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ABSTRACT: The complex [Os(η6-p-cymene)(OH)IPr]OTf (1; IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazolylidene; OTf = CF3SO3) reacts with benzonitrile and
acetonitrile to afford the κ2-amidate derivatives [Os(η6-p-cymene){κ2O,N-NHC(O)-
R}IPr]OTf (R = Ph (2), CH3 (3)). Their formation has been investigated by DFT
calculations (B3PWP1), starting from the model intermediate [Os(η6-benzene)-
(OH)(CH3CN)IMe]+ (IMe = 1,3-bis(2,6-dimethylphenyl)imidazolylidene). Com-
plex 2 has been characterized by X-ray diffraction analysis. In the presence of water,
the κ2-amidate species release the corresponding amides and regenerate 1. In
agreement with this, complex 1 has been found to be an efficient catalyst for the
selective hydration of a wide range of aromatic and aliphatic nitriles to amides,
including substituted benzonitriles, cyanopyridines, acetonitrile, and 2-(4-
isobutylphenyl)propionitrile among others. The mechanism of the catalysis is also
discussed.

■ INTRODUCTION

N-heterocyclic carbenes (NHCs) are versatile and easy-to-make
ancillary ligands, which are receiving a great deal of attention in
homogeneous catalysis due to their ability to stabilize a variety
of complexes with high activities in a wide range of organic
reactions.1

Osmium−NHC derivatives are scarce in comparison with the
species of this type in the iron triad.2 Furthermore, osmium
complexes are usually viewed as stable models of reactive
intermediates proposed in catalytic transformations with
ruthenium.3 It is therefore not surprising that osmium−NHC
catalysis had attracted very little attention. In 2005, in
agreement with recent findings demonstrating that osmium is
certainly a promising alternative to the classical metal catalysts
for promoting some organic reactions,4 we reported the
synthesis of the complexes [Os(η6-p-cymene)Cl(CHPh)-
IPr]OTf and [Os(η6-p-cymene)Cl(CHPh)IMes]OTf (IPr =
1,3-bis(2,6-diisopropylphenyl)imidazolylidene, IMes = 1,3-bis-
(2,4,6-trimethylphenyl)imidazolylidene; OTf = CF3SO3),
which were the first osmium−NHC catalysts.5 They are active
in the ring-closing metathesis of diallyl diethylmalonate, the
ring-opening metathesis polymerization of cyclooctene, and a
variety of olefin cross-metatheses. Following this report, we
subsequently synthesized [Os(η6-p-cymene)(OH)IPr]OTf,
which was found to be an efficient catalyst precursor for the

hydrogen transfer reaction from 2-propanol to numerous
aromatic and aliphatic aldehydes.6 Now, we show that this
hydroxo derivative also promotes the hydration of a wide range
of nitriles to amides (eq 1).

The conversion of nitriles to amides by conventional acid/
base strategies affords low yields and requires harsh conditions.7

Furthermore, it takes place with low selectivity, since the rate of
hydrolysis of the amide to the corresponding carboxylic acid is
usually greater than that of the nitrile precursor to the amide.8

In contrast to the conventional methods, the catalytic hydration
of nitriles is an atom-economical reaction, which has been
achieved using enzymes9 as well as a broad spectrum of late
transition metals,10 including a few osmium catalysts of modest
activity (TOF = 0.6−17 h−1) and versatility.11

One of the mechanisms usually evoked in the literature
involves the nucleophilic attack of a hydroxide ligand to the
carbon atom of the coordinated nitrile to afford a κ2-amidate
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intermediate, which subsequently undergoes water addition to
give the amide and regenerate the catalyst.12 This type of four-
membered heterometallacycle intermediate has been suggested
for reactions catalyzed by Mo,12c Ru,13 Rh,14 Pd,15 and Pt16

complexes among others. However, it has only been trapped
with the [Co(cyclen)(H2O)2]

3+ (cyclen = 1,4,7,11-tetraazacy-
clododecane) catalyst.17

This paper reports the isolation and X-ray characterization of
κ2-amidate intermediates and DFT calculations on their
formation, in addition to the most active and versatile osmium
catalyst described so far.

