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An efficient and highly selective synthesis of vinyl esters was
developed that employed carboxylic acids and terminal al-
kynes as reagents, and novel tethered (η1:η6-phosphanoar-
ene)ruthenium complexes as catalyst precursors. With these
catalyst systems, the reactions were somewhat slower than
when using the best catalysts reported to date, but the selec-
tivities were excellent with up to 98% of the Markovnikov
isomer. In addition, with a turnover number (TON) of 5000,
these catalysts greatly outperformed their competitors. Min-
ute amounts of water had a beneficial impact on the reaction

Introduction

Vinyl esters are structural motifs that are present in natu-
ral and bioactive compounds, such as basiliolides,[1] transta-
ganolides,[2] xerulins,[3] and lissoclinolide,[4,5] but they are
mainly used as monomers (e.g., vinyl acetate) in olefin poly-
merization and as intermediates in organic synthesis. Vinyl
esters are quite efficient reagents for acylation reac-
tions.[6a–6d] They can, indeed, react with amines and
alcohols under neutral or nearly neutral conditions,[6e–6o] or
in the presence of enzymes,[7] and release a ketone to afford
the corresponding N- and O-acylated products in high
yields. Enol esters can also be converted into vinyl arenes
through decarbonylative Heck–Mizoroki olefination.[8] Ac-
cordingly, a vast range of protocols for the synthesis of vinyl
esters have been developed.[9] The most straightforward and
atom-economic way is the 1:1 condensation of 1-alkynes
and carboxylic acids (Scheme 1), a process where the C–C
triple bond is activated by means of a catalyst, which may
be either an electrophile or a transition-metal complex.[10]

In this respect, the method of Kita is especially powerful as
it involves ethoxyacetylene as reaction partner and provides
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rates, while maintaining the same selectivities. Furthermore,
microwave heating at 160 °C also considerably accelerated
the reactions, albeit to the detriment of the selectivity. Finally,
it should also be noted that formation of dimerization prod-
ucts of 1-alkynes was completely suppressed by using these
tethered (η1:η6-phosphanoarene)ruthenium catalytic sys-
tems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

thereby 1-ethoxyvinyl esters, which upon acylation of
amines and alcohols release ethyl acetate.[11] Recent years
have witnessed increasing efforts in developing efficient and
highly selective catalysts for the synthesis of vinyl esters.[12]

Of particular significance are ruthenium-based catalysts[13]

and, in this regard, the contribution of Gooßen is especially
noteworthy,[14] as it disclosed a highly efficient and selective,
in situ-generated catalyst system consisting of easy-to-handle,
commercially available components: [RuCl2(p-cymene)]2 (p-
cymene = 4-isopropyltoluene), P(Fur)3 (Fur = 2-furyl), and
Na2CO3.

Scheme 1. Synthesis of vinyl esters through addition of terminal
alkynes to carboxylic acids.

In the course of our studies toward the synthesis of P-
chiral, functionalized η6-arene ruthenium complexes,[15] we
recently reported a general, high-yielding method for the
preparation of new tethered phosphanoarene ruthenium
complexes,[16] such as compounds 4–6 represented on
Scheme 2. To examine their catalytic activity, we considered
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first the addition of alkynes to carboxylic acids as an at-
tractive synthetic goal. Our preliminary results in this field
form the subject of the present communication.

Scheme 2. The ruthenium complexes under investigation.

