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Abstract: Three different series of half-sandwich Os(ll) complexes,
namely [OsCly(7%-p-cymene){PPhx(NR)}] [R = Me (5a), Et (5b)],
[OsCly(7%-p-cymene){PPh(NR,),}] [R = Me (6a), Et (6b)] and
[OsCly(75-p-cymene){P(NR2)3}] [R = Me (7a), Et (7b)], have been
synthesized. These species proved to be catalytically active for the
selective hydration of organonitriles, with compound [OsCly(7°-p-
cymene){PPh,(NMe,)}] (5a) being the most effective . In addition, the
catalytic activity of 5a was found to be superior to those shown by
related Ru(ll), Ru(lV), Rh(l) and Pt(Il) species containing the amino-
phosphane PPhy(NMey), ie. compounds [RuCly(7-p-
cymene){PPh,(NMe,)}] (10), [RUCly(7*: 77*-C1oH16){PPh2(NMey)}] (12),
[RhCI(COD){PPhx(NMe)}] (13) and cis-[PtCl,{PPh(NMey)},] (15).
Details on the synthesis and characterization of complexes 10, 12
and 15 are also included, along with a discussion on the role played
by the ligand PPh,(NMe;) during the catalytic reactions. In this sense,
the amino-phosphane does not act as H-bond acceptor for the water
molecule, generating instead in the aqueous reaction medium the
cooperative phosphinous acid ligand PPh,(OH).

Introduction

Amide-bond forming reactions are key processes in organic
chemistry because of the prevalence of this functionality in
polymers, agrochemicals, natural products and
pharmaceuticals.! In this context, the hydration of nitriles is
probably the simplest method to obtain primary amides in an
atom-economical manner and, consequently, considerable
efforts have been devoted in recent years to the development of
transition-metal catalysts that enable such a transformation to
occur surpassing the limitations usually encountered when
traditional methodologies, based on the use of strong acids or
bases (harsh reaction conditions, poor functional groups
compatibility and over-hydrolysis of the desired amide products),
are employed./? As a result of the countless works carried out in
the field, there is no doubt now that the appropriate selection of
the auxiliary ligands bound to the metal is the key element to
obtain homogeneous catalysts featuring high efficiency. Thus, a
metal-ligand cooperative effect involving the simultaneous
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activation of the nitrile (by coordination to the metal) and water
molecules (through hydrogen-bonding interaction with a
heteroatom present in the ligand backbone) has been very often
proposed to explain the superior activities found with some
catalysts, when compared with analogous systems containing
“innocent” ligands non-functionalized with extra heteroatoms
(Figure 1).B Such an action mode has been evoked, for
example, in the case of amino-phosphanes PR3.n(NR"2), (n = 1-
3), ligands that have proven to be particularly useful in this
catalytic transformation.[3tn.kn.p.dl
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Figure 1. Cooperative effect via H-bonding activation of the water molecule.

An alternative cooperative effect is that exerted by the
closely related phosphinous acids PR:OH, ligands that have
also been extensively applied in the catalytic hydration of
nitriles.[l As we recently evidenced through DFT calculations, in
this case the reaction is facilitated by the initial formation of a
five-membered ring metallacyclic intermediate, generated by
intramolecular addition of the hydroxyl group of the ligand to the
coordinated nitrile, which subsequently undergoes hydrolysis
leading to the final primary amide product (see Scheme 1).5!
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Scheme 1. The cooperative effect of phophinous acids in the catalytic
hydration of nitriles.

