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Ru(Il) and Ru(IV)-dmso complexes catalyzed efficient and
selective aqueous phase nitrile hydration reactions under mild
conditions

Manoj Trivedi »**, Santosh Kumar Dubey®, Gurmeet Kaurd, Nigam P. Rathe”

New water soluble ruthenium(Il) and (IV)-dmso complexes [RuCly(dmso),(NH3)(CH;CN)] (1),
[RuCly(dmso);(CH3CN)] (2), and [RuCly(dmso);(NH3)].PFs.Cl (3) have been synthesized and
characterized by elemental analyses, IR, '"H and 3'P NMR, and electronic absorption spectroscopy.
Molecular structures of the complexes 1, 2 and 3 were determined crystallographically. The reactivity
of complexes 1-3 has been tested for aqueous phase nitrile hydration at 60°C in air, displaying good
efficiency and selectivity for the corresponding amide derivatives. Best performance is achieved with
complex 3. Amide conversions of 56 to 99% were obtained with a variety of aromatic, alkyl, and vinyl
nitriles. The reaction tolerated hydroxyl, nitro, bromo, formyl, pyridyl, benzyl, alkyl, and olefinic
functional groups. Amides were isolated by simple decantation from the aqueous phase catalyst.
Catalyst loading down to 0.0001 mol% was examined with turnover numbers as high as 990000 were
observed. The catalyst was stable for weeks in solution and could be reused for more than seven times
without significant loss in catalytic activity. Gram-scale reaction was also performed to produce the

desired product in high yields.

Introduction

Currently, much attention has been focused on the study of
chemical transformations and other industry usable processes to
meet sustainability criteria and away from
conventional methods to new ones that meets green chemistry
principles.! Now-a-days it is of utmost importance to substitute
harmful and hazardous chemicals with benign chemicals others
which are compatible with the environment and human health.
The solvent replacement is of highest priority to be addressed,
since amount of solvents used in industrial processes are
usually much larger than reagents and products, and their
recycling is normally 50-80% efficient.> For this reason,
replacement of environmentally harmful solvents with benign
non-conventional media like ionic liquids, supercritical carbon
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dioxide (scCO,) and fluorinated solvents have been developed,
each with its own limitations.?> Water has been investigated as
an ideal solvent for chemical transformations because it offers
poor solubility for organic compounds, economical, non-toxic,
non-inflammable and, after recovery of contaminants, it is
perfectly compatible with the environment.* Consequently, it is
highly desirable to develop environmentally benign processes
that can be conducted in aqueous medium.> Furthermore, using
water as a solvent has many advantages, such as simple
operation and high efficiency in many organic reactions that
involve water-soluble substrates, reagents, and renewable
materials without the necessary derivatizations. The hydration
reactions, where addition of water to triple bonds such as
alkynes® and nitriles provides carbonyl compounds and amides,
respectively. Nitrile hydration ideally represents the simplest
method for the sustainable preparation of amides, employed at
the industrial level for the production of acrylamide, in
pharmaceutical industry’ and performed also by nature in the
process of nitrile assimilation by enzymes like nitrile
hydratases.® The reaction between water and the nitrile moiety
requires catalytic activation with either Bronsted acids or Lewis
acids whose action is to bind the nitrile moiety, which becomes
more electrophilic and susceptible to nucleophilic attack by
water.” The reaction is usually performed under harsh
experimental conditions at temperatures close or often above
100°C. So far only a few water-soluble catalysts are known for
such transformations which lead to high yields under mild
conditions.!® A variety of transition-metal catalysts for nitrile
hydration have been investigated,!' however, the field is
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dominated by the use of ruthenium-based catalysts.”.%11b12,13-20
Cadierno and others?%2! developed an excellent hydration
protocols in pure water under neutral conditions using arene-
ruthenium(II) and bis(allyl)-ruthenium(IV) containing P-donor
ligands as catalysts. In 2013, Romero et al. reported two Ru-
[RuCly(pypz-H)(dmso),] and [RuCly(pz-
H)(dmso);] which displayed good efficiency and selectivity for

