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1. Introduction

P-donor ligands are wubiquitous in coordination and
organometallic chemistry, as well as in the field of homogeneous
catalysis [1]. The main attraction of these ligands is that their steric
and electronic properties can be easily modified by varying the
pendant groups attached to the phosphorus atom [2]. In this
regard, alkyl, aryl, alkoxy or amino groups have been widely
employed to tune the properties of the metal complexes to which
the PR3 units are attached. Much less frequent to find in the liter-
ature are examples in which one (or more) of the substituents on
the phosphorus atom is a hydroxyl group. This is due to the insta-
bility of these species in the free state since, once the P—OH bond is
generated, a spontaneous rearrangement into the thermodynami-
cally favored P(=0)H tautomer takes place. The prototypical exam-
ple is that of phosphinous acids PR,OH (R = alkyl or aryl group),
which exist in a tautomeric equilibrium with the corresponding
secondary phosphine oxides (SPOs) R,P(=0)H, being such equilib-
rium almost completely shifted towards the oxide form in most of
the cases [3]. Only when the R substituents are strong electron-
withdrawing groups, the P(III) tautomer is stable enough to be iso-
lated [4]. Thus, typical examples of stable phosphinous acids are
the perfluoroalkyl derivatives P(CFs;),OH [4b] and P(C;Fs5),OH
[4g], which were found to be 14.0 and 11.7 kJ/mol, respectively,
more stable than their SPO counterparts, i.e. (CF;),P(=0)H and
(CoF5),P(=0)H. In marked contrast, when classical alkyl or aryl
groups are bound to the phosphorus atom, only the pentavalent
species are observed in solution or the solid state. In this context,
Borner and co-workers calculated the differences in free enthalpy
between the SPOs R,P(=0)H (R="'Bu, 4-C¢gHsMe, Ph, 4-CgH4F)
and the corresponding phosphinous acid tautomers, obtaining
values of —-31.2, —16.5, —12.6 and —10.9 kJ/mol, respectively
[4h]. The group of Hoge also reported intermediate situations in
the case of compounds (CgFs5),P(=0)H, (CsF4N),P(=0)H and {2,4-
CsH3(CF3),},P(=0)H, which predominate as such in solid state,
whereas in solution they establish a solvent dependent
equilibrium with the phosphinous acid tautomers [4i]. Several
theoretical studies on this tautomerism have been performed
[4d-f,j], suggesting the bimolecular mechanism depicted in Eq.
(1) as the most likely.
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On the other hand, it is now well established that in the pres-
ence of a transition metal the SPO/phosphinous acid equilibrium
can be totally inverted by P-coordination of the phosphinous acid
form to the metal. This was evidenced for the first time in 1968
by Chatt and Heaton with the preparation of the Pt(Il) complex
cis-[PtCl,(PPh,OH)(PEt;)] by treatment of the dimeric species
[{PtCI(u-Cl)(PEt3)},] with an excess of Ph,P(=0)H [5]. Since then,
a wide array of metal complexes with phosphinous acid ligands
have been obtained following the same strategy [6]. More impor-
tantly, this type of complexes (pre-formed or generated in situ by
combining a metal precursor with a SPO pre-ligand) has emerged
in recent years as a relevant class of catalysts for different organic
transformations, including cycloaddition (Pd and Pt), cross-
coupling (Pd and Ni), hydrogenation (Rh and Ir) and hydroformyla-
tion (Rh) processes, to name a few [7].

In this review article, the chemistry of Group 8 metal complexes
featuring phosphinous acids and related P—OH ligands, i.e. species
of type P(OR),OH, PR(OH),, P(OR)(OH),, HP(OH), and P(OH);

Table 1
TEP values for different phosphinous acids and their phosphinito anions.”

Entry Ligand (L) veo for [LNi(CO)s]° Extrapolated TEP®
1 PMe,OH 2172.0cm™! 2072 cm™!
2 PPh,OH 21723 cm™! 2072 cm™!
3 P'BuPhOH 2169.8 cm™! 2070 cm™!
4 P'Bu,OH 2164.4 cm™! 2064 cm™!
5 PCy,0H 2165.6 cm™! 2066 cm ™!
6 PAd,0H¢ 2160.9 cm™! 2061 cm™!
7 P(CF5),0H 2201.4cm™! 2100 cm™!
8 P(OMe),0H 2180.4 cm™! 2080 cm !
9 0, 2188.0cm™! 2087 cm™!
|: /P—OH
(6]
10 Me 2173.1cm™! 2073 cm™!
N\
E ,P—OH
N
Me
11 PMe,0~ 2103.0cm™! 2006 cm ™!
12 PPh,O~ 2119.4cm™! 2021 cm™!
13 P'BuPhO 21142 cm™! 2017 cm™!
14 P'Bu,0~ 2106.8 cm™! 2010 cm™!
15 PCy,0~ 2105.4 cm™! 2008 cm™!
16 PAd,0 2106.4 cm™! 2009 cm™!
17 P(CF3),0~ 2143.1cm™! 2044 cm™!
18 (o} 21264 cm™! 2028 cm™!
(Yo
O
19 Me 2109.7 cm™! 2013 cm™!
N,
\
Mo
N
Me

¢ Data taken from Ref. [9a].

b Obtained from DFT calculations employing the MPW1PW91 functional.

¢ Calculated from the empirical correlation TEP = vco(theoretical) x 0.9540
according to Ref. [9b].

4 Ad = 1-adamantyl.

among others, is discussed. Their synthesis, reactivity and involve-
ment in homogeneous catalysis are presented. Concerning the cat-
alytic part, both pre-formed and in situ generated complexes are
covered, highlighting the non-innocent role played by the nucle-
ophilic, pH responsive and H-bond donor OH group in most of
the reactions. As the reader will see, the demonstrated ability of
these ligands to cooperate with the metal in the activation of the
substrates makes them ideal candidates for the future develop-
ment of new bifunctional catalysts [8].

2. Electronic and steric aspects of phosphinous acids

Despite the growing interest in the use of phosphinous acids in
coordination chemistry and catalysis [6,7], little attention has been
paid to date to the study of their electronic and steric properties. In
this regard, the work carried out by Martin, Buono and co-workers
in the determination of the Tolman’s electronic parameter (TEP) of
different carbon- and heteroatom-substituted P—OH ligands mer-
its to be highlighted [9a]. Thus, through Density Functional
Theory (DFT) calculations, they determined the frequency of the
A1 carbonyl stretching mode of the corresponding [LNi(CO)s]
complexes, and subsequently extrapolated the TEP values of the
ligands applying the empirical linear correlation

TEP = vco(theoretical) x 0.9540 (r? = 0.995) established by Gusev
[9b] (see entries 1-10 in Table 1). The TEP values obtained
indicated that, in general terms, the phosphinous acid ligands
PR,OH are less donating than the corresponding trisubstituted
phosphines PR3 (or phosphites P(OR); and aminophosphines P
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Table 2
Percent buried volume of various ligands in [RuCl,(17®-p-cymene)(L)] complexes.?
Entry Ligand (L) %Vour (L)
1 PMe,OH 219
2 PPh,0OH 24.6
3 P(4-CgH,4F),0H 24.6
4 PCy,OH 244
5 PMePhOH 22.7
6 P"BuPhOH 22.7
7 PCyPhOH 24.1
8 P'BuPhOH 244
10 PPh,H 23.2
11 PPh,CH,0H 25.1
12 PPh3Bu 25.6
13 PPhs 26.8
14 P(OPh)3 24.7

@ Data taken from Ref. [10].

(NRy)3 in the case of the heteroatom-substituted P—OH ligands
studied). In addition, the authors observed no systematic effect of
the OH group on TEPs. For instance, TEP values for PMe,OH and
PPh,0OH were found to be identical (entries 1 and 2), when it is
well established that PMes; is a stronger donating ligand in
comparison with PPhs or PPh,Me. In the same study, the TEPs of
various anionic phosphinito ligands were also determined
(entries 11-19 in Table 1). The low TEP values obtained (from
2006 to 2028 cm™!) indicated the highly electron donating
character of these anionic ligands, superior for example to that
shown by N-heterocyclic carbenes. The marked changes in the
donor properties of the neutral phosphinous acids PR,OH vs the
anionic phosphinites PR,0~ is a relevant aspect that can be
behind the exceptional behavior of these ligands in some
catalytic transformations, in which deprotonation of the
phosphinous acids can take place in the course of the reaction.

Concerning the steric properties of these ligands, Clavier and
co-workers [10] quantified through DFT calculations the percent
buried volume (%Vy,,) [11] of different phosphinous acids coordi-
nated to the Ru(ll) fragment [RuCly(1°-p-cymene)]. As shown in
Table 2, values span from 21.9 to 24.6% (entries 1-8). The %Vpy,
of PPh,OH was also compared to that of related diphenylphosphi-
nes PPhyR and P(OPh)s. As expected, PPh,OH is more sterically
demanding than PPh,H (entry 2 vs 10) but less than other PPh,R
(R = CH,0H, "Bu and Ph) ligands or P(OPh); (entry 2 vs 11-14).

3. Procedures for the preparation of metal complexes with POH
ligands

As we have commented above, the most common method to
obtain metal complexes with coordinated phosphinous acid
ligands is by tautomerization of the corresponding secondary
phosphine oxide (Eq. (2)). Such a tautomerization process is quite
general and can be applied to other pentavalent species such as
phosphites (RO),P(=0)H, diaminophosphine oxides (R;N),P(=0)
H, phosphinic acids RP(=0)(OH)H, hypophosphorous acid H3PO,,
phosphorous acid H;POs, phosphine oxide H3P=0, etc., allowing
in the presence of a metal the stabilization of the corresponding
thermodynamically non-favored trivalent P—OH tautomers.

(e} OH
[I M]

R\\\\n-'P\ _ R““W.P\OH —_— =

M—F~g
R z

oW

R
(2)

An alternative procedure for the generation of metal complexes
with P—OH ligands is by hydrolysis of the P—X bond of coordinated
phosphites, aminophosphines or halophosphines (Eq. (3)). As we

will comment in the following sections, such hydrolytic
P—heteroatom bond cleavage reactions have also been reported
for metal-coordinated white phosphorus (P;) and phosphorous
sesquisulfide (P4S3).

/X OH
[M]_R’:\R + H,O —— [M]_P’_\R + HX (3)

oW
i) A\

X=0R, NR, halide

Less common, but yet well documented, is the hydrolysis of the
P—C bonds in coordinated phosphines (Eq. (4)).

R’ OH
M—R~g *+ HO M—F~g * RH (4

A
oW

R’ = alkyl or aryl group

The protonation of phosphinate and phosphonate complexes
has also been extensively employed to generate metal complexes
with coordinated P—OH ligands (Eq. (5)).

//o “n+ OH l(n+1)+
[M]—P,_é\R + H — [M]—F._L:\R )
R R

Examples of all these transformations within the chemistry of
iron, ruthenium and osmium will be given along the present
review article. Less general reactions involving, for example, the
hydrolysis of phosphinidene complexes or the oxidation of
metal-coordinated secondary phosphines PHR, will also be
commented.

4. Synthesis and reactivity of iron complexes

To the best of our knowledge, the first mention to an iron com-
pound with a coordinated P—OH ligand was made by Verkade and
co-workers in 1967 while studying the reactivity of the polycyclic
phosphite 2,8,9-trioxa-1-phosphaadamantane with hydrated
metal salts [12]. Apparently, in the presence of Fe(ClO,4),-nH,0,
hydrolysis of one of the P—O bonds of this phosphite ligand takes
place leading to a poorly characterized complex formulated as
[Fe(H20)2{P(OR),0H}4][Cl04],. Early examples fully characterized
were the half-sandwich phosphinous acid iron(Il) derivatives
[FeCp(CO),(PPhROH)][Br] (R = Ph, 'Bu) (3). As shown in Scheme 1,
they were obtained from the corresponding chlorophosphine com-
plexes [FeCp(CO),(PPhRCD)][X] (R =Ph, X~ =BFz; R="Bu, X~ = PFg)
(1) through a two-step sequence involving the initial hydrolysis of
1 in basic media, followed by protonation of the resulting dinuclear
hydrogen-bridged species [{FeCp(CO),(PPhRO)},H][X] (R=Ph,
X~ =BFs; R="Bu, X~ = PFs) (2) with HBr, [13]. The structure of
one of the dinuclear intermediates 2 (R = 'Bu) could be unambigu-
ously established by single-crystal X-ray diffraction. Nonetheless,
titration data for aqueous acetone solutions of 3 gave no evidence
for the intermediacy of the dinuclear species 2 after addition of
0.5 equivalents of base, suggesting that compounds 2 are substan-
tially dissociated into the corresponding mononuclear species
[FeCp(CO),(PPhROH)]* and [FeCp(CO),{P(=0)PhR}] in solution,
the latter being selectively formed upon addition of 1 equivalent
of base.

