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derivatives via gold(I)-catalysed intramolecular alkyne hydroarylation has been developed.
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A key step in the initial synthesis of 5-HT4 agonist 1 is construc-
tion of methyl 5-acetamido-6-chloro-2H-1-benzopyran-8-carbox-
ylate (2a) via thermal cyclisation of aryl propargyl ether 3a.1

Such methodology has been used for related compounds from this
therapeutic class.2–4 However, the high temperature cyclisation of
3a to 2a proceeded in only moderate yield due to competing reac-
tion pathways4,5 and posed significant challenges on scale-up. As
part of an investigation into alternative routes6 to 1, we were intri-
gued by the potential utility of metal-catalysed intramolecular al-
kyne hydroarylation of 3.
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Evaluation of the metal-catalysed cyclisation was carried out in
the first instance with platinum(IV) and platinum(II) chloride using
aryl propargyl ether 3b,4,7 based on the precedent from the groups
of Sames8 and Echavarren.9 The des-chloro substrate 3b was
chosen for synthetic expediency since in the initial synthesis of 1
the chlorine atom was introduced to facilitate the thermal
cyclisation and subsequently removed by hydrogenolysis. Whilst
promising results were obtained (Table 1, entries 1–3), the yields
ll rights reserved.
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of 2H-1-benzopyran 2b4,7 were limited by competing de-alkylation
to phenol 4b.7,10 A minor product identified was the methyl ketone
5b11 derived from hydration of the alkyne. Unlike the Sames
findings,8 platinum(II) chloride gave a higher yield of 2b than
platinum(IV) chloride. We postulated that dealkylation might be
promoted by the presence of chloride ions and considered addition
of a silver salt to sequester the chloride. However, platinum(II)
chloride with equimolar silver trifluoromethanesulfonate did not
significantly improve the yield of 2b. Interestingly, AgOTf
(5 mol %) alone catalysed the reaction (Table 1, entry 4) but gave
additional products 6 and 7 characteristic of the high temperature
thermal process.4,12 Thus, benzopyran 2b was isolated in 46% yield
together with benzofuran 6 and indole 7, in 15% and 8% yields,
respectively. It appears that the silver trifluoromethanesulfonate-
catalysed reaction proceeded, at least in part, via the Claisen-like
[3,3] sigmatropic rearrangement postulated for the thermal
process4 rather than the electrophilic hydroarylation pathway
proposed by Sames for the platinum-mediated reaction.8b

In recent years, cationic phosphine–gold(I) complexes have
emerged as powerful homogeneous catalysts for electrophilic acti-
vation of alkynes.13 Indeed, several examples of 2H-1-benzopyran
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Table 1
Metal-catalysed intramolecular hydroarylation of aryl propargyl ethers 3b and 3a
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Entry Catalyst (mol %) Conditions HPLC product ratioa (%a/a) Yieldb (%)

2 4 5 2

3b: X = H

1 PtCl4 (5)c Dioxane, 55 �C, O/N 27.8 49.1 4.1 26
2 PtCl2 (5) Dioxane, 85 �C, O/N 50.2d 25.9 2.0 50
3 PtCl2 (5) 2-MeTHF, 70 �C, 24 h 53.4 23.5 1.8 53
4 AgOTf (5) 2-MeTHF, 75 �C, O/Ne 47.0 8.0 2.7 46
5 (Ph3P)AuCl/AgOTf (5) 2-MeTHF, 70 �C, 1 h 74.8 7.5 5.0 75
6 (Ph3P)AuCl/AgOTf (1) 2-MeTHF, 70 �C, 7 h 83.6 9.6 5.2 73f

3a: X = Cl

7 (Ph3P)AuCl/AgOTf (2) 2-MeTHF, 70 �C, 6 hg 10.7 5.5 2.1h —

a HPLC peak areas at 220 nm as a percentage of total peaks area.
b Isolated yield after silica chromatography, unless noted otherwise.
c 5 mol % for 3 h then a further 4 mol % added.
d A minor product tentatively assigned as the isomeric 4H-benzopyran was also observed (3.5% a/a).
e 17.6% a/a of the benzofuran 6 (isolated yield 15%), 15.9% a/a of the indole 7 (isolated yield 8%).12

f Isolated by crystallisation (with ca. 11% of 2b in the liquors by HPLC quantitation).
g 77.5% a/a 3a remained.
h Methyl ketone product 5a tentatively assigned.
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synthesis via cationic gold(I)-catalysed alkyne hydroarylation have
been reported,9b,14 although only for substrates bearing electron-
donating hydroxy or alkoxy substituents. Significantly, application
of the cationic gold(I) catalyst generated in situ from chloro(triphe-
nylphospine)gold(I) and silver trifluoromethanesulfonate gave a
striking improvement in the rate of reaction, the yield of benzo-
pyran 2b and the by-product profile due to reduced dealkylation
to phenol 4b (Table 1, entry 5).15 In addition, a slightly higher
amount of methyl ketone 5b was observed. The catalyst loading
was successfully reduced to 1 mol % in situ generated (Ph3P)AuOTf
(Table 1, entry 6). The benzopyran product 2b was isolated in 73%
yield (HPLC purity 98.5%) by crystallisation from 2-meth-
yltetrahydrofuran (2-MeTHF), which purged the by-products 4b
Table 2
Gold(I)-catalysed intramolecular hydroarylation using (Ph3P)AuNTf2
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Entry Catalyst (mol %) Conditions

