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ARTICLE INFO ABSTRACT

Keywords: This review concentrates on our research into the discovery of novel ynone-based dearomative spirocyclisation
Indoles processes, whilst placing the new chemistry into the context of existing knowledge. The genesis of the research
ynfmes programme, the development of efficient synthetic routes to prepare the novel natural products spirobacillene A
ISDZI;:(fx};?;Zation (1) and spirobacillene B (2), utilised the dearomative spirocyclisation of indole ynones. This stimulated a much
Rearrangement wider study to explore the reactivity of ynones in dearomative spirocyclisation processes more generally. Routes

to generate a wide range of spirocycles were subsequently developed, with dearomative reactions of ynones
tethered to indoles, benzofurans, benzisoxazoles, pyrroles, pyridines, isoquinolines, pyrazines, cyclic ketimines,
and anisoles all discussed herein, with these reactions initiated by catalytic Ag(I), Cu(II), Pd(0), visible light and
many other reagents. Asymmetric variants of some of the reactions are also discussed, as is further elaboration of
the spirocyclic products to give carbazoles, quinolones, polycycles and other useful synthetic building blocks.
Finally, applications of the new methodology in natural product synthesis (e.g. spirobacillene A, lasubine II and

indolizidine 209D) are described.

1. Introduction

The synthesis and functionalisation of indoles [1,2] is synthetically
important given the prevalence of indole derivatives in pharmaceuticals,
agrochemicals, biological probes and in various other industrial appli-
cations [3]. Our York groups have had a long-standing interest in the
development of novel routes to indoles, oxindoles and related hetero-
cyclic systems [4a-b], and also in spirocycle synthesis [4c-g], especially
via dearomative methods [5,6]. However, our involvement in indole
functionalisation using ynones was initiated not by our prior work, but
by a publication by Kwon and coworkers in 2012, describing the isola-
tion of novel natural products, spirobacillene A (1) and spirobacillene B
(2), from the extremophile bacterium Lysinibacillus fusiformis [7]. Both
spirobacillene structures are based on completely novel carbon frame-
works within the natural product field. In addition, spirobacillene A (1)
was found to display inhibitory activity against the production of nitric
oxide and reactive oxygen species [7]. We therefore initiated a synthetic
programme based on the spirobacillenes and the approach which
eventually proved to be successful [8] is summarised in Scheme 1.

Our successful total synthesis of spirobacillene A (1) [8] had as its
cornerstone the spirocyclisation of indole ynone 3; treatment of ynone 3
with an excess of SnCl,.2H,0 cleanly gave the key spirocyclic dienone
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product 4 in excellent yield. This reaction is proposed to operate via
activation of the alkyne towards nucleophilic attack from the
electron-rich anisole moiety via its para-position, hence leading to spi-
rocyclisation; this transformation is described in more detail later in the
review (see Scheme 34) with an improved synthesis of spirocycle 4 also
included later (see Scheme 36). Further synthetic elaborations (not
shown) then generated the desired natural product 1 [8]. A preliminary
study was then carried out on the complementary indole 3-ynone 5a,
which revealed that spirocyclisation of this substrate can also be ach-
ieved using the same SnCl,.2H,0 conditions, but in this case, spi-
rocyclisation took place via nucleophilic attack from the C-3 position of
the electron-rich indole moiety, furnishing spirobacillene B analogue 6a
in 55 % yield [9]. Both strategies were inspired by related dearomative
spirocyclisation transformations [5,10], utilising the activation of al-
kynes tethered to electron-rich aromatic systems; most relevant is the
seminal report from Larock and coworkers in 2005 [10a].

Thus, complementary approaches to both natural product scaffolds
from structurally similar ynone precursors had been established. The
remarkable ease of both novel reaction types piqued our interest further
and prompted us to initiate a larger research programme to explore the
reactivity of ynones in dearomative spirocyclisation processes much
more generally. Little did we know at the onset how these initial results
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Scheme 1. Total Synthesis of spirobacillene A (1) and synthesis of spirocycle 6a, an analogue of spirobacillene B (2).
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Fig. 1. Spirocyclic indolenine natural products.

would take us on a journey of discovery through the myriad new ynone
methodologies detailed in this review!