Results and Discussion

Our investigation started thus with the evaluation of the
catalytic activity of ruthenium complexes 4–6 for the syn-
thesis of vinyl esters. For this purpose, 4-acetoxybenzoic
acid and 1-hexyne were used as reaction partners
(Scheme 1, R1 = 4-AcOC6H4, R2 = n-C4H9), employing ex-
perimental conditions that proved previously to be quite
satisfactory.[14,17] Accordingly, the reactions were performed
at 60 °C with dry toluene as solvent and sodium carbonate
(2 equiv. relative to the ruthenium complex) as additive
(Table 1). Under these conditions, the synthesis of vinyl es-
ters proceeded quantitatively, although catalysts 4–6 were
significantly less active than [RuCl2(p-cymene)(PPh3)] and
[RuCl2(p-cymene)(PFur3)] (see Supporting Information,
Figure SI1).[14,17] Furthermore, the reaction rate was found
to be considerably faster with complex 6 bearing the penta-
methylphenyl moiety than with the less-substituted deriva-
tives 5 and 4 (Table 1 and Figure 1). Also of particular
interest is the selectivity of the synthesis of vinyl esters. In
this respect, with 96–98% selectivity for the Markovnikov
isomer 1, catalysts 4–6 outperformed those used in previous
works.[13,17] Additionally, the dimerization products of 1-
hexyne (Scheme 3, R2 = n-C4H9) were observed in only
trace amounts.

In the course of this preliminary study, we also serendip-
itously found that the synthesis of vinyl esters was ac-
celerated when the reaction was performed in commercial
toluene. For the sake of both comparison and reproducib-
ility, all the previous catalytic reactions were then repeated
in degassed water-saturated toluene (Table 1 and Figure
SI1). Thus, when the test reaction was performed using cat-
alyst 5 in moist toluene the reaction was complete after only
1 d, against 5–6 d in dry toluene. Noteworthily, in moist
toluene catalyst 5 was more efficient than 4 and 6, whereas

Table 1. Influence of the catalyst on the synthesis of enol esters.

Catalyst Conditions A[a,b] Conditions B[a,c]

% Yield[d] % Selectivities[e] % Yield[d] % Selectivities[e]

25 h 50 h 100 h 150 h 1 2 3 12 h 25 h 50 h 100 h 1 2 3

4 8 24 62 100 96.5 3 0.5 58 99 100 97.5 2 0.5
5 11 34 83 100 96.5 3 0.5 99 100 97.5 2 0.5
6 14 39 99 100 97.5 2 0.5 1 16 57 100 97.5 2 0.5

[a] Reaction conditions: 4-acetoxybenzoic acid, 1.15 mmol; 1-hexyne, 1.725 mmol; catalyst, 9.2 10–3 mmol; Na2CO3, 18.4 10–3 mmol;
toluene, 6 mL; T = 60 °C under nitrogen. [b] Dry toluene. [c] Water-saturated toluene. [d] Determined by GC using dodecane as internal
standard. [e] Selectivities obtained at 100 % conversion, determined by GC.
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Figure 1. Variation in enol ester yield with respect to time for reac-
tions between 4-acetoxybenzoic acid and 1-hexyne catalyzed by
complexes 4 (filled circles, open circles), 5 (filled squares, open
squares), and 6 (filled triangles, open triangles), and performed in
dry toluene (filled circles, squares, and triangles) or in water-satu-
rated toluene (open circles, squares, and triangles). Reaction condi-
tions: 4-acetoxybenzoic acid, 1.15 mmol; 1-hexyne, 1.725 mmol;
catalyst, 9.2�10–3 mmol; Na2CO3, 18.4�10–3 mmol; toluene,
6 mL; T = 60 °C under nitrogen.

Scheme 3. Dimerization products of terminal alkynes.

in dry toluene the reactivity sequence 6 � 5 � 4 was ob-
served. In addition, in water-saturated toluene, the selectiv-
ity of the addition remained at a level of 97–98% in favor
of the Markovnikov isomer.