dmso complexes

the corresponding amide derivatives.?! Later on Romero et al.
developed an efficient method for the covalent anchoring of a
Ru-dmso complex onto two types of supports: mesoporous
silica particles (SP) and silica coated magnetic particles
(MSNP) yielding the heterogeneous systems SP@2 and
MSNP@?2 which were tested hydration of representative
nitriles with the molecular complexes and their SP@2 and
MSNP@?2 as heterogeneous counterparts, in aqueous medium
under neutral conditions. The heterogeneous catalysts display
high yields and excellent selectivity.?? In 2014, Kath6 er al.
reported a simple and efficient protocol for the synthesis of
amides by the use of [RuCly(dmso)s] and benzylated 1,3,5-
triaza-7-phosphaadamantane as catalyst.2> This prompted us to
study the behaviour of ruthenium(Il) and (IV)-dmso complexes
[RuCly(dmso),(NH3)(CH3;CN)] (1), [RuCly(dmso);(CH;CN)]
(2), and [RuCly(dmso);(NH;3)].PF¢.Cl (3) as catalyst in the
hydration of nitriles in water. The catalytic activity of
ruthenium(IV)-dmso complex is particularly effective nitrile
hydration catalyst as compared to ruthenium(Il)-dmso
complexes, and promising results in water have been described.
As a significant improvement, herein we present first time a
new Ru(IV)-dmso complex capable of catalysing the selective
hydration of a large number of organonitriles in water under
remarkably milder conditions (60°C), and high activity at a low
metal loading (0.0001 mol%).

Experimental section

Materials and Physical Measurements

All the synthetic manipulations were performed in air. The
solvents were used as received without further purification.
Benzonitrile, 2-methylbenzonitrile, 3-methylbenzonitrile, 4-
methylbenzonitrile, 4-hydroxybenzonitrile, 4-nitrobenzonitrile,
4-bromobenzonitrile, 4-cyanobenzaldehyde, 2- cyanopyridine,
heptyl
ruthenium trichloride trihydrate, Ammonium

4-methylbenzyl cyanide, cyanide, pivalonitrile,
acrylonitrile,
hexafluorophosphate, and deuterated NMR solvents were
obtained from commercial sources and used as received. The
precursor complex cis-[RuCl,(dmso)4]** was prepared and
purified following the literature procedure. Elemental analyses
were performed on a Carlo Erba Model EA-1108 elemental
analyzer and data of C, H and N is within +0.4% of calculated
values. IR(KBr) was recorded using Perkin-Elmer FT-IR
spectrophotometer. Electronic spectra of the 1-3 were obtained
on a Perkin Elmer Lambda-35 spectrometer. 'H, 13C and 3'P
NMR spectra were recorded on a JEOL AL-400 FTNMR
instrument using tetramethylsilane and phosphoric acid as an
internal standard. GCMS studies were carried out with the

Shimadzu-2010 instrument containing a DB-5/RtX-5MS-30Mt
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& 60Mt column of 0.25mm internal diameter. M* is the mass of
the cation.

Synthesis of [RuCl,(dmso),(NH;3)(CH3CN)] (1)

Cis-[RuCly(dmso)4] (0.484 g, 1 mmol) was added slowly to a
solution of CH,Cl, (15 mL), and CH3;CN (15 mL) containing
liquid NH;3 (0.05 mL, 3 mmol). The resulting solution was
stirred at room temperature for 12h. Slowly, the color of the
solution changed from red to yellow. The resulting solution was
filtered and left at room temperature for slow crystallization. In
a couple of days diffraction quality crystals appeared as very
fine yellow needle. These were separated and washed several
times with diethyl ether, and dried. Yield: (0.270 g, 70%). Anal.
Calc. for C¢H;gClLbN,O,S,Ru: C, 18.63; H, 4.66; N, 7.24; S,
16.57. Found: C, 18.83; H, 4.70; N, 7.41; S, 16.67. IR (cm™,
nujol): v = 3300, 3110, 2928, 2674, 2480, 1460, 1305, 1224,
1160, 1156, 1088, 1021, 980, 924, 840, 760, 704, 650, 540,
424. "H NMR (& ppm, 400 MHz, CDCl;, 298K): 6 4.00 (s, 3H),
3.36 (s, 6H), 3.30 (s, 6H), 1.99(br, 3H). UV/Vis: Apa (e[dm?
mol! cm']) = 285 (3041), 367 (8897).