The review commences with a discussion of the optimisation and
scope of indole 3-ynone dearomative spirocyclisation processes using
metal catalysis (including asymmetric variants). Photochemical/radical
approaches to the dearomative spirocyclisation of indole 3-ynones are
then discussed, including a recent extension to benzisoxazole-ynones.
An overview of cascade sequences which lead to further diversifica-
tion of the spirocyclic products giving a range of heterocyclic and
polycyclic products are then reviewed. Finally, extension of the dear-
omative spirocyclisation procedure to other heterocyclic- and
carbocyclic-ynones (derived from benzofurans, pyrroles, pyridines,
isoquinolines, pyrazines, cyclic ketimines, anisoles and phenols) are
then overviewed, along with applications in natural product synthesis.
The review is not intended be comprehensive and is largely focused on
our own contributions to discover new dearomative processes using
ynones tethered to aromatics and heteroaromatics. However, selected
contributions from other groups that informed our own studies are also
covered, especially those that most influenced our thinking and reaction
design.

2. Optimisation of indole 3-ynone dearomative spirocyclisations

Having discovered the novel dearomatision/spirocyclisation of
indolyl ynone 5a, and knowing the value of the resulting spirocyclic
indolenines (also known as spiroindolenines or spirocyclic 3H-indoles),
we set out to explore this unusual transformation further. Rigid, three-
dimensional molecular scaffolds, particularly those containing nitro-
gen heterocycles, have attracted significant attention in drug discovery
research in recent years [6,11]; this interest is partly driven by a desire
to examine under-explored regions of three-dimensional chemical space
[12]. Spirocyclic indolenines 7 are therefore important systems in this
context [12c], and they also have significant therapeutic potential in
their own right, exemplified in a range of biologically active natural
products (2, 8-12, Fig. 1) [7,13]. In addition, the versatile reactivity of
spirocyclic indolenines allows ready access to other important hetero-
cycles, including indolines, oxindoles, carbazoles and others [1,2,14], as
will be discussed in more detail later.

We started by seeking to explore further the synthesis of spirocyclic
indolenines via the process outlined for their preparation in Scheme 1
(5a — 6a). The ability to generate such compounds by dearomative
spirocyclisation processes from simple indoles seemed attractive; how-
ever, a cautionary approach was suggested when literature precedents
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Scheme 2. Gold catalysed dearomative spirocyclisation of indole-tethered propargylic amide 13 [15].

Table 1
Optimisation of the dearomative spirocyclisation of ynones 5a/b.

\ AC|d
N\ DCM Ar
N

6a, Ar = 4-MeO-CgH4

5a, Ar = 4-MeO-CeH4

5b, Ar = Ph 6b, Ar = Ph
Entry  Starting Acid Equivalents/Time Yield
material [h]
1 5a none 0/20 0 %
2 5a PPh3AuCl 0.1/1 6a, trace
3 5a PPh3AuCl/ 0.1/1 6a, 0 %
AgOTf
4 5a Cu(OTf), 1/20 6a, 80 %
5 5a Cu(OTf), 0.01/8.5 6a, 89 %
6 5a AgNO; 0.01/2.5 6a, 97 %
7 5a AgOTf 0.1/1 6a, 95 %
8 5a AgOTf 0.01/0.5 6a, 100
%
9 5a TfOH 0.01/1 6a, trace
10 5b AgNO3-SiO, 0.01/0.5 6b, 98 %

were studied [15-18]. A significant problem with this type of trans-
formation appeared to be the proclivity with which the spirocyclic
products undergo 1,2-migration under acidic conditions to restore
aromaticity. An illustrative example of this was reported by Van der
Eycken’s group (Scheme 2) [15]: spirocyclic indolenine 14 was formed
in 30 % yield when alkyne 13 was treated with AuPPh3Cl/AgOT{,
alongside a second major product, indole 15, which may have resulted
from the 1,2-migration and rearomatisation of 14 (or alternatively via
direct C-2 cyclisation, although this 7-membered ring cyclisation
pathway is perhaps less likely). Indeed, while processes involving the
electrophilic activation of alkynes had been well-studied at this time
[16], Van der Eycken’s example was, to the best of our knowledge, the
highest yielding acid-catalysed spirocyclisation of its type reported in
the literature; in related processes, aromatic C-2 annulated indole
products such as compound 15 are reported far more often (and not only
with indoles — a similar tendency to form annulated products rather than

5, M = Ag(l) or Cu(ll)

spirocycles is observed across a range of heteroaromatics) [17,18].

