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ABSTRACT: The mechanistic course of the amination of alcohols with
ammonia catalyzed by a structurally modified congener of Milstein’s well-
defined acridine-based PNP-pincer Ru complex has been investigated both
experimentally and by DFT calculations. Several key Ru intermediates have
been isolated and characterized. The detailed analysis of a series of possible
catalytic pathways (e.g., with and without metal−ligand cooperation, inner-
and outer-sphere mechanisms) leads us to conclude that the most favorable
pathway for this catalyst does not require metal−ligand cooperation.

■ INTRODUCTION

The direct synthesis of amines from alcohols via a hydrogen-
borrowing mechanism is atom-economical and environmentally
benign, with water as the only stoichiometric side product. The
commonly accepted mechanistic pathway is a sequence of
alcohol oxidation, aldehyde amine condensation, and imine
reduction (Figure 1).1

A variety of transition-metal-based homogeneous catalysts
(e.g., based on Ru,2 Ir,3 Cu,4 Fe,5 and Pd6) have been
developed for this reaction, and they even outperform some of
the state-of-the-art heterogeneous catalysts for alcohol amina-
tion with NH3

7 with respect to substrate scope, selectivity, and
activity.1a,8 Among those, Ru-based metal precursor/ligand
combinations C and D (Figure 1)9 and especially Milstein’s
well-defined acridine-based PNP-pincer Ru complex A9a are
powerful catalysts with unprecedented reactivity and selectivity
for primary amines employing ammonia as the nitrogen source.
This exceptional performance of A has been attributed to the

acridine-based PNP-pincer ligand framework, which cooperates
with the metal via dearomatization of the acridine backbone,10

as demonstrated by Milstein and co-workers in stoichiometric
studies of A with H2 and NH3.

11,12 This reversible
aromatization−dearomatization is also considered a pivotal
mechanistic feature for a broader range of pyridine-based pincer
complexes13,14 in numerous catalytic transformations other
than alcohol amination,9a including hydrogenation of carbo-
nates, dehydrogenative homocoupling of alcohols or alcohols
and amines, and even water splitting.15,16 Nevertheless, detailed

mechanistic studies of acridine-based systems are scarce,11 and
the impact of the pincer ligand framework on the selectivity
toward primary amines remains speculative. The present study
aims to address those open questions.
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Figure 1. Ruthenium-based homogeneous catalysts or catalyst systems
A−D for the amination of alcohols with NH3 (bottom) and the basic
mechanistic pathway (top).
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■ RESULTS AND DISCUSSION
Experimental Investigation. In analogy to a synthetic

procedure described by Milstein and co-workers,9a we
synthesized the new complex B with cyclohexyl substituents
on the P atoms in 74% isolated yield from (PPh3)3Ru(H)-
(Cl)(CO) and 4,5-bis(dicyclohexylphosphinomethyl)acridine9a

(70 °C, 2 h; cf. the reaction shown at the top of Table 1). In a

benchmark reaction, namely, the amination of 1-octanol with
NH3, the modified catalyst B exhibited reactivity and selectivity
comparable to those of Milstein’s prototype A and superior to
those of the other Ru-based two-component catalysts C and D
(Table 1).9

Red crystals of B were obtained from a toluene/hexane
mixture, and its molecular structure in the crystal revealed a
pseudo-octahedral geometry of the Ru center with an elongated
Ru−N bond in comparison with A16 (2.488 vs 2.479 Å; cf.
Scheme 1). Noteworthy is the trans geometry of the acridyl N
and the hydride ligand, which contrasts the cis geometry
reported by Milstein and co-workers in their system.16

Interestingly, crystals of complex B′, a stereoisomer of complex
B that features the cis geometry of the acridyl N and the
hydride ligand as reported for A, were obtained upon cooling of
a toluene solution of B and 1-hexylamine that had been heated
at 80 °C for 16 h (Ru−N = 2.439 Å; Scheme 1).
When the recrystallization of B was carried out under air,

black/brown crystals of the new complex E were obtained, and
its crystal structure revealed that one of the benzylic C−H units
was cyclometalated by the Ru center. In comparison to the
non-cyclometalated complexes B and B′, the Ru−N bond
distance was significantly shortened (2.245 Å; cf. Scheme 1).
This cyclometalation reaction under mild oxidative conditions
implies that the benzylic protons of the PNP-pincer ligands are
susceptible to C−H activation by the Ru center.
The stoichiometric reaction of B with a primary alcohol (e.g.,

