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The first palladium-catalysed coupling of the carbonates of (E)-configured conjugated enynols with ter-
minal alkynes is described. This method allows the synthesis of vinyl-allenynes with good yields. It has
been determined that the method is not suitable for the (Z)-configured substrates.

� 2018 Published by Elsevier Ltd.
nynes.
Introduction

It has been established in our laboratory that ester-, aryl-, or
alkyl-substituted vinylallenes can be synthesised via transition
metal-catalysed reactions of conjugated enynes bearing a leaving
group at the allylic position.1 Vinylallenes are versatile reagents
that can be used at various cycloaddition, cyclisation, and isomeri-
sation reactions.2 In particular, their unique reactivity and selectiv-
ity in [4+2] reactions have been utilised in the synthesis of several
naturally occurring reagents.3

Palladium-catalysed processes of these conjugated enyne sys-
tems should proceed through the formation of r–allenylpalladium
intermediates as it is in the analogous reactions of the propargyl
compounds (Fig. 1).4 Another prominent application that makes
use of this organopalladium species is the alkynylation of propar-
gylic reagents, which is widely used for the synthesis of alkyny-
lated allenic products,5 which are motifs present in several
biologically occurring compounds.6 Therefore we decided to
extend the methodology to investigate for its suitability in the cou-
pling of the carbonates of 2-en-4-yne alcohols with terminal alky-
nes to produce vinyl-allenynes. These structurally interesting
conjugated and highly unsaturated hydrocarbons are usually not
so widely known and studied.
Results and discussion

After extensive investigations of reaction parameters we found
that the use of enyne carbonate 1a (0.2 mmol) as the model sub-
strate with but-3-yn-1-ol (0.3 mmol, 1.5 equiv), Pd2(dba)3-CHCl3
(2 mol% Pd), PPh3 (8 mol%), KBr (2 equiv), and Et2NH (40 equiv)
in THF at 55 �C provided the intended product vinyl-allenyne 2aa
in 91% yield when the reaction was allowed to proceed until the
conversion ceased as judged by TLC and appearance of palladium
black. (Table 1, entry 1). Secondary amine bases appeared to work
better as compared to tertiary amines (entries 2–5) and the reduc-
tion of the amount of added Et2NH by half resulted in a slight
decrease in the yield (entry 2). The presence of KBr additive was
found to be beneficial for the product selectivity (entry 6); how-
ever, other salt additives used, such as KI or LiBr were observed
to be quite detrimental for the process efficiency (entries 7 and
8). It was apparent that the reaction should be performed under
water-free conditions (entry 9). The reaction temperature of 25
�C was not sufficient for the effective conversion of 1a (entry 10).
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Table 1
The effect of reaction parameters.

Entry Deviation from standard conditions Time (h) Conv. (%) Yield (%)a

1 none 2.5 95 91b

2 Et2NH (20 equiv) 3 90 86
3 Bu2NH (20 equiv) 3 83 79
4 (i-Pr)2NH (20 equiv) 3 75 74
5 Et3N (20 equiv) 3 60 57
6 no KBr 3.5 75 72
7 KI (2 equiv), Et2NH (20 equiv) 24 9 7
8 LiBr (2 equiv), Et2NH (20 equiv) 16 56 48
9 H2O (100 mL), Et2NH (20 equiv) 3 65 44
10 at 25 �C, Et2NH (20 equiv) 8 52 44

a Determined by 1H NMR using p-anisaldehyde as the internal standard.
b Yield of isolated product is provided.
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Having identified the set of optimised reaction conditions, we
investigated the scope and limitation of various terminal alkynes
for the method and the related results are listed in Table 2. Nota-
bly, the alkyl substituted alkynes were reagents well suited to
the method (entries 1–4), despite the fact that the reaction of the
relatively bulky alkyne 3,3-dimethylbut-1-yne (2d) with (E)-1a
afforded the desired product 3ad in a moderate yield at a palla-
dium loading of 2 mol% (entry 3). Fortunately, a good level of
3ad yield could be achieved when the palladium content was
increased to 4 mol% (entry 4). It was also necessary to employ
the method in the presence of at least 4 mol% of Pd when using a
silyl-substituted terminal alkyne in order to obtain the product
3ae, although only in a moderate yield (entry 5). Aryl acetylenes
were observed to be less reactive compared to the alkyl acetylenes
(entries 6–10). However, the phenylacetylene reactant containing
an electron-donor group (2h) (entry 10) exhibited better perfor-
mance than those having non-substituted or electron-poor phenyl
rings (entries 6–9).