Despite this precedent, the relatively straightforward synthesis of
spirocycle 6a encouraged us that suitably mild conditions to enable
selective spirocycle formation could be found and enable the develop-
ment of a general method. We therefore set out to re-evaluate the spi-
rocyclic indolenine synthesis shown in Scheme 1 (starting with 5a —
6a), with an initial emphasis on devising a catalytic process, to replace
the use of super-stoichiometric SnCl-2H20. The initial optimisation
studies evaluated a range of Brgnsted-, Lewis- and n-acids to activate the
alkyne, with selected examples shown in Table 1 (entries 1-10) [9].

Perhaps surprisingly, the widely-used gold r-acid PPhzAuCl (both
with and without AgOTf) [16¢,d]’ [19] was ineffective (entries 2 and 3)
[20], but Cu(OTf),, AgNO3 and AgOTf all worked well (entries 4-8),
with the use of 0.01 equivalents of AgOTf in DCM at RT being optimal,
giving spirocyclic indolenine 6a in quantitative yield (entry 8). The use
of TfOH (Table 1, entry 9) produced only trace amounts of spirocycle 6a,
along with other unidentified impurities and unreacted 5a (ca. 90 %).
This result would appear to rule out the possibility that the successful
reactions using metal triflate salts are catalysed by adventitious triflic
acid via ‘hidden Brgnsted acid catalysis’ [21]. Subsequent studies [22]
showed that silica-supported silver nitrate (AgNO3-SiO3) also catalyses
the same transformation in high yield (Table 1, entry 10, 5b — 6b).
Mechanistic studies indicated that in this latter case, silver nanoparticle
formation occurs on the silica surface and that there is an additional
synergistic effect from the silica support itself which enhances the
reactivity [22]. The role of silver nanoparticles in the silica-free AgOTf
reaction has not been studied further to date. The general mechanistic
hypothesis for the Ag(I) or Cu(II)-catalysed conversion of indoles 5 into
spirocyclic indolenines 6 is summarised in Scheme 3.

The stability of the spirocyclic product in these reactions is note-
worthy, given the relative ease of 1,2-rearrangement referred to earlier
(cf. Scheme 2). It seems likely that the ynone carbonyl is essential to the
successful spirocyclisation, by stabilising intermediate 16 with respect
to subsequent migratory rearrangement. This hypothesis was strength-
ened by the contrasting reactivity of the corresponding propargyl
alcohol 17 (Scheme 4); treatment of compound 17 with 0.1 equivalents
of AgOTf for 1 h at RT resulted in its complete conversion into the known
carbazole 19, presumably via an initial spirocyclisation to 18, followed
by 1,2-migration and dehydration. The relative ease of the migration in
the conversion of 18 into 19 is likely to be driven by the higher
migratory aptitude of the more electron-rich alkene in intermediate 18
compared to the enone sub-unit present in the analogous ynone derived
intermediate 16. More discussion of synthetic scope and mechanism of
this carbazole-forming reaction is included later in the review; see
Section 7a [9,23,24].

[M]
proto-
demetallation

Scheme 3. Proposed mechanism for rn-acid catalysed dearomative spirocyclisation of indole ynones 5.
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Scheme 4. Conversion of indole-tethered propargyl alcohol 17 into carbazole 19.

Table 2

 Dearomative spirocyclisation of indolyl ynones: reaction scope. ®All reactions performed using 0.01 equiv. AgOTf in DCM (0.1
M) at RT unless stated.”?32% bCarried out using silica- supported silver nitrate in place of AgOTf.?2,

Ar = 4-MeO- C5H4, 100%
Ar = 3-MeO-CoHy, 100%
Ar = Ph, 100% (98%)"
Ar =4- MezN CGH4, 97%
Ar = 4-Br-CgH,4, 100%
Ar = 4-F-CGH4, 96%

j Bno .
et

R = Me, 95% 94%

R = n-Bu, 100%

R = c-pentyl, 100%

R = CH,CH,OTBS, 86%

R = CH,(CH,),OTBS, 85%
R = CH,CH,N(Me)Boc, 88%

Ar = 4-MeO-CgH,
95%

R = (CH2)3C|, 80%

o

= 4-MeO-CgHg4, 100%

E O ) F O )
3

Ar = 4-MeO-CgH,, R = Me, 100% 95%"
Ar = 4-MeO-CgH,, R = Ph, 84%
0 o)

