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ABSTRACT: The catalytic activity of [CpRu(L)2(MeCN)]
PF6 (L = 2-diphenylphosphinopyridine with bulky groups at
C-6) for anti-Markovnikov hydration of terminal alkynes to
aldehydes is retained when one heterocyclic ligand L is
replaced by L0 = PPh3. Equal amounts of CpRuCl(PPh3)2
(1) and phosphane L in acetone solution equilibrate to a
mixture of 1, CpRuCl(L)(PPh3) (2), and CpRuCl(L)2 (3),
which acts as highly active in situ catalyst for preparative anti-
Markovnikovhydrationof alkynes inwater-richmedia (2mol%
[Ru], 60 �C, 3�18 h in 4:1 (v/v) acetone/water). Reactions
were completed in <15 min at 160 �C.

The catalytic anti-Markovnikov hydration of terminal alkynes
to aldehydes is a relatively young1�6 but synthetically powerful

reaction1a,5,7 that is catalyzed by selected CpRuX(PR3)2 complexes
incorporating suitable phosphane ligands.2b,3 Grotjahn has shown
that the reaction profits from (am)bifunctional3,8,9 acceleration in
complexes I and II, which contain heterocyclic phosphane ligands
that bind to the metal center via a P donor but are also capable of
inner-sphere hydrogen bonding in catalytic intermediates via the
nitrogen lone pair.3,9,10 Grotjahn’s complexes I3a and IIa3b and our
in situ catalysts IIb4a incorporate the same azaarylphosphane
(AZARYPHOS)4b ligand L twice at ruthenium, that is, they are
homoleptic with respect to the Ru(L)2 fragment (Figure 1).

Synthetic5,7 and mechanistic9,10 studies to date have used homo-
leptic catalyst complexes containing two bifunctional ligands. It is
not known whether the cooperative assistance of the two ligands is
required in critical mechanistic steps.3a,9,10We recently reported the
synthesis of [CpRu(MeCN)(L)(L0)]PF6 complexes C, in which
L is a heterocyclic AZARYPHOS4b ligand and L0 is variable.11 Here
we present comparative kinetic analyses of catalytic hydrations with
homoleptic and mixed phosphane complexes C and show that a
single heterocyclic ligand L is sufficient to achieve maximal reaction
rates in alkyne hydration catalysis. An immediate result of this
finding is the introduction of a new, readily available, operationally
simple, and synthetically powerful in situmixed phosphane complex
catalyst for anti-Markovnikov hydration of terminal alkynes.

The homoleptic complexes [CpRu(Ln)2(MeCN)]PF6 (C
nn)

were synthesized by ligand exchange from [CpRu(η6-naphtha-
lene)]PF6 (A) and 2 equiv of Ln in acetonitrile (Scheme 1).11

The heteroleptic complexes [CpRu(L)(L0)(MeCN)]PF6 (C
nn0)

were obtained by reaction of Awith TRIPPYPHOS (Ld)4 to give
B11 followed by substitution with either La,3b,4b,12 PPh3 (L

e), or
PBu3 (L

f).11

All of the complexes were amorphous or microcrystalline
powders,13 except for Cdf, which gave crystals suitable for X-ray

analysis (Figure 2).14 The pyridine unit of its coordinated Ld

points away from the coordinated acetonitrile, the supposed site
of the catalytic reaction after substitution of acetonitrile by the
alkyne substrate.15

The hydration of 4-phenyl-1-butyne to 4-phenylbutanal was
the reference reaction for recording reaction progress curves
(Scheme 2). Catalytic runs with homoleptic complexes Cnn at
the 2 mol % level supported the earlier assumption4a of a ligand-
size dependence of the rate of hydration, which increased as
CaaeCbb <Cdd (Figure 3, traces 4, 5, and 7). The binding of two
phosphanes L to the CpRuþ fragment was mandatory, since
monophosphane complex B was hardly active (trace 2). In
acetone, B exists as a P,N-chelate11 in which the nitrogen lone
pair is not accessible for ambifunctional interactions. Similarly,
the complex [CpRu(MeCN)(PPh3)2]PF6 (C

ee), which lacks a
bifunctional ligand, was completely inactive (trace 1). We next

Figure 1. (left, center) Cationic CpRu(PR3)2 complexes I, IIa, and IIb
displaying ambifunctional acceleration in catalytic anti-Markovnikov
hydration of terminal alkynes. (right) AZARYPHOS ligands: La =
BUPYPHOS, Lb = TAMPYPHOS, Lc = ISIPHOS, Ld = TRIPPYPHOS.

Scheme 1. Synthesis of Homo- and Heteroleptic
[CpRu(L)2(MeCN)]PF6 Complexes
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investigated the catalytic activities of heteroleptic complexes with
different AZARYPHOS ligands. Interestingly, the activity of Cad

(trace 6), incorporating ligands La and Ld, was not between those
of Caa and Cdd (traces 4 and 7) but closely matched that of the
more active Cdd (trace 7).

