catalysts.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00125
Organometallics 2022, 41, 1364−1380

1379

https://doi.org/10.1039/C9NJ02542A
https://doi.org/10.1039/C9NJ02542A
https://doi.org/10.1039/C9NJ02542A
https://doi.org/10.1039/C9NJ02542A
https://doi.org/10.1039/C9DT00218A
https://doi.org/10.1039/C9DT00218A
https://doi.org/10.1039/C9DT00218A
https://doi.org/10.1021/acs.organomet.8b00575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201701044
https://doi.org/10.1021/acscatal.8b02158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2017.01.004
https://doi.org/10.1016/j.jcat.2017.01.004
https://doi.org/10.1002/chem.201605218
https://doi.org/10.1002/chem.201605218
https://doi.org/10.1038/ncomms12641
https://doi.org/10.1038/ncomms12641
https://doi.org/10.1002/1521-3773(20020415)41:8<1290::AID-ANIE1290>3.0.CO;2-Y
https://doi.org/10.1002/1521-3773(20020415)41:8<1290::AID-ANIE1290>3.0.CO;2-Y
https://doi.org/10.1021/cr900074m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900074m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502521c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502521c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0037-1610252
https://doi.org/10.1055/s-0037-1610252
https://doi.org/10.1055/s-0037-1610252
https://doi.org/10.1055/s-0037-1610252
https://doi.org/10.1021/cr800406u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900894k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900894k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om900894k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.9734/ACSJ/2014/9411
https://doi.org/10.9734/ACSJ/2014/9411
https://doi.org/10.1021/ja00839a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00839a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501366q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501366q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202002403
https://doi.org/10.1002/anie.202002403
https://doi.org/10.1021/om051098z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om051098z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201303722
https://doi.org/10.1002/chem.201303722
https://doi.org/10.1002/chem.201303722
https://doi.org/10.1021/cr5004375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5004375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(02)01836-1
https://doi.org/10.1016/S0040-4039(02)01836-1
https://doi.org/10.1021/cr5002782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5002782?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc12601f
https://doi.org/10.1039/C6DT03652J
https://doi.org/10.1039/C6DT03652J
https://doi.org/10.1039/C6DT03652J
https://doi.org/10.1021/acs.organomet.1c00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.1c00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2020.213731
https://doi.org/10.1016/j.ccr.2020.213731
https://doi.org/10.1016/j.ccr.2020.213731
https://doi.org/10.1039/C6DT02079H
https://doi.org/10.1039/C6DT02079H
https://doi.org/10.1039/C6DT02079H
https://doi.org/10.1039/C6DT02079H
https://doi.org/10.1039/C3CC48015A
https://doi.org/10.1039/C3CC48015A
https://doi.org/10.1039/C3CC48015A
https://doi.org/10.1021/ic4018773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4018773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200463000
https://doi.org/10.1002/anie.200463000
https://doi.org/10.1021/cr60085a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60085a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b104115k
https://doi.org/10.1039/b104115k
https://doi.org/10.1039/b104115k
https://doi.org/10.1021/ma9709415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9709415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9709415?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0ob00224k
https://doi.org/10.1039/c0ob00224k
https://doi.org/10.1039/c0ob00224k
https://doi.org/10.1021/cr100436k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100436k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b01707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200747k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200747k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Organometallics 2011, 30, 5493−5508. (c) Binobaid, A.; Iglesias, M.;
Beetstra, D.; Dervisi, A.; Fallis, I.; Cavell, K. J. Donor-Functionalised
Expanded Ring N-Heterocyclic Carbenes: Highly Effective Ligands in
Ir-Catalysed Transfer Hydrogenation. Eur. J. Inorg. Chem. 2010, 2010,
5426−5431.
(52) SAINT+: Area-Detector Integration Software, version 6.01;
Bruker AXS: Madison, WI, 2001.
(53) Sheldrick, G. M. SADABS program; University of Göttingen:
Göttingen, Germany, 1999.
(54) Sheldrick, G. M. SHELXS 97, Program for the Solution of Crystal
Structure; University of Göttingen: Göttingen, Germany, 1997.
(55) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3−8.
(56) Farrugia, L. J. WinGX and ORTEP for Windows: an Update. J.
Appl. Crystallogr. 2012, 45, 849−854.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.2c00125
Organometallics 2022, 41, 1364−1380

1380

 Recommended by ACS

Transfer Hydrogenation of Ketones Catalyzed by
Symmetric Imino-N-heterocyclic Carbene Co(III)
Complexes
Samaila Abubakar and Muhammad D. Bala
FEBRUARY 06, 2020
ACS OMEGA READ 

Synthesis, Characterization, and Catalytic Study of
Caffeine-Derived N-heterocyclic Carbene Palladium
Complexes
Qiaoqiao Teng, Qi Meng, et al.
JANUARY 12, 2022
ORGANOMETALLICS READ 

Selective, Base-Free Hydrogenation of Aldehydes
Catalyzed by Ir Complexes Based on Proton-Responsive
Lutidine-Derived CNP Ligands
Práxedes Sánchez, Andrés Suárez, et al.
APRIL 22, 2021
ORGANOMETALLICS READ 

Ligand Variations in Neutral and Cationic Molybdenum
Alkylidyne NHC Catalysts
Jonas Groos, Michael R. Buchmeiser, et al.
APRIL 18, 2022
ORGANOMETALLICS READ 

Get More Suggestions >

https://doi.org/10.1002/ejic.201000680
https://doi.org/10.1002/ejic.201000680
https://doi.org/10.1002/ejic.201000680
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889812029111
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.2c00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsomega.9b03181?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acsomega.9b03181?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acsomega.9b03181?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acsomega.9b03181?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acsomega.9b03181?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00641?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00641?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00641?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00641?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00641?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00109?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00109?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00109?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00109?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.1c00109?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00080?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00080?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00080?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00080?utm_campaign=RRCC_orgnd7&utm_source=RRCC&utm_medium=pdf_stamp&originated=1662272707&referrer_DOI=10.1021%2Facs.organomet.2c00125
https://preferences.acs.org/ai_alert?follow=1

