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degli Studi di Siena, Via A. de Gasperi 2, 53100 Siena, Italy

botta@unisi.it

ReceiVed February 02, 2009

An efficient synthesis of 3-substituted crotonaldehydes via
alkyne-enol ether cross-metathesis in the presence of CuSO4

and in aqueous medium was developed. Crotonaldehydes
were obtained in good yields from terminal aryl-alkynes as
well as from terminal alkyl-alkynes. All of the reactions were
carried out under microwave irradiation and were completed
in a few minutes. Water was used as the cosolvent, making
this approach safer, economic, and desiderable from an
enviromental point of view.

Crotonaldehydes, and more generally R,�-unsaturated car-
bonyl compounds, are versatile organic molecules that may be
used in synthetic applications such as carbonyl addition,
conjugate addition, and as a prochiral dienophile.1 Commercially
available crotonaldehyde 1 is often employed in the synthesis
of tocopherol (vitamin E), the food preservative sorbic acid,
and the solvent 3-methylbutanol as well as many natural
products.2 Moreover, crotonaldehyde and crotyl structural motifs
are also present in many natural compounds such as polyketides,
retinoids, and carotenoids (Figure 1).3 Surprisingly, a few direct
approaches for the synthesis of crotonaldehydes are known, and
they generally require several steps.4,5

Consequently, due to their versatility and use in organic
synthesis, attempts in the development of new syntheses of
crotonaldehydes and crotyl-related compounds are of high
interest. Herein a rapid and efficient synthesis of 3-aryl/alkyl-
crotonaldehydes through an enyne cross-metathesis reaction in
aqueous medium and in the presence of copper was reported.
Enyne metathesis constitutes an important and largely used
method for 1,3-diene synthesis.6 The most synthetically useful
version of catalytic enyne metathesis is the intermolecular (cross)
reaction which involves the addition of an alkene across the
triple bond of an alkyne producing conjugated dienes with a
high degree of regiocontrol. The synthetic appeal of cross-
metathesis is that it offers direct and catalytic access to
conjugated dienes, which have broad utility in synthesis. In the
course of our work on the synthesis of enantiopure antifungal
agents via enyne cross-metathesis,7 we were attracted by the
possibility of performing metathetic reactions in water since it
offers several advantages such safety, economics, and environ-
mental compatibility. Despite the fact that the aqueous olefin
metathesis has been documented,8 only a few studies on alkene-
alkyne metathesis reactions carried out in aqueous medium have
been reported so far.9 During our metathetic studies in water,
we were surprised to find that reaction of alkyne 3a with
ethylvinyl ether (EVE) in the presence of Grubbs’ second
generation catalyst 2 (Figure 1) in 1:1 tert-butanol/water led to
the expected diene 4a together with a small amount of the side
compound 3-phenyl-crotonaldehyde 5a (Scheme 1 and Table
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FIGURE 1. Grubbs’ catalyst and crotyl systems.
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1, entry 3).10 On the other hand, the standard metathetic reaction7

of 3a with EVE in toluene led only to 4a and no traces of
aldehyde 5a were detected (entry 1).

Since the enol ether 4a can be considered as the protected
equivalent of aldehyde 5a, the formation of this latter compound
could be explained through the hydrolysis of the enol ether 4a
itself. Hence, on the basis of literature data on the cleavage of
acetals,11 it was reasoned that performing the same reaction in
aqueous medium and in the presence of the weak acidic salt
CuSO4 could lead to the complete conversion of 4a into 5a.
Experiments using different solvents and amounts of CuSO4

were performed, and results are shown in Table 1. When 2.0
equiv of CuSO4 was used (entry 6), the highest conversion of
4a into 5a was achieved. The use of catalytic or stoichiometric
amount of CuSO4 (entries 4 and 5) led to slightly lower
conversion values. Finally, when 3a and EVE were reacted in
the presence of 2 equiv of CuSO4 in toluene (entry 2), no traces
of aldehydes 5a were detected and only dienes 4a were
obtained.12 In all of the cases, reactions were carried out under
microwave irradiation and were completed in 30 min (3 runs
× 10 min).7a,b Hence, in order to generalize these results, a
series of alkynes 3a-k were reacted with EVE in a mixture of
1:1 H2O/tBuOH and in the presence of CuSO4 (Scheme 2).
Results are summarized in Table 2. In all of the cases, aldehydes
5a-k were obtained as a 2/1 mixture of E/Z isomers that were
separated by chromatography on silica gel.