The neutral cyclopentadienyl-iron(Il) complex [FeCp{C(O)Me}
(CO)(PPh,0H)] (5), containing diphenylphosphinous acid as ligand,
is also known (Scheme 2) [14]. It was obtained by acidic hydrolysis
of the amino-phosphine ligand in the optically active acyl-Fe(II)
derivative 4 upon treatment with aqueous HBF4;. Remarkably, the
reaction proceeded with complete retention of the configuration
at the stereogenic iron center. In addition, given the structural
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Scheme 1. Synthesis of the cationic phosphinous acid-iron(II) complexes 3.
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Scheme 2. Hydrolysis of the P—N bond in an iron(I) amino-phosphine complex.
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Scheme 3. Synthesis of Fe(Il) complexes containing HP(OH), and P(OH); as ligands.

resemblance of 5 to the enol form of a g-dicarbonyl compound, the
authors could prepare the dinuclear species 6, whose structure was
unambiguously established by X-ray diffraction, through the treat-
ment of a toluene solution of 5 with [{Rh(u-Cl)(COD)},] (COD = 1,5-
cyclooctadiene) in the presence of KOH.

The related cationic [FeCp(dppe)]” (dppe = 1,2-bis(diphenylpho
sphino)ethane) fragment proved to be also appropriate for the sta-
bilization of the trivalent tautomers of hypophosphorous and
phosphorous acid, i.e. HP(OH), and P(OH)s, respectively. Thus,
the treatment of the chloride precursor [FeClCp(dppe)] (7) with a
stoichiometric amount of the corresponding acid (H3PO, or
H5PO03), in the presence of thallium(I) trifluoromethanesulfonate

as the chloride ligand scavenger, resulted in the selective forma-
tion of compounds [FeCp(dppe){PR(OH),}][OTf] (R=H (8a), OH
(8b)) which were isolated in ca. 40% yield (Scheme 3) [15].

The formation of complexes 8a and 8b, along with free phos-
phorous and hypophosphorous acids, was also observed when ace-
tone or tetrahydrofuran solutions of the mono- and dinuclear
compounds 9 and 10, containing phosphorous sesquisulfide P4Ss
as terminal or bridging ligand (Fig. 1), respectively, were treated
at room temperature with an excess amount of water [16]. In a
similar way, hydrolysis of the tetraphosphorus ligand in the related
complexes 11 and 12 (Fig. 1) led to mixtures of products from
which [FeCp(dppe){PH(OH),}]* (8a), free P4 and the phosphine
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Fig. 1. Structure of the cyclopentadienyl-iron(Il) complexes 9-12.
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Scheme 4. Synthesis of a Me,POH-Fe(Il) complex through hydrolytic cleavage of a P—C bond.
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Scheme 5. Generation of the diiron phosphinous acid complex 16.

complex [FeCp(dppe)(PH3)]* could be identified [15]. In this con-
text, we must also point out that, while [FeCp(dppe)(x'-P4)][PFs]
(11) readily reacts with water at room temperature, its pen-
tamethylcyclopentadienyl counterpart [FeCp*(dppe)(x!-P4)][Cl],
featuring a metallic center with greater electronic density, was
found to be resistant to hydrolysis [16,17].

In the context of their studies on the coordination chemistry of
the pyridine-derived tetraphosphine 2,6-CsH3;N[CMe(CH,;PMe, )],
(13), Grohmann and co-workers showed that this ligand is suscep-
tible to undergo the selective cleavage of one of its phosphorus-
carbon bonds by protic reagents and solvents in the presence of
iron(I) salts [18]. In particular, in relation with the topic covered



204 J. Francos et al./Coordination Chemistry Reviews 387 (2019) 199-234
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Fig. 2. Structure of the dimethylphosphorous acid-iron(0) complex 17.

in the present review article, they found that the reaction of 13
with FeX,-6H,0 (X~ = BFz, ClOz) results in the clean formation of
mononuclear complexes 14, featuring a  coordinated
dimethylphosphinous acid molecule, and an agostic interaction
between the Fe(Il) center and the methyl group generated after
the P—C bond cleavage process induced by the H,O present in
the starting hydrated Fe(II) salts (Scheme 4) [19].

An additional example of an iron-phosphinous acid complex is
the dinuclear compound [Fe,Cp,(u-CO),(COYPHCyOH}] (16)
(Scheme 5), a rather reactive species which decomposes easily
upon manipulation and that could therefore not be isolated in pure
form [20]. Complex 16 was generated by treatment of a dichloro-
methane solution of the phosphinidene derivative [Fe,Cp,(u-CO)
(u-PCy)(CO),] (15) with an excess of water, a reaction that was
found to be drastically accelerated in the presence of 1 equivalent
of the Lewis acid BEts. As shown in Scheme 5, to account for the
formation of 16 the authors proposed the initial deprotonation of
the water molecule by the nucleophilic P atom of the bridging
phosphinidene ligand of 15 to give a cationic phosphide intermedi-

&=

i, : : ;

ate A. Subsequently, the positively charged P atom in A undergoes
the nucleophilic attack of the hydroxide counterion to generate the
corresponding PHCyOH-bridged derivative B, which rapidly rear-
ranges into the final reaction product featuring a more stable ter-
minal coordination of the phosphinous acid ligand. In a
subsequent study, the same group reported the preparation of
the cationic hydroxyphosphide complex [Fe,Cp(u-CO){u-PCyOH}
(CO),][BF,4] by protonation of the oxophosphinidene-bridged spe-
cies [Fe;Cpy(p-CO){u-P(=0)Cy}(CO);], generated by oxidation of
15, with HBF4-OEt; [21]. The related dinuclear hydroxyoxyphos-
phide complex [Fe,Cp,(u-CO)Yp-P(=0)OH}(CO),] is also known
[22,23]. It was generated by UV irradiation of an aqueous solution
of the phosphinic acid-bridged species [FeyCpo{u-P(OH);}(CO)4]
[Br], a compound accessible from [Fe,Cp,{pu-PH;}(CO)4][Br] upon
treatment with aqueous CBr4 [22].

On the other hand, the mononuclear tricarbonyl-Fe(0) deriva-
tive 17, containing (MeO),POH as ligand (Fig. 2), was synthesized
by Cherkasov and co-workers by reacting the chalcone complex
[Fe(CO)4{n>*-PhCH=CHC(=0)Ph}] with dimethyl phosphite
(MeO),P(=0)H [24]. The same authors also reported on the reac-
tivity of 17 towards diazomethane, which resulted in the replace-
ment of the (MeO),POH ligand and selective formation of the
corresponding ethylene complex [Fe(CO)s{n?-PhCH=CHC(=0)Ph}
(n?*-CH,=CH,)] [25].

5. Synthesis and reactivity of ruthenium complexes

The number of ruthenium complexes with coordinated P—OH
ligands reported to date in the literature is comparatively much
higher than those of iron and osmium, with Ru(Il) species dominat-
ing the scene. In this regard, much attention has been paid to the
behavior of dimers [{RuCl(u-Cl)(#®-arene)},] (arene = benzene

‘i, : : ;

I I |
R
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I“\\\‘ [ \ I\\\\‘ ' \ B I“\\\ [ \
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Fig. 3. Structure of the arene-ruthenium(Il) complexes 19-26.
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Fig. 5. Structure of the heterometallic complexes 34 and 35.

(18a), p-cymene (18b), mesitylene (18c), hexamethylbenzene
(18d)) towards secondary phosphine oxides. Thus, the treatment
of these dimers with two equivalents of different symmetrical
and unsymmetrical SPOs, in most cases under mild conditions
(r.t.), allowed the preparation of a large number of mononuclear
complexes of general composition [RuCly(#%-arene)(PR'R?0OH)]
(19-22 in Fig. 3), through the classical P(=0)H to P—OH tautomer-
ization of the SPOs and cleavage of the chloride bridges of 18a-d
[10,26-32]. Similar reactions conducted with phosphites (RO),P

(=0)H (R =Me, Et, Ph) led to the expected mononuclear species
[RuCly(n%-arene){P(OR),0H}] (23-26 in Fig. 3) [26,29,33]. The
related derivatives [RuBr,(1®-p-cymene)(PRPhOH)] (R = Ph (27a),
Bu (27b)) and [Rul,(#5-p-cymene)(PRPhOH)] (R=Ph (28a), ‘Bu
(28b)) were analogously synthesized starting from the correspond-
ing ruthenium(ll) dimers [{RuX(u-X)(#°-p-cymene)},] (X =Br, I)
[10,27]. In addition, treatment of [{RuCl(p-Cl)(#®-p-cymene)},]
(18b) with two equivalents of phenylphosphinic acid PhP(=0)
(OH)H in refluxing THF allowed the isolation of [RuCly(#°%-p-
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Scheme 7. Reactivity of dimer [{RuCl(p-Cl)(CO)s},] (36) towards SPOs.

cymene){PPh(OH),}] (78% yield), which could be easily trans-
formed into [RuCly(n®-p-cymene)(PPhF,)] upon treatment with
the fluorinating agent [Et,NSF,][BF,4] [34].

The cationic arene-ruthenium(ll) complexes [RuCl(n®-p-
cymene)(PPh;)(PPh,0H)][PFs] and [RuCl(#5-CsMeg){P(OMe)s}{P
(OMe),0H}|[PFs] are also known. The former was obtained by
reacting [RuCly(#°-p-cymene)(PPh,0H)] (20f) with triphenylphos-
phine in the presence of the chloride abstractor NaPFg [30], while
the latter was generated by protonation of the neutral phospho-
nate complex [RuCl(#°-CsMeg){P(OMe);}{P(=0)(OMe),}] with HCI
and subsequent CI~/PFg counteranion exchange upon treatment
with NH4PFg [33].

Interestingly, when the reaction between the
hexamethylbenzene-ruthenium(II) dimer [{RuCl(p-Cl)
(75-CsMeg)}2] (18d) and dimethylphosphite (Me0),P(=0)H was
performed in refluxing methanol with 4 equivalents of the phos-
phite, the mononuclear compound [RuCl(#5-CsMeg )({P(OMe),0},-
H)] (29) was selectively formed (Scheme 6) [33,35]. This
compound formally contains one dimethylphosphorous acid
(MeO),POH ligand and one dimethylphosphonate (MeO),PO~
anion coordinated to ruthenium, which become indistinguishable
as a consequence of their association through a strong intramolec-
ular H-bond.

Compound 29 proved to be an excellent starting material for
the preparation of a series of di- and trinuclear heterometallic
complexes (30-33 in Fig. 4) through its treatment with appropriate
metallic precursors [33,35]. All these species feature a bis-
phosphonate anion [RuCl(#°-CsMeg){P(=0)(OMe),},]~ coordinated
in a tridentate 0,0,Cl manner, which results from the deprotona-
tion (compounds 30, 32a-c and 33) or oxidative addition (com-
pounds 31a,b) of the P—O- - -H- - -O—P unit of 29.

The related iodide derivatives [Rul(5°-CsRs)({P(OMe),0},H)]
(R=H, Me) were also accessible by protonation of the correspond-
ing anionic bis(dimethylphosphonate) complexes [Na][Rul(#°-
CsRs){P(=0)(OMe),},] with H,SO,4 [36]. These compounds react
with thallium(I) acetylacetonate (Tl(acac)) to generate the respec-
tive heterobimetallic complexes [Rul(#°-CgRs)({P(OMe),0},T1)]
(R=H, Me), which were employed as precursors for the synthesis

of the heterometallic Ru/Pt and Ru/Sn derivatives 34 and 35
(Fig. 5), featuring respectively a tridentate O,0,I- or bidentate O,
O-coordination of the anionic ruthenium(Il) fragments [Rul(#°-
CsRe){P(=0)(OMe),},]~, through transmetalation reactions with
[PtIMes]4 and SnCl, [36].

