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iles using a metal–ligand
cooperative ruthenium pincer catalyst†

Beibei Guo,a Johannes G. de Vries b and Edwin Otten *a

Nitrile hydration provides access to amides that are important structural elements in organic chemistry.

Here we report catalytic nitrile hydration using ruthenium catalysts based on a pincer scaffold with

a dearomatized pyridine backbone. These complexes catalyze the nucleophilic addition of H2O to a wide

variety of aliphatic and (hetero)aromatic nitriles in tBuOH as solvent. Reactions occur under mild

conditions (room temperature) in the absence of additives. A mechanism for nitrile hydration is proposed

that is initiated by metal–ligand cooperative binding of the nitrile.
Introduction

Amides are an important class of compounds that occur in
a large variety of biologically active compounds, polymers and
synthetic intermediates,1 and a variety of synthetic methods
have been developed for their formation.2 Nitrile hydration
provides an atom-efficient synthesis of amides and is carried
out on an industrial scale, for example in the production of
acrylamide3 and nicotinamide.4 The direct nucleophilic addi-
tion of water to the C^N bond is kinetically slow, and a variety
of catalysts have been developed, but it is oen difficult to
prevent over-hydrolysis to the corresponding carboxylic acids.5

Nitrile hydratase enzymes yield amides with excellent selec-
tivity,6 but the limited substrate scope prevents their wide-
spread use. There has been signicant recent interest in the
development of nitrile hydration catalysts based on transition
metals, but most systems reported to date still require relatively
high temperatures to reach appreciable catalytic turnover.7

Recent progress with Rh(I),8 Ru(II),9 Pd(II),10 and Pt(II)11 catalysts
has allowed catalytic nitrile hydration under mild conditions,
but additives are oen required for high activity (e.g., AgOTf in
Grubbs' Pt(II)/phosphinous acid catalysts,11 or Sc(OTf)3 in Yin's
Pd(II) catalysts10).

Metal complexes with pincer ligands have found widespread
use in a large variety of catalytic reactions,12 but the incorpo-
ration of a reactive fragment in the ligand backbone to enable
‘bifunctional’ or ‘cooperative’ substrate binding/activation has
only recently started to emerge.13 Examples include the
(reversible) binding of unsaturated fragments such as CO2,14

SO2,15 carbonyl compounds,16 or nitriles.17 Our group reported
ty of Groningen, Nijenborgh 4, 9747 AG

.otten@rug.nl

niversität Rostock, Albert-Einstein-Strasse

tion (ESI) available. See DOI:

hemistry 2019
that Milstein's dearomatized Ru PNN pincer complex APNN

(Scheme 1, le) catalyzes the conjugate addition of alcohols to
a,b-unsaturated nitriles via a metal–ligand cooperative (MLC)
mechanism by activation of the nitrile C^N bond.18 Very
recently, similar reactivity was observed with a related Mn
catalyst.19 This mode of activation reduces the bond order from
3 in the nitrile (C^N) to 2 in the MLC intermediate (–C]N–Ru),
which signicantly alters the reactivity prole of the substrate.

Having established that conjugate (1,4-) addition of weak
alcohol nucleophiles is enabled by metal–ligand cooperation,
we hypothesized that also 1,2-additions to MLC-activated
nitriles may be feasible. Herein we describe our results on
catalytic nitrile hydration using Ru complexes with dearomat-
ized pyridine-based pincer ligands, and demonstrate that
a large variety of aliphatic and (hetero)aromatic nitriles is
Scheme 1 MLC activation of nitriles towards addition of O-
nucleophiles.
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Table 1 Scope of nitrile hydration catalyzed by Ru pincer complex
APNPa

a Isolated yield aer reaction at room temperature for 1 day, unless
noted otherwise. Conversions using catalyst APNN under the same
conditions are given in square brackets. b Reaction at 50 �C for 2
days. c Reaction in a 1 : 1 mixture of THF/tBuOH due to poor
solubility of the starting material. d Reaction at 50 �C for 20 hours.
e Reaction at 80 �C for 16 hours. f Reaction at room temperature for 1
day with 0.5 mol% catalyst loading. g Reaction at 50 �C for 24 hours.
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View Article Online
selectively converted to the corresponding amides under very
mild conditions.