In the context of these studies with phosphinous acids, we
were also surprised to find that the osmium(ll) complex
[OsCla(78-p-cymene)(PMe,OH)] exhibits a catalytic performance
similar (or even superior in the case of the less reactive aliphatic
nitriles) to its  ruthenium  counterpart  [RuCly(7°-p-
cymene)(PMe,OH)].>81 We must stress here that the slow
ligand exchange kinetics in Os complexes has been for long
time considered as a major drawback for the application of
osmium derivatives in homogeneous catalysis.7 A clear
example of the underestimation of the catalytic potential of this
metal is the fact that, contrary to the case of ruthenium,®! to date
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the number of studies on nitriles hydration using osmium
compounds can be counted on the fingers of one hand.P8 The
remarkable catalytic activity featured by [OsCly(7-p-
cymene)(PMe,OH)] supports the exploration of new osmium
complexes with cooperative ligands as potential catalysts for
nitrile hydration reactions. That is why we decided to evaluate
the behavior of a series of mononuclear Os(ll) derivatives
containing the readily available amino-phosphanes PPhs.,(NR2)»
(R = Me, Et; n = 1-3).1% Results from this study are presented
herein.lt9

Results and Discussion

Our research began with the preparation of a family of half-
sandwich Os(ll) complexes of general composition [OsCly(75-p-
cymene){PPhs.,(NR2)n}] (5-7a,b), through the treatment of the
dimeric precursor [{OsCl(u-Cl)(r5-p-cymene)},] (1) with two
equivalents of the monoamino PPh,(NRy) [R = Me (2a), Et (2b)],
diamino PPh(NR2), [R = Me (3a), Et (3b)] and trisamino-
phosphanes P(NRz); [R = Me (4a), Et (4b)]. As shown in
Scheme 2, the chloride bridges-splitting reactions of dimer 1 with
2-4a,b proceeded rapidly and cleanly in dichloromethane under
ambient conditions, affording the mononuclear derivatives 5-
7a,b in high yields (76-88%).
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Scheme 2. Synthesis of the amino-phosphane-Os(Il) complexes 5-7a,b.

Complexes 5-7a,b, isolated as air-stable orange solids, are
soluble in polar solvents, such as dichloromethane, chloroform,
THF and alcohols, partially soluble in diethyl ether, and insoluble
in n-alkanes. They are also partially soluble in water, with the
solubility in this medium increasing with the number of amino
groups present in the phosphane ligand. The characterization of
5-7a,b was straightforward following the analytical and
spectroscopic data obtained (details are given in the Supporting
Information). In particular, the 3'P{*H} NMR spectra confirmed
the coordination of PPhs.,(NR2), ligands to the osmium center by
the appearance of singlet resonances shielded 30-40 ppm with

respect to those of the uncoordinated phosphanes (see Table 1).
The 'H and **C{*H} NMR spectra were also fully consistent with
the proposed formulations, showing the expected signals for the
nP-coordinated p-cymene unit, and the aromatic and alkylic
groups of the amino-phosphanes. For the former, only two
signals for the aromatic CH protons and carbon atoms of the
cymene ring were observed, which is in full accord with the
presence of a symmetry plane in complexes 5-7a,b.

Table 1. 3*P{*H} NMR data for the amino-phosphanes 2-4a,b and their
respective (r°-p-cymene)-Os(ll) complexes 5-7a,b.?

Amino-phosphane &l Os(Il) complex ol
PPhz(NMez) (2a) 65.7 5a 30.0
PPho(NEty) (2b) 63.0 5b 32.6
PPh(NMe2): (3a) 101.2 6a 51.3
PPh(NEL)2 (3b) 99.1 6b 51.0
P(NMez)s (4a) 1227 7a 68.0
P(NEt,)s (4b) 118.8 7b 65.7

[a] Chemical shift values are given in ppm. [b] Spectra were recorded in
CDClz at 25 °C. [c] Spectra were recorded in CD2Cl2 at 25 °C.