Synthesis of [RuCl,(dmso);(CH;CN)] (2)

Cis-[RuCly(dmso)4] (0.484 g, 1 mmol) was added slowly to a
solution of CH3CN (30 mL). The resulting solution was stirred
at room temperature for 12h. Slowly, the color of the solution
changed from red to yellow. The resulting solution was filtered
and left at room temperature for slow crystallization. In a
couple of days diffraction quality crystals appeared as very fine
yellow rod. These were separated and washed several times
with diethyl ether, and dried. Yield: (0.268 g, 60%). Anal. Calc.
for CgH, CILbNO;S;Ru: C, 21.45; H, 4.69; N, 3.12; S, 21.45.
Found: C, 21.61; H, 4.85; N, 3.10; S, 21.60. IR (cm’!, nujol): v
=3303, 3001, 2932, 2490, 1480, 1301, 1230, 1158, 1154, 1088,
1010, 974, 921, 840, 760, 701, 645, 521, 424. '"H NMR (& ppm,
400 MHz, CDCl;, 298K): ¢ 3.38 (s, 6H), 3.32 (s, 6H), 3.12 (s,
6H), 1.99(br, 3H). UV/Vis: Apax (e[dm? mol! cm]) = 299
(2760), 371(9840).

Synthesis of [RuCl,(dmso)3;(NH3)].PF¢.Cl1 (3)

Cis-[RuCly(dmso)4] (0.484 g, 1 mmol) was added slowly to a
solution of CH;OH (15 mL), and CH,Cl, (15 mL) containing
liquid NHj; (0.1 mL, 6 mmol). The resulting solution was stirred
at room temperature for 4h. Slowly, green color precipitate
appeared which was dissolved by addition of a few drop of
HCl. The resulting solution was filtered through celite.
Ammonium hexafluorophosphate (10 mg) dissolved in 10 mL
of methanol was added to the filtrate and left at room
temperature for slow crystallization. In a couple of days
diffraction quality crystals appeared as very fine green needle.
These were separated and washed several times with diethyl
ether, and dried. Yield: (0.484 g, 80%). Anal. Calc. for
C¢H,CI3F¢NOsS;PRu: C, 11.87; H, 3.46; N, 2.31; S, 15.83.
Found: C, 11.93; H, 3.55; N, 2.41; S, 15.91. IR (cm’!, nujol): v
= 3443, 3103, 3005, 2924, 2675, 2491, 1447, 1302, 1224, 1158,
1155, 1088, 1020, 976, 923, 845, 766, 701, 651, 603, 544, 424.
'H NMR (S8 ppm, 400 MHz, CDCl;, 298K): J 4.00 (s, 3H), 3.35
(s, 6H), 3.31 (s, 6H), 3.10 (s, 6H). 3'P{'H}: & -144.05 (septet,
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PF¢); UV/Vis: Amax (e[dm?® mol! cm]) = 282 (2941), 370
(8845).

X-ray structure determination

Intensity data set for 1, 2 and 3 were collected on oxford X-
calibur S CCD area detector diffractometers using graphite
monochromatized Mo-Ka radiation at 293(2) K. The strategy
for the data collection was evaluated by using the CrysAlisPro
CCD software. The data were collected by the standard ’phi-
omega scan techniques, and were scaled and reduced using
CrysAlisPro RED software. The structures were solved by
direct methods using SHELXS-97, and refined by full matrix
least-squares with SHELXL-97, refining on F£2.2° The positions
of all the atoms were obtained by direct methods. The non-
hydrogen atoms refined with anisotropic thermal
parameters. All the hydrogen atoms were treated using
appropriate riding models. The computer programme PLATON
was used for analyzing the interaction and stacking distances.?®
General experimental procedure for the Catalytic Nitrile
Hydration

were

The reaction of corresponding nitrile (1 mmol), water (3 mL),
and the ruthenium catalyst [RuCly(dmso),(NH;3)(CH3;CN)]/
[RuCly(dmso);(CH3CN)]/  [RuCly(dmso);(NH;3)].PFs.Cl (5
mol%) were added to a Telfon-sealed screwcap culture tube
and stirred at 60°C for 24h in air. After completion of the
reaction as monitored by TLC, the mixture was then directly
purified, without any workup, through a silica gel column by
using ethyl acetate and petroleum ether as the eluent, affording
the products. The identity of the resulting amides was assessed
by comparison of their 'H and BC{'H} NMR spectroscopic
data with those reported in the literature and by their retention
time and fragmentation from GCMS with that of an authentic
sample.