The reactivity of the carbonyl-ruthenium(Il) dimer [{RuCl(p-Cl)
(CO)3}2] (36) towards secondary phosphine oxides was studied by
Buono, Clavier and co-workers [37]. As shown in Scheme 7,
depending on the experimental conditions employed different
products were formed. Thus, when the reactions were performed
in THF at r.t. with only 2 equiv. of the SPOs, complexes [RuCly(-
CO);{0O=P(H)R'R?}] (37), in which the SPO coordinates the metal
through the oxygen atom, were selectively formed. Conversely,
when 36 was treated with an excess (4 equiv.) of the SPOs under
harsh conditions, i.e. in refluxing toluene, bis(phosphinous acid)
complexes with general formula [RuCl,(CO),(PR'R?0OH),] (38) were
in this case obtained. As expected, NMR monitoring of the latter
reactions confirmed that compounds 37 are intermediate species
in the formation of complexes 38. Also of note is the fact that com-
plexes 38a-d, generated from racemic unsymmetrically substi-
tuted SPOs were isolated as non-separable mixtures of
diastereoisomers in ca. 1:1 ratio. On the other hand, no reaction
of 36 was found with the highly sterically demanding secondary
phosphine oxides ‘Bu,P(=0)H and Ad,P(=0)H.

A series of cationic cyclopentadienyl-ruthenium(Il) complexes
39-42a-b, containing HP(OH), and P(OH); as ligands, were synthe-
sized by Peruzzini and co-workers starting from the chloride pre-
cursors  [RuCICpL,] (L=PMes, PPhs, TPPMS; L,=dppe;
TPPMS = sodium salt of m-monosulfonated triphenylphosphine)
and hypophosphorous or phosphorous acid (Scheme 8) [38-41].
Further treatment of compounds [RuCp(PPhs),{PR(OH),}][OTf]
(R=H (39a), OH (39b)) with an excess of the corresponding acid,
in THF at 50 °C, resulted in the clean displacement of one of the
triphenylphosphine ligands and isolation of the respective com-
plexes [RuCp(PPh3){PR(OH),},][OTf] (R=H, OH) in high yield
(85-90%). Complexes 39a-b were alternatively isolated as the cor-
responding hexafluorophosphate salts, i.e. [RuCp(PPhs),{PR(OH),}]
[PFs] (R =H, OH), by performing the reactions of [RuCICp(PPhs);]
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with H3PO, or H3PO5 using TIPFg, instead of AgOTf, as the chloride

abstractor. However, these salts were found to be relatively unsta-
ble in solution evolving into [RuCp(PPhs),{PH(OH),}][PF,0,] and

[RuCp(PPhs),{PF(OH),}][PF,0,], respectively, due to partial hydrol-
ysis of the hexafluorophosphate anion by adventitious water [38].
The HF liberated in the process was responsible for the transforma-
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Fig. 6. Structure of the pentamethylcyclopentadienyl-ruthenium(Il) complexes 45—
46.

tion of the coordinated P(OH); ligand into PF(OH),, the latter being
the tautomer of the extremely unstable monofluorophosphorous
acid HP(=0)F(OH) [42]. The same decomposition process was also
observed when a dichloromethane solution of [RuCp(dppe){P
(OH)3}][PFs] (42b) was left at room temperature for 20 h, allowing
the isolation of [RuCp(dppe){PF(OH),}][PF,0,] in moderate yield
(42%) [39].

A remarkable result in the field was obtained in the stabilization
of the elusive and poorly investigated phosphine oxide H3P=0
[43]. This compound could be generated from white phosphorus
through a two-step process involving the initial electroreduction
of P4 into PH5 in aqueous medium, followed by electrochemical
oxidation. H3P=0 was found to be unstable in aqueous solution,
disproportionating spontaneously into PH; and H3;PO,. However,
in the presence of the water-soluble cyclopentadienyl-ruthenium
(II) complexes [RuCICp(TPPMS),] and [RuCp(PTA)(NCMe),][PFs]
(PTA = 1,3,5-triaza-phosphaadamantane), it could be trapped, as
the corresponding H,POH tautomer, upon coordination to ruthe-
nium. The resulting complexes, i.e. [RuCp(TPPMS),(PH,OH)][PFs]
(43) and [RuCp(PTA)(NCMe)(PH,OH)|[PFs] (44), were perfectly
stable and fully characterized.

The tautomerization of compounds H,P(=0)(OH);_, (n=1, 2, 3)
into the corresponding species H,P(OH)s_, (n =0, 1, 2) was compu-
tationally evaluated through Density Functional Theory (DFT) cal-
culations, both in the free state and promoted by the model Ru
(II) complex [RuCp(PHs3),(OH,)]*, by Peruzzini, Mealli and co-
workers [44]. The tautomerization process, disfavored for the free
molecules, was found to be much easier to achieve upon coordina-
tion to the [RuCp(PHs),]" fragment, with reduction of the energy
barriers of up to one fourth. For the metal assisted reactions
(Scheme 9), the calculations indicated that compounds H,P(=0)
(OH)3_y, initially coordinate the metal through the oxygen atom
leading to intermediates C, which evolve into the corresponding
ruthenium(IV) hydrides D by oxidative addition of the P—H bond.
Final migration of the hydride ligand to the oxygen atom, through
transition state E, leads to the tautomerized ligands with concomi-
tant reduction of the ruthenium center.

The reactivity of the cyclopentadienyl-ruthenium(II) complexes
[RuCICp(PPhs3),], [RuCp(NCMe)s][PFs] and [RuCp*(NCMe)s][PFs]
towards phenylphosphinic acid PhP(=0)(OH)H has also been
reported, allowing the isolation of compounds [RuCp(PPhs),{PPh
(OH),}][OTf], [RuCp(NCMe),{PPh(OH),}|[PFs] and [RuCp*(NCMe)
{PPh(OH),},][PFs], respectively [34]. In addition, as previously
observed with [RuCly(n°-p-cymene){PPh(OH),}] (see above), the
coordinated PPh(OH), ligand could be cleanly converted into the
corresponding difluorinated phosphine PPhF, by treatment of
dichloromethane solutions of these compounds with [Et;NSF;]
[BF4] [34]. Related deoxofluorination reactions of [Ru(PPhs),{PH
(OH),}][OTf] and [Ru(PPhs),{P(OH)s}][OTf] with [Et,NSF,][BF,],
leading to [Ru(PPhs),(PHF,)][OTf] and [Ru(PPhs),(PF3)][OTf],
respectively, were also described [34].

On the other hand, Koelle and co-workers studied the behavior
of the Ru(II) dimer [{RuCp*(n-OMe)},] towards Ph,P(=0)H, observ-
ing the clean formation of the mononuclear compound [RuCp*
{(PPh,0)3H,}] (45), which formally contains two PPh,OH and one
PPh,0~ units connected through intramolecular H-bonds (Fig. 6)
[45]. Similarly, the treatment of [{RuCp*(n-OMe)},] with an excess
of the dialkylphosphites (RO),P(=0)H (R = Me, Et, 'Pr) yielded the
analogous complexes 46 (Fig. 6). All these species can be deproto-
nated with NaH to generate the corresponding dianions [RuCp*
(PPh,0)3]*~ and [RuCp*{P(OR),0}s]*>~, which proved to be useful
tripod ligands for coordination in vanadium, titanium and ruthe-
nium centers [45].

The tautomeric equilibrium between (EtO),P(=0O)H and P
(OEt),0H, as well as that of H3POs; and P(OH)s, in the presence of
the aquapentaamine-Ru(Il) complex [Ru(NHs)s(H,O)][PFs]> was
studied by Franco and co-workers [46]. Although they were not
isolated, the corresponding complexes trans-[Ru(NHs)4(H,0){P
(OEt),0H}][PFs]2 and trans-[Ru(NHj3)4(H,0){P(OH)3}][ PFs]., respec-
tively, could be identified in solution. Nonetheless, when the reac-
tion of complex [Ru(NHs)s(H,O)][PF¢], with phosphorous acid
(H3PO3) was performed in acidic media (CF3CO,H/HCl mixture),
in the presence of NaNO,, the nitrosyl complex trans-[Ru(NO)
(NH3)4{P(OH)3}][Cl3] could be isolated and fully characterized
[47]. This compound was found to be unstable in aqueous solution
for long periods liberating HsPO3 and generating the nitrosyl-aqua
complex trans-[Ru(NO)(NH;)4(H,0)]*". According to spectroscopic
data and DFT calculations, the dissociation of the P(OH); ligand
involves its initial deprotonation to form trans-[Ru(NO)(NHs3)4{P
(0)(OH),}]*" (intermediate F in Scheme 10), which isomerizes into
the O-bonded linkage isomer trans-[Ru(NO)(NH3)4{OP(OH),}]**
(G). Final protonation of G generates trans-[Ru(NO)(NH3)4{OP(H)
(OH),}]?* (H) from which the coordinated molecule of phospho-
rous acid is displaced by water (Scheme 10). A similar behavior
was also observed by Franco and co-workers for the related car-
bonyl complex trans-[Ru(CO)(NHs)4{P(OH);}]** (generated by
reacting [Ru(NH3)s(H,0)]** with H3POs; under CO atmosphere)
[48].

The behavior of complex [Ru(NHj3)s(H,0)][PFs], towards diethyl
phosphite (EtO),P(=0)H under NO atmosphere and in the presence
of NH4PFg was also evaluated, allowing the isolation of trans-[Ru
(NO)(NH3)4{P(=0)(OEt),}][PFs], instead of the expected trans-[Ru
(NO)(NH3)4{P(OEt),(OH)}][PFs]3s complex [49]. Nonetheless, the
latter was found to be accessible by hydrolysis of the coordinated
triethyl phosphite ligand in trans-[Ru(NO)(NH3)4{P(OEt)s}][PFs]s, a
reaction that was found to occur both in aqueous solution [50] and
in the solid state after prolonged exposure to air [51]. Related
P—OR hydrolysis processes were also observed in aqueous solution
for the trialkylphosphite complexes trans-[Ru(NO)(NH3)4{P(OR)3}]
[PFs]s (R = Me, 'Pr, "Bu) [50].

In the context of their studies on the cooperative heteroatom-
hydrogen bonds activation with transition metal carbene com-
plexes [52], Gessner and co-workers studied the reactivity of the
nucleophilic ruthenium(ll)-carbene derivative 47 towards aro-
matic SPOs (Scheme 11) [53]. The reactions, performed in toluene
at room temperature, resulted in the expected neat addition of the
P—H bond of the SPOs across the Ru=C bond of 47, thus allowing
the isolation of the novel phosphinito complexes 48. DFT calcula-
tions revealed that, in contrast to other heteroatom-hydrogen bond
activation reactions with this type of carbene complexes [52], no
concerted 1,2-addition across the metal-carbon double bond was
in this case operative. Instead, the process involves the initial coor-
dination of the phosphinous acid tautomer to ruthenium (interme-
diate I in Scheme 11), followed by hydrogen transfer from the
hydroxyl group of the PR,OH ligand to the carbenic carbon atom.

On the other hand, despite the growing interest in the use of
optically active SPOs as auxiliary ligands in asymmetric catalysis
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[7a,d], their coordination chemistry has been the subject of very
few studies. In this context, the reactivity of enantiomerically pure
(S)- and (R)-‘BuMeP(=0)H towards the arene-ruthenium(Il) dimer
[{RuCl(p-Cl)(%#®-p-cymene)},] (18b) was described independently
by the groups of Leung and Grabulosa [54,55]. As shown in

Scheme 12, the corresponding phosphinous acid tautomers coordi-
nate to ruthenium with complete retention of the configuration at
the phosphorous atom, thus affording selectively the optically pure
complexes (R)- and (S)-20r, respectively (please note that upon
coordination to ruthenium the priority order of the different
groups linked to the stereogenic P atom changes).

Retention of the configuration at the phosphorous atom was
also observed in the reactions of [{RuCl(p-Cl)(CO)s},] (36) with
optically pure (S)-‘BuPhP(=0)H and (S)-‘BuMeP(=0)H, which led
to the formation of the mononuclear complexes (RR)-
[RuCly(CO),{PR'BuOH}] (R=Ph (38c), Me (38h)) as single
stereoisomers (Fig. 7) [37,55].

The hydrolytic transformation of P—OR bonds of phosphites,
and related P-donor ligands, into P—OH ones is well-documented
in the chemistry of ruthenium. An early example was described
by Gould, Stephenson and co-workers with the preparation of
compounds 50a-c by pyrolysis of methanolic solutions containing
the cationic trihalide-bridged Ru(ll) dinuclear derivatives 49a-c
(Scheme 13) [56]. Complexes 50a-c are the result of the partial
hydrolysis of the PPh,(OR) (R =Me, Et) ligands present in 49a-c
due to the presence of traces of water in the solvent.