The stage was now set for the next, critical test of the catalytic
activity of heteroleptic complexes Cnn0 in which one AZARY-
PHOS ligand was replaced by the nonfunctionalized phosphanes
PPh3 (Cde) and PBu3 (Cdf), which are devoid of functional
groups for secondary interactions. Remarkably, both complexes
retained catalytic activity, and whereas complex Cdf was a
moderate catalyst (trace 3), the mixed complex Cde containing
PPh3 was an excellent catalyst for anti-Markovnikov hydration of
terminal alkynes (trace 8) whose activity slightly surpassed that
of Cdd! Additional examples are shown in Figures S2 and S3 in
the Supporting Information.16 In parallel to the measurements
presented in Figure 3, we also performed extended studies on the
influence of various reaction parameters on the hydration
kinetics of complex Cdd. The role of the water concentration is
more complex than earlier assumed: previous experiments had
employed 5 molar equiv of water in acetone solution.3,4 This was

an optimal choice because hydrations in the presence of 10 or
20 equiv of water proceeded at the same rate, indicating that
saturation kinetics had been established. However, we found that
the rate of hydration rose again when the water excess was
increased to 37 or 56 equiv (Figure S4).16 In the latter case, the
reactionmedium corresponded to amixture of acetone and water
in a 4:1 (v/v) ratio.17 Another series of kinetic runs showed that
acetonitrile is a competitive inhibitor of ruthenium-catalyzed
alkyne hydration: the addition of merely 5 mol % MeCN
decreased the reaction rate with catalyst Cdd by a factor of 2.5
(Figure S5).18 It is certainly unfortunate that the fragment
[CpRu(L)2]

þ in the catalyst precursor complexes II (= Cnn0)
is bound to an inhibitor that diminishes its intrinsic catalytic
activity. Finally, the effects of the counterion X� (added as
20 mol % NBu4X) on the rate of hydration were determined:
weakly coordinating ions such as PF6

� or tosylate (TsO�)
showed little effect, but the nucleophilic ions chloride and acetate
inhibited the reaction (Figure S6). The observations from the
kinetic measurements imply that a new and more powerful
catalyst for anti-Markovnikov hydration of terminal alkynes
should be obtained as follows: First, the catalyst complex should
retain the CpRu(PR3)2

þ fragment but not include acetonitrile as
coligand. Second, the catalyst may contain two AZARYPHOS
ligands or a single AZARYPHOS ligand in combination with
PPh3 at ruthenium. Third, the catalyst should be cationic or
readily ionize. Finally, the reaction medium should be rich in
water. Most of those conditions were realized in a simple ligand
exchange experiment in which equal amounts of CpRuCl-
(PPh3)2 (1) and La were mixed in acetone-d6: after 30 min at
60 �C, the solution gave rise to 1H and 31P NMR signals for 1
(28 mol %), [CpRuCl(La)(PPh3)] (2a; 56 mol %), and
[CpRuCl(La)2] (3

a; 16 mol %) (Scheme 3; also see Figure S8).16

Either species 2a or 3a, which together account for 72 mol % of
the ruthenium complex mixture (Table S1),16 should be cataly-
tically active, provided that dissociation of chloride occurs. In
fact, our new in situ catalyst was obtained simply by mixing
cocatalytic amounts of 1 and the ligand ISIPHOS (Lc)19 in
aqueous acetone at 60�70 �C prior to addition of the alkyne
substrate. A halide-abstracting reagent was not necessary because
the aqueous reaction medium aids in the dissociation of
chloride.20 Applications of the protocol are shown in Table 1.

The substrate scope is fairly broad: simple aliphatic (entry 1)
and aromatic (entry 2) alkynes are readily transformed to
corresponding aldehydes, as are substrates bearing alcoholic
(entry 3) or acidic functions (entry 4). Carbonyl compounds
(entry 5) or protected substrates with acid-sensitive (entries 6
and 8) or base-sensitive (entries 7 and 8) protecting groups are
tolerated. Basic functionalities such as tertiary amines block the
catalyst; however, catalytic hydration is still viable when the
medium is buffered by addition of toluenesulfonic acid (entry
10). In several cases, we performed the reaction in a microwave
reactor at 160 �C (entries 1b, 3b, 7b, and 8b); the reaction time
was reduced to 2�15 min, and such conditions turned out to be
beneficial for some substrates by minimizing the generation of
byproduct in comparison with the regular reaction conditions

Figure 2. X-ray crystal structure of Cdf: (left) thermal ellipsoid plot
(50% probability; hydrogen atoms omitted) and (right) schematic
drawing.

Scheme 2. Reference Reaction for Hydration Kinetics

Figure 3. Catalytic anti-Markovnikov hydration of 4-phenyl-1-butyne
to 4-phenylbutanal: HPLC reaction progress traces for catalyses with
homoleptic (Cnn) and mixed (Cnn0) phosphane complexes.

Scheme 3. In Situ Complex Formation and Ligand Exchange
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(entries 7b and 8b). Successful applications of the catalytic anti-
Markovnikov hydration to structures of biological relevance (entries
9�11), including a peptidic substrate with a free carboxylic acid, two
amide bonds, and an ester group (entry 11), underline the potential
of this reaction for late-step transformations and asmodification tool
in bioorganic chemistry.

In conclusion, we have investigated the ruthenium-catalyzed anti-
Markovnikov hydration of terminal alkynes by means of kinetic
reaction progress curves and found that the mixed phosphane

complexes [CpRu(L)(L0)(MeCN)]PF6 (C
nn0), in which Ln is

a bifunctional heterocyclic phosphane and L0 is a suitable
nonfunctionalized placeholder phosphane ligand such as PPh3,
show high catalytic activity. This result implies that only one
bifunctional ligand is involved in the postulated ambifunctional
reaction mechanism3,9,10 and that cooperative effects between
the heterocyclic ligands L and L0 in C are either not present or
not kinetically relevant for the catalytic reaction. The hints
obtained from the kinetic studies allowed us to the develop a
new in situ mixed phosphane catalyst composed of cocatalytic
amounts of the common precursor complex CpRuCl(PPh3)2
and an AZARYPHOS ligand such as ISIPHOS (Lc). The new
in situ catalyst relies on readily available materials and displays
high activity and functional group selectivity.
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