
Journal of Molecular Catalysis A: Chemical 194 (2003) 39–47

The addition of carboxylic acids to 1-alkynes catalysed
by a new Ru(II) complex: a very fast route towards
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Abstract

A new Ru(II) complex (5) is synthesised from RuCl2(PPh3)3 (3) and an N-heterocyclic carbene, 1,3,4-triphenyl-4,5-dihydro-
1H-1,2,4-triazol-5-ylidene (4). Complex (5) catalyses the addition reaction of carboxylic acids to terminal alkynes very fast
and quantitatively. The selectivity of the addition to phenylacetylene is dependent on the acidity of the added carboxylic
acid. At decreasing pKa, a change in regioselectivity from Markovnikov toanti-Markovnikov addition is observed. The
intermolecular attack of acetic acid to aliphatic alkynes and intramolecular addition produces Markovnikov adducts.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A major goal for every synthetic chemist is to
achieve high efficiency, which means performing re-
actions with atom economy and high selectivity[1].
Transition metal complexes, which can be tuned elec-
tronically and sterically by variation of the metal/
ligand coordination sphere, catalyse a variety of C–C
bond formation reactions. A very interesting feature
is the ability of transition metal complexes to insert
readily into acetylenic C–H bonds. This property de-
rives from both the acidity of the proton and the high
coordination ability of the acetylenic linkage. Low
valent ruthenium complexes catalyse the addition of
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carboxylic acids to form alk-en-yl-esters via transient
transition metal vinylidenes (Scheme 1) ([2] for enol
esters and[3] for enynes).

The regioselectivity for Markovnikov addition has
been significantly increased by the use of a vari-
ety of Ru-precursors such as Ru3(CO)12 [4], (arene)
RuCl2(PR3) [5], bis(�5-cyclooctadienyl)ruthenium/
PR3 without and with addition of maleic anhydride
[6]. The firstanti-Markovnikov trans-addition in the
presence of the Ru(Ph2P(CH2)nPPh2)(�3-CH2CMe=
CH2)2 catalyst was reported by Dixneuf et al.[7].
Enol esters have specific industrial applications as
monomers for the production of various polymers
and copolymers[8]. They are also useful reagents
for carbon–carbon and carbon–heteroatom bond for-
mation via the generation of enolates or acylation
reactions[9,10]. The addition of carboxylic acids to
the triple bond of the terminal alkyne represents a
simple addition reaction with atom economy. The key
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Scheme 1.

step in the formation of enol esters is the formation of
a M=C=CHR vinylidene, addition of the carboxylate
anion (R′COO−) to yield the M–CH=CR–OCOR′
or M–C(OCOR′)(=CHR) complex, addition of an
incoming 1-alkyne generates the M–vinylidene and
CH2=C(–R)(–OCOR′) or RHC=CH(OCOR′) enol
ester.

RuCl2(PPh3)2 is known to readily react with mono-
substituted 1-alkynes to give a stable Ru–vinylidene
complex[11]. X-ray analysis revealed the Ru–vinyli-
dene RuX2(PPh3)2(=CH=HR) to have a trigonal–
bipyrimidal conformation with the two phosphines
occupying axial positions. Formation of the vinylidene
ligand proceeds by transformation of the�2-CC coor-
dinated alkyne into the�2-CH coordinated complex
followed by 1,2-hydrogen shift within the acetylene
unit.

Tertiary phosphines are frequently used ligands
in transition metal chemistry and catalysis. A major
disadvantage is that they undergo P–C degradation at
higher temperature, which results in deactivation of
the catalyst[12,13]. The need for strong nucleophilic
ligands that exhibit a stable bond with metals is high.
Nucleophilic carbene ligands are ideal mimics for
phosphine ligands[14]. In 1995, a new type of hete-
rocyclic carbene (NHC), 1,3,4-triphenyl-4,5-dihydro-
1H-1,2,4-triazol-5-ylidene (4), which exhibited a
marked nucleophilic reactivity, was synthesised[15].