The catalytic potential of the Os(Il) derivatives 5-7a,b for
nitrile hydration reactions was subsequently explored using
benzonitrile as model substrate. In a typical experiment, the
corresponding complex (5 mol % of Os) was added under inert
atmosphere to a 0.33 M aqueous solution of benzonitrile, and
the resulting mixture heated in an oil bath at 100 °C. For
comparative purposes, the behavior of the dimeric precursor
[{OsCl(u-Cly(75-p-cymene)},] (1) and the structurally related
mononuclear Os(ll) complex [OsCly(7%-p-cymene)(PPhs)] (8)1
was also investigated under identical conditions. The results
obtained are collected in Table 2. Thus, as shown in entries 1
and 2, the catalytic activiies of dimer 1 and the
triphenylphosphane complex 8 were very low, leading to the
desired benzamide in only 7-10% GC yield after 24 hours of
heating. In marked contrast, the amino-phosphane derivatives 5-
7a,b proved to be much more active, generating the benzamide
product in almost quantitative GC vyield (97-98%) after 1
(complexes 5-6a,b; entries 3-6) or 5 h (complexes 7a,b; entries
7-8). These results clearly demonstrate the beneficial effect of
the inclusion of the H-bonding-donor amino groups in the
skeleton of the auxiliary phosphane ligand. Further experiments
conducted with [OsCl,(78-p-cymene){PPh,(NR)}] [R = Me (5a),
Et (5b); entries 9-10] and [OsCly(75-p-cymene){PPh(NR2)2}] [R =
Me (6a), Et (6b); entries 11-12] at a lower metal loading (2
mol%) allowed us to identify [OsCly(7-p-cymene){PPhz(NMe2)}]
(5a) as the most active complex of the series. Under these
conditions, it was able to generate benzamide in 97% GC yield
after 1 h (entry 9). Remarkably, reduction of the loading of 5a to
1 mol% still produced benzamide in 97% yield without a drastic
increase in the reaction time (3 h; TOF = 32 h'l; entry 13). High



conversions were also achieved by performing the hydration
reaction with only 0.5 mol% of 5a, or with 1 mol% of 5a at 80 °C,
but in both cases a much longer reaction time (24 h) was
required (entries 14 and 15, respectively). At this point we would
like to stress that (i) in no case traces of benzoic acid were
detected by GC in the crude reaction mixtures, (ii) no organic co-
solvents were required, and (iii) the reactions proceeded cleanly
in the absence of basic or acidic additives.

Table 2. Hydration of benzonitrile into benzamide catalyzed by different metal
complexes in water.[®

M] (0.5-5 mol% o

Ph—C=N W’ F'h)LNHZ
Entry Catalyst Mol % of M t[h] Yield [%]®
1 1 5 1(24) <1(7)
2 8 5 1(24) <1(10)
3 5a 5 1 98
4 5b 5 1 98
5 6a 5 1 98
6 6b 5 1 98
7 7a 5 1(5) 77(97)
8 7b 5 1(5) 51 (98)
9 5a 2 1 97
10 5b 2 1 88
11 6a 2 1 91
12 6b 2 1 89
13 5a 1 1(3) 37.(97)
14 5a 05 1(24) 24 (96)
150! 5a 1 1(24) 12 (99)
16 10 1 1(3) 34 (82)
17 12 1 1(3) 11 (74)
18 13 1 1(3) 0(1)
19 15 1 1(3) 13

[a] Reactions performed under argon atmosphere at 100 °C using 1 mmol of
benzonitrile (0.33 M in water). [b] Yield of benzamide determined by GC
(uncorrected GC areas). [c] Reaction performed at 80 °C.

In order to better determine the utility of osmium in this
catalytic transformation, we next conducted a comparative study
of the activity of [OsCly(7f-p-cymene){PPh,(NMe)}] (5a) with
that of related ruthenium, rhodium and platinum complexes
containing the amino-phosphane ligand PPhx(NMey) (2a). These
particular metals were chosen as they are among the most
commonly employed for the catalytic hydration of nitriles. 61213

Concerning ruthenium, we decided to synthesize the Ru(ll)
complex [RuCly(78-p-cymene){PPh,(NMe)}] (10), structurally
analogous to 5a, and the bis(allyl)-ruthenium(lV) derivative
[RUC|2(773:ﬂ3-C10H16){PPh2(NMez)}] (12; C10H16 = 2,7-
dimethylocta-2,6-diene-1,8-diyl).’ As shown in Scheme 3,
these compounds could be obtained in high yield (80-89%) by
reacting the appropriate dimeric precursor, i.e. [{RuCI(x-Cl)(#°-p-
cymene)}] (9) and  [{RuCl(u-Ch(7%:1-CioHie)}2]  (11),
respectively, with two equivalents of PPhy(NMe;) (2a) in
dichloromethane at room temperature.
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Scheme 3. Synthesis of the Ru(ll) and Ru(IV) complexes 10 and 12.

