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Abstract: The improved synthesis of y-, 6- and e-
lactones using a dinuclear N-heterocyclic carbene
(NHC)-gold(I) catalyst is reported. This solvent-
free process provides access to y- and d-lactones in
high regio- and stereoselectivity. Reactions were
performed at low catalyst loadings and without the
need for any additives. The use of a digold pre-cata-
lyst provides a new synthetic route to functionalised
e-lactones, poorly accessible using previous method-
ologies.

Keywords: gold catalysis; lactones; low catalyst
loading; N-heterocyclic carbenes; solvent-free con-
ditions

Lactones are structurally simple molecules and recur-
rent motifs in natural product skeletons (Figure 1)."
These cyclic compounds possess a wide variety of bio-
logically relevant functions, from quorum sensing sig-
nalling in bacteria,”” to enzyme inhibition through sui-
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Figure 1. Selected lactone-containing natural products.
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cidal ring opening of the lactone core.’! Furthermore,
their anti-biofouling capabilities have led to valuable
applications as biomimetic materials.! Thus, it is clear
that lactones are of exceptional importance not only
as industrially relevant structures, but also as potential
targets of antibacterial and antitumour drugs.

Hence, the development of straightforward meth-
odologies to address the synthesis of these important
structural motifs has attracted increased attention
over the past decades. An efficient and atom-econom-
ical approach relies on the use of a transition-metal
(TM) catalyst-mediated cyclisation of alkynoic acids,”’
through the activation of triple bonds by a Lewis
acidic centre and an intramolecular nucleophilic
attack from the carboxylate moieties. Previous proce-
dures have been reported using Pd,” Rh,” Hg® Cul”
and Ag!'"” complexes.

Among other TMs, gold-based catalysts have as-
sumed a pivotal role for this transformation as
a result of their high affinity to m-systems.""! Although
gold(I)- or gold(Ill)-catalysed cyclisation reactions
(Scheme 1a) have proven highly effective,'” these
still present some significant drawbacks: (i) the use of
high catalyst loadings, (ii) the need for additives, such
as co-catalysts and bases in stoichiometric or catalytic
quantities, (iii) formation of side-products and unde-
sired by-products and (iv) a lack of regio- and stereo-
control.

While the synthesis of y- and O-lactones is well
documented, reports disclosing efficient strategies
toward the formation of e-lactones remain scarce.!'*"!
Among the few reports towards these lactones, the
best result achieved was reported by Pale and co-
workers,l where AuCl salt (10 mol% ) and a catalytic
amount of K,CO; were used to enable the synthesis
of caprolactone in 25% yield, only after a prolonged
reaction time (48 h)!
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Scheme 1. Gold-catalysed hydrocarboxylation of alkynes.

With the aim of improving and developing straight-
forward and atom-economical synthetic methodolo-
gies, we recently reported an intermolecular hydrocar-
boxylation of alkynes using a mild and efficient N-
heterocyclic carbene (NHC) gold(I)-catalysed pro-
cess.'" In particular, the air- and moisture-stable
digold complex [{Au(IPr)},(u-OH)][BF,]"™ 1a has
been shown to be highly effective in this transforma-
tion, allowing access to a diverse range of substituted
enol ethers, with low catalyst loading (as low as
0.5 mol%).

Complex 1a has been previously postulated to dis-
sociate in solution into two monogold(I) fragments:
(i) [Au(IPr)][BF,] acting as a Lewis acid for the acti-
vation of the alkyne and (ii) the Brgnsted base frag-
ment [Au(IPr)(OH)] 1b!'¥! deprotonating the pro-nu-
cleophilic carboxylic acid (1b can deprotonate com-
pounds with pK,(DMSO) up to 30.3 pK, units).'”]
Thus, following up on the successful intermolecular
hydrocarboxylation of alkynes, we present here
a highly efficient regio- and stereoselective (NHC)-
gold-catalysed cyclisation to y-, 0- and e-alkylidene-
lactones (Scheme 1b).