Results and discussion
Catalyst development and reaction scope

Previously it was found that the direct conjugate addition of
H2O to a,b-unsaturated nitriles was sluggish using catalyst
APNN.18c However, for some of the substrates tested we noticed
that amides were obtained in low yield by hydration of the
nitrile moiety. Encouraged by these observations, we initiated
a screening of reaction conditions for the hydration of aceto-
nitrile. These initial results (see ESI†) showed that both PNN
complex APNN and the symmetrical PNP analogue APNP are
active, and performed best in tBuOH solvent. An optimum in
catalyst activity was found when 5 equivalents of H2O were
added, which gave 63% conversion to acetamide aer 24 h at
room temperature (3 mol% catalyst APNP). Repeating these
reactions with either 2 or 8 equiv. of H2O present gave lower
nitrile conversions of 44 and 42%, respectively, and the reaction
is almost completely suppressed in the presence of 20 equiv. of
H2O (4% conversion aer 24 h). In view of the propensity of
complexes such as A to heterolytically cleave OH bonds
(including H2O) in a reversible manner,20 it is likely that the
nitrile, H2O and other components in the reaction mixture
compete for reaction with the dearomatized complexes A, and
the presence of increased amounts of water will result in
a larger equilibrium concentration of Ru-hydroxides (vide infra).
The decrease in catalyst activity at H2O amounts beyond the
optimum (5 equiv.) indicates that in the present catalyst system,
Ru-hydroxides are likely not the active species. Although
a variety of transition metal hydroxide species have been re-
ported to catalyze nitrile hydration, these oen require elevated
temperatures.21 Control experiments carried out in the absence
of the dearomatized Ru pincer complexes, either with 3 mol%
KOtBu or the ruthenium precursor to APNP (the aromatic (PNP)
Ru(H)(Cl)(CO) complex) led to no conversion, indicating that
the metal–ligand cooperative character of A is important in this
catalytic conversion.

We subsequently focused on examining the scope of
substrates that underwent hydration to the amide using APNP as
catalyst (Table 1). A selection of substrates was also subjected to
catalysis by the nonsymmetrical APNN catalyst, which resulted in
similar results (Table 1, entries in brackets).

Substrates with halogen substituents (1b–f) as well as
electron-withdrawing triuoromethyl (1g) or aldehyde groups
(1h) at the para-position all afforded the corresponding amides
in quantitative isolated yields. In case of aldehyde 1h, its poor
solubility in tBuOH resulted in slow conversion under the
standard conditions, but addition of THF as co-solvent afforded
a homogeneous solution and resulted in facile amide forma-
tion. For the three bromo-substituted substrates (1d–f),
conversion of the hindered ortho-isomer was sluggish at room
temperature, but at 50 �C the reaction went to completion
within 2 days. The hydration reaction also occurred with
naphthylnitriles (1j,k). The presence of an electron-withdrawing
para-nitro substituent completely suppressed the reaction at
10648 | Chem. Sci., 2019, 10, 10647–10652
room temperature; heating to 80 �C restored some catalytic
activity, but the reaction stalled at ca. 25% conversion under
those conditions. Catalyst deactivation by the nitro-group does
not seem to take place, as hydration of 1b in the presence of an
equimolar amount of nitrobenzene gives full conversion to 2b at
a rate that is similar to that in the absence of nitrobenzene (see
ESI†). A likely explanation is that the p-nitro benzamide
product, which has a relatively acidic N–H bond, competes with
the nitrile substrate for binding with the catalyst and leads to
product inhibition (vide infra). Benzonitriles with electron-
donating substituents (p-Me, -OMe, -NR2) are also hydrated,
although the aniline derivatives required heating to achieve full
conversion (1n: 50 �C for 20 h; 1o: 80 �C for 16 h). In the case of
the free aniline 1o, this may be due to competing (reversible)
N–H bond activation to form Ru-anilido species.22 Consistent
This journal is © The Royal Society of Chemistry 2019
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with this hypothesis is the observation that 4-hydroxybenzoni-
trile is not converted even at 80 �C, indicating that the acidic Ar–
OH moiety deactivates the catalyst in an irreversible
manner.18a,23

Unhindered esters such as 4-acetoxybenzonitrile and ethyl 4-
cyanobenzoate also do not form the amide products, likely
because of competing ester hydrolysis to the carboxylic acids.
For more hindered esters, however, the reaction works well as
demonstrated by full conversion of tert-butyl 4-cyanobenzoate
(1i).

Heteroaromatic nitriles are also converted, with even shorter
reaction times under the standard conditions (<1 h with 3mol%
catalyst APNP). Consequently, this class of substrates reaches full
conversion within a day at room temperature using a catalyst
loading of 0.5 mol% (TON ¼ 200). The ortho-, meta- and para-
isomers of cyanopyridine (1p–r), as well as the pyrazine deriv-
ative (1s) are converted to the amide products in quantitative
yields. Moreover, substrates with oxygen- (furan, 1t,u) or sulfur-
containing rings (thiophenes, 1v,w), structural motifs that are
oen considered catalyst poisons, underwent this ruthenium-
catalyzed process with remarkable ease.