When the aromatic alkynes 3a-c were reacted with EVE,
the desired aldehydes 5a-c were obtained in good yields (entries

1-3). Only traces of dienes 4a-c were detected by 1H NMR
analysis. Reaction of aromatic alkyne 3d led to desired
aldehydes 5d in low yields (entry 4), maybe due to the electron-
withdrawing effect of the p-methoxy moiety on the naphthyl
ring, which makes alkyne 3d less reactive toward metathesis
reaction. However, as shown by conversion values in Table 2,
only a small amount of dienes 4d was detected from the reaction
mixture. When propargylic alcohols 3e-g were reacted with
EVE, the desired compounds 5e-g were obtained together with
dienes 4e-g in an almost 2:1 ratio (entries 5-7). Attempts to
obtain full conversion of these alkynes into aldehydes was
unsuccessful. However, dienes 4e-g could be recycled and
converted into desired aldehydes 5e-g (in a 2:1 E/Z ratio) in
45% yield after treatment with CuSO4 (2 equiv) in 1:1 H2O/
tBuOH. The lower yields of aldehydes 5e-g compared to those
of 5a-c could be due to the steric hindrance of substituents on
the propargylic alcohols, which makes these substrates less
reactive. This latter hypothesis was confirmed by the behavior
of the less hindered alkyl-alkynes 3h,i, which were converted
into 5h,i in good yields (entries 8 and 9). Only a small amount
of the dienes 4h,i was detected. On the other hand, when the
bulky triisopropylsilylacetylene 3j was subjected to the copper-
mediated enyne cross-metathesis, only traces of the dienes 4j
were detected by HPLC-MS analysis and no aldehydes 5j were
formed (entry 10). This result confirms the poor reactivity of
bulky alkynes toward the enyne cross-metathesis reaction.
Finally, alkyne 3k was reacted with EVE, affording aldehyde
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SCHEME 1. Enyne Cross-Metathesis in the Presence of
CuSO4

TABLE 1. Optimization of the Copper-Mediated Enyne
Cross-Metathesis

entry solventa
CuSO4

(equiv)
dienes E/Z 4a

(conv %)b
aldehyde E/Z 5a

(conv %)b

1 toluene >95 ND
2 toluene 2 >95 ND
3 H2O/tBuOH 1:1 83 17
4 H2O/tBuOH 1:1 0.5 traces 85
5 H2O/tBuOH 1:1 1.0 traces 88
6 H2O/tBuOH 1:1 2.0 traces >90

a All of the reactions were carried out at 80 °C under microwave
irradiation. b Conversion was calculated by 1H NMR.

SCHEME 2. Synthesis of Crotonaldehydes 5a-k

TABLE 2. Conversions and Yields of 5

a All of the reactions were performed at 80 °C with 2 equiv of CuSO4

under microwave irradiation for 3 × 10 min. b Conversion of alkynes
into dienes and aldehydes was calculated by 1H NMR. c Isolated yields
are reported. d Isolated yields of E isomers after equilibration of the E/Z
mixture with I2 were reported.
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5k in good yield (entry 11). Surprisingly, only (E)-5k aldehyde
was isolated, and no traces of (Z)-5k were detected. The
compounds (E/Z)-5k are dienes due to the conjugation of the
formed crotyl system with the cyclohexene double bond.

It is documented that (Z)-dienes could be converted into the
corresponding (E)-dienes by simple heating in toluene.13 As a
consequence, it has been hypothesized that in the course of the
copper-mediated metathetic reaction a Z to E equilibration of
“diene (Z)-5k” could occur, leading to the formation of the
thermodynamically stable (E)-5k as the only reaction product,
as illustrated in Scheme 3. The high yield of 5k could also
confirm this assumption.