■ RESULTS AND DISCUSSION
1. Formation and Characterization of κ2-Amidate

Intermediates. Stirring of the hydroxide complex [Os(η6-p-
cymene)(OH)IPr]OTf (1) in benzonitrile and acetonitrile, at
room temperature for 2.5 h, gave rise to the respective κ2-
amidate derivatives [Os(η6-p-cymene){κ2O,N-NHC(O)R}IPr]-
OTf (R = Ph (2), CH3 (3)), as a result of the formal insertion
of the C−N triple bond of the solvents into the O−H bond of
the organometallic starting compound (eq 2). The behavior of

1 is consistent with that previously observed for the
bisphosphine complexes OsH(EH)(CO)(PiPr3)2 (E = O,18

S19), which react with dimethyl acetylenedicarboxylate and
heterocumulenes to afford products resulting from the insertion
of the C−C triple and C−N and C−O double bonds of the
substrates into the E−H bonds of the carbonyl compounds.
Complexes 2 and 3 were isolated as yellow solids in 55% and

72% yields, respectively, and characterized by elemental analysis
and IR and 1H and 13C{1H} NMR spectroscopy. Complex 2
was further characterized by X-ray diffraction analysis. Figure 1
gives a view of the cation of the salt. The geometry around the
metal center is close to octahedral, with the arene occupying
three sites of a face. The angles formed by the NHC ligand and
the N(1) and O(1) atoms of the four-membered heterometalla-
cycle are close to 91°, while the N(1)−Os−O(1) bite angle of
the amidate group is 60.31(9)°. The Os−C(8) bond length of
2.105(3) Å agrees well with those previously reported for Os−
NHC compounds with normal coordination of the NHC
unit,2,5,6 whereas the Os−N(1) and Os−O(1) distances of
2.105(3) and 2.1465(19) Å, respectively, are within the
expected ranges for single bonds.
The 1H and 13C{1H} NMR spectra of 2 and 3, in

dichloromethane-d2, at room temperature are consistent with
the structure shown in Figure 1. In the 1H NMR spectra, the
most noticeable resonances are those corresponding to the NH
hydrogen atoms of the amidate groups, which are observed at
6.51 (2) and 5.95 ppm (3). In the 13C{1H} NMR spectra, the
NHC OsC resonances appear at 164.0 (2) and 167.8 ppm (3),
whereas the NCO signals of the amidate groups are observed at
182.0 (2) and 185.5 ppm (3).
The formation of 2 and 3 can be rationalized according to

Scheme 1. The formal insertion of the C−N triple bond of the

nitriles into the O−H bond of the hydroxide ligand of 1 should
involve the attack of the oxygen at the C(sp) atom of the
substrates to afford intermediates of the type AR, followed by
hydrogen migration from the oxygen to the nitrogen atom. The
attack of the hydroxide ligand at the nitriles could be, at first
glance, an intermolecular process (pathway i), which should
take place by means of the initial displacement of the OH−

group by solvent molecules to give the bis-nitrile intermediates
BR. Thus, the subsequent external attack of the dissociated
hydroxide ligand at the C(sp) atom of a coordinated nitrile
molecule should lead to AR. The latter could be alternatively
generated through an intramolecular process (pathway ii) on
the hydroxide−acetonitrile intermediate CR. In order to analyze
the feasibility of the intermolecular mechanism, we stirred the
previously reported2x bis-solvento compound [Os(η6-p-
cymene)(CH3CN)2IPr](BF4)2 (B