The nitrosyl-ruthenium(Il) dimers 51a-b, featuring bidentate
ligands derived from the intramolecular hydrogen-bonding associ-
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Scheme 12. Reactivity of [{RuCl(u-Cl)(175-p-cymene)},] (18b) towards optically pure ‘BuMeP(=0)H.
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ation of neutral PR(OEt)(OH) and anionic P(=O)R(OEt) units
(R=O0Et (51a), Ph (51b)), were prepared in one-step by reacting
RuCl5-3H,0 with P(OEt); and PPh(OEt),, respectively, in refluxing
ethanol and in the presence of commercial Diazald (N-methyl-N-
nitroso-p-toluenesulfonamide) as the nitrosyl ligand source
(Scheme 14) [57].

Although not in a selective manner, the formation of the
cyclopentadienyl-ruthenium(ll) derivative [RuCp{x>-(P,C,C,C,C)-P
(OCH,CH=CH,),(OH)}][PFg] (see Fig. 8), upon treatment of [RuCp
(NCMe)s][PFg] with tris(allyloxy)phosphine P(OCH,CH=CH,); at
room temperature, was described by the group of Nelson [58]. This
compound results from the hydrolysis of one of the allyloxy groups
in the corresponding complex [RuCp{x>-(P,C,C,C,C)-P
(OCH,CH=CH,)3}][PF¢] by adventitious water present in the ace-
tonitrile solvent employed. The latter, along with [RuCp{x°>-(P,C,C,
C,C)-P(=0)CH,CH=CH,),}], [RuCp(allyl)(NCMe),] and the Arbuzov
rearrangement product P(=0)(CH,CH=CH,)(OCH,CH=CH,),, were
also isolated in the reaction, with the ratio of the five compounds
being dependent on the stoichiometry employed.

A P—O bond hydrolysis process was observed by Milstein and
co-workers in the reaction of the PONOP pincer Ru(0) complexes
52 with water, from which the zwitterionic hydride-ruthenium
(I) derivatives 53 could be isolated (Scheme 15) [59]. Formation
of 53 most probably involves the initial protonation of the ruthe-
nium atom by water and subsequent attack of the OH™ ion liber-
ated in the process to one of the P—O bonds of the pincer
diphosphinite ligand, thus leading to its cleavage.

In the context of their studies on the generation, control and
induction of chirality in ruthenium(II)-bis(bipyridine) compounds,
Inoue and co-workers reported on the thermal reactivity of cis-
[RuCly(bipy),] towards PPh(OEt), in an ethanol/water mixture.
The reaction led to the formation of a separable mixture of [RuCl
(bipy)>{PPh(OEt);}][Cl] and two diastereoisomers (in racemic
form) of the hydrolyzed product [RuCl(bipy),{PPh(OEt)(OH)}][Cl],
in which the phosphorus atom presents a R or S configuration
and the metal center a A or A disposition (54a and 54b in Fig. 9)
[60]. Remarkably, upon irradiation of 54a at the LC band (295-
305 nm) it evolved into its atropisomer 54c, whose structure could
be determined by X-ray diffraction, featuring the same configura-
tion for the phosphorus and ruthenium atoms, and differing from
54a in the different orientation adopted by the PPh(OEt)(OH)
ligand.

X]

(RO)Ph2E, \\\\X///, «PPh2(0R)

MeOH /120 °C

During attempts to crystallize the octahedral ruthenium(II)
derivative [RuCl,{x>-P,0-Ph,POC(=0)Et},] (56), generated by reac-
tion of [RuCly(PPhs)s] with two equivalents of the mixed anhydride
ligand Ph,POC(=0)Et (55), crystals of the dimeric chloride-bridged
complex 57 were obtained by Cole-Hamilton and co-workers
(Scheme 16) [61]. Formation of 57 involves the hydrolysis of the
P—O bond in one of the two P-donor ligands present in 56, due
probably to the presence of traces of water in the solvents
employed for the crystallization process (CH,Cl, and pentane).

On the other hand, Jagirdar and co-workers found that the
trimethylphosphite ligand in the hydride ruthenium(IlI) complex
trans-[RuH(dppe),{P(OMe)3}][OTf] (58) undergoes facile dealkyla-
tion processes upon treatment with wet triflic acid. Thus, the reac-
tion of 58 with 3 equivalents of HOTTf, in dichloromethane at room
temperature and under an atmosphere of H,, led to a mixture of
three different dihydrogen complexes namely trans-[Ru
(dppe)x(17°-H2){P(OMe);_x(OH):}][OTf], (x =0 (59), 1 (60), 2 (61))
(Scheme 17) [62]. All these species are unstable and lose the bound
H, ligand to afford highly electrophilic 16-electron compounds of
general composition [Ru(dppe){P(OMe)s;_x(OH),}][OTf],. From
this reaction mixture, complex [Ru(dppe),{P(OMe)(OH),}][OTf],
(62) could be isolated in 79% yield and fully characterized by X-
ray crystallography (Scheme 17). As expected, complex 62 readily
reacts with two-electron donor ligands, such as carbon monoxide
and acetonitrile, under mild conditions to afford the corresponding
saturated 18-electron derivatives trans-[RuL(dppe),{P(OMe)
(OH),}J[OTf], (L=CO (63a), NCMe (63b)) in excellent yields
(Scheme 17) [63].

The coordinatively unsaturated complex [Ru(dppe),{P(OMe)
(OH),}][OTf], (62) also reacts with H, and EtMe,SiH leading to
the heterolytic splitting of the H—H and H—Si bonds of these
reagents. In these reactions, mixtures of products, including among
others trans-[RuH(dppe),{P(OMe)(OH),}][OTf], trans-[RuH
(dppe)x(17°-Hy)][OTf] and [Ru(dppe),{P(OH);}][OTf], (64), are gen-
erated [63]. Interestingly, performing the reaction of 62 with H,
at low temperature, the coordinatively unsaturated phosphorous
acid complex [Ru(dppe),{P(OH);}][OTf], (64) could be isolated in
70% yield and its structure unambiguously confirmed by X-ray
crystallography (Scheme 18). In addition, the potential of 62 for
the activation of C—H bonds was also explored. In particular, treat-
ment of a dichloromethane solution of 62 with phenylacetylene
under refluxing conditions resulted in the heterolysis of the C—H
bond of the alkyne and formation of the saturated alkynyl complex
trans-[Ru(C=CPh)(dppe),{P(OMe)(OH),}][OTf] and triflic acid [64].
Further hydrogenation of this phenylacetylide-Ru(Il) complex
afforded the hydride derivative trans-[RuH(dppe){P(OMe)(OH),}]
[OTf] and PhC=CH, via addition of H, across the Ru—C bond. The
related chloride complex trans-[RuCl(dppe),{P(OMe)(OH),}][OTf]
could also be isolated in high yield by reacting [Ru(dppe),{P
(OMe)(OH),}][OTf], (62) with HSiCl; [64].

Concerning the reactivity of the 16-electron phosphorous acid
complex [Ru(dppe){P(OH)3}][OTf], (64), it readily reacts with N-
benzylideneaniline to afford the phosphonate derivative [Ru
(dppe){P(=0)(OH),}][OTf] by deprotonation of the P(OH); ligand
[64]. In addition, it was also able to activate in a heterolytic fashion

HO—PPh2 \\\X,,/ thP O.

(RO)PhoP—Ri—X—Ri—PPh,(OR)
(RO)PhP X

(no yields given)

PPh(OR)

X =CI; R = Me (49a), Et (49b)
X =Br; R = Et (49¢)

> (RO)Ph,P—
(RO)PhyP

RU—X—Ru—P—0

/ \, Ph

PhoP—0O"

X =CI; R = Me (50a), Et (50b)
X =Br; R = Et (50c)

Scheme 13. Pyrolysis of the dinuclear ruthenium(IlI) complexes 49a-c.
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Scheme 14. Synthesis of the dinuclear nitrosyl-ruthenium(Il) complexes 51a-b.
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Scheme 15. Hydrolysis of the P—O bond of pincer phosphinite ligands coordinated
to Ru(0).

the H—H, Si—H and B—H bonds in Hyg), EtMe,SiH and EtsSiH, and
HsB-PR3 (R = Me, Ph), respectively, to generate as a common pro-
duct the hydride complex trans-[RuH(dppe){P(OH)s3}][OTf] (in

54a 54b

the reaction with Hygy minor amounts of trans-[RuH(dppe),(n*-
H,)][OTf] were also formed by the partial substitution of the P
(OH); ligand with Hj) [65].

Hydrolysis of the complexed R,P—OC(=0)Me (R=Pr, Cy)
ligands, by means of wet triflic acid, in the cyclometalated com-
pounds 65a-b was reported by Pregosin and co-workers
(Scheme 19) [66]. The reactions led to the formation of the teth-
ered (n°-arene)-ruthenium(Il) complexes 66a-b resulting from
the cleavage of both the P—O and Ru—C bonds of 65a-b, and con-
comitant #°-coordination of one of the aromatic rings of the
binaphthyl skeleton to ruthenium. When dissolved in methanol,
66a was found to evolve into the corresponding hydride complex
67a, via initial displacement of the triflate ligand by a methoxide
group which in turn is converted into the hydride through a g-
hydride elimination process.

On another vein, Ros and co-workers described the facile
hydrolysis of the P—N bond of PPhy(Me,Pz) (1-(3,5-dimethyl)pyra
zolyldiphenylphosphine) when coordinated to the [RuCly(#5-p-
cymene)] fragment (Scheme 20) [67]. Thus, addition at room tem-
perature of 1 equivalent of water to a dichloromethane solution of
[RuCly(n®-p-cymene){PPh,(Me,Pz)}] (68) resulted in the rapid for-
mation of the cationic complex [RuCl(#®-p-cymene)(Me,PzH)
(PPh,OH)][Cl] (69), which contains both 3,5-dimethylpyrazole
and diphenylphosphinous acid coordinated molecules. X-Ray
diffraction analysis of 69 indicated that, in the solid state, the chlo-
ride counteranion interacts through H-bonding with the N—H and
O—H groups of these molecules as depicted in Scheme 20. Remark-
ably, the behavior of complex 68 contrasts with that shown by the
related iron(Il) derivative [FeCp(CO),{PPhy(Me,Pz)}][BF,], which
does not react with water even under refluxing conditions [68].
The higher reactivity of the pyrazolylphosphine ligand in 68 is
associated with the more basic character of the lone pair on the
pyrazole N2 atom due to its coordination to a less electrophilic
ruthenium center.

Related hydrolytic P—N bond cleavage reactions were observed
when dichloromethane solutions of the cyclic azaphosphacarbene-

~ Jren

Fig. 9. The three isomers of complex [RuCl(bipy),{PPh(OEt)(OH)}][Cl] (only the A-enantiomer is represented in each case).
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Scheme 16. Synthesis of complex 56 and structure of its hydrolyzed product 57.
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Scheme 17. Dealkylation reactions of a ruthenium-coordinated trimethylphosphite ligand.
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Scheme 18. Access to the phosphorous acid-ruthenium(Il) complex 64.
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(81% yield)
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Scheme 19. Synthesis of the tethered (#°-arene)-ruthenium(Il) complexes 66a-b.

Ru(II) complexes 70a,b were treated with water at room tempera-
ture (Scheme 21) [69]. Interestingly, chromatographic work-up
over Al,O3 of one of the resulting products, i.e. compound 71a,
led to the deprotonation of the diphenylphosphinous acid ligand
and generation of complex 72 in which, according to single-

crystal X-ray diffraction data, the oxygen atom of the Ph,PO™ anion
establishes strong intramolecular H-bonds with the N—H units of
the aminophosphine and aminocarbene ligands. This deprotona-
tion process was found to be reversible, complex 71a being quan-
titatively regenerated when 72 was exposed to acids. Also of note
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Scheme 20. Hydrolysis of a pyrazolylphosphine in the coordination sphere of ruthenium.
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Scheme 21. Synthesis and behavior of the phosphinous acid complexes 71a,b.
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Scheme 22. Generation of the phosphinous acid complexes 20b-1 by hydrolysis of 74b-1.

is the fact that, attempts to crystallize 71b by diffusion of diethyl
ether into a saturated CH,Cl, solution of this complex, afforded
instead crystals of 73 with concomitant aniline elimination. This
compound represents a rare example of a transition metal complex
featuring the chelating Ph,P—O—PPh, ligand.