Our studies began by subjecting 4-pentynoic acid
2a to various NHC-Au(I) catalysts. Using 0.5 mol%
catalyst loading of 1a, a 64% conversion into lactone
3a was observed by '"H NMR spectroscopy after only
30 minutes (Table 1, entry 1). Using 1 mol% of the
mononuclear gold complex 1b (in order to account
for the same amount of metal) a similar conversion of
60% was observed after the same reaction time
(entry 2). These initial attempts were performed in
toluene (10M) at room temperature. Importantly, cyc-
lisation occurred in a completely exo-regioselective
manner, while the formation of the endo cyclised
product 4a, allowed by Baldwin’s rules,'® was not ob-
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Table 1. Optimisation for the cyclisation of alkynoic acids.
o

r.t. =
>
2 4a
2 3a not observed
Entry®® Catalyst Solvent Time Conversion
(mol%) (min) (%)P!
1 1a (0.5) PhCH; 30 64
2 1b (1) PhCH,? 30 60
3 1a (0.2) none 5 >99
4 1b (0.4) none 5 >99
5 1c (0.4) none 5 50
6 la (25 ppm) none 60 98 (92)

&l Reaction conditions: 0.5 mmol of 2a, room temperature,
[Au] 25 ppm to 1 mol%.

] Calculated by 'H NMR spectroscopy using pivalaldehyde
as internal standard (10 pL, 0.092 mmol), isolated yield
(%) in parentheses.

10 M.

served. Catalysts 1a and 1b performed remarkably
well, allowing cyclisation of 2a to be completed in sol-
vent-free conditions using 0.2 and 0.4 mol%, respec-
tively, within 5 minutes (entries 3 and 4).'”! Under the
same conditions, cationic [Au(IPr)(ACN)][BF,] (ACN
= CH,CN) (1¢)® gave 50% conversion (entry 5). To
our delight, a further decrease in catalyst loading was
possible; indeed with 25 ppm (2.5x107° mol%) of 1a,
98% conversion of 3a (entry 6) was obtained in 1h
and the final product could be isolated in 92% yield.

With the optimised conditions in hand, the versatili-
ty of the protocol was explored. The catalyst loading
of 1a was varied from 25ppm to a maximum of
0.1 mol% for more demanding substrates. As sum-
marised in Table 2, the transformation could be ap-
plied to differently substituted alkynoic acids with
good to excellent isolated yields, ranging from 86 to
98% . Moreover, the purification process was found to
be economical and practical since column chromatog-
raphy proved unnecessary. In fact, a highly convenient
filtration followed by pentane wash was sufficient to
afford the final lactones in high purity. The process
was found to be highly stereoselective, furnishing the
Z-isomers in all cases, as commonly observed for Au-
catalysed processes.'*!]

High regioselectivity for the exo cyclisation was
also observed for most substrates. Exceptions were
found when internal alkynes bearing a methyl group
were used, as in the case of 2b and the B-alkynoic
malonate derivative 2d, for which the endo-dig-cycli-
sation reaction was competitive with the exo-cyclisa-
tion, as previously reported.'”¢) Thus, products 3b
and 3d were isolated in 94 and 98% yields with an
exo:endo ratio of 7:1 and 4:1, respectively. Interesting-
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Table 2. Scope for y- and d-enol-lactones.

[{AU(IPr)}o(M-OH)I[BF ]
(25 ppm—0.1 mol%)

solvent-free, r.t.
n=1,2

o o o o (o] (o) (o) o
B
\ \ \ N\ Ph X X Br

3a292%, 1 h, 25 ppm 3b*194% 3¢ 95%, 1 h, 100 ppm
TOF (h—") 36608 5 min TOF (h~1) 9536

o (o} (o}
o o N02 MeOZC o
Xx_Ph X

3j 86%, 48 h
(o}

MeO,C o NO,
NS

30° 88%, 5 mins, 100 ppm

100 ppm

3i90%, 1 h 3k 90%, 1 h

3dl998%, 1 h

3e 97%, 18 h 3f94%, 1h 39l 93%, 3h 98%, 1h
5 min
(o] (o} (e]
Me02C 0 MeOZC o Me02C o
X X Br X _Ph
3189%, 16 h 3m 89%, 1h 3n 90%, 3 h
(o]

MeO,C oM
(107} o e
NS

3pl€1 97%, 5 min

&l Reaction conditions: 0.25-0.5 mmol of substrate, 0.1 mol% of 1a, room temperature, isolated yield (% ).

Pl Ratio 3b:4b 7:1.

[l Ratio 3b:4b 1:1.7, 0.2 mol% of 1b.
[ Ratio 3d:4d 4:1.

] At 65°C.

ly, when using 0.2 mol% of 1b as pre-catalyst in the
formation of 3b, the ratio between 3b:4b was reversed
to 1:1.7. With this same catalyst 1b, reversal in selec-
tivity was not observed for the cyclisation of 2d. Sub-
stitution into the a-position with an ester enhanced
the outcome of the reaction, due to the Thorpe-
Ingold effect that forces the reacting termini, the car-
boxylic acid and the alkyne, to be in closer proximi-
ty.?) Product 3¢ was isolated in 95% yield with a cata-
lyst loading of only 100 ppm, after 1 h. Moreover, an
internal alkyne bearing a phenyl group was also con-
verted in excellent yield under the reaction condition
(3e).