Here we report on the use of the triazol-5-ylidene
ligand in combination with RuCl2(PPh3)3 for the ad-
dition of carboxylic acids on 1-alkynes.

2. Experimental

2.1. General remarks

All reactions were performed under inert atmo-
sphere using Schlenck techniques. NMR spectra were

recorded on a Varian Unity 300 MHz spectrometer.
GC–MS analysis were performed on a GC (col-
umn SPBTM-5 = 30 m × 0.25 mm× 0.25�m film
thickness, carrier gas: He, 100 kPa, detector=
FID, gas chromatograph= Varian 4600) and MS
(Finnigan MAT ITD). Toluene-d8 (obtained from
Acros), pentane and toluene were dried over Na,
dichloromethane is dried over CaCl2, CDCl3 (ob-
tained from Acros, 96.9 at.% D) is dried over molec-
ular sieves. RuCl2(PPh3)3 (3), 1,3,4-triphenyl-4,
5-dihydro-1H-1,2,4-triazol-5-ylidene (4), 1-alkynes,
1,7-octadiyne, carboxylic acids, PPh3 and Cu(I)Cl
(obtained from Acros) were used without further
purification.

Ru-complex (5): To a solution of 0.419 mmol
RuCl2(PPh3)3 (3) in 7 ml dichloromethane is added
0.423 mmol of 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-
triazol-5-ylidene (4) in 3 ml CH2Cl2. The reaction
mixture is stirred overnight at room temperature. A
colour change from brown to dark-red occurs. The
solution was concentrated to dryness in vacuum and
recrystallisation from pentane (−78◦C) gives the
RuCl2(PPh3)2(triazol-5-ylidene) complex (5) in good
yield (85%). Complex (5): Dark-red solid (85% from
(3) and (4)): [1H] NMR (300 MHz, CDCl3, 25◦C)
δ 8.32 (d, 4H,o-H of C6H5 of PPh3, J = 9.8 Hz),
7.64 (t, 2H, p-H of C6H5 of PPh3), 7.35–6.90 (m,
19H, aromatic H of NHC andm-H of C6H5 of PPh3).
[13C]–[1H] NMR (75.4 MHz, CDCl3, 25◦C) δ 201.03
(NCRu), 143.67 (iso-C of Ph of NHC), 137.56,
132.38, 132.24, 132.10, 128.77, 128.62, 128.31,
115.32 (C of Ph of PPh3 and NHC); [31P]–[1H] NMR
(122 MHz, CDCl3, 25◦C) δ 30.09 (PPh3).

Vinylation of phenylacetylene catalysed by the com-
plex (5): To a solution of complex (5) (0.032 mmol)
in toluene (3 ml), 100 eq. phenylacetylene (3.2 mmol)
and 100 eq. carboxylic acid (3.2 mmol) are added and
the reaction mixture is stirred at 110◦C. The reaction
is monitored by [1H] NMR and GC–MS.
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• Phenylacetylene and acetic acid:Anti-Markovnikov
cis Ph–CH=CH–OCOCH3: [1H] NMR (tol-d8,
300 MHz, 25◦C, ppm) δ 8.05–7.05 (m, Ph),
6.54 (d, J = 11.3 Hz, =CHOCOCH3), 5.78 (d,
J = 11.3 Hz, Ph–CH=CH), 2.05 (s, OCH3);
GC–MS = m/z = 162 (M+). Anti-Markovnikov
trans Ph–CH=CH–OCOCH3: [1H] NMR (tol-d8,
300 MHz, 25◦C, ppm) δ 8.05–7.05 (m, Ph), 6.91
(d, J = 16.2 Hz, =CHOCOCH3), 6.25 (d, J =
16.2 Hz, Ph–CH=CH), 2.05 (s, OCH3); GC–MS=
m/z = 162 (M+). Markovnikov (Ph)(OCOCH3)
C=CH2: [1H] NMR (tol-d8, 300 MHz, 25◦C, ppm)
δ 8.05–7.05 (m, Ph), 5.31 (s,=CH2), 4.87 (s,=CH2),
2.05 (s, OCH3); GC–MS= m/z = 162 (M+).