The generation of phosphinous acid-ruthenium(Il) complexes
by hydrolysis of coordinated chlorophosphines has also been
quoted in the literature. In particular, experiments carried out in
NMR tubes with CD,Cl, solutions of several arene-ruthenium(II)

complexes of general composition [RuCl,(#°-p-cymene)(PR,Cl)]
(R = aliphatic, aromatic or heteroaromatic group; 74b-1) showed
that, upon addition of one drop of water, they cleanly evolve into
[RuCly(#®-p-cymene)(PR,0H)] (20b-1) (Scheme 22) [32]. As
expected, the P—CI bond hydrolysis in 74b-1 was found to proceed
faster with those compounds containing aromatic chlorophosphi-
nes substituted with electron-withdrawing groups (74g and 74h),
since the nucleophilic attack of water is in these cases favored by
the lower electron density on the phosphorus atom. In this context,
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Fig. 11. Structure of the dinuclear cyclopentadienyl-ruthenium(Il) complexes 79-83.

we must also indicate that complex [RuCly(#%-p-cymene)
(PPh,OH)] (20f) was isolated in 85% yield by Pandiakumar and
Samuelson when performing the reaction of dimer [{RuCl(u-Cl)
(n5-p-cymene)},] (18b) with PPh,Cl in refluxing THF, due to the
adventitious hydrolysis of the initially formed chlorophosphine
complex [RuCly(#°-p-cymene)(PPh,Cl)] (74f) [70].

While studying the reactivity of the
dimethyldithiophosphinate-Ru(II) complex cis-[Ru
(SoPMe,),(PPhs),] towards P-donor ligands, Robertson and
Stephenson found that its treatment with a large excess of PPh,(Cl,
in a refluxing mixture of acetone and water, results in the forma-
tion of a crystalline solid for which structure 75 was proposed
(Fig. 10) [71]. When the same reaction was performed with a lower
amount of PPh,Cl in aqueous methanol a mixture of compounds 75
and 76 was obtained, the latter being an intermediate in the forma-
tion of 75. In these reactions, the removal of one of the
dimethyldithiophosphinate ligands in the starting material cis-
[Ru(S;PMe; )>(PPhs),] was believed to proceed by protonation with

the HCI released during the hydrolysis of PPh,Cl. In accord with
this, compound cis-[Ru(S;PMe,)(PPh3){P(OMe),OH}] (77), that
keeps intact the two chelating Me,PS; ligands, was exclusively
formed in the reaction of cis-[Ru(S;PMe;)>(PPhs),] with excess of
(MeO),P(=0)H in methanol. On the other hand, treatment of 75
with BF5-Et,0 allowed also the isolation of the zwitterionic deriva-
tive [Ru(S,PMe,){(PPh,0);BF}] (78). This compound was found to
react with VO(acac), and Co(acac),, generating the trimetallic spe-
cies [VO{(OPPh;),(HOPPh,)Ru(S;PMe,)},] and [Co{(OPPh;)sRu
(S;PMe,)},], respectively, in which the Ph,PO™ anions act as bridg-
ing ligands.

Hydrolysis reactions of white phosphorus (P4) coordinated to
ruthenium fragments represent an alternative route to generate
P—OH ligands, although the selectivity of the process is rela-
tively low [17]. Thus, as observed for [FeCp(dppe)(x!-P,)][PFs]
(11 in Fig. 1) [15], its ruthenium counterpart [RuCp(dppe)(x!-
P4)][PFg] reacts with water, in THF or acetone solution at room
temperature, to generate a mixture of products from which free
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Fig. 12. Structure of the tethered (1°-arene)-ruthenium(Il) complex 88.

phosphorous acid H3POs, and complexes [RuCp(dppe)(PH3)][PFs]
and [RuCp(dppe){P(OH)s}][PFs] (42b in Scheme 8), could be
unambiguously identified [39]. Formation of minor amounts of
compounds [RuCp(TPPMS),{PH(OH),}][PFs] (41a) and [RuCp
(TPPMS),{P(OH)3}][PFs] (41b in Scheme 8) was also observed
when a DMF solution of [RuCp(TPPMS ),(x'-P,)][PFg] was treated
with 10 equivalents of H,O at 35 °C [40]. Nonetheless, as in the
precedent case, the major ruthenium complex generated in this
reaction is that containing PHs as ligand, i.e. compound [RuCp
(TPPMS),(PH3)][PFg]. Similar observations were made starting
from the bis(triphenylphosphine) derivative [RuCp(PPhs),
(1c'-P4)][PF¢] [72].

In this context, much attention has also been paid to the hydro-
lytic behavior of the P4-bridged dinuclear complex [{RuCp
(PPh3),}2(p-P4)][OTS], (79; see Fig. 11) [73-75]. The hydrolytic dis-
proportionation of the P4 ligand in this compound, in THF solution
at r.t,, was found to be markedly dependent on the amount of
water employed. Thus, in addition to [RuCp(PPhs){PH(OH),}]
[OTf] (39a in Scheme 8), [RuCp(PPhs),{P(OH)3}][OTf] (39b in
Scheme 8), [RuCp(PPhs)y(PH5)][OTf], [{RuCp(PPhs),}>(pn-PoHa)l
[OTf], and free phosphorous acid H3POs3, from some reactions the
dinuclear species 80-82 (Fig. 11), all containing P—OH ligands
bonded to ruthenium, could also be isolated and structurally char-
acterized by single-crystal X-ray diffraction. The generation of
complexes 39a and 39b (see Scheme 8), along with [RuCp(PPhs),
(PH,SH)][OTf], H3PO3 and HsPO,, by hydrolysis of the bridging
phosphorus sesquisulfide ligand of [{RuCp(PPhs),}>(1-P4S3)][OTf],
(83 in Fig. 11) has also been reported [73], as well as the reactivity
of [{RuCp(PMes),},(n-P4)][OTf], towards water [41]. Mixtures of
products, including [RuCp(PMes),{PH(OH),}][OTf] (40a) and

[RuCp(PMes),{P(OH)3}][OTf] (40b in Scheme 8), were again
observed in the latter case.

Concerning the generation of Ru—P—OH complexes by hydroly-
sis of phosphorus-carbon bonds, a seminal contribution was made
by Pregosin and co-workers in 2000 [76]. They reported the syn-
thesis of the tethered (#5-arene)-ruthenium(ll) complexes 86 and
87, containing diphenylphosphinous acid as ligand, using the
Binap- and MeO-Biphep-ruthenium diacetate derivatives 84 and
85, respectively, as starting materials (Scheme 23). Thus, the treat-
ment of 84-85 with wet triflic acid in 1,2-dichloroethane under
thermal conditions, results in the clean formation of 86-87 via
cleavage of one of the P—C bonds of the atropisomeric diphos-
phines. Although mechanistic details were not given by the
authors, the analogy between 86 and compounds 66a-b (see
Scheme 19) may indicate that intermediate species related to
65a-b are probably involved in these reactions.

A similar P—C bond cleavage process was also observed when a
dichloromethane solution of the Binap-Ru(ll) precursor 84 was
treated sequentially with 1equiv. of the Brookhart’s acid
HBArF-20Et, (BArF~ = tetrakis[3,5-bis(trifluoromethyl)phenyl]bor
ate) and water, the reaction leading in this case to the quantitative
formation of complex 88 (Fig. 12) [77].

The chemistry of complexes 86-88 was explored in deep by
Pregosin and co-workers, showing some remarkable reactivity pat-
terns [78]. For example, 86 readily reacts with simple alcohols,
such as methanol, ethanol, 2-propanol or ethylene glycol, under
neat conditions to generate complexes 89a-d (Scheme 24)
[79,80]. These compounds result from the solvolytic and stere-
ospecific cleavage of one of the P—C bonds of the PPh,OH ligand
and concomitant migration of the phenyl group to ruthenium, with
one molecule of triflic acid being eliminated during the process.

Remarkably, the formation of compounds 89a-d was found to
be reversible. Thus, experiments performed in NMR tubes with
CD,Cl, solutions of these complexes indicated that compound 86
is almost quantitatively regenerated upon addition of an excess
of triflic acid [80]. Only in the case of 89a minor amounts of a side
product 90, containing PPh(OH), as ligand, were formed
(Scheme 25). As exemplified with the transformation of 89d into
91 (Scheme 25), the deprotonation of the PPh(OR)(OH) ligands in
complexes 89 also proceeded cleanly in the presence of potassium
carbonate.

An interesting result was obtained when complex 86 was
reacted with ‘BuOH in a THF/H,0 mixture since the dinuclear com-
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Scheme 27. Reactivity of complex 86 towards anionic and neutral ligands.

pound 92, containing the phosphorous acid anion P(=0)(OH), as
bridging ligand, is selectively formed (Scheme 26) [81]. The anion
P(=0)(OH)3 arises from the double P—C bond cleavage in the ini-
tial phosphinous acid Ph,POH ligand of 86, a process apparently
facilitated by the presence of water. A similar result was also
obtained starting from the MeO-Biphep-derived complex 87, the
reaction leading to the isolation of 93 [80]. In addition, related
P—C bond splitting processes were also found in the reactions of
complex 88 (see Fig. 12) with methanol, from which species
related to 89a and 92 could be characterized [77].

In addition to alcohols, the reactivity of 86 was extended to HCl,
phosphines, phosphites, sodium acetate, isonitriles and nitriles
[77,82,83]. A summary is given in Scheme 27. Depending on the
reagent employed different reaction pathways were observed,
involving simple substitution of the labile triflate ligand (com-
pounds 94-96), the deprotonation of the PPh,OH unit (compound
97), the full displacement of the coordinated #°-coordinated arene
(compound 98), or a change in its hapticity from #° to !, in which
a weak bonding of the Cj,s,.-biaryl arene carbon to ruthenium is
established (compounds 99-100). Worthy of note is also the for-
mation of the metallacyclic complex 101 after prolonged heating
of a 1,2-dichloroethane solution of 86 with an excess of p-tolyl

nitrile [82]. This compound results from the nucleophilic addition
of the PPh,0H ligand to a ruthenium-coordinated nitrile molecule.

A P—C bond splitting process was observed when the cationic
cyclometalated ruthenium(Il) complexes 102 were treated with
an excess of sodium hydride in wet tetrahydrofuran, the reactions
leading to the selective formation of the neutral phosphinito
derivatives 103, which could be converted into the corresponding
phosphinous acid complexes 104 by protonation with HBF,-OEt;
(Scheme 28) [84]. Protonation of the cationic phosphinito-Ru(II)
derivative [Ru(tpy)(bipy){P(=0)Ph,}][PF¢] (tpy = 2,2’:6',2"-terpyri
dine) with 1 equiv. of HCl was described by Campagna, Igau and
co-workers [85]. After counteranion exchange with KPFg, the dinu-
clear H-bonded complex [{Ru(tpy)(bipy)(PPh,0)},H][PFs]s, struc-
turally related to the iron derivatives 2 (see Scheme 1), could be
isolated and crystallographically characterized. Interestingly, this
compound was found to be water sensitive evolving into [{Ru
(tpy)(bipy)(PPh,0)},(H,0)][PFg]l,, a rare example of a water-
bridged dinuclear complex featuring a P=O0O..-H—O—H...-O=P
linkage.

On another vein, interesting P—H bond activation processes
were described by Paz-Sandoval and co-workers by exposing a
solution of complex [RuCICp*(PHPh;),] (105) in CDCls to the air
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[86]. As shown in Scheme 29, a mixture of several ruthenium-
containing products was formed, including: (i) the chlorophos-
phine complexes 106 and 107, generated through radical chlorina-
tion of the PHPh, ligands by the CDCl; solvent, and (ii) the
phosphinous acid derivatives 108-110, generated by oxidation of
the coordinated PHPh, ligands. According to the authors, such oxi-
dation could involve molecular oxygen activated by free radicals
generated from CDCl;. Compounds 109 and 110 were indepen-
dently synthesized and fully characterized by the direct reaction

of the dimeric Ru(Ill) precursor [{RuCl(u-Cl)Cp*},] with PhyP(=0)
H. Another species observed in the CDCl; solution was the
hydride-ruthenium(IV) derivative 111, resulting from the
intramolecular oxidative addition of one of the phosphinous acid
Ph,POH ligands to ruthenium in 109, as confirmed in an indepen-
dent experiment.

In the same work, the Ru(ll) and Ru(IV) complexes [RuCp*
(PHPh;),(PPh,OH)][Cl] (112) and [RuH,Cp*{(PPh,0),H}][Cl] (113),
respectively, were also isolated during the purification by column
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chromatography over silica gel of the mixture of products gener-
ated in the reaction of [RuCICp*(PPhs),] with an excess of PHPh,
(Fig. 13) [86].