Me) with 2.3 equiv of KOH,
in acetonitrile as solvent, which prevents the dissociation of the
nitrile, at room temperature. Under these conditions, after 24 h,
complex BMe was recovered unchanged. This proves that the
formation of 2 and 3 does not take place through an
intermolecular mechanism involving the external attack of a
hydroxide ligand to a coordinated nitrile molecule. To obtain
information about the intramolecular process, we performed
DFT calculations (B3PWP1) on the transformation from the
model hydroxo−acetonitrile intermediate [Os(η6-benzene)-
(OH)(CH3CN)IMe]+ (CMe) into the [Os(η6-benzene)-
{κ2O,N-NC(OH)CH3}IMe]+ (AMe) species. The changes in
the free energy ΔG were computed at 298.15 K and P = 1 atm.
Figure 2 gives the energy profile.
The species AMe is 11.7 kcal mol−1 less stable than the

intermediate CMe. The transformation takes place via the

Figure 1. Molecular diagram of the cation of 2. Selected bond lengths
(Å) and angles (deg): Os−C(8), 2.105(3); Os−N(1), 2.105(3); Os−
O(1), 2.1465(19); O(1)−C(1), 1.283(4); N(1)−C(1), 1.296(4);
N(1)−H(1), 0.84(4); C(8)−Os−O(1), 90.51(9); C(8)−Os−N(1),
91.78(10); N(1)−Os−O(1), 60.31(9).

Scheme 1
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transition state TSCA, which lies 17.8 kcal mol−1 above CMe. Its
formation results from the approach of the oxygen atom to the
C(sp) atom of the nitrile (O−C = 1.900 Å). The process
provokes the elongation of the Os−O, Os−N, and N−C bonds,
from 2.049, 2.078, and 1.156 Å in CMe to 2.172, 2.097, and
1.198 Å in TSCA. As expected, as a consequence of the
formation of AMe, the distances O−C (1.479 Å) and Os−N
(2.060 Å) decrease, while the Os−O (2.325 Å) and C−N
(1.246 Å) bond lengths increase. The hydrogen migration from
the oxygen to the nitrogen atom is an exothermic process by
33.9 kcal mol−1.
2. κ2-Amidate Complexes as Intermediates in the

Catalytic Hydration of Nitriles. Complex 2 releases
benzamide and generates acetone and the trihydride derivative
[OsH3(η

6-p-cymene)IPr]OTf (4) in 1/1 water/2-propanol
solvent mixtures. The OH− group catalyzes the transformation.
Thus, the addition of 10 mol % of KOH to the mixture
produces a significant increase of the reaction rate. These
observations can be rationalized according to Scheme 2. The
coordination of a hydroxide group to the osmium atom of 2
should promote the κ2O,N to κ1N transformation of the
amidate ligand, affording a neutral Os(η6-p-cymene){κ1N-
NHC(O)Ph}(OH)IPr (5) species. Then, this intermediate
could undergo hydrolysis to yield the amide and to regenerate
the hydroxo catalyst 1. As has been previously shown, in the
absence of nitrile, the reaction of 1 with 2-propanol leads to 4
and acetone.6

Complexes 1 and 2 both promote the formation of amides
from nitriles, as expected, since the formation of 2 according to
eq 2 and its hydrolysis according to Scheme 2 constitute a cycle
for the catalytic hydration of benzonitrile to benzamide
(Scheme 3). The reactions were performed at 120 °C under
an argon atmosphere, using a nitrile concentration of 0.33 M
and catalyst/substrate and KOH/substrate molar ratios of 0.03
and 0.1, respectively. Under these conditions benzamide was
obtained in 99% yield after 4 h. Lower reaction rates were
observed for KOH/substrate molar ratios lower than 0.05 and
higher than 0.1. However, the use of 2-methylpropanol instead
of 2-propanol did not produce any change in the reaction rate
or in the yield of obtained product, indicating that the alcohol is

not directly involved in the catalysis. Since the hydration rate
changes with the KOH/substrate molar ratio and the hydrolysis
of the κ2O,N-amidate intermediate is catalyzed by OH−, the
latter appears to be the rate-determining step of the hydration
process.