The characterization of the novel complexes 10 and 12 was
achieved by elemental analyses and multinuclear NMR
spectroscopy (see the Supporting Information for details).
Worthy of note is the fact that the coordination of the ligand
PPhy(NMey) (2a) to the Ru(ll) and Ru(lV) fragments was
reflected in the 3IP{*H} NMR spectra by a downfield shift of the
phosphorous resonance [from 65.7 (2a) to 71.2 (10) and 82.3
(12)]. As previously mentioned, the opposite situation was found
in the <case of the Os(ll) derivative [OsCly(7-p-
cymene){PPhz(NMe,)}] (5a; & = 30.0 ppm), the different
behavior observed being attributed to the “paramagnetic
shielding” effect of osmium.!! On the other hand, the *H and
BC{*H} NMR spectra of complex 12 showed a single set of
signals for the two allylic moieties of the C1oH16 ligand, indicating
that the two halves of the 2,7-dimethylocta-2,6-diene-1,8-diyl
skeleton are in equivalent environments. This characteristic
pattern confirms the coordination of the phosphane in the
equatorial position of the trigonal bipyramidal ruthenium(lV)
center.[26l

Once characterized, the ruthenium derivatives 10 and 12
were checked as catalysts in the hydration of the model
benzonitrile, performing the reactions in pure water, at 100 °C,
and with a metal loading of 1 mol%. As shown in entries 16 and
17 (Table 2), both complexes were active in the process
delivering benzamide in 82 and 74% GC yield, respectively, after
3 h, values that are clearly lower to that obtained with [OsCla(7°-
p-cymene){PPhz(NMe;)}] (5a) under identical experimental
conditions (97% GC vyield; entry 13). Further evidences of the
superior reactivity of 5a were gained when the known Rh(l)
[RhCI(COD){PPh,(NMey)}] (13; COD = 1,5-cyclooctadiene)id
and the novel Pt(ll) cis-[PtCl{PPh2(NMe)},] (15) complexes



(see Figure 2) were employed as catalysts (1 mol%), since in
these cases only 1-3% of benzamide was formed after 3 h of
heating at 100 °C (entries 18 and 19 in Table 2).[!”1 Concerning
the synthesis of cis-[PtCl{PPh2(NMe>)}.] (15), it was isolated in
75% vyield from the reaction of 1,5-cyclooctadiene-Pt(ll)
precursor [PtCl,(COD)] (14) with two equivalents of the amino-
phosphane 2a (details are given in the Supporting Information).
In its 3'P{*H} NMR spectrum, a singlet resonance shielded with
respect to that of free ligand 2a (& = 52.9 vs 65.7 ppm), and
featuring the expected %Pt satellites, was present, thus
demonstrating that only one of the two potential geometric
isomers was formed. The large *Jpip coupling constant observed
(3979 Hz), characteristic of Pt(ll) complexes containing two
phosphane ligands mutually cis disposed,'®l was decisive to
elucidate the stereochemistry of 15.1%°]

|
\Rh/CI (MezN)thP\Pt o
v
V \F'F'hz(NMez) (e g
13 15

Figure 2. Structures of the Rh(l) and Pt(ll) complexes 13 and 15.