Catalyst recycling experiments in water

The reaction of corresponding nitrile (1 mmol), water (3 mL),
and the ruthenium catalyst [RuCly(dmso),(NH3;)(CH;CN)]/
[RuCly(dmso);(CH3CN)])/  [RuCly(dmso);(NH;3)].PFs.Cl (5
mol%) were added to a Telfon-sealed screw-cap culture tube
and stirred at 60°C for 24h in air. The conversion was obtained
by taking a small aliquot (~50 pL) from the hot solution, which
after extraction with CH,Cl, (2 mL x 3) was analyzed by
GCMS. After reaction completion, the solution was allowed to
cool to room temperature and then placed in a refrigerator
overnight, during which time the amide precipitated from
solution. The aqueous supernatant containing catalyst was
transferred to another reaction tube by syringe. The fresh nitrile
was added to reaction tube and the tube heated to 60°C for the
next hydration cycle. A small amount of cold water (~0.3 mL)
and hexane (3 mL) was used to rinse the benzamide crystals
and was transferred to the new tube to maximize catalyst
recovery.

Results and discussion

Synthesis

This journal is © The Royal Society of Chemistry 20xx
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The new complexes [RuCly(dmso),(NH;3)(CH;CN)J/
[RuCl,(dmso);(CH3CN)]/[RuCly(dmso);(NH;3)].PFs.Cl a-3)
were synthesized in 60-80% yield from the cis-
[RuCl,(DMSO),4] as shown in Scheme 1. The oxidation for
Ru(Il) complex into the Ru(IV) complex is most probably due
to the presence of ubiquitous oxygen (air) in the reaction
medium combined with the acidic medium employed.
Complexes 1-3 were characterized by means of elemental
analysis, IR and 'H and 3'P NMR spectroscopy, the data
obtained being fully consistent with the proposed structure.
Complexes 1-3 were found to be air stable, non-hygroscopic
solid and soluble in water, DMF, DMSO, CH;CN and
halogenated solvents. The infrared spectra of 1-3 in nujol
displayed a strong band at 1088 cm-!, which has been assigned
to the S-O stretching vibrations while Ru-S vibration occurred

at 424 cm’!.
(0}
N2 //)
CH3CN//1,,,,,‘,,ﬁﬁ\\\‘

(0}
\H /\ /0
SR

=,
A

N L PN
CH;CN
NH;
CH,Cl,+ CH;CN
CH;CN
o .CL.PF
o NI /0 o} 6
D e . N2 //’
‘Ru_ +NH; dilHCI N, |
I NH,PF,  ° “Ra
PR N
| /o
(o}

Scheme 1. Syntheses routes for the complexes 1-3.

It supports linkage of dmso to the ruthenium centre through
sulfur?’. The band at 845 cm! was assigned to the anion, PFg in
complex 3. In the '"H NMR spectrum of complex 1, the methyl
protons of dmso resonated as two singlets for S-bonded dmso at
3.30-3.36 and the N-H protons of the ammine in CDCI; at
o 4.0 ppm. The methyl protons for CH3;CN resonated at 1.99
ppm. However, for complexes 2 and 3, the S-bonded dmso
appeared as three singlets for S-bonded dmso at 3.10-3.38 ppm
and the N-H protons of the ammine in CDCl; at 6 4.0
ppm. In 3'P{'H} NMR the signal due to counter ion PFs in 3
appears at -144.05 ppm in its characteristic septet pattern (see
Fig. S1-S4, ESIY)). The electronic spectra (Fig. 1) of complexes
1-3 in chloroform solvent showed ligand-based n-nt* transitions
below 300 nm and above 300 nm bands that can be assigned to
MLCT transitions.?8

Complex-1
1.59 Complex-2
§ Complex-3
= 1.0
=
=
[=}
w
= 0.5
0.0 T
400 600
Wavelength/nm

Fig. 1. UV-Vis spectra of 1-3 in CHCl;.
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Description of the Crystal Structure

Structural data and refinement details for 1-3 are summarized in
Table 1 in the ESIT. Complex 1 crystallizes in monoclinic
crystal system space group, P2;/n whereas complex 2 and 3
crystallized in orthorhombic crystal system space group, Pca2l
and Pbca, respectively. The coordination geometry around
ruthenium centre in 1, 2 and 3 are distorted octahedral (Fig. 3, 4
and 5). The S-bonding of all the DMSO ligands supports the
suggestion that in Ru(Il)-sulfoxide complexes, S-bonding is
preferred to O-bonding, in the absence of trans m-accepting
ligands and strong steric effects?.