In addition to 111 and 113, other Ru(IV)-phosphinous acid com-
plexes have appeared in the literature. In particular, Cadierno and
co-workers described the synthesis of the mononuclear bis(allyl)-
ruthenium(IV) derivatives [RuCly(17%:>-C1oH;6)(PR,OH)] (115a-h)
by the direct reaction of different aromatic, heteroaromatic and ali-
phatic SPOs with the chloride-bridged dimeric precursor [{RuCl(p-
C)(17%:3-C1oH16)}2] (114; CyoHyg = 2,7-dimethylocta-2,6-diene-1,
8-diyl) (Scheme 30) [87,88]. The reactions proceeded cleanly in
dichloromethane at room temperature, affording 115a-h in good
yields. Alternatively, compounds 115a-f, containing aromatic or
heteroaromatic substituents on the P atom, were also accessible
by hydrolysis of the corresponding chlorophosphine derivatives
[RuCly(17%:3-C1oH16)(PRoCI)] (116a-f) in a THF/H,O mixture at
50 °C (Scheme 30) [88].

Very recently, while studying the coordination chemistry of the
bidentate phosphino-phosphinine ligand 117, Mansell and co-
workers reported the preparation of a couple of phosphinous
acid-ruthenium(Il) complexes via selective syn addition of water
across a P=C bond of the phosphinine unit (Scheme 31) [89]. Thus,
they found that the reaction of 117 with the hexamethylbenzene-
ruthenium(Il) dimer 18d, in the presence of humid NH4PFg, leads
to the clean formation of the cationic complex 118 in which, in
addition to the hydration of the P=C bond, cleavage of the SiMe3
group also takes place. Conversely, employing as the ruthenium
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source the tetrameric derivative [{Ru(u-Cl)Cp*}4], instead of dimer
18d, chelation of the intact phosphino-phosphinine ligand 117 to
the Cp*RuCl fragment was observed. However, in the presence of
water, the resulted complex 119 also undergoes hydration to form
120.

6. Synthesis and reactivity of osmium complexes

The coordination of phosphinous and phosphorous acids to the
(n®-p-cymene)-osmium(ll) fragment [OsCly(15-p-cymene)] was
described by Cadierno and co-workers [90]. In particular, they
were able to synthesize in moderate to high yields complexes
[0sCly(n%-p-cymene)(PR,OH)] (R=Me (122a), Ph (122b)) and
[OsCl,y(#5-p-cymene){P(OR),OH}] (R=Me (123a), Ph (123b)) by
reacting the dimeric precursor [{OsCl(u-Cl)(#5-p-cymene)},] (121)
with the corresponding secondary phosphine oxide or phosphite
in tetrahydrofuran at room temperature (Scheme 32). As observed
with the ruthenium dimers [{RuCl(u-Cl)(n%-arene)},] (18a-d), the
reactions involving phosphites required longer times than those
with the SPOs (18-24 h vs 1-6 h). In the same work, compound
[0sCl,(n%-p-cymene)(PPh,0H)] (122b) could also be synthesized
in high yield (84%) by hydrolysis of the P—Cl bond in the corre-
sponding chlorophosphine complex [0sCl,(#°-p-cymene)(PPh,Cl)]
after prolonged heating in wet tetrahydrofuran (48 h under reflux-
ing conditions), more drastic conditions to those required in the
case of analogous ruthenium-chlorophosphine complexes [RuCl(-
15-p-cymene)(PR,Cl)] (74b-1) (Scheme 22), pointing to a lower
reactivity of Os in these hydrolytic reactions. Further works by
the same group also demonstrated the possibility of generating
[0sCl,(%-p-cymene)(PPh,0H)] (122b) from the amino-phosphine
derivative [0sCly(#°-p-cymene){PPh,(NMe,)}] by hydrolytic cleav-
age of the P—N bond in refluxing water [91].

Following analogous studies with iron and ruthenium
[15,38-41], Peruzzini, Stoppioni and co-workers reported the
high-yield preparation (ca. 80%) of the cationic cyclopentadienyl-
osmium(Il) complexes [OsCp(PPhs),{PR(OH),}][OTf] (R=H
(124a), OH (124b)) (Fig. 14) from the reactions of the correspond-
ing neutral chloride precursor [OsCICp(PPhs),] with hypophospho-
rous and phosphorous acid (H3PO, and H3POs) in the presence of
AgOTf [92]. As expected, compounds 124a and 124b are also
generated in the reactions of the mono- and dinuclear tetraphos-
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Scheme 30. Synthesis of the bis(allyl)-ruthenium(IV)-phosphinous acid complexes 115a-h.
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phorus complexes 125 and 126 (Fig. 14) with water, although as a
complicated mixture with other compounds (including free H;PO,
and HsPOs, [OsCp(PPhs),(PH3)][OTf] and other unidentified spe-
cies) [92].

A surprising result was reported in 2000 by Esteruelas and co-
workers with the isolation of the cationic diphenylphosphinous

acid-0s(IV) complex [OsH,Cp(P'Pr;)(PPh,OH)][PFs] (128) upon
treatment of the neutral Os(II) chloride precursor [OsCICp(P'Prs)
(PHPhy)] (127) with TIPFs in humid acetone (Scheme 33) [93]. A
reaction mechanism involving the intramolecular P—H oxidative
addition of the diphenylphosphine ligand in the unsaturated spe-
cies [0sCp(P'Pr;)(PHPh,)][PFs] (J), generated by the initial abstrac-
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Scheme 35. Reactivity of the porphyrin-dioxo-Os(VI) derivative 132 towards PHPh,.

tion of the chloride ligand of 127 with the thallium(I) salt, followed
by the addition of a water molecule across the osmium-phosphido
bond in the resulting hydride-phosphido intermediate [OsHCp
(P'Pr5)(PPh,)][PFs] (K), was proposed by the authors to account for
this unexpected result. This mechanistic proposal was supported
by the selective generation of [OsHDCp(P'Pr5)(PPh,0D)][PFs] when
the same reaction was performed in a D,O/acetone mixture. On
the other hand, the deprotonation of complex [OsH,Cp(P'Prs)
(PPh,OH)][PFg] (128) with sodium methoxide allowed the high-yield

preparation of the corresponding dihydride-phosphinite-osmium
(IV) derivative [OsH,Cp{P(=0)Ph, }(P'Pr3)] (129) (Scheme 33) [93].

The same group also described the synthesis of the
diphenylphosphinous acid derivative [OsHs(P'Prs),(PPh,OH)][BF4]
(131) from the reaction of the pentahydride-diphenylphosphine-
osmium(VI) complex [OsHs(P'Pr3),(PHPh,)][BF4] (130) with water
(Scheme 34) [94]. Given the tendency of 130 to lose a hydrogen
molecule, a reaction pathway similar to that depicted in Scheme 33,
and involving the oxidative addition of the PHPh, ligand in the
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coordinatively unsaturated Os(IV) [OsH5(P'Prs),
(PHPh,)]", was suggested by the authors.

Another interesting result was found by Che and co-workers
while studying the reactivity of the porphyrin-Os(VI) derivative
[Os(F,o-tpp)03] (132; Fyo-tpp = 5,10,15,20-tetrakis(pentafluorophe
nyl)porphyrinato dianion) towards diphenylphosphine
(Scheme 35) [95]. Thus, the treatment of 132 with a large excess
of PHPh,, in ethanol at room temperature, led to the major forma-
tion of the Os(II) complex [Os(Fyo-tpp)(PHPh,)(PPh,OH)] (133)

fragment

Me, Me;
y "/OmP””I““'"Pt"“““\\\P\ OH
\O:P/ \H
Me>
143

Fig. 15. Structure of the Ghaffar-Parkins platinum catalyst 143.
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along with minor amounts of [Os(F»o-tpp)(PPh,OH),| (134). Appar-
ently, oxidation of PHPh, by 132 readily takes place in solution
generating PhoP(=0)H and the reactive Os(Il) species [Os(Fzo-
tpp)] to which diphenylphosphinous acid is preferentially coordi-
nated. In line with this, no [Os(F,o-tpp)(PHPh;),] was detected
after treating [Os(F,o-tpp)(PHPh,)(PPh,OH)] (133) with an excess
of PHPh, in dichloromethane, suggesting all these results that
the binding of PPh,OH to osmium is substantially stronger than
that of PHPhs,.

The generation of phosphinous acid ligands by hydrolytic cleav-
age of P—C bonds in osmium-coordinated phosphines has also
been reported. In particular, the dicationic aquo-complexes 135
and 136, containing optically active phosphinooxazoline ligands
(both compounds exist as non-separable mixtures of diastereoiso-
mers), were found to evolve in dichloromethane solution into the
monocationic osmium(Il) derivatives 137 and 138, respectively,
in which one of the phenyl groups of the original phosphine is
replaced by OH and transferred to the metal (Scheme 36) [96].

In the new compounds 137-138, the phosphorus atoms become
also stereogenic centers. Nonetheless, according to the spectro-
scopic data obtained, the formation of both compounds proceeded
in a stereospecific manner, the P atoms adopting the same config-
uration that the osmium atoms present. To rationalize the stere-
ospecific formation of 137-138 the authors proposed the
following reaction pathway: Initially, dissociation of the coordi-
nated water molecules would generate the corresponding coordi-
natively unsaturated species L. Once formed, these intermediates
could undergo a [1,2]-shift of a phenyl group from phosphorus to
osmium, promoted by the nucleophilic attack of the released water
molecule on the phosphorus atom (transition state M). For steric
reasons, this nucleophilic attack takes place on the opposite site
of the osmium-phosphorus phenyl bridge, which would explain
the observed stereospecificity.

An additional example of an osmium complex with a P—OH
ligand is the benzene-Os(II) complex 140, which contains a coordi-
nated dimethylphosphorous acid molecule (Scheme 37) [97]. It
was generated by protonation of the bis(dimethylphosphonate)
derivative 139 with an excess of trifluoroacetic acid, and isolated
as a hydrogen-bonded 1:1 adduct with the acid. Treatment of
140 with pyridine allowed the elimination of the CF;CO,H mole-
cule and the isolation of complex 141. Further reaction of 141 with
Tl(acac) resulted in the clean formation of the heterobimetallic
derivative 142 through the exchange of the bridging H* by TI".

7. Applications and involvement in catalysis
7.1. Nitrile hydration reactions

The utility of phosphinous acids as auxiliary ligands in nitrile
hydration reactions was first evidenced by Ghaffar and Parkins in
1995 with the hydride-platinum(Il) complex [PtH{(PMe,0),H}
(PMe,OH)] (143) (Fig. 15) [98]. This compound was found to be
particularly effective for the selective conversion of organonitriles
into primary amides under mild conditions, showing moreover an
exquisite tolerance to other functional groups, features that have
allowed its implementation in a huge number of synthetic pro-
cesses [99].

Ruthenium complexes have been extensively investigated as
potential catalysts for the hydration of nitriles during the last years
[100], and excellent results have also been achieved when com-
bined with phosphinous acid ligands. The first contribution to this
field was made by Tyler and co-workers in 2013, who found that
the dimethylphosphinous acid complex [RuCly(#®-p-cymene)
(PMe,OH)] (20a; see Fig. 3) was able to hydrate a variety of nitriles
in pure water and, more importantly, without the assistance of

acidic or basic additives usually required in these hydration pro-
cesses [29]. As shown in Scheme 38, the catalytic reactions pro-
ceeded cleanly at 100 °C with 5 mol% of 20a, affording selectively
the primary amide products in high yields and short times.
Remarkably, working at low temperature (r.t.), complex 20a
proved to be also effective in the hydration of cyanohydrins, sub-
strates very difficult to hydrate because they tend to decompose
in aqueous media generating HCN that poisons the metal catalysts.
The results obtained with glycolonitrile and lactonitrile
(Scheme 38) showed that 20a was more active in the hydration
of these challenging substrates than [RuCly(#®-p-cymene){P
(NMe;)s3}], the best previously reported catalyst for cyanohydrin
hydration [101].