The next step of our study focused on the evaluation of the
scope of complex [OsCly(75-p-cymene){PPhx(NMe,)}] (5a). To
this end, a variety of organonitriles were subjected to the action
of this compound (1 mol %) in pure water (0.33 M solutions) at
100 °C. The results obtained are summarized in Table 3. Thus,
as observed for benzonitrile (entry 1), other aromatic nitriles
could be transformed into the corresponding benzamides in high
yields (= 93% GC yield) regardless of their substitution pattern or
electronic nature (entries 2-14). However, we must note that a
slight influence of the electronic properties of the aryl rings on
the rate of the hydration process was observed, with those
substrates containing electron-donating groups showing a lower
reactivity (entries 11-14 vs 2-10). In the particular case of 4-
aminobenzonitrile a extremely long reaction time (24 h) was
needed to generate the corresponding benzamide in high yield
(entry 14), suggesting that the amino group probably competes
with the cyano one for coordination to the metal fragment.
Complex 5a was also effective in hydrating heteroaromatic
nitriles (entries 15-17), observing again for pyrrole-2-carbonitrile
a drastic reduction of the reaction rate compared to related
systems containing furyl or thienyl units (entry 17 vs 15-16). It
seems therefore that the presence of potentially coordinating
nitrogenated functionalities on the substrate skeleton has a
detrimental effect on the catalytic reaction, although not enough
to completely suppress the activity of 5a.

As shown in entries 18-25, aliphatic nitriles, including
synthetically relevant B-ketonitriles (entries 24-25),2% were also
tolerated and could be converted into the respective amides in
high yields and short times, thus fully demonstrating the wide
scope of the process. Worthy of note is the fact that, in most
cases, isolation of the final amide product could be easily
achieved by simple crystallization upon cooling of the reaction
mixture in an ice bath.?

Table 3. Catalytic hydration of nitriles in water using complex [OsCla(75-p-
cymene){PPhz(NMez)}] (5a): Scope of the process.

(o]

_ 5a (1 mol%)

RTCEN ort007c R)LNHZ
Entry Substrate t[h] Yield [%6]® TOF [h4]©
1 R =Ph 3 97 (90) 32
2 R = CsFs 0.5 > 99 (93) 200
3 R = 2-CeHaF 2 98 (83) 49
4 R = 4-CeHaF 1 98 (76) 98
5 R = 3-CsH4ClI 0.5 > 99 (69) 200
6 R = 2-CsH4Br 05 > 99 (87) 200
7 R = 4-CeHaBr 0.5 > 99 (76) 200
8 R = 3-CsHsNO2 0.5 99 (87) 198
9 R = 4-CsH4CO2EL 0.5 97 (89) 194
10 R = 4-CsH4sCOMe 0.5 97 (90) 194
11 R = 2-CsHsMe 7 87 (73) 12
12 R = 3-CsHsOMe 3 97 (85) 32
13 R = 4-CsHsOMe 3 98 (79) 33
14 R = 4-CoHaNH; 24 93 (69) 4
15 R = 2-Thienyl 0.5 > 99 (75) 200
16 R = 3-Furyl 2 98 (79) 49
17 R = 2-Pyrrolyl 24 96 (81) 4
18 R ="Pr 1 > 99 (93) 200
19 R = "Pent 4 99 (85) 25
20 R=Cy 25 > 99 (89) 40
21 R = CH.ClI 0.5 > 99 (74) 200
22 R = CHp-2-thienyl 1 > 99 (96) 100
23 R = CH2CH20Ph 05 99 (76) 198
241 R = CH2C(=0)Ph 1 > 99 (85) 100
250 R=CH.C(=0)Bu 1 > 99 (79) 100

[a] Reactions performed under argon atmosphere at 100 °C using 1 mmol of
the corresponding nitrile (0.33 M in water). [b] Yields determined by GC
(uncorrected GC areas). Isolated yields after appropriate workup are given in
brackets. [c] Turnover frequencies ((mol product/mol Os)/time). [d] The NMR
spectra of the S-ketoamide products showed the presence of a tautomeric
mixture of the keto and enol forms in 1.6:1 (entry 24) and 2.3:1 ratio (entry 25).