We next surveyed the suitability of the method for the coupling
reaction of a number of enyne carbonates with diverse substitution
patterns and the alkyne 2a. The related results are listed in Table 3.
The enyne (E)-1b having a terminal alkynyl moiety (R1 = H) was
not a suitable substrate for the method, and led to a complex mix-
ture (entry 1). Unexpectedly, a relatively low yield of the desired
product 3ca was obtained from the enyne having a methyl-substi-
tuted alkynyl moiety (entry 2). Nevertheless, the yield of 3ca could
Table 2
The reaction of enyne carbonate 1a with various terminal alkynes.

Entry R Pd (mol%)

1 Bu 2b 2
2 Cy 2c 2
3 t-Bu 2d 2
4 t-Bu 2d 4
5 (i-Pr)3Si 2e 4
6 Ph 2f 2
7 Ph 2f 4
8 p-CF3C6H4 2g 2
9 p-CF3C6H4 2g 4
10 p-OMeC6H4 2h 2
be improved to moderate levels by using a tris(2-furyl)phosphine
(TFP) ligand instead. The presence of bulky alkyl groups on the
alkynyl moiety, such as Cy or t-Bu would not be a problem for
the method; both reagents 1d and 1e reacted with 2a smoothly
to provide high yields of the corresponding vinyl-allenynes (entries
3–5), albeit requiring a higher Pd loading. Only a moderate yield of
3fa yield could be isolated from the reaction of 1f where R1 is Ph
and no benefit was gained from an increase in the palladium level
or by the use of a TFP ligand (entries 6 and 7). On the contrary, run-
ning the reaction at the higher catalyst loading led to remarkably
diminished recovery of the product, even though it provoked the
conversion to somewhat higher level. This may be due to palla-
dium-promoted decomposition of the relatively less stable
products.

The R2 group on the alkenyl carbon of 1 was also varied. The
substrate 1g with a disubstituted alkenyl moiety reacted to give
rise 3ga in high yield. However, 3ga was isolated with relatively
lower purity probably because of its relatively low stability (entries
8 and 9). The substrate 1h having a Bu at R2 position reacted
smoothly and yielded the allene product in high yield (entry 10),
whereas the presence of a cyclohexyl or phenyl group at this posi-
tion led to the recovery of the corresponding products in moderate
yields only (entries 11–14).

The desired allene product 3ka from the reaction of primary
enyne carbonate was also not so stable under the reaction condi-
tions, which led to a lower yield by increasing the catalyst content
Time (h) Conversion (%) Yield (%)

1.5 92 88 3ab
2 86 82 3ac
2 66 64 3ad
2.5 78 75 3ad
2 70 65 3ae
4 56 28 3af
1 77 69 3af
2 35 28 3ag
2 72 68 3ag
2 85 74 3ah



Table 3
The reaction of enyne carbonates (E)-1 with the alkyne 2a.