3. Scope of the Catalyst. Complex 1 is an efficient catalyst
for the selective hydration of a wide range of aromatic and
aliphatic nitriles to the corresponding amides, which are
obtained in high yield within a short time in all cases (Table 1).
Benzonitriles with electron-withdrawing and -donating

substituents at different positions (runs 2−5) are converted
into the amides in 63−98% yields with turnover frequencies at
50% conversion (TOF50%) of 2−22 h−1, under the experimental
conditions previously mentioned for benzonitrile (run 1). The
withdrawing chlorine substituent (run 2) increases the
hydration rate with regard to benzonitrile, while the donating
methyl substituent diminishes the turnover frequency, as
expected for a marked dependence of the reaction on the

Figure 2. Energy profile (ΔG (kcal mol−1)) for the transformation of CMe to AMe and 3t.

Scheme 2
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electrophilicity of the C(sp) atom of the nitrile. Thus, the
TOF50% values decrease in the sequence 4-Cl > Ph > 4-Me
(runs 2 > 1 > 3). The position of the substituent also has a clear
influence on the reaction rate, increasing as the substituent is
away from the functional CN group. In agreement with this, the
TOF50% values for methyl-substituted benzonitriles decrease in
the sequence para > meta > ortho (runs 3 > 4 > 5).
Interestingly, rates about 10 times faster are obtained for the
hydration of cyanopyridines (runs 6 and 7), showing that the
competitive coordination of the pyridine nitrogen atom does
not prevent the catalysis. Nicotinamide,20 a water-soluble
member of the vitamin B family with wide use in medicine, is
formed in 99% yield and isolated in 91% yield, with a TOF50%
value of 186 h−1. In contrast to the case for the methyl-
substituted benzonitriles, the reaction rate appears to increase
as the CN group is closer to the pyridinic nitrogen atom. Thus,
the hydration of 2-cyanopyridine is faster than that of 3-
cyanopyridine. The presence of the basic pyridinic nitrogen
atom at position 2 of the heterocycle seems to favor the
hydrolysis of the amidate group, which may be related to the
formation of hydrogen bonds between both nitrogen atoms and
water molecules.
Less reactive aliphatic nitriles are also efficiently converted

into the corresponding amides (runs 8−12). Acetamide is
formed in 97% yield and isolated in 96% yield, with a TOF50%
value of 15 h−1 (run 8). The replacement of a hydrogen atom
of acetonitrile by a phenyl group produces an increase in the
reaction rate. Benzylnitrile (run 9) is hydrated with a TOF50%
value of 18 h−1, faster than that of acetonitrile. However, due
probably to steric grounds, a second phenyl group gives rise to
a significant reduction of the reaction rate. Diphenylacetonitrile
(run 10) is hydrated with a TOF50% value of 8 h−1, lower than
those obtained for both acetonitrile and benzylnitrile. Other
secondary nitriles are also efficiently hydrated at similar rates.
Ibuprofenamide, which is widely employed as an advanced
intermediate in the preparation of several ibuprofen prodrugs as
well as other pharmacologically active compounds,21 is
obtained with a TOF50% value of 7 h−1 from the commercially
available 2-(4-isobutylphenyl)propionitrile (run 11), whereas
the hydration of isopropylnitrile (run 12) occurs with a TOF50%
value of 4 h−1.

In summary, to the best of our knowledge, efficient hydration
by Os-based catalysts applicable to a wide range of nitriles,
including nitrogen-containing heteroaromatic species, and the
formation of nonsteroidal antiinflammatory drugs is unprece-
dented.

■ CONCLUDING REMARKS
This study has revealed that the five-coordinate [Os(η6-p-
cymene)(OH)IPr]+ cation reacts with nitriles to afford κ2-
amidate derivatives via six-coordinate hydroxo−nitrile inter-
mediates. The formation of the four-membered heterometalla-