The reaction conditions developed above were found to
be broadly applicable to a wide variety of carboxylic acids
(Table 2 and Figure SI2). Substitution at the 4-position of
benzoic acid was well tolerated and, in agreement with the
literature,[13b,13c] the stronger the carboxylic acid, the higher
the reactivity. 4-(Trifluoromethyl)benzoic acid (pKa = 3.67),
for instance, required only 8 h for complete conversion,
against 40 h for 4-methoxybenzoic acid (pKa = 4.46) (Fig-
ure 2). 4-Formylbenzoic acid, however, was less reactive
than expected from its pKa value (Figure SI3), presumably
because of its very low solubility in toluene. Notably, for all
the carboxylic acids under investigation, the vinyl esters
could be isolated in excellent 96–99 % yields after distil-
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Table 2. Influence of the carboxylic acid on the synthesis of enol esters.

Carboxylic acid pKa Conditions A[a,b] Conditions B[a,c]

% Yield[d] % Selectivities[e] % Yield[d] % Selectivities[e]

R1 12 h 25 h 50 h 1 2 3 12 h 25 h 50 h 1 2 3

4-CF3-C6H4 3.67 100 96.5 2.5 1
4-HCO-C6H4 3.76 24 67 100 96 3 1
4-AcO-C6H4 4.14 81 100 97.5 2 0.5 51 86 100 96.5 2.5 1
C6H5 4.19 92 100 97.5 2 0.5 61 98 100 97 2 1
4-CH3-C6H4 4.34 56 96 100 97 2 1 47 79 100 96 2.5 1.5
4-CH3O-C6H4 4.46 38 82 100 96 2.5 1.5 27 67 100 96 2.5 1.5

[a] Reaction conditions: 1-hexyne, 1.15 mmol; carboxylic acid, 1.15 mmol; catalyst 5, 9.2�10–3 mmol; Na2CO3, 18.4�10–3 mmol; water-
saturated toluene, 6 mL; T = 60 °C. [b] Under nitrogen. [c] Under air. [d] Determined by GC using dodecane as internal standard. [e]
Selectivities obtained at 100% conversion, determined by GC.

lation. With respect to the selectivity, the Markovnikov ad-
duct (1) predominated again, leveling up to 96–98% in all
cases (Table 2).

Figure 2. Variation in enol ester yield with respect to time for reac-
tions between 1-hexyne and 4-trifluoromethylbenzoic acid (filled
triangles), benzoic acid (filled squares), and 4-methoxybenzoic acid
(filled circles) catalyzed by complex 5. Reaction conditions: 1-
hexyne, 1.15 mmol; carboxylic acid, 1.15 mmol; catalyst,
9.2�10–3 mmol; Na2CO3, 18.4�10–3 mmol; water-saturated tolu-
ene, 6 mL; T = 60 °C under nitrogen.

After having established that the synthesis of vinyl esters
was considerably accelerated in moist toluene, we next ex-
amined the effect of air. As can be seen in Table 2 (Condi-
tions B), reactions performed under air were still quantita-
tive, although appreciably slower than those conducted un-
der nitrogen, and the selectivities were unchanged (Figure
SI2).

The high efficiency of the reactions described above
prompted us to extend the reaction to other terminal al-
kynes. The results of this study are summarized in Table 3
(See also Figure SI4). Not surprisingly, 1-octyne exhibited
the same reactivity as 1-hexyne with the Markovnikov ad-
duct as the major isomer (97%). The bulky tert-butylacetyl-
ene participated also in the reaction, but required longer
reaction times than its linear counterpart. Furthermore, the
selectivity was somewhat lower with 92 % in favor of the
Markovnikov isomer (1). Interestingly, no dimerization
product was found with these alkyl-substituted acetylenes.
Phenylacetylene, on the contrary, was a very poor substrate,
at least at 60 °C (Table 3 and SI2). At that temperature,
indeed, the formation of vinyl esters was extremely slow
with less than 10% yield after 5 d of reaction. Instead di-
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merization of the substrate was observed, although in mod-
est yield (50% after 5 d of reaction), with a distinct prefer-
ence for the tail-to-tail (Z)-enyne 7 (7, 90 %; 8, 6%; 9, 4%).
Interestingly, the outcome of the reaction was reversed at
110 °C and the synthesis of vinyl esters (98% yield) took
precedence over dimerization (2 %). Again, the Markovni-
kov adduct was the preferred isomer, with a decent 85%
selectivity (Table 3 and SI2).