benzyl alcohol, 1-octanol, each 2−4 equiv) without an external
base did not yield alcohol oxidation products according to
NMR analysis (toluene-d8, 70 °C, 16 h). In the presence of
NaOtBu or NaH (4−14 equiv), benzyl benzoate, the product of
a formal Claisen−Tishchenko reaction, was obtained within

only 2 h at room temperature. Concurrently, the new Ru
complex F with a dearomatized acridine backbone formed from
B in a clean reaction (Scheme 2).17 The crystal structure of F
revealed that the Ru sits in the center of a pseudotrigonal
bipyramid and that the central ring of the dearomatized
acridine ligand adopts a boat-shaped structure. The Ru−N

Table 1. Synthesis of Acridine-Based Ru Pincer Complex B
and Tests of Catalysts A−D in the Amination of 1-Octanol
with NH3

a

entry cat. T (°C) conv. (%)a sel. (%)b

1 A 135 37 85
2 A 155 99 95
3 B 135 73 91
4 B 155 99 95
5 C 155 20 32
6 D 155 16 69

a[1-octanol] = 1 M, 0.1 mol % catalyst, p(NH3) = 35−40 bar, toluene
(50 mL), 12 h, 160 mL stainless-steel autoclave. bSelectivity in 1-
octylamine.

Scheme 1. Solid-State (X-ray) Molecular Structures of
Catalyst Precusor B, Its Isomer B′, and Complex Ea

aEllipsoids are drawn at 50% propability, and H atoms have been
omitted for clarity. B: P−Ru−N, 91.92(5)/92.08(5)°; H−Ru−P1,
88.9(11)°; H−Ru−N, 173.9(11)°; Ru−CO, 1.801(3) Å; Ru−P,
2.316(8)/2.3073(8) Å; Ru−N, 2.488(2) Å; Ru−Cl, 2.4792(8) Å;
Ru−H, 1.45(3) Å. B′: P−Ru−N, 90.73(4)/89.66(4)°; H−Ru−Cl,
172.3(7)°; OC−Ru−P1, 92.34(7)°; Ru−CO, 1.796(2) Å; Ru−P,
2.3145(5)/2.3264(6) Å; Ru−N, 2.4389(17) Å; Ru−Cl, 2.5195(6) Å;
Ru−H, 1.507(19) Å. E: P2−Ru−N, 87.11(12)°; P2−Ru−Cl,
145.25(6)°; N−Ru−Cl, 83.91(11)°; P−Ru−P, 114.32(6)°; Ru−CO,
1.805(7) Å; Ru−P, 2.3121(15)/2.2466(16) Å; Ru−N, 2.249(4) Å;
Ru−Cl, 2.4609(15) Å; Ru−C, 2.208(5) Å.

Scheme 2. Stoichiometric Alcohol Oxidation by Catalyst
Precursor B in the Presence of Base and Solid-State (X-ray)
Molecular Structure of Fa

aEllipsoids are drawn at 50% probability, and H atoms have been
omitted for clarity. F: P−Ru−N, 91.38(8)/91.40(8)°; N−Ru−CO,
153.29(14)°; P−Ru−P, 155.02(3)°; Ru−CO, 1.814(4) Å; Ru−P,
2.3196(10)/2.3219(9) Å; Ru−N, 2.109(3) Å; Ru−H, 1.49(4) Å.
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bond is significantly shortened in comparison with that in B
(2.109 vs 2.488 Å) upon dearomatization and is in the range of
the Ru−N bond in the iPr derivative observed by Milstein
(2.109 vs 2.171 Å).11 With the deuterated substrate benzyl
alcohol-α,α-d2, deuterium scrambling into the hydride (H1),
benzylic C−H (H2), and methylene C−H (H4, H5) positions of
F was observed, even at room temperature (Scheme 2).18

Scrambling including the phosphine substituents has also been
observed previously in the reaction of A with D2 and KOH.11