• Phenylacetylene and formic acid:Anti-Markovnikov
cis Ph–CH=CH–OCOH: [1H] NMR (tol-d8,
300 MHz, 25◦C, ppm)δ 9.45 (br s, OH), 8.05–7.05
(m, Ph), 6.65 (d,J = 16.6 Hz, =CHOCOH),
5.67 (d, J = 16.6 Hz, Ph–CH=CH); GC–MS =
m/z = 148 (M+). Anti-Markovnikov trans
Ph–CH=CH–OCOH: [1H] NMR (tol-d8, 300 MHz,
25◦C, ppm) δ 9.45 (br s, OH), 8.05–7.05 (m,
Ph), 7.87 (d,J = 12.2 Hz, =CHOCOH), 6.32 (d,
J = 12.2 Hz, Ph–CH=CH); GC–MS= m/z = 148
(M+). Markovnikov (Ph)(OCOH)C=CH2: [1H]
NMR (tol-d8, 300 MHz, 25◦C, ppm)δ 9.45 (br s,
OH), 8.05–7.05 (m, Ph), 5.15 (s,=CH2), 4.73 (s,
=CH2); GC–MS= m/z = 148 (M+).

• Phenylacetylene and isovaleric acid:Anti-Markov-
nikov cis Ph–CH=CH–OCOCH2–CH–(CH3)2:
[1H] NMR (tol-d8, 300 MHz, 25◦C, ppm) δ

8.05–7.05 (m, Ph), 6.50 (d,J = 19.9 Hz,=CHOCO
CH2–CH–(CH3)2), 5.66 (d,J = 19.9 Hz, Ph–CH=
CH), 2.38 (d, OCH2), 1.51 (m, CH), 1.20 (s, CH3);
GC–MS = m/z = 204 (M+). Anti-Markovnikov
trans Ph–CH=CH–OCOCH2–CH–(CH3)2: [1H]
NMR (tol-d8, 300 MHz, 25◦C, ppm) δ 8.05–7.05
(m, Ph), 8.07 (d,J = 13.2 Hz,=CHOCOCH2–CH–
(CH3)2), 6.36 (d,J = 13.2 Hz, Ph–CH=CH), 2.38
(d, OCH2), 1.51 (m, CH), 1.20 (s, CH3); GC–
MS = m/z = 204 (M+). Markovnikov (Ph)(OCO
CH2–CH–(CH3)2)C=CH2: [1H] NMR (tol-d8,
300 MHz, 25◦C, ppm)δ 8.05–7.05 (m, Ph), 5.32 (s,
=CH2), 5.03 (s,=CH2), 2.38 (d, OCH2), 1.51 (m,
CH), 1.20 (s, CH3); GC–MS= m/z = 204 (M+).

• Phenylacetylene and trichloroacetic acid:Anti-
Markovnikov cis Ph–CH=CH–OCOCCl3: [1H]
NMR (tol-d8, 300 MHz, 25◦C, ppm) δ 8.05–7.05

(m, Ph), 6.46 (d,J = 11.7 Hz, =CHOCOCCl3),
6.11 (d, J = 11.7 Hz, Ph–CH=CH); GC–MS =
m/z = 277 (M+). Anti-Markovnikovtrans Ph–CH=
CHOCOCCl3: [1H] NMR (tol-d8, 300 MHz,
25◦C, ppm) δ 8.05–7.05 (m, Ph), 7.00 (d,J =
8.2 Hz, =CHOCOCCl3), 6.58 (d, J = 8.2 Hz,
Ph–CH=CH); GC–MS = m/z = 277 (M+).
Markovnikov (Ph)(OCOCCl3)C=CH2: [1H] NMR
(tol-d8, 300 MHz, 25◦C, ppm) δ 8.05–7.05 (m,
Ph), 5.67 (s,=CH2), 5.55 (s,=CH2); GC–MS =
m/z = 277 (M+).