Table 3. Influence of the alkyne on the synthesis of enol esters.[a]

Alkyne % Yield[b] % Selectivities[c]

12 h 25 h 50 h 100 h 1 2 3

1-Hexyne 81 100 97.5 2 0.5
1-Octyne 82 100 97 2 1
tert-Butylacetylene 22 45 85 100 92 8 t[d]

Phenylacetylene – 3 4.5 7 90 7.5 2.5
98[e] 85[e] 10[e] 5[e]

[a] Reaction conditions: 4-acetoxybenzoic acid, 1.15 mmol; alkyne,
1.15 mmol; catalyst 5, 9.2 10–3 mmol; Na2CO3, 18.4 10–3 mmol;
water-saturated toluene, 6 mL; T = 60 °C under nitrogen. [b] Deter-
mined by GC using dodecane as internal standard. [c] Selectivities
obtained at 100 % conversion, determined by GC. [d] � 0.2%. [e]
Reaction performed in a sealed tube at 110 °C for 4 h.

In recent years, microwave heating has received increas-
ing attention as a powerful tool for accelerating chemical
reactions.[18] As part of our research program,[19] we carried
out previously[17] the synthesis of vinyl esters in a sealed
vessel heated at 160 °C in a CEM Discover monomode mi-
crowave reactor, and found that�as expected�microwave-
assisted syntheses (MW) catalyzed by [RuCl2(p-cymene)-
(PR3)] (R = Ph, 4-Cl-C6H4, and 2-furyl) were faster than
related experiments performed under conventional heating
(∆) at 60 °C. Furthermore, we suggested that microwave ir-
radiation and conventional heating using otherwise iden-
tical conditions (concentration, temperature, etc.) were
equipotent methods.[17] In the present study, microwave ir-
radiation was applied to the test reaction using as solvent
either dry toluene (without base) or water-saturated toluene
in the presence of Na2CO3 (2 equiv. relative to the catalyst)
(Table 4 and Figure SI5). It was found that, under both
experimental conditions, microwave-assisted reactions at
160 °C were significantly faster than those carried out un-
der conventional convective heating at 60 °C. Because of
the ongoing debate over non-thermal microwave effects,[20]

we decided to perform similar reactions in sealed tubes im-
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mersed in a thermostatically controlled silicon oil heating
bath kept at 160 °C. Contrary to our previous observa-
tions,[17] we found that reactions were slightly faster under
conventional heating than under microwave heating (Figure
SI5, Supporting Information). Oddly enough, at 160 °C,
whatever the heating mode and the state of the solvent (dry
or moist toluene) (Table 4), the relative rate of product for-
mation, 5 � 4 � 6, was different from that observed at
60 °C in dry toluene (4 � 5 � 6) or in water-saturated tolu-
ene (6 � 4 � 5). Finally, in all cases, performing the reac-
tions at 160 °C appreciably decreased the selectivity, with
only 88% of the Markovnikov isomer.

Table 4. Thermal vs. microwave-assisted addition of 4-acetoxyben-
zoic acid to 1-hexyne.[a]

Catalyst Reaction time % Yield[b]

[min] Conditions A[a,c] Conditions B[a,d]

MW MW ∆

4 30 32 56 94
5 30 21 36 54
6 10 16 85 97

30 65 100 100

[a] Reaction conditions: 4-acetoxybenzoic acid, 0.5 mmol; 1-
hexyne, 0.75 mmol; catalyst, 4 10–3 mmol; T = 160 °C under nitro-
gen. [b] Determined by GC using dodecane as internal standard.
[c] Dry toluene, 2.6 mL (without base). [d] Water-saturated toluene,
2.6 mL; Na2CO3, 8 10–3 mmol.