C2

Fig. 2. Molecular view of the complex 1 (thermal ellipsoids are drawn at 50%
probability level). Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (°): Ru(1)-N(1) 2.055(7), Ru(1)-N(2) 2.158(8), Ru(1)-S(1)
2.264(2), Ru(1)-S(2) 2.241(2), Ru(1)-CI(1) 2.412(2), Ru(1)-C1(2) 2.439(2), N(1)-Ru(1)-
N(2) 88.3(3), N(I)-Ru(1)-S(2) 92.4(2), N(2)-Ru(1)-S(2) 88.3(2), N(I)-Ru(1)-S(1)
92.4(2), N(2)-Ru(1)-S(1) 176.3(2), S(1)-Ru(1)-S(2) 95.33(8), N(1)-Ru(1)-ClI(1)
173.87(19), N(2)-Ru(1)-Cl(1) 86.3(2), S(2)-Ru(1)-CI(1) 90.49(8), S(1)-Ru(1)-CI(1)
92.68(8), N(1)-Ru(1)-Cl(2) 87.5(2), N(2)-Ru(1)-Cl(2) 87.7(2), S(2)-Ru(1)-Cl(2)
175.94(8), S(1)-Ru(1)-Cl1(2) 88.73(8), CI(1)-Ru(1)-C1(2) 89.23(9), N(1)-C(1)-C(2)
179.1(12).
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Fig. 4. Molecular view of the complex 3 (thermal ellipsoids are drawn at 50%
probability level). Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (°): Ru(1)-N(1) 2.155(5), Ru(1)-S(1) 2.2573(15), Ru(1)-S(2)
2.2655(16), Ru(1)-S(3) 2.2969(16), Ru(1)-CI(1) 2.4309(16), Ru(1)-C1(2) 2.4347(16),
S(1)-O(1) 1.473(4), S(1)-C(2) 1.777(7), S(1)-C(1) 1.779(6), S(2)-O(2) 1.476(5), S(2)-
C(4) 1.775(7), S(2)-C(3) 1.783(7), S(3)-O(3) 1.477(5), S(3)-C(6) 1.782(8), S(3)-C(5)
1.786(7), P(1)-F(1) 1.578(6), P(1)-F(4) 1.583(6), P(1)-F(6) 1.591(6), P(1)-F(2) 1.592(6),
P(1)-F(3) 1.593(6), N(1)-Ru(1)-S(1) 93.47(16), N(1)-Ru(1)-S(2) 92.65(16), S(1)-Ru(1)-
S(2) 91.42(6), N(1)-Ru(1)-S(3) 172.85(15), S(1)-Ru(1)-S(3) 89.46(6), S(2)-Ru(1)-S(3)
93.79(6), N(1)-Ru(1)-Cl(1) 84.22(16), S(1)-Ru(1)-CI(1) 177.45(6), S(2)-Ru(1)-CI(1)
87.61(6), S(3)-Ru(1)-CI(1) 92.95(6), N(1)-Ru(1)-CI(2) 83.46(15), S(1)-Ru(1)-CI(2)
93.42(6), S(2)-Ru(1)-Cl(2) 173.96(6), S(3)-Ru(1)-C1(2) 89.86(6), CI(1)-Ru(1)-C1(2)
87.40(6), F(1)-P(1)-F(4) 91.6(5), F(1)-P(1)-F(6) 91.7(5), F(4)-P(1)-F(6) 89.6(4), F(1)-
P(1)-F(2) 90.2(5), F(4)-P(1)-F(2) 89.9(4), F(6)-P(1)-F(2) 178.1(6), F(1)-P(1)-F(3)
90.6(5), F(4)-P(1)-F(3) 177.7(5), F(6)-P(1)-F(3) 89.8(5), F(2)-P(1)-F(3) 90.6(5).

cn

Fig. 3. Molecular view of the complex 2 (thermal ellipsoids are drawn at 50%
probability level). Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (°): Ru(1)-N(1) 2.096(5), Ru(1)-S(1) 2.2786(16), Ru(1)-S(2)
2.2731(16), Ru(1)-S(3) 2.2955(16), Ru(1)-CI(1) 2.4195(16), Ru(1)-Cl(2) 2.4381(16),
N(1)-Ru(1)-S(2) 92.29(14), N(1)-Ru(1)-S(1) 89.17(13), S(1)-Ru(1)-S(2) 92.05(7), N(1)-
Ru(1)-S(3) 174.29(14), S(2)-Ru(1)-S(3) 93.40(5), S(1)-Ru(1)-S(3) 91.08(5), N(I1)-
Ru(1)-CI(1) 85.77(13), S(2)-Ru(1)-Cl(1) 174.09(6), S(1)-Ru(1)-CI(1) 93.50(6), S(3)-
Ru(1)-CI(1) 88.52(6), N(1)-Ru(1)-Cl(2) 86.46(12), S(2)-Ru(1)-Cl(2) 86.99(6), S(1)-
Ru(1)-C1(2) 175.48(6), S(3)-Ru(1)-C1(2) 93.38(6), CI(1)-Ru(1)-C1(2) 87.32(7), N(1)-
C(1)-C(2) 177.6(7).