Scheme 3 Table 1. Hydration of Nitriles into Amides Catalyzed by
Complex [Os(η6-p-cymene)(OH)IPr]OTfa

aReactions performed under an Ar atmosphere at 120 °C using 1
mmol of the corresponding nitrile (0.33 M in 1/1 water/2-propanol).
Os/substrate ratio: 0.03. KOH/substrate ratio: 0.1. bYields determined
by HPLC and GC. Isolated yields are given in parentheses. cTurnover
frequencies ((mol of product/mol of Os)/time) were calculated at
50% conversion.
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cycle proceeds in two steps: (i) the intramolecular attack of the
OH group at the electrophilic C(sp) atom of the coordinated
nitrile and (ii) subsequent hydrogen migration from the oxygen
to the nitrogen atom. The κ2-amidate species are water
sensitive. Thus, in the presence of water, they give amides and
regenerate the starting five-coordinate hydroxide complex. In
agreement with this, the complex [Os(η6-p-cymene)(OH)IPr]+

has proved to be an efficient catalyst for the selective hydration
of aromatic and aliphatic nitriles to amides, including nitrogen-
containing heteroaromatic nitriles and the formation of
nonsteroidal antiinflammatory drugs such as ibuprofenamide.
In conclusion, we report the most active and versatile

osmium catalyst described up to now for the selective hydration
of nitriles to amides and the isolation and characterization, by
X-ray diffraction analysis, of a key Os(κ2-amidate) catalytic
intermediate.

■ EXPERIMENTAL SECTION
All reactions were carried out with rigorous exclusion of air using
Schlenk-tube techniques. Organic solvents and reagents were dried by
standard procedures and distilled under argon prior to use. The
starting material [(η6-p-cymene)Os(OH)(IPr)]OTf was prepared as
previously described in the literature.6 1H and 13C{1H} NMR spectra
were recorded on either a Bruker Avance 300 or Bruker Avance 500
instrument. Chemical shifts (expressed in parts per million) are
referenced to residual solvent peaks (1H, 13C{1H}). Coupling
constants, J, are given in hertz. Infrared spectra were run on a
Perkin-Elmer 1730 spectrometer (in the solid state). C, H, and N
analyses were carried out in a Perkin-Elmer 2400 CHNS/O analyzer.
Catalytic experiments were followed either by HPLC (samples were

introduced as 5 mM methanol solutions using an Agilent 1200 HPLC
operated at a flow rate of 0.5 mL/min in 0.8/0.2 methanol/water) or
by GC, depending on the nitrile used. For acetonitrile, an HP5890 II
series gas chromatograph with a flame ionization detector was
employed, using 100% cross-linked methyl silicone gum column (25
m × 0.32 mm, with 0.17 μm film thickness); the oven temperature was
programmed at 100 °C for 6 min. In the case of isopropylnitrile an
Agilent 4890D series gas chromatograph with a flame ionization
detector was employed, using an HP INNOWAX cross-linked
polyethylene glycol column (25 m × 0.2 mm, with 0.4 μm film
thickness). The oven temperature was programmed as follows: 3 min,
60 °C; 3 min, 10 °C/min; 7 min, 20 °C/min; 2 min, 230 °C. An
HP6890 gas chromatograph with a flame ionization detector was
employed for cyanopyridines, using a Supelco Beta-Dex 120 column
(30 m × 0.25 mm, with 0.25 μm film thickness). The oven
temperature was programmed as follows: 3 min, 160 °C; 3 min, 20
°C/min, 20 min, 220 °C.
The identity of the resulting amides was assessed by comparison of

their 1H and 13C{1H} NMR spectroscopic data with those reported in
the literature, by comparison of their retention times with those
observed for pure samples and by their fragmentation in GC-MS
(experiments run on an Agilent 5973 mass selective detector interfaced
to an Agilent 6890 series gas chromatograph system; samples injected
into a 30 m × 0.25 mm HP-5MS 5% phenyl methyl siloxane column
with a film thickness of 0.25 μm).
Preparation of [Os(η6-p-cymene){κ2O,N-NHC(O)Ph}IPr]OTf