Given the faster rates at 160 °C, lower catalyst loadings
were then examined (Table SI3). To this aim, a mixture of
the ruthenium complex and Na2CO3 in a 1:2 molar ratio
was finely dispersed in Celite (2 wt.-%)[21] in order to intro-
duce a precise amount of the catalyst system to the reaction
mixture. When the reaction in water-saturated toluene was
carried out at 160 °C under conventional heating using
0.1 mol-% of complex 6, the desired products were obtained
in 58% yield after 30 min of reaction, but required a longer
time (90 min) for the reaction to go to completion. Further
reduction of 6 to 0.05 and 0.02 mol-% proved less satisfac-
tory, giving the corresponding vinyl esters in 79 and 28%
yield, respectively, after 1.5 h of reaction. Nevertheless, ex-
tending the reaction time to 2.5 and 14 h, respectively, led
to quantitative yields in vinyl esters (Figure SI6). Interest-
ingly, for lower catalyst loadings, such as 0.015 and
0.01 mol-%, the final yields were no more quantitative (52
and 15%, respectively) and the turnover numbers dropped
to 3500 and 1500, respectively (Figure SI6). Finally, blank
experiments performed in sealed tubes at 160 °C in the ab-
sence of catalyst demonstrated that the starting compounds
were unchanged after the reaction, even after 50 h of heat-
ing. Thus, with a maximum turnover number of 5000, com-
plex 6 greatly outperforms [RuCl2(p-cymene)(PPh3)], which
culminated in 1000 turnovers.[17] Complex 6 is therefore the
most active catalyst precursor described so far for the syn-
thesis of vinyl esters from carboxylic acids and alkynes. This
statement is mitigated, however, by the observation that the
selectivity not only decreased with the temperature, but also
with the catalyst loading (Figure SI7), seemingly indicating
that the Markovnikov isomer (1) is the kinetically con-

Eur. J. Org. Chem. 2009, 5020–5027 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5023

trolled reaction product while the anti-Markovnikov iso-
mers, 2 and 3, may be viewed as the thermodynamically
preferred products. This assumption was refuted after hav-
ing observed that the isomer distribution of several reaction
mixtures was not affected by an extended heating for 50 h
at 160 °C,[13b] suggesting thereby that the decrease of the
selectivity might merely be due to a (partial?) transforma-
tion of the primary catalytic species into less selective ones.

In recent years, particular attention has been paid to the
use of (arene)ruthenium complexes as catalysts or catalyst
precursors for a wide range of reactions including transfer
hydrogenation of ketones and imines,[22] hydrogenation of
alkenes,[23] Diels–Alder reactions,[24] olefin metathesis,[25]

olefin cyclopropanation,[26] and atom transfer radical reac-
tions.[27] In most cases, the catalytic performances have been
shown to be strongly affected by the nature of the arene
ligand, although its role remains totally or partially unan-
swered. For instance, in the hydrogen transfer reactions to
ketones, the arene species is assumed to be an ancillary li-
gand throughout the catalytic process, whereas in olefin me-
tathesis and atom transfer radical reactions, the catalytic
activity apparently results from arene disengagement. The
situation is less clear for the synthesis of enol esters from
carboxylic acids and terminal alkynes. A plausible mecha-
nism has been outlined (Scheme 4), which however ignores
the role of the arene ligand.[13a] Interestingly, it has been
shown that the nature of the arene ligand was not impor-
tant as [(arene)RuCl2(PMe3)] [arene = C6Me6, 1,3,5-(iPr)3-
C6H3, p-cymene] gave essentially the same results, suggest-
ing that the catalytic species were likely devoid of the arene
ligand.[13a]

Scheme 4. Proposed mechanism for the synthesis of Markovnikov-
type enol esters through addition of carboxylic acids to 1-alk-
ynes.[13a]