Heating a mixture of F (0.5 equiv) and imine 1 to 100 °C for
2 days predominantly isomerized the imine’s double bond.
Only minor amounts of benzylamine (3) were formed, as
shown by 1H NMR analysis (1:2:3 = 29:57:14; Scheme 3). The

conversion of F was high (70%), but its further fate remained
unclear. When the same reaction was repeated in the presence
of benzyl alcohol (1.8 equiv), the yield of 3 increased
significantly within 3 days (52 vs 14%). Benzyl benzoate (4)
was the final organic oxidation product, and it was formed in
22% yield (based on benzyl alcohol). Besides unreacted F (18%
yield), the bis(carbonyl) Ru hydride complex G (17% yield
based on F) was observed in the product mixture.19 The second
CO ligand might originate from decarbonylation of benzyl
alcohol.20 The sum of complexes F and G in the final solution
accounted for ca. 35% of the total amount of added Ru,
indicating the above-mentioned decomposition of F. Thus, F
can serve as a reductant in the transformation of an imine to an
amine.
Both benzaldehyde and NH3 already reacted with F at room

temperature, leading to either the rapid disproportionation of
benzaldehyde to give 4 or the rapid coordination of NH3 to the
Ru center to afford H (Scheme 3).21 Heating a mixture of
benzaldehyde, complex H (0.2 equiv), and NH3 (20 equiv) at
135 °C for 12 h resulted in the formation of benzylamine (by
1H NMR analysis) along with multiple organic side products
(e.g., benzonitrile, benzamide, benzyl benzoate, and N-
benzylidene-1-phenylmethanamine; cf. Scheme 4). The major-
ity of H (80%) decomposed to give a mixture of unidentified

Ru species. The yield of benzylamine exceeded the maximum
yield possible for a stoichiometric reductive amination by a
factor of 2, which points to a catalytic reaction. The reductants
in this stoichiometric redox transformation are proposed to be
H and the in situ-generated benzylidene imine, which is
oxidized to PhCN. The same reaction, but now in the presence
of 1-octanol (0.8 equiv), gave benzylamine and octylamine in
greater than stoichiometric yield (68 and 52%, respectively; cf.
Scheme 4) in addition to multiple byproducts (i.e., heptyl
nitrile, octyl benzoate, N-benzylidene-1-phenylmethanamine,
N-benzylidene-1-heptylmethanamine). The higher yield of 5
(44 vs 68%) implies that the alcohol facilitates the reductive
amination of aldehyde by H.
When B (20 mol %) was heated in a mixture of 1-octanol

and NH3 (6 equiv) at 150 °C for 16 h, complex H was
identified as the major organometallic species (30% by 31P
NMR spectroscopy) in addition to the expected amine/imine
mixture. A series of control experiments was performed (0.1
mol % B, 135−140 °C, 12 h, toluene or THF, autoclave) to
prove that primary and secondary amines do not interconvert
under the given reaction conditions. Amination of 1-octanol
with NH3 (6 equiv) in the presence of 1-octylamine (1 equiv)
yielded negligible amounts of dioctylamine, and only 50% of
the initial 1-octanol was converted, indicating a moderate
inhibitory effect of the amine product on the reaction rate.
Amination of 1-octanol with NH3 (12 equiv) in the presence of
hexanal (1 equiv) gave a mixture of 1-octylamine and 1-
hexylamine (39 and 19%, respectively) besides the correspond-
ing nitriles. The reaction of solely 1-octylamine under our
standard conditions afforded only traces of dioctylamine
(∼1%), and the same experiment with dioctylamine and NH3
yielded only traces of 1-octylamine (<1%).
To summarize, catalyst precursor B readily oxidizes primary

alcohols to esters in the presence of base at room temperature
and is concurrently reduced to Ru hydride complex F featuring
a dearomatized acridine pincer ligand. Complex F is capable of
reducing imines to amines at elevated temperature, and
reduction of imines by F is facilitated by the addition of an
alcohol. In the presence of ammonia, complex F is rapidly
converted to the NH3-coordinated Ru hydride complex H at
room temperature. Complex H promotes the reductive
amination of aldehydes with ammonia to generate primary
amines, and catalytic turnover can be achieved at elevated
temperature with both complex H and the in situ-generated
imine (RCH2NH) as sacrificial reducing agents. Complex H
has also been characterized as the major Ru species in the
reaction mixture of alcohol amination with ammonia catalyzed
by precursor B. The primary amine selectivity in catalytic
alcohol amination is sensitive to the ammonia pressure. The
amine product from alcohol amination shows a moderate
inhibitory effect on the turnover rate of this reaction. Lastly,