Entry R1, R2, R3 Pd (%) Time (h) Conv. (%) Yield (%)

1 H, Me, Me 1b 2 1 100 trace 3ba
2 Me, Me, Me 1c 4 1 (4)a 40 (64)a 35 (61)a 3ca
3 Cy, Me, Me 1d 2 3 77 71 3da
4 Cy, Me, Me 1d 4 5 92 85 3da
5 t-Bu, Me, Me 1e 4 1 96 90 3ea
6 Ph, Me, Me 1f 2 1 78 61 3fa
7 Ph, Me, Me 1f 4 1 (1)a 85 (36)a 42 (25)a 3fa
8 Bu, H, Me 1g 2 0.5 86 68b,c 3ga
9 Bu, H, Me 1g 4 1 95 86b,d 3ga
10 Bu, Bu, Me 1h 2 2 85 84 3ha
11 Bu, Cy, Me 1i 2 2 36 26 3ia
12 Bu, Cy, Me 1i 4 4 47 36 3ia
13 Bu, Ph, Me 1j 2 1 78 44 3ja
14 Bu, Ph, Me 1j 4 1.5 82 56 3ja
15 Bu, Me, H 1k 2 1 67 47 3ka
16 Bu, Me, H 1k 4 1 72 24 3ka
17 Bu, Me, Bu 1l 2 2 66 65 3la
18 Bu, Me, Bu 1l 4 3 69 64 3la
19 Bu, Me, i-Pr 1m 2 1.5 52 35 3ma
20 Bu, Me, i-Pr 1m 4 4 68 55 3ma
21 Bu, Me, Ph 1n 2 0.5 100 90 3na

a Performed using tris(2-furyl)phosphine.
b Determined by 1H NMR using p-anisaldehyde as the internal standard.
c Isolated with 88% purity.
d Isolated with 82% purity.

Fig. 3. Reaction of enantio-pure enyne carbonate.
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Fig. 4. Reaction of enyne 2-(methoxymethyl)-3-(2-methyloct-1-en-3-yn-1-yl)oxi-
ranes with 1-hexyne.
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in the reaction medium (entries 15 and 16). It seems that the
method is particularly sensitive to the size of allylic functionality
of the secondary enyne carbonates. Lower yields were obtained
as the size of this group became larger (entries 17–20). On the
other hand it was a notable that the phenyl-substituted substrate
1n performed with very high reactivity, affording the desired 3na
product in 90% yield with complete conversion within just 0.5 h,
probably owing to the favoured formation of the relatively stable
phenyl-substituted p-allylpalladium intermediate (entry 21).

(Z)-Configured enyne carbonates are not such a suitable type of
reagent for the method, probably due to their inherently more con-
gested nature; the coupling of the enyne carbonate (Z)-1a with 2a
brought about the 3aa product in 44% yield only (Fig. 2).

Unfortunately, the method was not stereoselective in terms of
axial chirality transfer from the centre. The reaction of an enan-
tio-pure enyne carbonate (R,E)-1a and 2a yielded the expected pro-
duct only in racemic form (Fig. 3).

The method was also applied to enyne epoxide reagents. In con-
trast, however, to our previous studies where conjugated enyne
oxiranes were found to be perfectly amenable reagents towards
palladium-catalysed processes1d,e yielded the expected allene
product 5ab in relatively low yields (Fig. 4).

In accordance with our previous reports, the reaction should
proceed through the formation of p-allylpalladium formation (A).
Further migration of the organopalladium unit to the far alkynyl
carbon (B) followed by reductive elimination should result in the
product 3 (Fig. 5).
Fig. 2. Reaction of the (Z)-configured enyne carbonate 1a.

Fig. 5. Proposed mechanism.
Having established that the carbonates of 2-en-4yne alcohols
are suitable reagents for alkynylation reactions with terminal alky-
nes, we have also evaluated the applicability of one of the vinyl-
allenyne product of the study towards a [4+2] cyclisation reaction.
The reaction of 3ab with N-phenylmaleimide proceeded with high



Fig. 6. [4+2] Cyclization of 3ab and N-phenylmaleimide.
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facial- and endo-selectivity to furnish a structurally interesting
adduct with high diastereomeric ratio (dr) (Fig. 6).

In summary, the first palladium-catalysed alkynylation of 2-en-
4-yne carbonates has been established. The reactions proceeded
effectively to yield vinyl-allenynes. One vinyl-allenyne product
underwent [4+2] cyclisation with a dienophile with high facial-
and endo-selectivity.
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