(2). A solution of [(η6-p-cymene)Os(IPr)(OH)]OTf (1; 0.1 g,
0.1138 mmol) in 0.5 mL of benzonitrile was stirring for 2.5 h at
room temperature. After this time, the addition of pentane to the
orange solution caused the formation of a brown oil that was washed
several times with pentane to give a yellow solid. Yield: 61 mg (55%).
Anal. Calcd for C45H56N3F3SO4Os·CH2Cl2: C, 51.77; H, 5.99; N,
3.99; S, 3.00. Found: C, 52.02; H, 5.51; N, 4.03; S, 2.84. IR (cm−1):
ν(NH) 3429 (w); ν(CO) 1711 and 1674 (w); νs(N−CO) 1548
(m); ν(NH) 1454 (m); νa(SO3) 1267 (s); νs(CF3) 1224 (m); νa(CF3)
1150 (s); νs(SO3) 1031 (s); νa(SO3) 636 (s). 1H NMR (300 MHz,
CD2Cl2, 293 K): 7.59 (t, JH−H = 7.6, 2H, Hp-2,6-

iPr2Ph), 7.50−7.30
(m, 7H, Hm-2,6-

iPr2Ph + Hm-Ph + Hp-Ph), 7.26 (s, 2H, NCH), 7.23

(d, JH−H = 7.2, 2H, Ho-Ph), 6.51 (br, 1H, NH), 5.49 (br, 2H, Ph-p-
cymene), 5.28 and 5.17 (br, 1H each, Ph-p-cymene), 2.96 and 2.55
(br, 2H each, CH(CH3)2-2,6-

iPr2Ph), 2.04 (br, 1H, CH(CH3)2-p-
cymene), 1.82 (s, 3H, CH3-p-cymene), 1.43 and 1.05 (br, 6H each,
CH(CH3)2-2,6-

iPr2Ph), 1.13 (br, 12H, CH(CH3)2-2,6-
iPr2Ph), 0.97

(d, JH−H = 6.6, 6H, CH(CH3)2-p-cymene).
13C{1H}-APT NMR plus

HMBC and HSQC (75.4 MHz, CD2Cl2, 293 K): 182.0 (s, OsNH
CPh), 164.0 (s, NCN), 146.2 (s, Co-2,6-

iPr2Ph), 137.1 (s, Cipso-
2,6-iPr2Ph), 133.2 (s, Cipso-Ph), 132.3 (s, Cp-Ph), 131.1 (s, Cp-
2,6-iPr2Ph), 128.2 (s, Cm-Ph), 126.9 (s, Cm-2,6-

iPr2Ph), 126.5 (s, Co-
Ph), 125.0 (br s, NCH), 101.0 (s, Cipso-p-cymene), 84.8 (s, Cipso-p-
cymene), 78.4, 77.0, 76.2, and 74.9 (all br s, Ph-p-cymene), 32.0 (s,
CH(CH3)2-p-cymene), 29.1 (s, CH(CH3)2-2,6-

iPr2Ph), 26.4, 22.6, and
22.5 (all s, CH(CH3)2-2,6-

iPr2Ph), 23.7 and 21.4 (s, CH(CH3)2-p-
cymene), 18.5 (s, CH3-p-cymene).

Preparation of [Os(η6-p-cymene){κ2O,N-NHC(O)Me}IPr]OTf
(3). A solution of [(η6-p-cymene)Os(IPr)(OH)]OTf (1; 0.1 g,
0.1138 mmol) in 5 mL of acetonitrile was stirred for 2.5 h at room
temperature. After this time, the resulting orange solution was
evaporated to dryness and the addition of diethyl ether caused the
formation of a pale yellow solid that was washed with diethyl ether (2
× 2 mL) . Y i e l d : 7 5 mg (72%) . Ana l . C a l c d f o r
C40H54N3F3SO4Os·0.5CH2Cl2: C, 50.53; H, 5.76; N, 4.37; S, 3.33.
Found: 50.81; H, 6.10; N, 4.33; S, 3.05. IR (cm−1): ν(NH) 3327 (m);
νs(N−CO) 1577 (m); ν(NH) 1454 (m); νa(SO3) 1277 (s) and
1254 (s); νs(CF3) 1223 (m); νa(CF3) 1151 (s); νs(SO3) 1029 (s);
νa(SO3) 629 (s).