G 0]
Ar=Ph, R=PhS, 97%
(0 ;
O ) Ar
N N

()

20a, Ar = 4-MeO-CgHy, 75% N ,  PaNO;(02eg) O <
(0.1 equiv. AgOTF, RT, 16 h) N acetone, 16 h X
20b, Ar = Ph, 100%" 21,7 =TMs 22, 93%
(45 °C, 24 ).

The indolyl ynone dearomative spirocyclisation was shown to be
very general in scope (Table 2) [9,22-24]. Thus, the method is appli-
cable to a range of electronically diverse aryl substituents in addition to
the original p-methoxyphenyl example 6a (Table 2A). Alkyl-substituted
ynones were similarly good substrates, producing a range of simple and
cyclo-alkyl spirocycles (Table 2B). Additional substitution around the
indole system is also well tolerated: for example, benzyl- and
bromo-substituted spirocycles were each formed in excellent yields
(Tables 2C and 2D). 2-Substituted indoles were also compatible with this
procedure, giving disubstituted spirocycles using the standard condi-
tions (Tables 2E and 2F); these results were pleasing as the proximity of
the substituents on the 2-position of the indole to the reaction site could

possibly have impeded the reaction. Cyclohexenone spirocycles were
also formed from the corresponding homologous ynones (20a and 20b,
Table 2G); in these cases, however, the reactions were slower and more
forcing conditions were required to obtain good yields. Attempts to
prepare the unsubstituted spirocycle 22 were hampered by the insta-
bility of the unsubstituted terminal alkyne (21, Z = H). However, success
was achieved via a desilylation/spirocyclisation sequence, by stirring
ynone 21 (21, Z = TMS) with 0.2 equivalents of AgNOs3 in acetone, to
successfully generate spirocyclic cyclopentenone 22.

In a variant of the above process (Scheme 5), readily available 2-hal-
oindole ynones 23a-f were also shown to undergo successful spirocyc-
lisation, with indoleninyl halides 24a-f all formed in quantitative yield
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o 0
AgNO4+SiO, ‘
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1-4h N

24a-f - All in quantitative yield

24a, Ar = Ph 24d
24b, Ar = 4-MeO-CgH,
24c, Ar= 4-BF-C6H4

Scheme 5. Ag(I)-catalysed dearomative spirocyclisation of 2-halo indolyl ynones.

using silica-supported silver nitrate as catalyst (Scheme 5).2

The halo-spirocycles 24 were surprisingly stable to air and moisture
and could be stored in a freezer for several months without noticeable
decomposition. Indoleninyl iodide 24a, an easy-to-handle solid that
could be readily prepared on a gram scale, was used as the main test
substrate for diversification studies with a range of nucleophiles and
used to prepare a wide array of spirocyclic products 25a-n (Scheme 6).
Three distinct reaction modes were demonstrated: hydrolysis to the
corresponding oxindoles (A), nucleophilic substitution with sulfur- and
nitrogen-nucleophiles to give adducts (B), and transition-metal-
catalysed cross-coupling to generate products (C) possessing a new
C-C bond at C-2 [25].

3. Extension to indole-tethered propargylic alcohols

As described above, propargyl alcohol substrate 17 is converted into
carbazole 19 under the standard Ag(I)-catalysed spirocyclisation con-
ditions [9]; this conversion is thought to be driven by the proclivity of
spirocyclic intermediate 18, to rearrange via 1,2-migration and dehy-
dration to produce an aromatic product (see Scheme 4 above) [26].
However, subsequent optimisation established that treatment of prop-
argyl alcohol 17 with both catalytic AgNOs and additional catalytic
Ag-0, enabled spirocyclisation to take place without subsequent rear-
rangement, producing spirocycle 26a in 95 % yield (Scheme 7). The
inclusion of Ag20 (a mild base) is thought to reduce likelihood of spi-
rocycle rearrangement, which is known to be promoted by acidic con-
ditions [26]. Thus, the divergent synthesis of spirocycles (Scheme 7) and
carbazoles (Schemes 4 and 17) can be achieved from the same starting
material, via subtle variations to the reaction conditions. The scope of
this alcohol spirocyclisation procedure is summarised below, with good
reactivity observed for electron-rich, electron-neutral and electron-poor
aromatic examples (26b-e). C-2 substituted indoles (26f) and silyl
protected alcohols (e.g. 26g) could also be incorporated. Similarly,
simple alkyl and cyclopropyl spirocycles were produced in excellent
yields (26h,i), as were spirocycles containing tertiary alcohols (26j,k).
In all cases, excellent yields of the spirocyclic products were isolated,
although little diastereocontrol was observed with the products being
isolated as approximately 1:1 mixtures of diastereoisomers.