Owing to the chelate effect, the stability of the (arene)-
ruthenium moiety in tethered (arene)ruthenium complexes
containing a phosphorus donor atom is greatly in-
creased.[15,28] In order to get some insight into the catalyst’s
structure, we investigated by 31P NMR spectroscopy a reac-
tion mixture using complex 4 as catalyst precursor, moist
toluene, and Na2CO3. After two hours of reaction, which
corresponds approximately to the end of the induction
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period, the signal at δ = 61.9 ppm of the chelating phos-
phane in complex 4[16] vanished and was not balanced by
the appearance of new signals (Figure 3). After completion
of the reaction (24 h), the 31P NMR spectrum was quite
different, exhibiting a sharp signal at δ = 36.26 ppm along
with several extremely small peaks between 15 and 35 ppm.
Noteworthily, the free phosphane PMe(tBu)(CH2CH2Ph) (δ
= –15.5 ppm in CH2Cl2/[D6]acetone), the protonated phos-
phane (δ = 24.96 ppm in CDCl3), and the phosphane oxide
(δ = 51.7 ppm in CDCl3) were not detected in the reaction
mixture. Thus, these results clearly demonstrate that the ini-
tial ruthenium complex 4 was transformed in the course
of the reaction into a multitude of phosphorus-containing
species, rendering nowadays highly speculative any dis-
cussion on the mechanism of the reaction. Nevertheless,
given the importance of the arene fragment on the outcome
of the reactions, it seems obvious that the phosphanoarene
ligand is involved throughout the catalytic process.

Figure 3. 31P NMR spectra of crude reaction mixtures with com-
plex 4 as the catalyst precursor after 2 and 24 h of reaction [aque-
ous H3PO4 (85 %) as reference]. Reaction conditions: 4-acetoxyben-
zoic acid, 0.75 mmol; 1-hexyne, 1.125 mmol; complex 4, 6
10–3 mmol; Na2CO3, 12 10–3 mmol; water-saturated toluene, 4 mL;
T = 60 °C under nitrogen.

As reported previously by Gooβen,[14] addition of
2 equiv. of Na2CO3 relative to the ruthenium complex sig-
nificantly increases the catalytic activity. Because the pro-
posed catalytic cycle involves attack of the carboxylic acid
onto the alkyne coordinated to the ruthenium (Scheme 4),
the presence of catalytic amounts of base should increase
the amount of carboxylate ions and might thus facilitate
the reaction more effectively.[14] On another note, addition
of a higher amount of Na2CO3 resulted in the evolution of
CO2, as indicated by bubbling of the solution, and to a
lower yield in enol esters. Thus, when 1 equiv. of Na2CO3

relative to the carboxylic acid was added (125 equiv. relative
to the ruthenium complex), no enol ester formation was
observed. On the other hand, it is also known that the car-
bonate anion can enter into the coordination sphere of the
ruthenium center.[29] Thus, [RuCl2(p-cymene)(PR3)] com-
plexes (10) react with K2CO3 in the presence of water
to afford carbonato–ruthenium(II) derivatives (11)
(Scheme 5).[30] Although this reaction is quite slow at room
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temperature (2–10 days are indeed necessary for the reac-
tion to reach completion), we might expect that at 60 °C or
at the higher temperatures used in the present study, forma-
tion of ruthenium carbonate should be significantly faster.
It should also be noted that the synthesis of ruthenium car-
bonates 11 requires the presence of water, suggesting that
the addition of water might result in the additional presence
of the more reactive hydroxide anion and hence in the for-
mation of Ru–OH (12) and Ru–OCO2

– (13) intermediates
(Scheme 5).[30] On the basis of these results, the involvement
of hydroxy-, η1- and η2-carbonato–ruthenium species can-
not be excluded a priori during the synthesis of enol esters
from carboxylic acids and terminal alkynes.