In addition, 5a proved to be also useful for the synthesis of
diamides from dinitriles. As a representative example,
fumaronitrile could be doubly hydrated under the standard
reaction conditions, i.e. with 1 mol% of 5a in pure water at 100
°C, to generate selectively (E)-H,NC(=O)CH=CHC(=O)NH in
93% GC yield after 2 h (70% isolated yield after work-up). The
synthetic utility of [OsCly(7f-p-cymene){PPhy(NMe,)}] (5a) was
further evidenced with the successful synthesis of the
antiepileptic drug rufinamide 17,4 which could be generated in
86% GC vyield (61% isolated yield) by hydration of the
heterocyclic  nitrile  4-cyano-1-(2,6-difluorobenzyl)-1H-1,2,3-
triazole 16 (Scheme 4). However, in this case a longer reaction
time was needed (24 h) due to the presence of the coordinating
triazole unit.

5a (1 mol%)
H;0/100°C/24 h

(86% GC yield; 61% isolated yield)

Scheme 4. Catalytic synthesis of rufinamide 17 employing complex 5a.

As commented above, the presence of the amino group in
the P-donor ligand skeleton is key for the catalytic reaction to
work  efficiently, which in principle could be explained through
the commonly proposed H-bonding cooperative effect depicted
in Figure 1. However, it is also known that amino-phosphanes, in
both free state or coordinated to a metal fragment, are prone to
undergo hydrolytic cleavage of the P-N bond.?®! Starting from
[OsCly(7f-p-cymene){PPhy(NMez)}] (5a) such a hydrolysis
process would lead to the formation of the phosphinous acid
derivative [OsCly(7%-p-cymene){PPh,(OH)}] (18), a compound
previously described by us and also active in the hydration of
nitriles.! In line with this, it was very striking to find that, under
identical reaction conditions, the activities of 5a and 18 were
very similar. Thus, for the model benzonitrile, 50 and 99% GC
yields of benzamide were reached after 1 and 3 h of heating at
100 °C, respectively, in the presence of 1 mol% of 18 (to be
compared with the data given for 5a in entry 13 of Table 2). This
fact prompted us to examine by 3'P{*H} NMR spectroscopy the
species present in agueous solution after the heating of both
compounds at the working temperature of the catalytic
experiments. To this end, two NMR tubes containing the
complexes dissolved in D,O were heated at 100 °C in an oil bath
for 3 h. The 3'P{*H} NMR spectra subsequently recorded were
very clarifying. In both cases, a major singlet signal at & 84 ppm
was observed.?4 Almost identical 3'P{*H} NMR spectra were
also obtained when the same heating process of 5a and 18 in
D,0O was performed in the presence of pentafluorobenzonitrile,
with the singlet signal at 84 ppm being again the major one
(copies of all these spectra have been included in the
Supporting Information). All this facts strongly support that the
amino-phosphane PPhy(NMe;) is transformed under the
catalytic conditions into the phosphinous acid PPh,OH,
operating in this way the catalytic cycle depicted in Scheme 1 in
nitrile hydration reactions reported in this work.

Conclusions

In summary, different half-sandwich Os(Il) derivatives with
amino-phosphane ligands have been synthesized, i.e.
compounds [OsCly(7f-p-cymene){PPhz.n(NR2):}] (n = 1-3, R =
Me, Ph), and evaluated as potential catalysts for nitrile hydration.
Among them, compound [OsCly(7%-p-cymene){PPhy(NMe,)}]
resulted to be the most effective in catalysis. Thus, using only 1
mol% of this complex and performing the reactions in pure water,
a large variety of organonitriles could be selectively converted
into the corresponding primary amides in high yields and short
times, without the requirement of any acidic or basic additive.
The nitrile hydration process was compatible with the presence
of common functional groups on the substrates, and, more
importantly, the performance shown by [OsCly(7%-p-
cymene){PPh,(NMe,)}] surpassed those of related Ru(ll), Ru(IV),
Rh(l) and Pt(ll) species featuring the same amino-phosphane
ligand PPhy(NMey), thus giving additional evidence of the
enormous potential of osmium in this catalytic transformation.®!
On the other hand, the observations made in this work suggest a
rethinking of the role really played by the amino-phosphane
ligands in the metal-catalyzed hydration of nitriles (precursors of
phosphinous acids instead of simple H-bond acceptors).

Supporting Information Summary

General information, experimental procedures and copies of the
NMR spectra of all compounds are provided in the Supporting
Information.
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