In 1, both DMSO ligand are in equatorial position [S(1)-Ru(1)-
S(2) 95.33(8)°]. The one S-atom is trans to Cl [S(2)-Ru(1)-
Cl1(2) 175.94(8)°] and the other S-atom is trans to NH; [N(2)-
Ru(1)-S(1) 176.3(2)°]. The acetonitrile group is trans to other
Cl [N(1)-Ru(1)-Cl(1) 173.87(19)°]. The three S-coordinated
dmso molecules adopt a fac-disposition in 2 and 3, respectively.
2 represents a new polymorph of the compound cis,fac-
[Ru(CH;CN)Cl,(dmso);] which was reported by Hall et al. in
200439, The Ru-S bond distances in 1-3 [2.241(2)-2.2969(16)
A] is within the range reported for other ruthenium dmso
complexes.?’ Crystal packing in 1, 2 and 3 is stabilised by
intramolecular N-H---Cl, N-H---O, N-H---F, C-H---O, C-H---N,
C-H---Cl and C-H---F H-bonding interactions.

Catalytic Performances for the hydration of nitriles into
amides

The ability of complexes 1-3 to promote the catalytic hydration
of nitriles in water was evaluated at 60°C with 1 mmol nitrile in
a culture tube under air as shown in Scheme 2.

N (0]
& Ru-catalyst (5 mol%) )J\
}/ H,0, 60°C, in air " R
R= Aryl, Alkyl, Vinyl

NH,

Scheme 2. Ruthenium-catalysed hydration reaction

4| J. Name., 2012, 00, 1-3

We first carried out the hydration of benzonitrile without
complex 1-3 in water at 60°C for 24 h. We found that

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29299230999
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Please do not adjust margins

Journal Name

ARTICLE

ROYAL SOCIETY
OF CHEMISTRY

Table 1. Ru-catalyzed hydration of nitriles to amides in water using complexes 1-3 as catalyst®

Entry Substrate Complex-1 Complex-2 Complex-3
Conversion Isolated Selectivity Conversion Isolated Selectivity Conversion Isolated Selectivity
(%) Yield (%)° (%)¢ (%)P Yield (%) (%)¢ (%) Yield (%)° (%)¢

1. QCN 64 60 >60 82 80 >80 99 95 >95

2. FHs 62 59 >59 80 78 >78 98 92 >93
o

3. B 65 61 >61 82 80 >80 99 90 >91
Do

4. HacOCN 62 61 >61 82 81 >81 99 90 >90

5. HOOCN 58 60 >60 81 80 >80 99 92 >92

6. OZNOCN 56 58 >58 82 80 >80 99 91 >91

7. BYOCN 63 64 >64 82 81 >81 99 88 >88

8. OHCOCN 60 61 >61 82 80 >80 99 93 >93

9. N 62 60 >61 75 72 >72 82 75 >91
\ 7/

10. C N 64 59 >59 82 80 >80 99 85 >85

11. 63 60 >60 81 80 >80 99 86 >86
%—CN

12, AN 59 60 >60 82 80 >80 99 90 >90

13. /N 64 62 >62 80 79 >79 99 88 >88

aConditions: nitrile (1 mmol), complex 1-3 (5 mol%), H,O (3 mL), 60°C, in air. Time: 24 h reaction. *conversion determined by GCMS analysis. ‘Isolated
by column chromatography. Selectivity = (amide yield/substrate conversion) x 100.

benzonitrile was quantitatively recovered which indicated that
no reaction occurred in the absence of complexes 1-3. Under
the same conditions as described above RuCl; xH,O (5 mol%)
provided a 50% conversion of benzonitrile to benzamide in
24h. Benzonitrile hydration by 5 mol% RuCl; had previously
been reported to yield 54% benzamide after 24 h at 100°C.?°
We have also wused [RuCly(dmso)s;] (5 mol%) and
[RuCl,(PPh;);] (5 mol%) as catalysts under the same conditions
and found both were unable to catalyze the hydration of
benzonitrile.?32 In contrast to the inactive [RuCly(dmso)4] and
[RuCl,(PPh;);], the hydration of benzonitrile catalyzed by
[RuCl,(dmso),(NH3)(CH3;CN)]/ [RuCly(dmso);(CH3CN)]/
[RuCl,(dmso);(NH;)].PFs.Cl gave 64-99% conversion of
benzamide at 60°C after 24 h. Negligible formation of
byproducts (e.g. carboxylic acid due to overhydrolysis) was