4. Asymmetric indole-ynone spirocyclisations

It was also established that Ag(I) salts of chiral phosphoric acids
(CPAs) [27] can be used as catalysts for asymmetric indole-ynone spi-
rocyclisations [9]. Six simple Ag(I) salts of commercially available
BINOL-based CPAs were investigated as catalysts (not shown) and

various conditions were screened. The highest er observed using 9-phe-
nanthryl-derivative A, which gave spirocycle 6a in quantitative yield,
and in 89:11 er. These conditions were then extended to other ynones
(Scheme 8B). Gratifyingly, in all cases the spirocyclic products were
obtained in high yields (6b—f, 62-100 %) and with good enantiose-
lectivities (er 70:30-89:11) illustrating the likely generality of this
asymmetric procedure. In addition, the er of compounds 6a and 6¢ could
be readily enriched (to 98:2 er) following recrystallisation from ethyl
acetate/hexane. The fact that these promising enantiomeric ratios could
be achieved by screening a relatively small number of commercially
available CPAs indicates that further optimisation studies could
generate still higher er’s. The major enantiomer formed in reactions
using the (R)-CPA catalysts was shown to be the (S)-spirocycle (illus-
trated in Scheme 8) based on X-ray crystallographic studies on spiro-
cycle 6¢ [9].

5. Palladium-catalysed indole-ynone spirocyclisations

As shown in Scheme 3, the spirocyclisation protocols discussed so far
involve alkyne activation with a n-acidic catalyst, most usually Ag(I)-
based, followed by nucleophilic attack by the tethered indole to form
a vinyl metal intermediate (16), and then fast protodemetallation. The
ease with which vinyl silver species undergo protodemetallation [28] is
key to efficient catalyst turnover. However, the fast protodemetallation
meant that, in our hands, all efforts to trap intermediate 16 (or related
intermediates) with an external electrophile other than a proton failed,
meaning that tetrasubstituted alkenes cannot be accessed via these Ag
(I)-catalysed procedures. Indeed, at the time this work was carried
out, there were no published methods which allowed such a trans-
formation to be performed via the interception of an organometallic
intermediate; notably, however, methods based on dearomatising spi-
rocyclisation reactions using electrophilic halogenation reagents have
been developed, and the resulting vinyl halides can be used in subse-
quent cross-coupling reactions [29].

To address this limitation, we explored the use of other m-acidic
catalysts in which the transiently-formed vinyl metal species might
undergo cross-coupling processes, thus generating spirocyclic products
containing tetrasubstituted alkenes in a single synthetic operation [30].
Initial studies concentrated on the dearomatising
spirocyclisation/cross-coupling sequence using indole 27 and 4-iodoto-
luene 28 to make spirocycle 29a, exploring the use of various Pd com-
plex/ligand combinations under basic conditions. Selected results of this
study are summarised in Table 3. We were delighted to observe that the
cross-coupled spirocycle 29a could be accessed wusing this
palladium-catalysed method, although in some cases the
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A) Hydrolysis
B) Nucleophilic
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N C) Cross-coupling
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25j, 83%!T
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25m, 86%!N