The cyclisation of hexynoic acid derivatives was ex-
amined next with product 3f being isolated from 5-
hexynoic acid in 94% yield within 1 h. A methyl sub-
stituent at the terminal position of the alkynoic acid
had no influence on the stereoselectivity and 3g was
formed within 5 min and isolated in 92% yield. Inter-
nal alkynes bearing a bromine atom, a phenyl group
and a p-NO, substituted aryl were all suitable sub-
strates for this transformation (3h-3j, 86-98% isolat-
ed yields).”

a-Carbomethoxy-substituted hexynoic acids were
also investigated. Both terminal alkynes and internal
alkynes could be subjected to the cyclisation reaction,
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affording products 3k, 31 and 3m in good to excellent
yields. Moreover, aryl substituents were well-tolerated
giving 3n (90% ), 30 (88%) and 3p (97%). Specifically,
30 was obtained with only 100 ppm catalyst loading
while performing the reaction at a higher temperature
(65°C).

Under the optimal reaction conditions, the cyclisa-
tion process was found to be extremely efficient: the
cyclisation of 2a into 3a occurred with a TOF (turn-
over frequency) greater than 36000 h™'! The conver-
sion of 2¢ into 3¢ has a TOF of 9538 h™'.

Finally, more challenging substrates were tested: 6-
heptynoic acid 2q was reacted under the optimised
conditions, with a slightly higher catalyst loading
(0.5 mol%). Cyclisation to give 3q occurred at room
temperature under solvent-free conditions, but a low
conversion (18%) was observed (Table3, entry 1).
The formation of undesired side-products was ob-
served by "H NMR spectroscopy, tentatively assigned
as dimers or oligomers, formation of which would be
entropically favoured under the solvent-free condi-
tions. Increasing the temperature to 65 °C did not lead
to any improvement, both in conversion and decrease
of undesired products (entry 2).

We reasoned that performing the reaction in a suita-
ble solvent would favour the intramolecular pathway.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Optimisation for the synthesis of e-lactone 3q.

o S
o —m 9
HO \\ solvent,
65 °C, time
2q 3q

Entry® Catalyst Solvent (M)  Conversion (%)
[b]

(mol%)

1 1a (0.5) none 18

2 1a (0.5) none 18

3 1a (0.5) toluene (0.5) 0

4 1a (0.5) THF (0.25) 181

5 1a (1) CH,Cl, >99 (78)
(0.25)

6 1b (2) CH,Cl, 52
(0.25)

(2] Reaction conditions: 0.5 mmol of 2q, solvent or solvent-
free, 65°C, 400 rpm stirring, 18 h, sealed vessels.

[Pl Calculated by 'H NMR spectroscopy using pivalaldehyde
as internal standard (10 pL, 0.092 mmol), isolated yields
in parentheses (% ).

[l Room temperature.

4l Side-product formation confirmed by 'H NMR spectros-

copy.

Therefore, the reaction was performed in toluene
(0.5M, entry 3) at higher net dilution, which proved
successful for the cyclisation of y-alkynoic acids. How-
ever, the reaction did not proceed for 2q and a solvent
of higher polarity had to be employed, together with
higher dilution: specifically, using THF (0.25M), con-
versions similar to the solvent-free conditions were
found (18%), but side-products were still observed
(Table 3, entry 4). Despite this, we could observe
a clean and complete conversion of 2q into the e-lac-
tone in CH,Cl, (0.25M) at 65°C with a catalyst load-
ing of 1mol%. Thus, in sealed tube reactions, 3q
could be isolated in 78% yield (entry 5). Under the
same reaction conditions, using 2 mol% of 1b did not
give satisfactory results, with low conversions and for-
mation of side-products observed (entry 6).