In a later work, and employing acetonitrile and benzonitrile as
model substrates, Cadierno, Lopez and co-workers evaluated com-
paratively the activity of a series of phosphinous acid complexes
[RuCly(n®-arene)(PR,OH)] (19-22 in Fig. 3) with that of their phos-
phorous acid analogous [RuCl,(#®-arene){P(OR),(OH)}] (23-26 in
Fig. 3), finding that the former are much more effective than the
latter [26]. From this study the dimethylphosphinous acid com-
plexes [RuCl,(#%-arene)(PMe,OH)] (arene =benzene (19a), p-
cymene (20a), mesitylene (21a), hexamethylbenzene (22a)) were
identified as the most active, being able to complete the hydration
of acetonitrile and benzonitrile at 100 °C in short time (from 5 min
to 2 h) with a metal loading of only 1 mol%. In addition, a mecha-
nistic study through DFT calculations indicated that ligands PR,OH
are deeply involved in the hydration process, playing a key role
during the catalytic reactions (Scheme 39) [26]. According to the
calculations, the hydration reactions do not proceed through the
direct addition of water to the metal-coordinated nitrile. Instead,
a five-membered metallacyclic intermediate is initially formed by
intramolecular addition of the OH group of the phosphinous acid
ligand to the nitrile. Subsequent hydrolysis of this metallacycle
generates the final primary amide product. Additional evidences
of the potential of these arene-ruthenium(Il) complexes for C=N
bond hydration reactions can be found in a patented work by
Oshiki and Muranaka [27].

The bis(allyl)-ruthenium(IV) complexes [RuCly(173:173-C1oHq6)
(PR,0OH)] (115a-h; see Scheme 30) have also shown an exceptional
activity in the hydration of C==N bonds [87,88]. In particular, per-
forming the catalytic reactions in pure water and in the absence of
additives, the dimethylphosphinous acid derivative [RuCly(1%:1>-
CyoH16)(PMe,OH)] (115g) was able to convert a huge number of
aromatic, heteroaromatic, aliphatic and «,p-unsaturated nitriles
into the corresponding primary amides (up to 34 examples) in high
yields (>89% by gas chromatography) and short times (from 5 min
to 8 h) employing only 1 mol% of Ru at 60 °C. The presence of com-
mon functional groups (halides, nitro, hydroxyl, ether, thioether or
ketone) in the skeleton of the nitrile substrates was perfectly toler-
ated, thus highlighting the exquisite chemoselectivity of this cata-
lyst. The synthetic utility of 115g was further evidenced with the
selective synthesis of the antiepileptic drug rufinamide 145 and
the NSAID ibuprofenamide 147 by hydration of their respective
nitriles (144 and 146, respectively) (Scheme 40), as well as in the
hydration of cyanohydrins. An additional outstanding feature of
[RuCly(n3:n-C1oH16)(PMe,0H)] (115g) is that, due to its high solu-
bility in water, it can be easily recycled after selective crystalliza-
tion of the amide product at the end of the reaction just by
cooling down the mixture (complex 115g remains completely dis-
solved in water, and the aqueous solution can be employed for
additional reactions without appreciable loss of activity).

Another complex able to promote the selective hydration of
nitriles to amides, also in pure water and under neutral conditions,
is the cationic tethered (°-arene)-ruthenium(Il) derivative 86 (see
Scheme 23) [30]. However, its activity was found to be much lower
in comparison to that shown by the neutral Ru(Il) and Ru(IV) com-
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Scheme 40. Catalytic synthesis of rufinamide 145 and ibuprofenamide 147.

plexes just commented, requiring of a higher metal loading (5 mol
%) and temperature (100 °C) to operate. Perhaps the most relevant
aspect of this compound is that it was also catalytically active in
the rearrangement of aldoximes (Scheme 41) [30], an alternative
atom-economical procedure for the synthesis of primary amides
which involves a dehydration/rehydration sequence via the corre-
sponding nitrile intermediates [102].

On the other hand, as previously commented in Section 5,
ruthenium-phosphinous acid complexes can be easily accessed
by hydrolysis of coordinated chlorophosphines. Consequently,
ruthenium-chlorophosphine complexes can be potentially
employed as pre-catalysts for nitrile hydration reactions, since in

aqueous medium they would readily generate the catalytically
active Ru-PR,OH species. This possibility was confirmed by
Cadierno and co-workers with the arene-ruthenium(Il) complexes
[RuCly(1#®-p-cymene)(PR,Cl)] (74b-1; see Scheme 22) [32] and the
bis(allyl)-ruthenium(IV) derivatives [RuCly(#%:13-C10H;6)(PR2C1)]
(116a-f; see Scheme 30) [88]. Employing directly water as solvent,
all of them proved to be effective in the hydration reactions, with
complex [RuCly(#5-p-cymene){PCl(4-C¢H,4F),}] (74g) showing a
remarkable activity under mild conditions [32]. In particular, per-
forming the reactions with only 2 mol% of this complex at 40 °C,
a large number of aromatic, heteroaromatic, aliphatic and «,f-
unsaturated organonitriles could be selectively converted into
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Scheme 41. The rearrangement of aldoximes into amides catalyzed by complex 86.
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Scheme 44. Catalytic hydration of nitriles employing the osmium(Il) complex 122a.

the corresponding primary amides in high yields (>77% after 1-
24 h). The synthetic utility of this pre-catalyst was further evi-
denced with the preparation of a diverse family of synthetically
useful B-ketoamides from the respective p-ketonitriles
(Scheme 42), a hydration reaction whose only bibliographical
precedents involved the use of enzymes, i.e. nitrile hydratases
(NHases) [32].

In addition, taking advantage of the competence of ruthenium
(II) complexes to catalyze the transfer hydrogenation (TH) of
ketones by sodium formate in water [103], an efficient tandem
hydration/TH process for the direct conversion of p-ketonitriles
into B-hydroxyamides could be developed making use of

[RuCly(n®-p-cymene){PCl(4-C¢H4F),}] (74g) as catalyst [104]. Thus,
as shown in Scheme 43, performing the reactions in water at
100 °C for 24-48 h, with 5 mol% of 74g and 20 equiv. of NaO,CH,
a number of g-hydroxyamides could be synthesized in high yield.
The increase in the Ru loading, temperature and time in compar-
ison with the simple hydration reactions depicted in Scheme 42
was needed to facilitate the reduction of the corresponding
p-ketoamide intermediates, which was found to be the rate-
limiting step of this tandem process. Remarkably, under identical
reaction conditions, the dimeric precursor [{RuCl(p-Cl)
(n®-p-cymene)},] (18b) and the related phosphine derivatives
[RuCly(#°%-p-cymene)(PPhs)] and [RuCly(1®-p-cymene){P(4-C¢H,F)s}]
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were unable to generate the final g-hydroxyamide products in sig-
nificant amounts, thus pointing out the key role played by the
in situ generated phosphinous acid ligand P(4-C¢H4F),OH in the
process.

Very recently, the combination of the bis(allyl)-ruthenium(IV)
complex [RuCly(13:13-C1oH16)(PMe,0H)] (115g) with ketoreduc-
tases (KREDs) allowed the development a related hydration/biore-
duction cascade process for the one-pot transformation of the
same p-ketonitriles into the corresponding optically active g-
hydroxyamides [105]. The reactions, which were in this case per-
formed under mild temperature conditions (60 °C) in an aqueous
phosphate buffer, proceeded in high yields and with a very high
stereoselectivity (>99% ee in most cases). In addition, just by select-
ing the appropriate enzyme, it was possible to generate selectively
one or the other enantiomer of the chiral g-hydroxyamide product.

Contrary to ruthenium [100], there are very few examples of
osmium-based nitriles hydration catalysts reported to date in the
literature [106]. Among them, complexes [OsCly(n°-p-cymene)
(PR,OH)] (R =Me (122a), Ph (122b)) and [OsCl,(1®-p-cymene){P
(OR),0H}] (R=Me (123a), Ph (123b)) (see Scheme 32) stand out,
since they are able to operate in pure water without the assistance
of any acidic or basic additive [90]. In terms of activity, the
dimethylphosphinous ~ acid derivative  [OsCly(#°-p-cymene)
(PMe,OH)] (122a) offered the best performances (TOF values up
to 200 h™1), being able to convert a large variety of organonitriles
into the corresponding primary amides in high yields and short
times when the catalytic reactions were carried out at 80 °C with
only 1 mol% of Os (Scheme 44). It also noteworthy that 122a shows
an activity challenging that of related Ru-based catalysts. In partic-
ular, when compared to its ruthenium counterpart [RuCly(#5-p-
cymene)(PMe,OH)] (20a), it turned out to hydrate faster the usu-
ally less reactive aliphatic nitriles, whereas the opposite trend
was observed for aromatic substrates. DFT calculations supported,
as in the case of ruthenium, the involvement in the catalytic reac-
tions of five-membered metallacyclic intermediates generated by
intramolecular addition of the PMe,OH ligand to the correspond-
ing osmium-coordinated nitrile (see Scheme 39). According to
the calculations, the differences in reactivity towards aliphatic
and aromatic nitriles experimentally observed with complexes
20a and 122a seem to be related with subtle differences in the ring
strain of these metallacyclic intermediates. Finally, we must also
mention that complexes [OsCly(#°-p-cymene)(PPh,Cl)] [90] and
[OsCl,(#5-p-cymene){PPh,(NMe,)}] [91] proved to be useful pre-
catalysts for the hydration of C=N bonds, since when dissolved
in water they evolve into the catalytically active phosphinous acid
derivative [0sCl,(°-p-cymene)(PPh,0H)] (122b) by hydrolysis of
the P—CI and P—N bonds, respectively.

7.2. C—H bond arylation processes

The catalytic activation of unreactive C(sp?>)—H bonds is a field
of enormous current interest [107]. In this context, the use of low-
cost ruthenium-based catalysts has tremendously contributed to
the discovery of new C—C coupling reactions by directing-group-
assisted C(sp?)—H activation processes [108], a field in which sec-
ondary phosphine oxides has found utility as air- and moisture-
stable pre-ligands [109]. Ackermann described the first example
of the successful combination of a ruthenium complex with a
SPO in a catalytic system for the arylation of 2-phenylpyridine
148 (Scheme 45) [110]. Thus, he found that the association of the
ruthenium dimer [{RuCl(u-Cl)(5#®-p-cymene)},] (18b) with an
excess of Ad,P(=0)H and K,CO3 was particularly effective for the
ortho-diarylation of 148 with different arylchlorides, in N-
methylpyrrolidine (NMP) at 120 °C, affording the corresponding
products 149 in high yields regardless of the electronic nature or
substitution pattern of the ArCl reagents. In the same work, he also

demonstrated the utility of the 18b/Ad,P(=0)H combination for
the monoarylation of ketimines 150, reactions from which the
ketone products 151 were isolated after hydrolytic work-up
[110]. As in the precedent case, a good tolerance to functional
groups and substitution pattern on the ArCl partners was observed.

The catalytic system 18b/Ad,P(=0)H was also effective in the
direct arylation of triazole 152 [111] and 2-phenoxypyridine 154
[112] with 4-bromoanisole, affording 153 or a mixture of the
mono- and diarylated products 155 and 156, respectively, with
yields superior to those obtained when classical phosphines or N-
heterocyclic carbenes were employed as ligands (Scheme 46).
However, we must to indicate that for these particular reactions
a slightly higher yield or a better selectivity was observed when
MesCO,H (Mes = mesityl), instead of Ad,P(=0)H, was used as co-
catalyst.

Ackermann and co-workers extended these studies to the use of
aryl-tosylates, instead of the more classical aryl-halides, as the
electrophilic coupling partners. In particular, they found that
C—H functionalization of oxazoline 158 with different aromatic
tosylates is possible employing dimer [{RuCl(p-Cl)(#5-p-
cymene)},] (18b) in combination with the sterically hindered
diaminophosphine oxide 157 (Scheme 47) [113]. Moreover, in
marked contrast with the results depicted in Scheme 45, when this
catalytic system was applied to the arylation of 2-phenylpyridine
148 with aryl tosylates a very high selectivity towards the corre-
sponding monoarylated products was observed, with only minor
amounts of the diarylated compounds 149 being generated in
these reactions [113].

As exemplified again with oxazoline 158, the 18b/157 combina-
tion was successfully employed in more challenging arylation pro-
cesses using phenols as the electrophilic reagents (Scheme 48),
dehydrative coupling reactions that could be extended to other
pronucleophiles such as aryl-pyrazoles and aryl-pyridines [114].

All these directing-group-assisted C(sp?)—H activation pro-
cesses involving SPOs as pre-ligands were believed to proceed
through a concerted metalation/deprotonation mechanism
assisted by a metal-coordinated anionic R,PO~ ligand (Scheme 49)
[111,115]. Thus, the substrates would react with in situ formed
ruthenium intermediates of type N, generating through the transi-
tion state O the key ruthenacyclic species P. Further reaction of P
with the aryl (pseudo)halides would lead to the ortho-arylated
products.