Vinylation of 1-monoalkyne and acetic acid catal-
ysed by the complex (5): To a solution of complex (5)
(0.032 mmol) in toluene (3 ml), 100 eq. 1-monoalkyne
(3.2 mmol) and 100 eq. acetic acid (3.2 mmol) are
added and the reaction mixture is stirred at 110◦C.
The reaction is monitored by [1H] NMR and GC–MS.

• 1-Octyne and acetic acid: Anti-Markovnikov cis
CH3–(CH2)5–CH=CH–OCOCH3: [1H] NMR
(tol-d8, 300 MHz, 25◦C, ppm) δ 5.37 (d, J =
11.5 Hz, =CHOCOCH3), 5.24 (d, J = 11.5 Hz,
CH3–(CH2)5CH=CH), 2.12 (s, OCH3), 1.31–1.20
(m, CH2), 0.87 (t, CH3); GC–MS = m/z = 170
(M+). Anti-Markovnikov trans CH3–(CH2)5–CH=
CH–OCOCH3: [1H] NMR (tol-d8, 300 MHz, 25◦C,
ppm) δ 5.86 (d, J = 8.2 Hz, =CHOCOCH3),
5.80 (d,J = 8.2 Hz, CH3–(CH2)5CH=CH), 2.12
(s, OCH3), 1.31–1.20 (m, CH2), 0.87 (t, CH3);
GC–MS = m/z = 170 (M+). Markovnikov
(CH3–(CH2)5)(OCOCH3)C=CH2: [1H] NMR
(tol-d8, 300 MHz, 25◦C, ppm) δ 4.78 (s,=CH2),
4.63 (s, =CH2), 2.12 (s, OCH3), 1.31–1.20 (m,
CH2), 0.87 (t, CH3); GC–MS= m/z = 170 (M+).

• 3,3-Dimethyl-1-butyne and acetic acid:Anti-
Markovnikov cis tBu–CH=CH–OCOCH3: [1H]
NMR (tol-d8, 300 MHz, 25◦C, ppm) δ 6.96 (d,
J = 6.8 Hz, =CHOCOCH3), 4.52 (d,J = 6.8 Hz,
tBuCH=CH), 1.84 (s, OCH3), 1.09 (t, tBu);
GC–MS = m/z = 130 (M+). Anti-Markovnikov
trans tBu–CH=CH–OCOCH3: [1H] NMR (tol-d8,
300 MHz, 25◦C, ppm) δ 7.30 (d, J = 13.1 Hz,
=CHOCOCH3), 5.49 (d,J = 13.1 Hz,tBuCH=CH),
1.84 (s, OCH3), 1.09 (s,tBu); GC–MS= m/z =
130 (M+). Markovnikov (tBu)(OCOCH3)C=CH2:
[1H] NMR (tol-d8, 300 MHz, 25◦C, ppm) δ 4.81
(s, =CH2), 4.74 (s,=CH2), 1.84 (s, OCH3), 1.09 (t,
tBu); GC–MS= m/z = 130 (M+).
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Vinylation of 1,7-octadiyne and acetic acid catal-
ysed by the complex (5): To a solution of complex (5)
(0.032 mmol) in toluene (3 ml), 50 eq. 1,7-octadiyne
(1.6 mmol) and 100 eq. acetic acid (3.2 mmol) are
added and the reaction mixture is stirred at 110◦C.
The reaction is monitored by [1H] NMR and GC–MS.
Full and unequivocal analysis by NMR was impos-
sible due to the overlap of signals of the mono- and
disubstituted alkyne.

Monosubstituted dialkyne:Anti-Markovnikov cis
CH≡C–(CH2)4–CH=CH–OCOCH3: GC–MS= m/z

= 166 (M+). Anti-Markovnikovtrans CH≡C–(CH2)4
–CH=CH–OCOCH3: GC–MS = m/z = 166 (M+).
Markovnikov (CH≡C–(CH2)4−)(OCOCH3)C=CH2:
GC–MS= m/z = 166 (M+).