The reactivity of various other heptynoic acids was
explored (Figure 2). Full conversion toward the for-
mation of e-lactones 3r and 3s was observed under
the optimized reaction conditions. Compound 3r was
obtained in 91% isolated yield by increasing the cata-
lytic charge of 1a to 2 mol%. The process could toler-
ate a bromine substituent in the terminal position of
the alkyne, affording 3s in 80% isolated yield using
2mol% catalyst after a reaction time of 24 h.**! The
process afforded the Z-stereoisomer of 3s, as con-
firmed by single diffraction X-ray analysis of suitable
crystals of 3s.>)

As a possible rationale for the results obtained,
based on previous literature suggestions, a mechanism
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Figure 2. General scheme for the Au(I)-catalysed cyclisation
of e-lactones. Thermal ellipsoid representation of 3s showing
50% probability. Most H atoms are omitted for clarity. Se-
lected torsion angles (deg): O1-C7-C8-Br8 4.5(2)°.

can be proposed for the cyclisation of alkynoic acids
(Scheme 2).[*?!2261 Dissociation of pre-catalyst 1a,
[{Au(IPr)},(u-OH)][BF,], into 1b, [Au(IPr)(OH)],
and 1b’, [Au(IPr)][BF,], can be considered the first
step. Furthermore, the formation of 1b and 1b’ can
help to rationalise the high conversions obtained
using 1b as a sole pre-catalyst, although, the latter
was not found to be as efficient as 1a.

HAu(IPr)}o(M-OH)I[BF 4] [Au(IPn][BF4] + [Au(IPr)(OH)]

1a 1b' 1b
4b + [Au —
minor gb : 2b » H0
3
major * g;”] o  [AuSlAu(PY] o
) o) O’[Au]
o} & N
\ | B o
[N
R '[Au] [AU] cycle B
mn I \/
- [Au]
cycle A

Scheme 2. Proposed reaction mechanism.

Activation of the alkyne and the acid by the gold
fragments, 1b and 1b’, can then occur, to form inter-
mediate I. From this dinuclear species, the cyclisation
proceeds next via an intramolecular anti-periplanar
nucleophilic addition of the activated acid to the m-ac-
tivated alkyne moiety,'!l with slippage of one gold
fragment to the less electrophilic carbon atom and re-
lease of the second. Nucleophilic attack proceeds
mainly in the regioselective exo-cyclisation mode and
leads to vinylgold intermediates II¥”! (Scheme 2, cycle
A). Considering the results obtained for substrates 3b
and 3d, II' might be formed (cycle B), that account
for the observed endo-cyclisation products 4b and 4d.
Following this, final protodeauration gives the major
exo-product 3b and the minor endo-product 4b. The
vinylgold species might furthermore react with the
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previously released cationic gold fragment, so to form
gem-diaurated species, such as IIL***! which could
be rather a resting state of the catalytic cycle as previ-
ously observed for Au-catalysed transformations.*”)

Therefore, in order to gain insight into the mecha-
nism,?” we followed the conversion of 2a into 3a cata-
lysed at different concentrations of 1a, ranging from
200 to 1000 ppm, in CDCI;.PY The reaction exhibited
first-order dependence to 2a.”?! A first-order depend-
ence with respect to 1a is determined, with slight de-
viation from linearity at lower catalyst concentrations
that might suggest a more complex mechanistic pic-
ture. These initial results suggest that cooperative cat-
alysis might not be solely operative for this intramo-
lecular transformation.’!

Finally, the dinuclear gold(I) complex 1a proved es-
sential for the synthesis of e-lactones, which suggests
that a different mechanism may indeed be at play in
the intramolecular cyclization of heptynoic acids.

In conclusion, an efficient and improved synthesis
of y-, 0- and e-lactones has been presented. The pro-
cess provides access to a wide range of molecules in
a highly regio- and stereoselective manner. The meth-
odology satisfies some basic principles of green
chemistry: where no need of additives is required, sol-
vent-free conditions are used and extremely low cata-
lyst loadings (down to 25 ppm) are employed. The
rather mild reaction conditions compared to previous
methodologies open the way to explore even more
complex structures. Further investigations are being
carried out in order to shed light on the activation
mode and reaction mechanism of the transformation.
Efforts aimed at widening the scope to other applica-
tions are ongoing in our laboratories.

Experimental Section

General Procedure for the Gold-Catalysed
Cyclisation of Alkynoic Acids

In a scintillation vial, the alkynoic acid (0.25-1 mmol) and
[{Au(IPr)},(L-OH)][BF,] 1a (25 ppm-1mol%) or [Au(I-
Pr)(OH)] 1b (0.2 mol%), were stirred in absence of solvent
or in CH,Cl, at room temperature or 65°C (400 rpm). The
reaction was monitored by '"H NMR spectroscopy or GC
until complete cyclisation of the alkynoic acid (5 min—48 h).
After the reaction was completed the mixture was diluted
with Et,0 or pentane (ca. 1 mL), filtered through a short
plug of MgSO, and concentrated under vacuum. The residue
was then purified by pentane washing (3x5 mL) to afford
the corresponding product.
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