Substrates with sp3-C substituents adjacent to the C^N
group react more slowly but nevertheless are converted with
complete selectivity to the amide. For example, benzyl cyanide
(1x) and its a-methylated analogue (1y) show full conversion to
the amide within 1 day at room temperature, and the same
applies to 3-phenylpropionitrile (1z) and the sp2-substituted
cinnamonitrile (1aa). While purely aliphatic nitriles also react at
room temperature, these substrates require longer reaction
times to reach synthetically useful conversions (65–83% aer 2
days). However, gentle heating of the reaction mixtures to 50 �C
for 1 day affords amide products in >99% isolated yield for
primary, secondary as well as tertiary alkylnitriles (1ab–ae).
Substrates with two nitrile moieties were selectively converted to
the corresponding diamides (1af/1ag).

The substrates shown in Table 1 are converted by catalysts A
already at room temperature (and many reach full conversion
within 24 h), but, with the exception of heteroaromatic nitriles,
turnover numbers (TONs) for the majority of entries are only
modest due to the presence of 3 mol% catalyst (maximum TON
¼ 33). To examine whether higher turnover numbers can be
obtained, we tested the reaction at elevated temperature (70 �C)
for aromatic nitrile 1b and aliphatic dinitrile 1af. For 1b,
hydration is initially fast (63% conversion in 1 h), but then
gradually slows down to reach 98% conversion in 20 h under
those conditions (TON ¼ 196). Dinitrile 1af also gave >98%
conversion of the starting material in 24 h at 70 �C to afford
a mixture of mono- and diamide products in a 57 : 43 ratio,
which corresponds to a total nitrile TON of 307. Moreover, with
3-cyanopyridine (1q) the catalyst reaches 1000 turnovers within
a day at 70 �C, demonstrating the robustness of the catalyst at
elevated temperature.
Scheme 2 Stoichiometric reactions between A and the components
present in the reaction mixture.
Mechanistic considerations

To obtain insight in the species present during turnover, we
monitored a catalysis reaction mixture (3 mol% APNP, 5 eq. H2O
This journal is © The Royal Society of Chemistry 2019
in tBuOH) with the uoro-substituted benzonitrile 1b by 19F
NMR spectroscopy. This showed the presence of three distinct
19F-containing species. Two of these correspond to the nitrile
starting material and the amide product by comparison to
authentic samples. A third species was present throughout the
course of the reaction in minor amount (19F NMR: d �118 ppm,
ca. 2.5% based on integration). This resonance was also
observed in the 19F NMR of a catalysis mixture with APNN, sug-
gesting that APNP and APNN lead to similar speciation under the
reaction conditions.

To characterize this species and develop an understanding of
the individual steps that might be involved in the catalysis, we
carried out stoichiometric NMR scale experiments in THF-d8
between the dearomatized pincer complexes A and the
components present in the catalysis reaction mixture (see ESI
for details†). Analysis of a 1 : 1 mixture of complex APNP and
nitrile 1b by 1H NMR spectroscopy showed a substantial
broadening of the Ru–H signal which is additionally shied
downeld by ca. 7 ppm, indicating a rapidly exchanging equi-
librium between the starting materials and the Ru-nitrile
adduct BPNP (Scheme 2).18b

The sterically less hindered PNN analogue APNN reacts with
nitrile 1b to an equilibrium mixture of CPNN and C0PNN accord-
ing to NMR spectroscopy. In this mixture, a characteristic 1H
NMR resonance is observed at d 11.65 (singlet) for the NH
fragment in C0PNN. Additionally, signals at d �10.47/
�13.75 ppm (doublets, JPH ¼ 25.7/32.8 Hz) appear for the Ru–H
groups in C0PNN/CPNN. The NMR features are very similar to
those observed previously by us for the reaction of APNN and
benzonitrile,18b and conrm that the latter products arise from
MLC binding of the C^N bond. The different outcomes of the
reaction between 1b and APNN or APNP indicates that the diver-
gent steric demands of the PNP vs. PNN ligand affects the
equilibria between species A, B and C. Although a detailed
comparison between PNN- and PNP-based catalysts is beyond
the scope of this research, preliminary DFT calculations indi-
cate that MLC-binding of benzonitrile is exergonic at the N-arm
(�2.7 kcal mol�1) whereas it is endergonic at the P-arm (PNN:
Chem. Sci., 2019, 10, 10647–10652 | 10649
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Scheme 3 Proposed catalytic cycle.
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+9.4 kcal mol; PNP: +7.2 kcal mol�1). It should be noted that,
even though the relative stability of the various intermediates is
sensitive to steric effects, metal–ligand cooperative reaction
pathways are involved in complexes with both these ligands.24

Regardless of the different equilibrium compositions, addi-
tion of H2O (1 equiv.) to a THF-d8 solution of both the PNN- or
PNP-based mixture resulted in the slow appearance of a new
species (D) with a 19F NMR shi (ca. d �118 ppm) that agrees
well with the one observed during catalysis in tBuOH.
Compounds D were also obtained cleanly by treatment of the
dearomatized Ru pincer complexes A with amide 2b, and are
formulated as Ru-carboxamides (DPNN/DPNP, Scheme 2) on the
basis of their NMR spectra (see ESI†).