Disubstituted dialkyne:Anti-Markovnikov cis CH3
OCO–CH=CH–(CH2)4–CH=CH–OCOCH3: GC–MS
= m/z = 226 (M+). Anti-Markovnikov trans CH3
OCO–CH=CH–(CH2)4–CH=CH–OCOCH3: GC–MS
= m/z = 226 (M+). Markovnikov CH3OCO–CH=
CH–(CH2)4–CH=CH–OCOCH3: GC–MS = m/z =
226 (M+). Anti-Markovnikov–Markovnikov (CH3
OCO–CH=CH–(CH2)4–)(OCOCH3)C=CH2: GC–MS
= m/z = 226 (M+).

Vinylation of pentynoic acid catalysed by complex
(5): To a solution of complex (5) (0.032 mmol) in
toluene (3 ml), 100 eq. pentynoic acid (3.2 mmol) are
added and the reaction mixture is stirred at 110◦C.
The reaction is monitored by [1H] NMR and GC–MS.

Anti-Markovnikov: [1H] NMR (tol-d8, 300 MHz,
25◦C, ppm)δ 5.23 (d,J = 5.06 Hz,=CHOCO), 5.02
(d, J= 5.06 Hz, CHC=CHOCO), 2.32 (t,H2CCOO),
1.61 (q, CH–CH2–CH2); GC–MS= m/z = 98 (M+).
Markovnikov: [1H] NMR (tol-d8, 300 MHz, 25◦C,
ppm) δ 4.63 (s,=CHOCO), 3.95 (t,HC=CHOCO),
2.49 (t, CH2CCOO), 1.91 (q, CH2=C–CH2–CH2);
GC–MS= m/z = 98 (M+).

Vinylation of phenylacetylene and acetic acid catal-
ysed by complex (5) in the presence of an additive

Scheme 2.

(PPh3 or Cu(I)Cl): To a solution of complex (5)
(0.032 mmol) in toluene (3 ml), 100 eq. phenylacety-
lene (3.2 mmol), 100 eq. carboxylic acid (3.2 mmol)
and x mmol of additive are added and the reaction
mixture is stirred at 110◦C. The reaction is monitored
by [1H] NMR and GC–MS.

3. Results and discussion

Combining the feature of RuCl2(PPh3)3 (3) to eas-
ily generate a stable Ru–vinylidene complex in the
presence of a terminal alkyne and the strong donor
capacity of the N-heterocyclic carbene, 1,3,4-triphe-
nyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene (4), a new
Ru-complex (5) is synthesised (Scheme 2).

The activity of the RuCl2(PPh3)2(triazol-5-ylidene)
complex (5) towards the catalytic addition of car-
boxylic acid on the triple bond of terminal alkynes or
vinylation is shown inTables 1 and 2. In the first set
of reactions, phenylacetylene was exposed to different
aliphatic carboxylic acids (Table 1). For all reactions,
full conversion of the triple bond of arylacetylene
was already reached after 30 min (runs 1–4). At de-
creasing pKa, a regioselectivity foranti-Markovnikov
addition is preferred. Formic, acetic and isovaleric
acid show no distinctive regioselectivity (runs 1–3).
The intermolecular addition of a strong acid, i.e.
trichloroacetic acid, on the triple bond proceeds via
the attack of the CCl3COO– group on the external
C1-bond of the aromatic 1-alkyne and thus formation
of anti-Markovnikov adducts (run 4). The addition of
all carboxylic acids leads mainly to the formation of
cis-adducts. General, Ru(II) complexes catalyse the
nucleophilic addition of carboxylic acids with forma-
tion of Markovnikov adducts[4–6]. Here, a change in
regioselectivity towards theanti-Markovnikov addi-
tion is shown at low pKa. Simply altering the acidity
of the added acid, provides a reversed regioselectivity.
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Table 1
Influence of the acidity of the carboxylic acid on the triple bond transformation of phenylacetylene catalysed by RuCl2(PPh3)2(triazol-
5-ylidene) (5)a