Scheme 5. Proposed mechanism for the synthesis of ruthenium car-
bonates 11 catalyzed by water.[30]

We have also shown that the use of water-saturated tolu-
ene resulted in improved catalytic activity. Based on the sol-
ubility of water in toluene (0.0460 wt.-% at 20 °C and
0.0615 wt.-% at 30 °C),[31] standard reaction mixtures with
9.2 10–3 mmol of ruthenium complex and 18.4 10–3 mmol
of Na2CO3 in 6 mL of toluene contain ca. 17–19 equiv. of
water relative to the catalyst (i.e. ca. 9 equiv. relative to
Na2CO3). A simple explanation for the beneficial effect of
water on the course of the reaction is that water facilitates
the solubilization of the base. However, compared with
Na2CO3, water clearly takes a secondary part in the cata-
lytic process as reactions conducted without sodium carbon-
ate proceeded similarly in anhydrous and moist toluene.
Furthermore, as stated above, water could also promote the
formation of hydroxy-, η1- and η2-carbonato–ruthenium
species (11–13, Scheme 5). Finally, over the past few years,
aqueous and especially aqueous–organic biphasic systems
have provided new prospects in organometallic catalysis,[32]

and thereby interest in aqua complexes of ruthenium has
increased.[33] In light of these results, coordination of water
to ruthenium may also be a plausible event in the synthesis
of enol esters. Consequently, the slight decrease of the selec-
tivity with the catalyst loading (Figure SI7) might find a
plausible explanation. Thus, as the catalyst loading de-
creases, the initial molar ratios [H2O]/[ruthenium complex]
and [H2O]/[Na2CO3] increase, which might result in the for-
mation of various oxygenated ruthenium species, presum-
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ably active in the synthesis of enol esters and displaying an
overall selectivity that is somewhat lower than that of the
primary catalytic species.

In principle, the carboxylic acid substrate could also in-
teract with the ruthenium center. To the best of our knowl-
edge, however, the direct synthesis of ruthenium carboxyl-
ates from [RuCl2(arene)(PR3)] and carboxylic acids, alkali
metal carboxylates, or mixtures thereof has never been re-
ported.[34] The use of silver carboxylates, however, proved
successful, with precipitation of AgCl acting as the driving
force of the substitution reaction. Thus, [Ru(O2CCF3)2(p-
cymene)(PPh3)] could easily be obtained upon treatment of
[RuCl2(p-cymene)(PPh3)] with 2 equiv. of CF3CO2Ag.[35] It
is also worth noting that application of the same protocol
to [RuCl2(p-cymene)(PCy3)] bearing the bulky and basic
tricyclohexylphosphane ligand (PCy3) afforded a new mo-
lecular scaffold in which the [CF3CO2Ag·PCy3] adduct was
connected to a [Ru(O2CCF3)2(p-cymene)] fragment through
three trifluoroacetato bridges.[35] In light of these observa-
tions, the direct formation of ruthenium–carboxylates, such
as 14–16 (Scheme 6), during the synthesis of enol esters is
hardly credible. However, would such ruthenium–carboxyl-
ate complexes be formed during the reaction, the insertion
of the alkyne into a R1C(O)O–Ru bond has been ruled out.
It has been shown indeed that the reaction between benzoic
acid and 1-hexyne in the presence of η1-acetato– (17) or
η2-acetato–ruthenium complexes 18 afforded only hexenyl
benzoates. Not even a trace of the hexenyl acetates was ob-
served, demonstrating that coordinated carboxylate groups
do not add to the alkyne, but only an external carboxylic
acid (Scheme 7).[13a]

Scheme 6. Hypothetical ruthenium–carboxylate complexes.

Scheme 7. Stoichiometric reactions between benzoic acid, 1-hexyne,
and ruthenium carboxylates 17 and 18.[13a]

To summarize, owing to the chelate effect of the 8-elec-
tron phosphanoarene ligand, the arene moiety is believed to
be coordinated throughout the catalytic process, although

Eur. J. Org. Chem. 2009, 5020–5027 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5025

variation in hapticity cannot be excluded a priori. This is
consistent with the experimental observations that the arene
fragment greatly influences the outcome of the reaction. In
addition, the presence of small quantities of both Na2CO3

and water might lead to a variety of ruthenium species in-
cluding hydroxy, η1- and η2-carbonato, and aqua com-
plexes, which might explain the presence of several peaks in
the 31P NMR spectrum of a reaction mixture (Figure 3).