The observation that D is the dominant Ru-containing
species during turnover suggests that it may be a dormant
catalyst state, and that catalysis could be subject to product
inhibition. Indeed, when a mixture of nitrile substrate and
amide product (33 and 10 equiv., respectively, relative to APNP) is
present at the start, the reaction rate is decreased but full
conversion is still obtained (see ESI†). Also, when DPNP is
prepared independently and tested in catalysis, hydration of 1b
occurs with a rate that is qualitatively similar to that with APNP.

These observations indicate that the coordinatively saturated
complex D is able to generate the active species via a rapid
equilibrium with A. This was further conrmed by the obser-
vation that DPNN reacts with nitrile 1b to regenerate the equi-
librium mixture of CPNN and C0PNN, a reaction that presumably
involves APNN as an intermediate (Scheme 2). For the PNP
analogue, the concentration of DPNP decreases upon addition of
H2O, and NMR resonances attributable to the free amide 2b
appear. From these data it is clear that the catalyst speciation in
this system is complex: the dearomatized pincer complexes A
are involved in dynamic equilibria with H2O, nitrile, as well as
amide. Thus, even though under the reaction conditions most
of the Ru is present in a coordinatively saturated, inactive form
(D), access to catalytically active species is kinetically facile and
allows turnover of the nitrile substrate.

Mechanistic proposals for catalytic nitrile hydration in the
literature oen involve Lewis acid activation of the nitrile,
sometimes in conjunction with ligand-mediated (‘bifunctional’)
deprotonation of H2O,25,26 or nucleophilic attack of a reactive
ligand–OH fragment (e.g., in catalysts with phosphinous acid
ligands).27 For bimetallic complexes, a reactive metal-hydroxide
group can be generated adjacent to a metal-nitrile adduct,
which provides a low-energy pathway to hydration.28

On the basis of the results discussed above, we propose that
the mechanism of nitrile hydration by A is distinct and follows
the steps illustrated in Scheme 3. Under the reaction condi-
tions, complexes A react reversibly with amide or H2O to form
the off-cycle species D and E, respectively. Although these
species are not catalytically relevant, a rapid equilibrium
between these dormant states and A ensures an entry into the
catalytic cycle. We propose that catalysis is initiated by MLC
binding of the nitrile substrate (1) to form C. The MLC mode of
C^N bond activation results in a reduced CN bond order of 2,
and transfers the basicity ‘stored’ in the pincer framework in A
onto the nitrile-derived Ru–N moiety in C. This allows
10650 | Chem. Sci., 2019, 10, 10647–10652
deprotonation of the pro-nucleophile H2O and attack at the
electrophilic C-atom of the activated nitrile to form F, either
directly or facilitated by a hydrogen-bond network involving
additional H2O or tBuOH as proton-shuttles.29,27b The coordi-
nated hydroxyamido fragment in intermediate F may be liber-
ated from the metal complex by a retro-cycloaddition to form
the iminol, which tautomerizes in solution to the nal amide
product (2). Alternative pathways that directly convert F to the
Ru-carboxamideD cannot be ruled out at present. The proposed
reaction pathway accounts for several key experimental obser-
vations, including (i) the requirement for a reactive ligand site
for catalytic activity, (ii) an optimum in catalyst activity as
function of the amount of water added, (iii) and the occurrence
of product inhibition.
Conclusions

In summary, this work describes an efficient homogeneous
catalyst for the hydration of nitriles. Complexes based on
dearomatized PNP or PNN ligands are shown to be active under
very mild reaction conditions (ambient temperature, additive-
free). The PNP Ru pincer catalyst is tolerant to a variety of
functional groups, and allows the hydration of a broad range of
aliphatic, aromatic and heteroaromatic nitriles. On the basis of
stoichiometric experiments, a mechanism is proposed that
involves metal–ligand cooperative activation of the nitrile C^N
bond. The results suggest that the generation of intermediates
with a C]Nmoiety (i.e., a reduced bond order in comparison to
the nitrile starting material) via this mode of nitrile activation
signicantly increases its reactivity and leads to facile attack by
(pro)nucleophiles as weak as H2O. We anticipate that this
strategy may be more broadly applicable and lead to novel
reactivity of nitriles and other unsaturated organic compounds.
A more detailed examination of the catalytic reaction
This journal is © The Royal Society of Chemistry 2019
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mechanism, as well as modication of the catalyst to increase
productivity (e.g., by minimizing product inhibition) are
ongoing in our laboratory.
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