25n, 73%M

Scheme 6. Functionalisation of indoleninyl iodide 24a. [a] 10 % HCI (aq), THF, RT, 4 h [b] thiol, Cs;CO3, MeCN, RT, 2-4 h [c] NaN3, DMF, 60 °C, 1.5 h [d] 2-
mercapto ethanol, EtsN, MeCN, RT, 22 h [e] Alkyne, iPr,NH, PdCly(PPhg), Cul, THF, RT, 1.5 h [f] arylboronic acid, Pd(PPh3),4, KoCOs, toluene/water, 80 °C,
16-20 h [g] 2-(tributylstannyl)furan, Pd(PPhs),, dioxane, 100 °C, 21 h [h] stannane, trans-PdBr(N-Succ)(PPhs),, toluene or dioxane, 100-130 °C, 17-48 h.

proto-demetallation by-product 6g was also formed. However, the use of
either Pd(PPhg)4 or commercially available trans-PdBr(N-succinimide)
(PPhg3), (Catcat) [31] with triethylamine proved effective at preventing
the by-product production, giving up to 94 % conversion into the desired
cross-coupled spirocycle 29a (entries 3-9). The use of 2 mol% Catcat
(entry 9) was found to be optimal; the catalyst loading could be reduced
further still giving reasonable conversion into 29a (see entry 10, 1 mol
%) but some of the starting material 27a (ca. 5 %) remained under these
conditions. Both base (entry 11) and catalyst (entry 12) were demon-
strated to be essential to the success of this conversion, and no direct C-3
arylation was observed, despite this being a well-established dear-
omative process for indoles [32].

We went on to investigate the generality of the optimised reaction
conditions (entry 9 of Table 3) and these studies are summarised in
Table 4. Indoles with C-2 substituents were first studied. It was shown
that changes at various positions of the indole scaffold were well
tolerated, with spirocycles 29a-h all being prepared in very good yields
(Table 4A). Spirocycles 30a—e were also produced efficiently from
indole precursors without a C-2 substituent (Table 4B), and importantly,

there was no evidence of competing C-2 substituted side-products being
formed (i.e. carbazole-type frameworks; see later). This procedure is also
compatible with more challenging cross-coupling partners (Table 4C).
For example, aryl iodides substituted with morpholine-, methoxy-, car-
boethoxy- and alkyl groups at the 2- and 4-positions were all shown to
couple efficiently (31a-c, 31f-g). Aniline coupling partners were less
straightforward, with 4-iodoanilines 13e and 13f giving no cross-
coupling products; however, some anilines are compatible, as demon-
strated by the successful coupling of 3-iodoaniline, which afforded 31h
in excellent yield. Isatin (31i), pyrazine (311) and pyridine coupling
partners (31j-m) all worked well, which is significant given the me-
dicinal importance of these nitrogen-containing heterocycles. Coupling
to sp® hybridised benzyl and naphthylene methyl halides was also suc-
cessful giving adducts 31n-p, although it seems that alkyl halides
lacking B-hydrogen atoms are required; the corresponding reactions
using iodo-cyclopentane and 3-bromo-1-phenyl propane (not shown in
the Table) both failed to deliver any of the expected cross-coupled
products. In addition, successful spirocyclisation/cross-coupling with
installation of thiophene (31q), cyclopentenone (31r), alkyne (31s),
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OH [Ag] HO,
10 mol%
\\\ AgNO3 Ar | ———= ‘ Ar
N\ A 5 mol% Ag,0 O )
N DCM, RT, 24 h N

26a, 95%
17, Ar = 4-MeO-C6H4 =4- MeO C6H4 Ar = 4-MeO-C6H4
additional examples HO
HO
R
‘ 26h, R = n-Bu, 92%
Ar N 26f, 96% 26i, R = Cyclopropyl, 87%
TBSO

/
N

26b, Ar = 4-MeO-CgHy, 95%

26¢, Ar = Ph, 96% (100%)’

26d, Ar = 4-F-CgH,, 98% 26], R = Me, 95%

26e, Ar = 2-Thiophenyl, 96% N 269, 93% 26k, R = Ph, 97%

Scheme 7. Dearomative spirocyclisations of indole propargyl alcohols. All reactions performed using 10 mol% AgNO3 and 5 mol% Ag,0 in DCM at RT unless stated
[26]. Carried out using silica-supported silver nitrate [22].