3d: R = CMe3

1 (Ph3P)AuCl/AgOTf (1) 2-MeTHF, 70 �C, 3 h
2 (Ph3P)AuNTf2 (0.5) 2-MeTHF, 70 �C, 5 h
3 (Ph3P)AuNTf2 (0.5) CF3C6H5, 85 �C, 1 h
4 (Ph3P)AuNTf2 (0.5) Toluene, 85 �C, 1 h
5 (Ph3P)AuNTf2 (0.1) Toluene, 85 �C, 2 h
3b: R = Me

6 (Ph3P)AuNTf2 (0.5) Toluene, 85 �C, 1 h

a HPLC peak areas at 220 nm as a percentage of total peaks area (corrected for solven
b Isolated yield after silica chromatography, unless otherwise noted.
c Isolated by crystallisation from toluene, with ca. 10% of 2d in the liquors by HPLC q
d Isolated by direct crystallisation from the reaction mixture.
and 5b, leaving a further ca. 11% of 2b in the liquors. By compari-
son, the chloro analogue 3a7 was found to be a poor substrate for
the gold-catalysed hydroarylation, giving only ca. 10% of 2a (Table
1, entry 7), suggesting that the aryl group was rendered too elec-
tron-poor for facile cyclisation.

The moderate solubility of acetamide 2b in reaction solvents,
notably 2-MeTHF, meant that it crystallised prematurely during
the reaction. It was more desirable to have the product remain
soluble in hot solvent so that catalyst-derived material could be
removed by filtration at the end of the reaction prior to isolation.
Hence, further development of the gold(I)-catalysed intramolecular
hydroarylation continued with the more soluble pivalamide 3d4,6

(Table 2). Aryl propargyl ether 3d gave a marginally faster reaction
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HPLC product ratioa (%a/a) Yieldb (%)

2 4 5 2

79.1 11.6 6.0 80
84.1 7.9 3.7 87
90.5 2.8 2.2 88
91.9 2.5 1.5 92
94.0 2.3 0.9 80c

92.1 3.1 1.3 92d

t peak in the case of trifluorotoluene and toluene reactions).
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in 2-MeTHF with the in situ generated catalyst than 3b, affording
2d4 in 80% yield after flash chromatography (Table 2, entry 1).
De-alkylation to phenol 4d4 and alkyne hydration to methyl ketone
5d11 were again observed at similar levels. However, it should be
noted that the tabulated HPLC peak area data somewhat over
estimate the levels of 4d and 5d due to higher response factors
(2.3 and 1.5, respectively) relative to 2d (1.0) at 220 nm.

The cost of a gold catalyst was likely to be significant on scale up
so a major driver was to minimise the catalyst loading. To do this
conveniently on a small scale during process development, the iso-
lable catalyst triphenylphosphine gold(I) bis(trifluoromethanesul-
fonyl)imidate [(Ph3P)AuNTf2] reported by Gagosz was used.14,16

This triflimide catalyst (0.5 mol %) gave a slightly higher yield of
2d (Table 2, entry 2) than the in situ generated (Ph3P)AuOTf
(1 mol %). This may be rationalised by the combination of less deal-
kylation to phenol 4d, perhaps due to the absence of any nucleo-
philic anion or any effect due to a silver salt, and lower alkyne
hydration. However, attempts to reduce the catalyst loading to
0.1 or 0.25 mol % in 2-MeTHF resulted in incomplete reactions. A
solvent screen was carried out using (Ph3P)AuNTf2 with the dual
aim of reducing the level of minor products and providing scope
for reducing catalyst loading. This highlighted a,a,a-trifluorotolu-
ene and toluene as the most promising solvents, giving both a
reduction in de-alkylation to 4d and formation of methyl ketone
5d. Thus, 2d was obtained in ca. 90% yield after column chromatog-
raphy using 0.5 mol % (Ph3P)AuNTf2 at 85 �C (Table 2, entries 3 and
4). Pleasingly, a lower loading of 0.1 mol % (Ph3P)AuNTf2 in toluene
now gave complete turnover of 3d to 2d (Table 2, entry 5). In this
case, the benzopyran 2d was isolated by crystallisation following
hot filtration to remove catalyst-derived material.17 The isolated
2d contained some residual gold (220 ppm). At this early stage of
development metal scavenging was not investigated, although it
was anticipated that the gold content would be substantially re-
duced in the remaining steps required to convert 2d to the target
substance 1. The acetate 3b also gave an improved yield of 2b and
less side products with (Ph3P)AuNTf2 in toluene (Table 2, entry 6).

In summary, a high yielding method for producing methyl 5-
amino-2H-1-benzopyran-8-carboxylate derivatives 2b and 2d via
gold(I)-catalysed intramolecular alkyne hydroarylation has been
developed. This method provides access to the benzopyran moiety
which is a common substructure in pharmaceutical agents. Of the
metal catalysts evaluated, cationic gold(I) species were superior
and appear to operate via an electrophilic substitution mechanism
rather than the Claisen rearrangement manifold of the thermal
process.8b Low catalyst loading (0.1 mol %) was demonstrated, sug-
gesting that an economic process could be achieved. Further opti-
misation of solvent, temperature and catalyst loading has yet to be
carried out. In addition, other cationic gold(I) catalysts remain to
be evaluated.18,19 The gold-catalysed method avoids the harsh
conditions of the corresponding thermal process, which typically
requires temperatures of 180–240 �C,1,4 and in the case of forma-
tion of 2b is much cleaner and higher yielding. A chloro substituent
provided selectivity for benzopyran products over alternative iso-
meric benzofurans for the thermal process,4 whereas des-chloro
substrates proved advantageous in our gold-catalysed benzopyran
synthesis, demonstrating some complementarity between the
methods.
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