Scheme 3. Intermediate F as a Reductanta

aR = p-OMe-C6H4, Ph = phenyl, Bn = benzyl. G: P−Ru−N, 88.74(8)/
89.29(8)°; H−Ru−P1, 72.5(16)°; H−Ru−N, 89.6(16)°; Ru−CO,
1.835(5)/1.945(7) Å; Ru−P, 2.3254(11)/2.3380(11) Å; Ru−N,
2.238(3) Å; Ru−H, 1.34(4) Å.

Scheme 4. Reaction of Alcohol/Ammonia and Aldehyde
under the Influence of Complex H
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primary and secondary amines do not interconvert under the
mentioned experimental conditions.
Computational Investigation. We carried out computa-

tional studies to rationalize these experimental findings. All of
the geometries were optimized at the BP86/def2-SV(P)22 level
of density functional theory (DFT) with the corresponding
effective core potential for ruthenium.23 Calculations were
carried out using the resolution-of-identity approximation and
appropriate auxiliary basis functions24 with TURBOMOLE.25

Gas-phase free energies were obtained within the usual rigid-
rotator, harmonic-oscillator approximation for 150 °C and 50
bar.26 Absolute energies were obtained as single-point energies
at the M06/def2-TZVP//BP86/def2-SV(P)27 level of theory
with GAMESS-US.28 Solvent corrections to reaction free
energies, obtained with COSMO-RS,29 were typically <1.2
kcal/mol. Therefore, only gas-phase free-energies are discussed.
The influence of solvation was investigated by computing
solvation free energies at 150 °C and 50 bar with COSMO-RS
using the parametrization for BP86/def-TZVP. Pure toluene
and a toluene/methanol mixture with 90 mol % toluene were
studied as solvents.
Initiation. Our proposed mechanism for dearomatization of

B to give F in both the stoichiometric reaction with alkoxide
and alcohol (Scheme 2) and catalytic alcohol amination is
shown in Scheme 5. The alcohol is deprotonated by either the

alkoxide or ammonia. Dissociation of chloride and coordination
of the alkoxide gives the complex M20-mer. Dearomatization
can then occur by hydride transfer to the C9 position of the
acridine ring, which requires only a relatively low barrier (ΔG⧧

= 19.2 kcal/mol).
Dearomatization induced by dihydrogen involving a direct

hydride transfer from Ru to C9 was studied computationally by
Milstein and co-workers.11 As the computed barrier found in
that work is significantly higher (ΔG⧧ = 25.2 kcal/mol), we
think it is less relevant in this context. This is also in agreement
with the difference in experimental conditions: Dearomatiza-
tion with alkoxide/alcohol requires 2 h at 25 °C, while
dearomatization with KOH/H2 was reported after 48 h in
refluxing toluene.11

Impact of Stereoisomers and Imine Reduction by
Complex F. Formaldimine (CH2NH) was used as the
substrate in the computational investigations of the imine
reduction step. We took into account different starting
coordination geometries of the reductant F, inner-sphere
versus outer-sphere mechanisms, and mechanisms with and
without metal−ligand cooperation (for a detailed discussion,
see the Supporting Information). As the dearomatized acridine-
based PNP-pincer ligand can adapt both mer and fac
coordination modes (Scheme 6),30 four stereoisomers are
possible for complex F (F-fac, F-mer, F′-mer, and F′-fac) and
for the corresponding NH3-coordinated complex H (H-fac, H-
mer, H′-mer, and H′-fac). Among those, F-mer turned out to be

the most stable stereoisomer. H-mer was chosen as the
reference point (GH‑mer = 0 vs GF‑mer = 2.1 kcal/mol).31,32