This journal is © The Royal Society of Chemistry 20xx

observed. The conversion of various nitriles to the
corresponding amides was explored and the results are
summarized in Table 1. All nitriles were efficiently converted
to amides with 56-99% conversion in 24 h. After completion,
the reactions were cooled to 0°C and, in most cases, the product

amides crystallized out as white powders and were easily

isolated in 58-95% yield by decantation. The isolated amides
were characterized by GC-MS and 'H & !3C NMR
spectroscopy. Substituted benzonitriles bearing electron-

withdrawing groups (Table 1, entries 6-8) exhibited greater
yield to amides than those with electron-donating groups
(entries 2-5). Most probably, the presence of the electron
withdrawing group makes the nitrile carbon more susceptible
towards nucleophilic attack by an activated water molecule.
This observation is in agreement with other catalyst systems33
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although there have been exceptions reported.’* The 2-
methylbenzonitrile exhibited lower yield relative to 3- and 4-
1, entries 2-4), which can be
attributed to steric hindrance at nitrile carbon in the 2-

methylbenzonitrile (Table

methylbenzonitrile due to -CH; moiety. This indicates nitrile
activation by coordination to ruthenium may be necessary.
These results are comparable to the previously reported for
methyl-substituted benzonitriles.3335 The hydration of 4-
formylbenzonitrile led to 4-formylbenzamide in a 60-99%
conversion in 24 h with an intact formyl moiety (entry 8). The
coordinating ability of the pyridyl functionality reduces
catalytic activity as hydration of 2-cyanopyridine to
picolinamide resulted in only 62-82% conversion after 24 h
(entry 9). [RuCly(dmso),(NH3)(CH;CN)J/
[RuCly(dmso);(CH3CN)])/  [RuCly(dmso);(NH;3)].PFs.Cl  were
found to be an effective hydration catalyst for the deactivated
aliphatic nitriles (Table 1, entries 11-13). The scope of this
system was further examined with 4-Methylbenzyl cyanide,
pivalonitrile and acrylonitrile. 4-Methylbenzyl cyanide was
transformed into amide with 59-85% yield in 24 h (entry 10).
The sterically bulky pivalonitrile was converted into pivalamide
with 60-86% yield in 24 h (entry 11). We have noted the
resistance of tertiary nitriles toward hydrolysis.?® The
acrylonitrile was converted into
acrylamide with 62-88% yield in 24 h without any polymerized
or hydrolysis byproducts (Table 1, entry 13). The catalytic
activity decreased in the following order: 3 > 2 > 1. For all the

industrially important

nitrile hydrations studied, the corresponding amides were the
only product observed without any byproducts. Thus, the scope
of this catalytic system described here is tolerated with
hydroxyl, nitro, bromo, formyl, pyridyl, benzyl, alkyl, and
olefinic functional groups, which establishes a wide synthetic
scope. No induction period was observed in a kinetics plot of
the hydration of benzonitrile by [RuCl,(dmso);(NH3)].PFs.Cl in
water (Fig. 5). Free dmso was observed in solution while
monitoring the reaction by '"H NMR spectroscopy (see Fig. S5
to Fig. S7, ESI").

100 —

804 n
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'

| |

Conversion(%)
~ 4=
[—} =
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Time(h)
Fig. 5. Kinetics for the hydration of benzonitrile using [RuCl,(dmso);(NHs)].PFe.Cl.
Conversions were determined by GC-MS with each data point a separate reaction under
identical conditions: benzonitrile (1 mmol), [RuCly(dmso);(NH3)].PF4.CI (5 mol%), H,O
(3 mL), 60°C, in air.

Table 2. Effect of reduced catalyst loading on the hydration of benzonitrile catalyzed by
[RuCl,y(dmso)3(NH3)].PF,.CI*

6 | J. Name., 2012, 00, 1-3

Entry Catalyst Time (h) Yield® (%) TON® TOF¢
(mol%) (")
1. 5 24 90 18 0.75
2. 1 24 92 92 3.83
3. 0.1 24 94 940 39.16
4. 0.01 24 96 9600 400
5. 0.001 24 99 99000 4125
6. 0.0001 24 99 990000 41250
*Conditions: nitrile (1 mmol), H,O (3 mL), 60°C, in air. ®Isolated by column
chromatography. ¢TON (mol product)/(mol catalyst). ¢TOF (mol

product)/(mol catalyst) h'.