A - Asymmetric dearomatisation

R
Ag-CPA A OO
(0.01 equiv) 0.0
\ \ CHCI3, -10 °C "“ Ar ] i 0~ “OAg

R
89:11 er, 100%

B - Additional examples

(using the conditions above)
‘\\\ .\\\

6b, 87% 70:30 er 6c, 62% 86 14 er
O o}
"\! ! OMe
Me A
¢ Me
N N/
6d, 94%, 86:14 er 6e, 100%, 85:15 er 6f, 72%. 82:18 er

Scheme 8. Asymmetric spirocyclisation of indolyl ynones. All reactions were performed using 0.09-0.30 mmol of 5a in chloroform (0.1 M), 0.01 equiv. of the
specified CPA catalyst and stirred at either RT or —10 °C for 16 h unless otherwise stated. Enantiomeric ratios were measured by HPLC using a Chiralpak IB column,
eluting with 10 % IPA in hexane.

pyrazole (31t) and naphthyl (31u) groups were all successful; in the case The proposed mechanism for this merged spirocyclisation/cross-
of naphthyl derivative 31u, this was prepared using an aryl triflate, coupling protocol is discussed in detail in the publication [30], with
confirming that triflates can also be used as coupling partners in this the two possibilities considered to be most plausible (cycles 1 and 2)
process. summarised in Scheme 9. Both proposals rely on alkyne activation by a
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Selected optimisation results for the merged Pd-catalysed cross coupling and dearomative spirocyclisation of indole ynones.

o 28
| (1.1 equiv)

A \\ catalyst, ligand
Me I —
N Ph base, solvent
H 27a 60°C,15h
entry catalyst (X mol%) base solvent yield [%]*
29a 6g
1 Pd(PPh3),Cl; (5) K2COs5 (2 equiv) PhMe 31 53
2 Pd(OAc), (5), PCys (10) K2COs3 (2 equiv) PhMe 41 42
3 Pd(PPhs), (5) KCO3 (2 equiv) PhMe 90 0
4 Pd(PPhj), (5) Et3N (2 equiv) PhMe 91 0
5 Catcat (5) Et3N (2 equiv) PhMe 91 0
6° Pd(PPhs), (2) EtsN (2 equiv) PhMe 73 0
7° Catcat (2) Et3N (2 equiv) PhMe 91 0
8” Catcat (2) EtsN (1.1 equiv) PhMe 91 0
9" Catcat (2) Et3N (1.1 equiv) MeCN 94 0
10 Catcat (1) Et3N (1.1 equiv) MeCN 78 0
11° Catcat (2) - MeCN 0 22
12° - Et3N (1.1 equiv) MeCN 0 0

2 Yield determined by 1H NMR, using CH2Br» as an internal standard.
b Reaction time 5 h. Catcat = trans-PdBr(N-succinimide)(PPhs),.

n-acidic Pd complex in the key step, with the Pd complex believed to
mimic Ag(I) in the original studies. Oxidative addition into the aryl io-
dide (either before or after spirocyclisation) is thought to facilitate the
cross-coupling, with reductive elimination completing the catalytic
cycle.

6. Photochemical indole-ynone spirocyclisations and extension
to benzisoxazoles

Later studies uncovered a photochemical variant of the indole-ynone
spirocyclisation method [33]. The original aim of this project was to
devise a radical spirocyclisation protocol based on well-established
radical generation procedures (Scheme 8). It was anticipated that
indole-tethered ynones 32 would react with electrophilic radicals via
regioselective addition to the alkyne (32 — 33), before cyclisation on to
the C-3 position of the indole to generate a spirocyclic radical inter-
mediate (33 — 34). Radical 34 could then give either spirocyclic indo-
line 35 via hydrogen atom transfer (HAT), or generate spirocyclic
indolenine 37 via single electron oxidation followed by the loss of a
proton (Scheme 10). Oxidation of 35 to 37 by molecular oxygen, or
another oxidant, also seemed possible.

This investigation commenced by studying the reaction of ynone 27a
with a thiyl radical generated from thiophenol in situ. A photoredox
catalytic approach was originally chosen for thiyl radical generation
[34]; the combination of thiophenol, catalytic Ru(bpy)s;(PFe)2 and
irradiation with a blue LED lamp (Amax = 455 nM, 60 W) at rt under air,
successfully converted the indole-tethered ynone 27a into spirocyclic
indolenine 37a in good yield along with indoline 35a being isolated as a
minor by-product (Table 5, entry a). Control experiments revealed that
light is essential for reaction (Table 5, entry b) and that oxygen is
required for the efficient formation of 37a (indoline 35a is the major
product in the absence of oxygen, see Table 5, entry c). However, sur-
prisingly, it was also observed that a mixture of both products 37a and
35a was formed under blue LED irradiation, but in the absence of a
photocatalyst (Table 5, entry d).