The calculated structural features of F-mer correlate well with
its experimentally obtained crystal structure (cf. Scheme 2).
The isomerization from F-mer to F′-mer involves flipping of

the dearomatized acridine ring from one side of the PNP plane
to the other, and the most favorable computed isomerization
pathway consists of sequential NH3 coordination to form H-
mer, isomerization to give H′-mer via flipping of the ligand
backbone, and NH3 dissociation. The highest barrier in this
stepwise isomerization arises from the change in the orientation
of the dearomatized acridine backbone in H-mer (GTS1 = 27.0
kcal/mol). Although the stereoisomers F′-mer and F′-fac are
both higher in energy than F-mer (GF′‑mer = 8.5 kcal/mol and
GF′‑fac = 12.0 kcal/mol vs GF‑mer = 2.1 kcal/mol), they could be
viable intermediates in the imine reduction step because of the
high reaction temperature of 150 °C.
Mechanisms involving the fac geometry turned out to be the

most favorable and will now be discussed in detail. Other
investigated mechanisms and those involving the mer geometry
can be found in the Supporting Information. The formation of
Ru amide M3′-fac from F′-fac via the inner-sphere imine
insertion was not only thermodynamically favored (ΔG =
−11.6 kcal/mol; cf. Figure 2) but also had a low overall kinetic
barrier (1.8 kcal/mol). The orientation of the dearomatized
acridine central ring in Ru amide M3′-fac places the methylene

Scheme 5. Proposed Mechanism for Initial Dearomatization
of B-mer To Give F-mera

aCalculated free energies (ΔG⧧, ΔG) are shown in kcal/mol.

Scheme 6. Stereoisomers of Pentacoordinate Ru−H
Complex F and the Corresponding NH3-Coordinated Ru−H
Complex H and the Isomerization Pathwaya

aCalculated free energies (ΔG⧧, ΔG) are shown in kcal/mol.

Figure 2. (a) Ligand-assisted reduction vs (b) inner-sphere alcohol-
assisted reduction of methanimine by F′-fac. Calculated free energies
(ΔG⧧, ΔG) are shown in kcal/mol.
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moiety in close proximity to the amide and renders metal−
ligand cooperation with the dearomatized acridine ring by
intramolecular protonation a reasonable pathway. However, the
direct, intermolecular protonation of Ru amide M3′-fac by
alcohol is energetically more favorable.33 Rearomatization of
the acridine backbone is therefore likely to occur only in the
stoichiometric imine reduction that leads to decomposition of
the Ru complex.11,12 In the presence of alcohol, as in the
catalytic reaction, direct protonation is certainly more favorable.
This also applies to the corresponding mechanisms in the mer
geometry, where intermolecular protonation by the alcohol
competes with intramolecular protonation by the benzylic
position. To access intermediate F′-fac, an initial kinetic barrier
of 27.0 kcal/mol must be overcome. Nevertheless, this kinetic
barrier is much lower than the overall barrier associated with
imine reduction by intermediate F-mer (33.7 kcal/mol).
Therefore, we postulate that the Ru hydride intermediate F′-
fac represents the active reducing species in the catalytic alcohol
amination.
Alcohol Oxidation and Regeneration of the Reducing

Species F′-fac and the Catalytic Cycle. Alcohol oxidation is
analogous but reverse in direction to imine reduction and can
therefore proceed via the same mechanisms. The potential
pathways for the alcohol to aldehyde oxidation and
regeneration of the active reducing species F′-fac, namely, an
inner-sphere β-hydride elimination mechanism and an outer-
sphere concerted hydrogen transfer mechanism, are nearly
isoenergetic (ΔΔG⧧ = 0.6 kcal/mol; cf. Scheme 7). Therefore,
both pathways could be operative under catalytic alcohol
amination conditions. Eisenstein and co-workers arrived at a
similar conclusion.34

The favored pathways for catalyst initiation, imine reduction,
and alcohol oxidation sum up to the free energy diagram for the
catalytic alcohol amination reaction shown in Figure 3. Once
intermediate F′-fac is generated via the high-barrier initiation
step (27.0 kcal/mol), it promotes a surprisingly efficient
catalytic cycle with an overall kinetic barrier of only 1.8 kcal/
mol (GTS11 − GF′‑fac = 1.8 kcal/mol).
In detail, in the presence of NH3 as the base, catalyst

precursor B stoichiometrically oxidizes alcohol to aldehyde and
affords Ru hydride complex H-mer via dearomatization of the
acridine ligand (Scheme 8). The active reducing species F′-fac
is generated from H-mer via a stepwise initiation process with a