Run Acid pKa
b Time (min) Total yield (%)c 1 (%)c 2 (c:t)c (%)

1 HCOOH 3.75 30 100 50 50
2 CH3COOH 4.76 30 100d 30 52 (92:8)
3 (CH3)2CH–CH2–COOH 4.78 30 100 46 54 (94:6)
4 CCl3COOH 0.66 30 100 3 97 (89:11)

a The reaction mixture was stirred at 110◦C for 30 min.
b [16].
c Yield and selectivity as determined by [1H] NMR and GC–MS.
d Next to enol esters, dimeric products (18% of total yield) are formed with a head-to-tail/tail-to-tail (22/78) selectivity.

Table 2
Addition of carboxylic acid on to terminal alkynes catalysed by RuCl2(PPh3)2(triazol-5-ylidene) (5)

Run Alkyne Acid Time (min) Product Yield (%)a Selectivity (%)a

5b,c Phenylacetylene Acetic acid 30 30

4 8

48 92

6b t-Butylacetylene Acetic acid 30 100

7b 1-Octyne Acetic acid 30 80

4 20

16 80
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Table 2 (Continued )

Run Alkyne Acid Time (min) Product Yield (%)a Selectivity (%)a

8b Pentynoic acid 30 73

27

9b 1,7-Octadiyne Acetic acid 30 Markovnikov– 34
Markovnikov

Anti-Markovnikov– 23 88
anti-Markovnikov

3 12

0 0

Anti-Markovnikov– 36 90
Markovnikov

4 10

a Yield and selectivity as determined by [1H] NMR and GC–MS.
b The reaction mixture was stirred at 110◦C for 30 min.
c Next to enol esters, dimeric products (18% of total yield) are formed with a head-to-tail/tail-to-tail (22/78) selectivity.

Dixneuf described a similar influence on the regios-
electivity by modification of the chelating phosphine
ligand coordinated on the Ru-centre[7].

In the second set of experiments, different aliphatic
and aromatic alkynes are treated with acetic acid

(Table 2). All alkynes are converted quantitatively
within 30 min. The intermolecular addition of acetic
acid on the aromatic alkyne, phenylacetylene, is
moderately selective for the formation ofcis anti-
Markovnikov products (48%, run 5). The addition on
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Table 3
Vinylation reaction catalysed by5: Influence of the phosphine ligand

Run Additive Total yield (%)a Vinylation (%)b 1:2 (c/t)a Dimerisation (%)a

10b No 100 82 36:64 (92/8) 18
11b 1 eq. PPh3 61 30 4:96 (43/57) 70
12b 5 eq. PPh3 41 38 4:96 (75/25) 62
13b Cu(I)Cl 100 90 2:98 (73/27) 10

a Yield and selectivity as determined by [1H] NMR and GC–MS.
b The reaction mixture was stirred at 110◦C for 30 min.

the aliphatic monoalkynes gives almost exclusively the
Markovnikov adduct in quantitative yield (runs 6–7).
This is in agreement with results previously reported,
which illustrate that Ru(II) complexes generally pro-
duce Makovnikov adducts[4–6]. The intramolecular
addition affords theexo-cyclic 5-methylene-dihydro-
furan-2-one in good yield (73%, run 8). The addition
on the dialkyne, 1,7-octadiyne, results in three differ-
ent types of substitution: Markovnikov–Markovnikov
(34%), anti-Markovnikov–anti-Markovnikov (26%)
and Markovnikov–anti-Markovnikov (40%) (run
9). For both anti-Markovnikov–anti-Markovnikov
and Markovnikov–anti-Markovnikov products nearly
all anti-Markovnikov additions consist of thecis-
isomer.