In a more recent study, Ackermann and co-workers also
reported on the direct use of well-defined ruthenium(Il)-
phosphinous acid complexes [RuCly(n®-p-cymene)(PR'RZ0H)]
(20c-d f-g,m-o0; see Fig. 3) as catalysts for these C—H activation
processes, which in combination with K,CO3; showed a remarkable
activity [31]. In particular, employing [RuCly(#%-p-cymene)
(P"BuOH)] (20c) as catalyst very effective and chemoselective pro-
cedures for the arylation of oxazoline 158 with aryl tosylates and
2-vinyl-pyridines 160 with aryl bromides could be developed, pre-
senting both of them an excellent functional group compatibility
(Scheme 50). In addition, DFT calculations on the mechanism of
these reactions confirmed the cooperative role of the phosphinous
acid ligand, which assists the C—H ruthenation step, i.e. the gener-
ation of intermediates P through a transition state of type O
(Scheme 49).

More importantly from a synthetic point of view, Ackermann
and co-workers also found that the well-defined ruthenium(lIl)-
phosphinous acid complexes 20 facilitate C—H activation reactions
of aryl tetrazoles with aryl bromides [31], a process of relevance for
potential application in the preparation of a variety of drugs. For
this particular transformation [RuCly(#°-p-cymene)(P'BuPhOH)]
(200) gave the best results, with exceptional tolerance to func-
tional groups, versatility and robustness as exemplified in the ary-
lation reactions of the model tetrazole substrate 162, from which a
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Scheme 46. Ru-catalyzed arylation reactions of triazole 152 and 2-phenoxypyridine 154.

number of arylated products 163 were obtained in high yield
(Scheme 51). All these features were further illustrated by the
unprecedented direct synthesis of compound 165, a protected form
of the antihypertensive drug Valsartan, by coupling 162 with the
aryl bromide 164, a transformation that proceeded cleanly and
without racemization of the chiral amido ester moiety.
Additionally, related arylation reactions of 2-phenylpyridine
148 with chlorobenzene employing complexes [RuCly(n®-p-
cymene)(PR'R?0OH)] (20a.e-gkn-q; see Fig. 3), [RuBry(#°-p-
cymene)(P'BuPhOH)] (27b) and [Ruly(#®-p-cymene)(P'BuPhOH)]
(28b) as catalysts were described by Clavier and co-workers [10].
Performing the reactions at 80 °C in NMP with K,COs as the base,
complex [RuCly(#®-p-cymene)(P'BuPhOH)] (200) containing the

bulkier phosphinous acid ligand was identified as the most effec-
tive one, leading to the formation of corresponding diarylated pro-
duct in 89% yield after 24 h. Interestingly, these well-defined
complexes performed in general slightly better than the in situ-
generated ones, and the addition of an extra quantity of the corre-
sponding SPO was found to reduce their activity. Additional exper-
iments with complexes 20 in the presence of different additives
allowed also to establish a marked halide dependence of the reac-
tion, being drastically inhibited when LiCl or "BusyNCl were added
to the medium. Similarly, a reduced activity was observed in the
presence of AgBF,, suggesting that the two chloride ligands present
in complexes 20 are necessary and play a role in the C—H activa-
tion process.
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Scheme 47. Ru-catalyzed C—H bond arylation reactions employing tosylates.
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Scheme 49. The role of SPOs pre-ligands in the Ru-catalyzed arylation reactions.

7.3. Hydrogenation reactions

In 2010 the groups of Pugin and Pfaltz described the prepara-
tion of two different families of optically active mixed SPO-
phosphine ligands, containing a chiral ferrocenyl backbone 166a-
d or a chiral substituent on the SPO unit 167a-c (Fig. 16), which
were tested in the ruthenium-catalyzed asymmetric hydrogena-
tion of the p-ketoesters [116]. Although the details given by the
authors in this regard were minimal, they commented about quite
disparate results from which structure/selectivity relationships
could not be established. However, they clearly stated that a cat-
alytic system generated in situ by combining the ruthenium dimer
[{RuCl(p-Cl)(#°-p-cymene)},] (18b) with the ferrocenyl ligand
166a was able to hydrogenate quantitatively ethyl 3-
oxopentanoate with 92% ee at a S/C ratio of 5000 (reaction per-
formed at room temperature under 1 bar H, pressure).

Zhang and co-workers synthesized the octahedral hydride-
ruthenium(Il) complex 169 by reacting the tridentate SPO ligand

168 with [RuHCI(CO)(PPhs)s] in refluxing toluene (Scheme 52)
[117]. This complex showed a good catalytic activity in the hydro-
genation of aldehydes, associated with an excellent selectivity in
the case of «,f-unsaturated aldehydes. DFT calculations suggested
that the reaction takes place through an outer-sphere mechanism
involving the initial formation of a phosphinous acid dihydride
intermediate Q, by hydrogenation of 169, followed by the con-
certed transfer of one hydride ligand and the P—OH proton to the
aldehyde (transition state R).

In another vein, SPOs are gaining increasing attention as pre-
ligands for the stabilization of metal nanoparticles (NPs) [118]. In
this context, van Leeuwen and co-workers reported the use of a
variety of SPOs with different electronic and steric properties for
the stabilization of ruthenium NPs generated by decomposition
of the organometallic precursor [Ru(COD)(COT)] (COT=1,3,5,7-
cyclooctatetraene) in the presence of Hyg) [119]. A narrow particle
size distribution and the smallest amount of agglomeration were
obtained with Ph,P(=0)H (size range of the RuNPs of 1-2 nm),
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Scheme 51. Ru-catalyzed C—H arylation of tetrazole 162: Access to protected Valsartan 165.
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Fig. 16. Structure of the optically active ligands 166a-d and 167a-c.

which was supposed to coordinate the ruthenium atoms as the
corresponding PPh,OH tautomer. In addition, these RuNPs dis-
played a remarkable activity in hydrogenation reactions of aro-
matic compounds at very low catalyst loadings (a representative
example is given in Scheme 53).

7.4. Other catalytic transformations

The synthetic usefulness of the octahedral bis(phosphinous
acid)-ruthenium(ll) complexes [RuCl,(CO)y(PR'R?0OH),] (38 in
Scheme 7) was evaluated for the cycloisomerization of arenynes
using compound 170 as model substrate (Scheme 54) [37]. Thus,
while control experiments showed that the dimeric precursor
[{RuCl(p-Cl1)(CO)3},] (36) in combination with AgOTf is completely
ineffective in this transformation (only traces of 171 were formed
after 3 h with a Ru loading of 16 mol%), complexes 38 proved to be
catalytically active at r.t. generating the cycloisomerized product
171 in a selective manner. In particular, the best results were
obtained with those complexes containing the more electron rich
phosphinous acid ligands, such as [RuCl,(CO),(PCy,0H),] (38e).
Full conversion was reached after 0.5 h employing 16 mol¥% of this
catalyst. More importantly, the use of 38e allowed to reduce signif-
icantly the catalyst loading to only 2 mol%, with only a slight
increase in the reaction time (100% conversion after 8 h). The
cycloisomerization of the less activated arenyne 172 with

complexes 38c-f was also explored, the reaction requiring in this
case of longer times and thermal activation (80 °C) (Scheme 54).
Preferential formation of isomer 173 vs 174 was systematically
observed regardless of the catalyst employed, with compounds
[RuCl,(CO),(PPh'BuOH),] (38c) and [RuCl,(CO),(PPh,0H),] (38f)
showing in this case the best performances (99% conversion after
24 h with a Ru loading of 5 mol%).

A catalytic system composed of the functionalized (#°-arene)-
ruthenium(Il) complex [RuCly(#®-CgHsCH,CH,CH,OH){P(OEt)s}]
(175) and NaOH was found to promote tandem isomerization/Clai-
sen rearrangement reactions of diallyl ethers 176 in water, allow-
ing the high yield formation of different y,6-unsaturated aldehydes
177 (Scheme 55) [120].

Mechanistic investigations on this tandem reaction indicated
that, in aqueous NaOH solution, the phosphite P(OEt); ligand in
complex 175 readily undergoes hydrolysis generating ruthenium
species in which a P(OEt),OH unit is coordinated to the metal
[120]. In addition, a cooperative effect of P(OEt),OH in the initial
isomerization step was proposed, facilitating the generation of
the allyl vinyl ether intermediates S (Scheme 56).

Finally, we would like to mention that very recently Fernandes
and co-workers developed a very effective procedure for the
hydrophosphonylation of aldehydes employing the
cyclopentadienyl-ruthenium(Il) complex [RuCICp(PPhs);] as cata-
lyst (Scheme 57) [121]. The reactions, which were performed at
80 °C with 5 mol% of this complex, and under solvent-free condi-
tions, afforded the corresponding o-hydroxyphosphonate products
in moderate to good yields with a very high chemoselectivity. Of
interest in the context of this review article is the fact that DFT cal-
culations on the mechanism indicated that the reactions proceed

&

Scheme 53. Benzene to cyclohexane hydrogenation catalyzed by PPh,OH-stabi-
lized RuNPs.
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Scheme 52. Hydrogenation of aldehydes employing complex 169 as catalyst.
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Scheme 54. Catalytic cycloisomerization of the arenynes 170 and 172.
s 171 (1 mol%)
R = o\/\ NaOH (2 mol%) R! — _0
; 2 H,O/100°C/1.5-9 h \‘/
R' R (85-94% vyield) R2 R3
176 177
isomerization 3 o
R 0 rearrangement
R! R?
OH
R' = Me; R? = Me, Et, "Hex, Ph, CH,CH,CH=CMey; R® = H
R'=R?=Me; R® = Ph,
R'=R®=H;R?='Pr RI
1_p3_ . p2 _ weRu
R'=R=Me; R“=H CIw / \P(OEt)3
Cl
175

Scheme 55. Ru-catalyzed tandem isomerization/Claisen rearrangement of diallyl ethers 176.

through the initial formation of intermediates [RuCICp(PPhs){P
(OR?),0H}], in which the phosphite tautomer coordinated to the
Ru(Il) center subsequently reacts with the aldehyde to generate
the a-hydroxyphosphonate products.

8. Conclusions and outlook

The use of unstable phosphinous acids as auxiliary P-donor
ligands in homogeneous catalysis has received considerable atten-

tion in the last years. A large number of transition-metal com-
plexes, pre-formed or generated in situ by combining a metal
precursor with a secondary phosphine oxide (SPO) pre-ligand, have
found application as catalysts in different organic transformations.
In this review article we have discussed the chemistry of Group 8
metal complexes containing phosphinous acids and related P—OH
ligands, including the different synthetic approaches used to
obtain them, their reactivity and their implication in catalysis.
The results discussed herein exemplify the versatility and enor-
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Scheme 56. The role played by the in situ generated P(OEt),OH ligand in the Ru-catalyzed tandem isomerization/Claisen rearrangement of diallyl ethers 176.
o References
OH
)j\ [1] (a) See, for example: P.C.J. Kamer, P.W.N.M. van Leeuwen (Eds.), Phosphorus
R! H [RuCICp(PPh3)s] (5 mol%) A (1) Ligands in Homogeneous Catalysis: Design and Synthesis, John Wiley &
+ neat conditions / 80 °C / 1.5-24 h R' F’(OR )2 Sons, Chichester, 2012.;

(R?0),P(=O)H (30-94% yield)

[R1 = aryl, heteroaryl, alkyl or ferrocenyl group

R? = Me, Et, "Bu, Ph (16 examples)
[Rul—PPh;
PPhs (IRu] = [RucICp(PPh3)] )
OH
P(OR2)2 [Ru—0O (R?0);P(=0)H

AN

[Rul—P(OR?),
< \

OH
R'C(=O)H

Ty

[RuI—P(OR?);

Ho /" o
Mo i

R1 o

Scheme 57. Ruthenium-catalyzed hydrophosphonylation of aldehydes.

mous potential offered by this type of ligands in coordination/
organometallic chemistry and homogeneous catalysis. In this latter
field stands out the non-innocent role played by OH group in the
catalytic hydration of nitriles and the functionalization of unreac-
tive C—H bonds, which cooperates with the metal in the activation
of the substrates. Taking into account that the concept of “bifunc-
tional catalysis” is nowadays one of the most promising tools for
the design of more efficient and selective catalysts, it is expected
that in the coming years new processes making use of this type
of cooperative ligands will come to light.
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