In all of the other cases, aldehydes 5a-i were obtained in a
2:1 E/Z isomeric ratio as observed by 1H NMR. This result might
be explained by assuming that the reaction proceeds first through
the formation of dienes 4a-i in a 2:1 ratio7 via ruthenium-
catalyzed metathesis followed by CuSO4-mediated hydrolysis
and subsequent keto-enolic equilibration to afford crotonalde-
hydes 5a-i, as proposed in Scheme 4.

Finally E/Z aldehyde isomers were equilibrated through
reaction with I2.

14,15 Treatment of pure Z aldehydes 5a-i with
a catalytic amount of I2 in DCM (Scheme 2) led in all cases
after 7 h to the formation in quantitative yields of the E isomer
as the only product, confirming that E isomers are the

thermodynamically stable compounds. The structure of the E/Z
isomers was assigned by NOESY experiments.

In summary, an efficient and rapid synthesis of 3-substituted
crotonaldehydes 5 in aqueous medium has been developed. In
this work, we have discovered that 3-substituted crotonaldehydes
5 could be synthesized directly from aryl/alkyl-alkynes through
an alkyne-enol ether cross-metathesis reaction when water was
used as cosolvent. The presence of CuSO4 proved to be
fundamental for achieving high conversion of alkynes 3 into
desired aldehydes 5. All of the reactions were carried out in
aqueous medium, making this approach an easy and green
method for the transformation of terminal alkynes into crotyl
systems.

Experimental Section

Synthesis of Crotonaldehydes (E)-5a and (Z)-5a. Alkyne 3a
(1.0 mmol), ethylvinyl ether (9.0 mmol), CuSO4 (2.0 mmol), and
Grubbs’ catalyst (0.1 mmol) were suspended in a 1:1 mixture of
water and tert-BuOH (2.0 mL each) in a 10 mL glass vial equipped
with a small magnetic stirring bar. The mixture was heated at 80 °C
under microwave irradiation for 3 × 10 min, using an irradiation
power of 300 W. The mixture was then poured into a solution of
NH4Cl (20 mL), NH4OH (0.5 mL), and Et2O (10 mL), stirred for
an additional 10 min, and then extracted with Et2O (2 × 10 mL).
The combined organic phases were washed with brine, dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
crude product was purified by flash column chromatography (SiO2)
using 1:4 Et2O/hexanes as the eluent to yield the crotonaldehydes
(E)-5a and (Z)-5a as single isomers, as tan oils.

(E)-5a: Yield 36%; Rf ) 0.38 Et2O/hexanes 1:4; 1H NMR (400
MHz, CDCl3) δ 10.11 (d, J ) 7.7 Hz, 1H), 7.48-7.47 (m, 2H),
7.35-7.31 (m, 3H), 6.33 (d, J ) 7.7 Hz, 1H), 2.50 (s, 3H) ppm;
13C NMR (100 MHz, CDCl3) δ 191.3, 157.6, 140.5, 130.1, 128.7,
128.4, 127.2, 126.3, 126.2, 16.4 ppm; IR (CHCl3) ν 1660 cm-1;
MS (ESI) m/z ) 147.1 [M + H], 169.0 [M + Na+]. Anal. Calcd
for C10H10O: C, 82.16; H, 6.89. Found: C, 82.20; H, 7.03.

(Z)-5a: Yield 18%; Rf ) 0.47 Et2O/hexanes 1:4; 1H NMR (400
MHz, CDCl3) δ 9.41 (d, J ) 8.0 Hz, 1H), 7.34-7.24 (m, 5H),
6.07 (d, J ) 8.0 Hz, 1H), 2.25 (s, 3H) ppm; 13C NMR (100 MHz,
CDCl3) δ 193.4, 162.1, 138.4, 129.2, 129.1, 128.4, 128.3, 26.4 ppm;
IR (CHCl3) ν 1660 cm-1; MS (ESI) m/z ) 147.1 [M + H], 169.0
[M + Na+]. Anal. Calcd for C10H10O: C, 82.16; H, 6.89. Found:
C, 82.19; H, 6.98.
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SCHEME 3. Isomerization of (Z)-5k to (E)-5k

SCHEME 4. Proposed Mechanism of Formation of
Crotonaldehydes 5
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