The addition of carboxylic acid on the triple bond
of 1-alkynes catalysed by RuCl2(PPh3)2(triazol-5-
ylidene) proceeds smoothly at 110◦C. Within a
30 min time period, all alkynes are converted into
the respective enol esters. To investigate the influ-
ence of the reaction temperature on the activity, the
reaction between acetic acid and phenylacetylene in
the presence of (5) is performed at different reaction
temperatures and monitored for 90 min. The yield
increases from 0< 25 < 40 < 60 < 80 < 110◦C.
At 0, 25 and 40◦C the reaction does not proceed at
all. An increase in activity is observed from 60◦C
(15%) < 80◦C (39%)< 110◦C (100%). The regio-
and stereoselectivity remain the same at decreasing
temperature. The optimum temperature, at which the
reaction is performed, is 110◦C.

As reported before, the reaction between RuX2
(PPh3)3 (X = Cl, Br) and t-butylacetylene results in
the formation of stable Ru–vinylidene complexes of
the formula RuX2(PPh3)2(=C=CHtBu) [11]. A key
step in the generation of the Ru–vinylidene complex
is the release of one phosphine ligand from the Ru

centre. To investigate if the nature of the active species
generated from the RuCl2(PPh3)2(triazol-5-ylidene)
complex (5) is similar to the active species generated
from RuX2(PPh3)3, the vinylation reaction is per-
formed with an excess of free PPh3 and with addition
of Cu(I)Cl (Table 3). An excess of PPh3 clearly slows
down the vinylation reaction (run 10 versus runs 11
and 12). A change in preference from vinylation to
addition of another alkyne or dimerisation is shown.
In the presence of an excess phosphine, the inter-
molecular attack of acetic acid proceeds preferably
on the internal C2 carbon atom and thus formation of
anti-Markovnikov adducts (runs 11 and 12). Cu(I)Cl
is known to act as a phosphine scavenger. Addition
of the Cu(I)Cl also yields a quantitative formation
of enol esters (run 13) and preference towards the
vinylation products with a marked increased regio-
and stereoselectivity for thecis anti-Markovnikov
addition (run 10 versus run 13).

Ab initio molecular orbital calculations per-
formed on the reaction between RuX2(PPh3)3 and
t-butylacetylene led to a very good understanding
of the mechanism for the generation of the sta-
ble Ru–vinylidene RuX2(PPh3)2(=C=CHtBu) [11].
Based on the similar geometry of RuCl2(PPh3)3 (3)
and the RuCl2(PPh3)2(triazol-5-ylidene) (5) and the
outcome of the catalytic performance of the cata-
lyst (5), some mechanistic insights can be suggested
(Scheme 2). In analogy to RuX2(PPh3)3 and the re-
sults depicted inTable 3, it is proven that release
of a PPh3 ligand takes place from the metal centre.
Addition of a carboxylic acid favours vinylation (cy-
cle 1). The intermolecular attack of the carboxylic
acid on aliphatic 1-alkynes is favoured on the in-
ternal C2 carbon atom of the triple bond and thus
formation of Markovnikov adducts (C Markovnikov).
Arylacetylene shows no regioselectivity at high pKa.
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Scheme 3.

Increasing the acidity of the acid results in a reversed
selectivity for theanti-Markovnikov with an addi-
tional cis-stereoselectivity (Canti-Markovnikov). The
addition of acetic acid to phenylacetylene and addi-
tion of an excess of free phosphine partly leads to
the side-reaction, the homo-coupling of 1-alkynes or
dimerisation (cycle 2) (Scheme 3).

4. Conclusion

The new RuCl2(PPh3)2(triazol-5-ylidene) complex
(5) is an excellent precursor for the catalytic transfor-
mation of terminal alkynes. The nucleophilic addition
of carboxylic acids on the 1-alkynes proceeds very fast
and smoothly. Full conversion of the triple bond into
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the corresponding enol esters is already reached within
a 30 min time period. The addition proceeds mainly
on the external C1-atom of the alkyne and thus result-
ing in the production of Markovnikov adducts. The
regioselectivity is easily tuned by changing the acidity
of the acid. At decreasing pKa, a reversed regioselec-
tivity for the anti-Markovnikov addition is preferred.
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