1H NMR (500 MHz, CD2Cl2, 293 K): 7.55 (t, JH−H =
7.6, 2H, Hp-2,6-

iPr2Ph), 7.40 (d, JH−H = 7.6, 4H, Hm-2,6-
iPr2Ph), 7.24

(s, 2H, NCH), 5.95 (br, 1H, NH), 5.56, 5.41, 5.28, and 5.22 (br s, 4H
each, Ph-p-cymene), 2.80 (sept, JH−H = 6.5, 1H, CH(CH3)2-p-
cymene), 2.68 (sept, JH−H = 7.0, 4H, CH(CH3)2-2,6-

iPr2Ph), 1.64 (s,
3H, HNCCH3), 1.49 and 1.13 (d, JH−H = 7.0, 12H each,
CH(CH3)2-2,6-

iPr2Ph), 1.28 (s, 3H, CH3-p-cymene), 0.91 and 0.62
(d, JH−H = 6.5, 3H each, CH(CH3)2-p-cymene).

13C{1H}-APT NMR
plus HMBC and HSQC (125.7 MHz, CD2Cl2, 293 K): 185.5 (s,
OsNHCMe), 167.8 (s, NCN), 147.2 and 146.2 (s, Co-2,6-

iPr2Ph),
136.2 (s, Cipso-2,6-

iPr2Ph), 131.4 (s, Cp-2,6-
iPr2Ph), 126.6 (br s, NCH),

125.0 and 124.3 (s, Cm-2,6-
iPr2Ph), 91.5 (s, Cipso-p-cymene), 86.9 (s,

Cipso-p-cymene), 79.1, 77.2, 76.0, and 75.1 (all br s, Ph-p-cymene), 31.9
(s, CH(CH3)2-p-cymene), 29.7 and 29.6 (s, CH(CH3)2-2,6-

iPr2Ph),
27.7, 27.4, 22.8, and 22.5 (all s, CH(CH3)2-2,6-

iPr2Ph), 24.3 (s, N
CCH3), 23.4 and 22.9 (s, CH(CH3)2-p-cymene), 17.6 (s, CH3-p-
cymene).

Reaction of [(η6-p-cymene)Os(IPr)(CH3CN)2](BF4)2 with KOH.
A solution of [(η6-p-cymene)Os(IPr)(CH3CN)2](BF4)2 (0.150 g,
0.1545 mmol) in 6 mL of acetonitrile was stirred with 2.3 equiv of
KOH (0.020 g, 0.8564 mmol) for 24 h at room temperature. After this
time, a sample of the reaction mixture was analyzed by NMR, showing
the same spectrum as that of the starting compound.

Reaction of [Os(η6-p-cymene){κ2O,N-NHC(O)Ph}IPr]OTf in 1/
1 Water/2-Propanol. A solution of [Os(η6-p-cymene){κ2O,N-
NHC(O)Ph}IPr]OTf (0.0531 g, 0.0541 mmol) in 1 mL of 1/1
water/2-propanol was stirred for 7.5 h at 120 °C. After this time, a
sample of the reaction mixture was analyzed by NMR, showing the
signals corresponding to [OsH3(η

6-p-cymene)IPr]OTf, benzamide,
and acetone. The presence of benzamide was corroborated by GC-MS.

Reaction of [Os(η6-p-cymene){κ2O,N-NHC(O)Ph}IPr]OTf with
KOH in 1/1 Water/2-Propanol. A solution of [Os(η6-p-cymene)-
{κ2O,N-NHC(O)Ph}IPr]OTf (0.0531 g, 0.0541 mmol) in 1 mL of 1/
1 water/2-propanol was stirred with KOH (0.0005 g, 0.009 mmol) for
4 h at 120 °C. After this time, a sample of the reaction mixture was
analyzed by NMR, showing the signals corresponding to [OsH3(η

6-p-
cymene)IPr]OTf, benzamide, and acetone. The presence of
benzamide was corroborated by GC-MS.