This suggests that formation of the catalytically active species
may involve dmso dissociation, presumably followed by nitrile
coordination.?! From the mechanistic point of view,
coordination of the nitrile to the ruthenium centre is a
prerequisite condition for nitrile hydration. In this way, the CN
bond is activated towards the nucleophilic addition of water via
a metal-ligand cooperative mechanism thus enhancing the
reaction rate has been proposed. The presence of a NH; ligand
is crucial for the hydration reaction to occur. The NH; ligand
coordinated to Ru could interact with water molecules by H-
bonding facilitating the attack to the nitrile (see Fig. S8, ESIY)).
The durability of [RuCl,(dmso);(NH;3)].PFs.Cl was evaluated
by reducing the catalyst loading (Table 2). We examined
catalyst loading down to 0.0001 mol% for the hydration of
benzonitrile. Turnover numbers (TONs) up to 990000 (entry 6,
Table 2) were obtained, which are among the highest reported
to date.

Table 3. Effect of dilution on the hydration of benzonitrile at 1 mol% catalyst loading?.

Page 6 of 8

Entry H,O(mL) Nitrile(M) Yield(%)®
2h 8h 24h
1. 1 1 20 70 99
2. 3 0.50 42 92 99
3. 5 0.25 45 96 99

2Conditions: nitrile (1 mmol), complex 3 (1 mol%), 60°C, in air. Isolated by
column chromatography.

We have also studied the effect of dilution on the hydration
reaction. We observed that the rate of hydration was found to
increase with an increase in the volume of water (i.e. dilution)
possibly indication of substrate/product inhibition at higher
in Table 3. Better catalytic
performance (higher TOF) has been reported for other

concentrations as shown
ruthenium complexes at lower concentration of the catalyst.!3-37
We have further studied the evidence of the robust nature of the
catalyst which was obtained upon storing an aqueous solution
of [RuCl,y(dmso);(NH;)].PFs.Cl under air for four weeks at
room temperature (see Fig. S9, ESIf). The hydration of
benzonitrile was carried out with the stored aqueous solution of
[RuCly(dmso);(NH3)].PFs.Cl (1 mol% loading) resulted in a
96% yield after 24 h compared to 99% by freshly-prepared
catalyst in water. The ability to store aqueous solutions of
[RuCl,(dmso);(NH;)].PFs.Cl encouraged us to further explore
the reusability of the catalyst through recycling experiments
with benzonitrile as shown in Table 4. After 24 h the reaction
was cooled overnight and the aqueous supernatant containing
the catalyst was carefully transferred to another reaction tube
followed by addition of fresh nitrile. The precipitated amide

This journal is © The Royal Society of Chemistry 20xx
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product was collected and washed with cold water. Further
purity was determined by GC-MS, 'H and "*C{'H} NMR
spectroscopy. The isolated yields in Table 4 were obtained by
decantation; maximized isolated yields (99%) can be obtained
by extraction with an organic solvent (Table 4, run 1).

Table 4. Recycling experiments with [RuCl,(dmso);(NH;)].PF¢.Cl under aqueous
conditions?

Recycling experiment®

Substrate 1 2 3 4 5 6 7 8

99 99 99 99 99 99 97 95
CN

2Conditions: nitrile (1 mmol), [RuCl,(dmso);(NH;)].PF.Cl (5 mol%), H,O (3
mL), 60°C, 24 h, in air. "isolated yields.

Recycling was carried out at least seven times without
significant loss of the catalytic activity or selectivity in the case
of benzonitrile. To verify the practicability of this reaction
system, a gram-scale hydration was carried out using
benzonitrile (16 mmol, 1.649 g), [RuCl,(dmso);(NH3)].PFs.Cl
(0.0016 mol%) and H,O (48 mL) at 60°C for 24 h gave 99%
isolated yield of benzamide (1.917 g).

Conclusions

In conclusion, we have described new Ru(Il) and (IV)-dmso
complex capable of catalysing the selective hydration of a large
number of organonitriles in water under milder conditions.
Advantages of this catalytic system discussed here include easy
catalyst preparation, simple reaction setup, and the use of green
solvent (water). The catalyst is robust and highly recyclable
under atmospheric conditions. Isolation of many amides by
decantation from water largely circumvents the use of organic
solvents, even in the workup steps. The amide synthesis by
hydration of nitriles using [RuCl,(dmso);(NH3)].PFs.Cl in
water is simple, practical and environmental friendly.
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