high kinetic barrier. Complex F′-fac reduces the imine, the
product of condensation of the aldehyde with NH3 (step i), via
sequential imine coordination and insertion into the Ru−H
bond, formation of a pentacoordinated Ru amide intermediate,
protonation of the amide moiety by the alcohol, and
dissociation of the primary amine product (steps ii−vi).
The regeneration of the reducing species F′-fac and the

formation of the aldehyde can proceed either through inner-
sphere β-hydride elimination (steps vii−ix) or outer-sphere
concerted hydrogen transfer (steps x−xi). The reaction of a
Ru−NH2 amide with an alcohol to give a Ru hydride, NH3, and
an aldehyde is known in the literature.33 The formation of the
pentacoordinate Ru amide (step iv) is both the turnover-limiting
and selectivity-determining step of the catalytic cycle (GTS11 =
13.8 kcal/mol). This formal H2-borrowing redox cycle neither
requires a change in the formal oxidation state of ruthenium
nor metal−ligand cooperation. This is supported by the

Scheme 7. Inner- and Outer-Sphere Mechanistic Pathways
for the Formation of Formaldehyde and the Regeneration of
F′-faca

aCalculated free energies (ΔG⧧, ΔG) are shown in kcal/mol.

Figure 3. Computed free energy diagram for catalytic methanol
amination with NH3.

Scheme 8. Proposed Catalytic Cycle for Alcohol Amination
with NH3 Catalyzed by B
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following experimental findings: (1) the complex H-mer is the
major Ru species in the final reaction mixture of catalytic
alcohol amination with NH3; (2) the primary amine product
inhibits the catalytic cycle, as it competes with the imine for the
empty coordination site in reducing species F′-fac; and (3)
complex H-mer catalyzes the reductive amination of benzalde-
hyde with NH3 in the absence of alcohol.
Origin of the Selectivity toward the Primary Amine.

Although a N-substituted imine generated from the con-
densation of an aldehyde with the primary amine product could
also react with the reducing species F′-fac to afford the
corresponding secondary amine, the overall kinetic barrier of
the inner-sphere, alcohol-assisted imine reduction is signifi-
cantly higher than that of methylamine formation (11.8 vs 1.8
kcal/mol, respectively; Figure 4). Although the stability of N-

methylimine is higher than that of methanimine by 6.0 kcal/
mol,35 the formation of dimethylamine is still disfavored by 3.9
kcal/mol relative to methylamine. This 3.9 kcal/mol difference
in the overall kinetic barrier correlates well with the exceptional
primary amine selectivity of B observed experimentally. Since
the selectivity for primary amine depends directly on the
concentrations of the primary and secondary imines, the
mechanism explains the observed dependence of the selectivity
on the pressure of NH3.

■ SUMMARY AND CONCLUSIONS
We have shown that catalyst precursor B readily oxidizes
primary alcohols to esters in the presence of base at room
temperature and is concurrently reduced to the Ru hydride
complex F. The acridine-based PNP-pincer ligand plays a vital
role in this transformation, as one hydrogen atom is stored on
the acridine backbone of the anionic dearomatized PNP-pincer
ligand framework. Complex F is capable of reducing imines to
amines at elevated temperature, which is facilitated by an
alcohol. In the presence of NH3, F rapidly reacts to give the
NH3-coordinated Ru hydride complex H. Catalytic turnover

can be achieved at elevated temperature with both complex H
and the in situ-generated imine serving as reducing agents. H is
also the major Ru species in the reaction mixture of alcohol
amination with NH3 catalyzed by B. Various stereoisomers of
the pentacoordinated Ru hydride complex F exist as a result of
the flexible coordination modes of the anionic dearomatized
PNP-pincer ligand. Among the stereoisomers of F, F′-fac
turned out to be the most active species in imine reduction.
There is a quite high barrier for the formation of F′-fac.
However, once generated, intermediate F′-fac catalyzes the
conversion of the alcohol to the primary amine with a
surprisingly low overall barrier for turnover. The turnover- and
selectivity-determining step of the catalytic cycle is the
reduction of the imine by F′-fac, which consists of stepwise
formation of the pentacoordinated Ru amide intermediate and
subsequent protonation of the Ru amide by an alcohol. The
results from this study on structure and function provide an
important basis for further insights into the mechanism of
similar catalysts.
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