General Procedure for the Catalytic Hydration Reactions.
Under an argon atmosphere, the corresponding nitrile (1 mmol), the
catalyst (1; 26.4 mg, 0.03 mmol), KOH (5.7 mg, 0.1 mmol), p-xylene
(120 μL, 1 mmol), and 3 mL of a 1/1 water/2-propanol mixture were
introduced into a sealed tube. The reaction mixture was stirred at 120
°C for the indicated time (see Table 1). The course of the reaction was

Organometallics Article

dx.doi.org/10.1021/om3006799 | Organometallics 2012, 31, 6861−68676865



monitored either by HPLC or by GC, depending on the substrate.
Thus, for aromatic substrates, 15 μL samples of the reaction mixture
were regularly analyzed by HPLC, quantifying the disappearance of the
corresponding nitrile. Once the reaction was finished, the reaction
mixture was evaporated to dryness. The resulting residue was dissolved
in 500 mL of methanol to afford a 4 mM solution of the corresponding
amide. A 15 μL sample of this solution was analyzed by HPLC,
quantifying the formation of the amide. For aliphatic nitriles and
cyanopyridines, 15 μL samples of the reaction mixture, after extraction
with a 1/1 CH2Cl2/methanol mixture, were analyzed by GC. After
elimination of the solvent under reduced pressure, the crude reaction
mixture was purified by column chromatography over silica gel using
diethyl ether as the eluent.
Structural Analysis of Complex 2. Crystals suitable for X-ray

diffraction were obtained by slow diffusion of diethyl ether into
saturated solutions of 2 in CH2Cl2. X-ray data were collected on a
Bruker Smart APEX diffractometer equipped with a normal focus, 2.4
kW sealed tube source (Mo radiation, λ = 0.710 73 Å) operating at 50
kV and 40 mA. Data were collected over the complete sphere by a
combination of four sets. Each frame exposure time was 10 s, covering
0.3° in ω. Data were corrected for absorption by using a multiscan
method applied with the SADABS program.22 The structures were
solved by direct methods and conventional Fourier techniques and
refined by full-matrix least squares on F2 with SHELXL97.23

Anisotropic parameters were used in the last cycles of refinement
for all non-hydrogen atoms. The hydrogen atoms were observed or
calculated and refined freely or refined using a restricted riding model,
except for the amidate hydrogen, which was refined freely.
Crystal data for 2: C45H56F3N3O4OsS, mol wt 982.19, yellow,

irregular block (0.20 × 0.08 × 0.04 mm), monoclinic, space group
P21/n, a = 12.0160(7) Å, b = 26.7052(16) Å, c = 13.3195(8) Å, β =
93.0490(10)o, V = 4268.0(4) Å3, Z = 4, Dcalcd = 1.529 g cm−3, F(000)
= 1992, T = 110(2) K, μ = 3.095 mm−1, 51 865 measured reflections
(2θ = 3−58°, ω scans 0.3°), 10 306 unique reflections (Rint = 0.0464),
minimum/maximum transmission factors 0.625/0.862, final agreement
factors R1 = 0.0272 (8312 observed reflections, I > 2σ(I)) and wR2 =
0.0652, 10 306/0/529 data/restraints/parameters, GOF = 0.974,
largest peak and hole 1.115 and −0.626 e/Å3.
Computational Details. The theoretical calculations were carried

out on the model complexes by optimizing the structures at the M06-
DFT level with the Gaussian 09 program.24 The basis sets used were
the LANL2DZ basis and pseudopotentials for Os and 6-31G(d,p) for
the rest of the atoms. All minima were verified to have no negative
frequencies and the transition state to have one negative frequency. All
calculations were carried out in vacuo. The connections between the
starting reactant and final product have been checked by slightly
perturbing the TS geometry toward the minimum geometries and
reoptimizing to verify the nature of the reactant and product.
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(b) Corberań, R.; Mas-Marza,́ E.; Peris, E. Eur. J. Inorg. Chem. 2009,
1700. (c) Poyatos, M.; Mata, J. A.; Peris, E. Chem. Rev. 2009, 109,
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