Conclusions

We have shown that tethered (η1:η6-phosphanoarene)ru-
thenium complexes 4–6 are highly efficient catalyst precur-
sors for the selective synthesis of Markovnikov-type vinyl
esters from carboxylic acids and terminal alkynes. The effi-
ciency of the catalyst systems can be improved further by
using moist toluene as solvent. Consequently, TON’s as
high as 5000 were achieved, which makes complexes 4–6
attractive additions to the repertoire of catalysts for the syn-
thesis of vinyl esters. Further investigations on related cata-
lyst systems bearing variously substituted arene moieties are
underway.

Experimental Section
General Information: All reactions were carried out under an inert
atmosphere, using reagents (Aldrich) and solvents (Aldrich, La-
botec) dried and purified by standard techniques.[36] Microwave-
assisted syntheses were performed using a single-mode Discover
reactor from CEM Corp. (Matthews, NC) where the temperature
was monitored with an IR sensor. GC analyses were performed on
a Varian Star 3400 CX gas chromatograph equipped with an
RSLM-150 capillary column (25 m�0.25 mm; film thickness,
0.25 µm) and a flame ionization detector. The enol esters were puri-
fied by distillation under high vacuum and characterized by 1H and
13C NMR spectroscopy, according to the literature.[12,13]

Typical Procedure for the Addition of Carboxylic Acids to Alkynes.
Conventional Heating: The reaction between 4-acetoxybenzoic acid
and 1-hexyne is representative of the procedure utilized. A 25-mL
dry round-bottom Pyrex vessel containing a stirring bar and fitted
with a three-way stopcock was charged with the catalyst
(9.2�10–3 mmol), sodium carbonate (18.4�10–3 mmol, 1.9 mg),
and 4-acetoxybenzoic acid (1.15 mmol, 208 mg), and then purged
of air (three vacuum–nitrogen cycles). A stock solution (6 mL) con-
taining 1-hexyne (1.725 mmol) and dodecane (internal standard) in
toluene was then added under nitrogen. The resulting mixture was
placed in an oil bath and treated at 60 °C. The reaction was moni-
tored by withdrawing samples at regular time intervals from the
reaction mixture and analyzing them by GC.

Conventional Heating in Sealed Tubes: A 10-mL glass tube
equipped with a stirring bar was charged with the catalyst
(0.004 mmol) and 4-acetoxybenzoic acid (0.5 mmol, 90 mg) and
then purged of air (three vacuum–nitrogen cycles) before a stock
solution (2.6 mL) containing 1-hexyne (0.75 mmol) and dodecane
(internal standard) in toluene was added. The tube was sealed un-
der vacuum and immersed in an oil bath heated at 160 °C. After a
given reaction time, the ampoule was drawn out of the bath and
cooled to room temperature.
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Microwave Heating: A 10-mL glass vial containing a Teflon®-
coated stir bar was charged with the catalyst (0.004 mmol) and 4-
acetoxybenzoic acid (0.5 mmol, 90 mg) and then purged of air
(three vacuum–nitrogen cycles) before a stock solution (2.6 mL)
containing 1-hexyne (0.75 mmol) and dodecane (internal standard)
in toluene was added. The vial was capped under nitrogen, heated
to 160 °C (monitored by IR sensor), and then held at that tempera-
ture in a CEM Discover instrument with 150-W microwave power.
No ramp and no simultaneous cooling were applied. After rapid
air-cooling by the unit, the reaction mixture was analyzed by GC.

Supporting Information (see also the footnote on the first page of
this article): Experimental section and additional results.
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