The unexpected discovery that spirocyclisation can be accomplished
in the absence of a photocatalyst was interesting, both from a

mechanistic standpoint, and in view of the practical and environmental
advantages of avoiding metal-based catalysts. Additional optimisation
was carried out, and it proved more straightforward to access indoline
products 35 (via an overall redox-neutral reaction) rather than indole-
nines 37 (an overall oxidative process). Therefore, the reactions were
carried out under argon rather than air, and a change of the solvent from
acetonitrile to 1,2-dichloroethane also proved advantageous. These
optimised conditions were applied to a range of substrates, and the re-
sults are summarised in Table 6. As can be seen, this photochemical
transformation is broad in scope, in terms of both the indole-ynone and
the thiol [33].

Changes to the substituent on the indole nitrogen (R'=NH and
NMe), the indole 2-position (R?) and the ynone terminus (R®) were all
tested, and the reactions worked well (12 examples, 35a-1, 45-99 %). In
C-2 substituted examples (35a-f) the products were isolated as the
single diastereoisomer shown. A wide range of thiols were also tested,
and these reactions generally worked very well (20 examples, 38a-38t,
36-99 %). The most electron-rich examples typically were the highest
yielding. Aliphatic thiols could also be coupled using the standard pro-
cedure (38i-38n); this is despite the higher S-H bond dissociation en-
ergy for alkyl thiols (~87 kcalmol™ vs 72-82 kcalmol™ for aryl thiols),
which can adversely affect their reactivity in radical reactions [35].
More complex thiols also work well using the standard procedure,
including 1,3-propanedithiol (38r), cysteine derived systems (38q and
38s) and an a-tocopherol-derived thiol (to produce 38t).

Studies were also carried out to provide information as to how these
reactions operate without an obvious photocatalyst [33]. A number of
possibilities were considered, all involving the activation of one of the
starting materials by visible-light. The proposed sequence considered
most likely is summarised in Scheme 11. Thus, it is proposed that the
reaction is initiated by the formation of an intramolecular charge
transfer electron donor-acceptor (EDA) complex 39a’, followed by
visible light absorption to give a photo-excited state, depicted as the
charge transfer complex 39b [36]. In most cases, this complex would be
expected to relax to reform EDA complex 39a’ via back electron transfer
(BET). However, this open shell excited state 39b could also abstract a
hydrogen atom from the thiol, thereby forming a small amount of the
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Substrate Scope for the Merged Pd-Catalysed Cross-Coupling and Dearomative Spirocyclisation of Indole Ynones. Catcat =

trans-PdBr(N-succinimide)(PPhs),.

R4 O
R-I (1-1.5 equiv) 4
RN \\ Catcat 3R
R3i s \ R'] 2 (\Qé
v - R NEt; A
A H 27 Q\\:,:

29a, R = H, 88%
29b, R = OMe, 87%
R 29¢,R=F, 85%

p-Tol
q CeH1s
o L
N 29¢, R = Me, 75%

29d, 91% (5 h) 29f R=Ph, 71%

p-Tol p-Tol
Bn
MeO
/

299, 77% 29h,81%,dr—1.1

e} B) 2H-indoles
R
2
) R:? 30a, 77%
N o)
p-Tol
‘ Ph
/
N
30c, 65%
p-Tol
p-Tol O !
OMe
30d 52%
Q OMe

OMe 30e, 77%

N

31f, R = CH3, 88%
319, R =0OMe, 91%

:
L

31k, 85% X = CH
311,64%, X =N

31m, 52%

31s, 62%

31r, 70%

31n 97% R= Me
310 68%, R = H/

31t, 50%

C) Coupling partner variation

R 31a,R= N-morphiline
86%
31b, R = OMe, 80%
31c, R = CO,Et, 93%
31d, R = NH,, 0%
31e, R = NMey, 0%

Ph
Me

31p, 98%

/~Me 31u
N formed from R-OTf
31u, 60% in place of R-I
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Scheme 9. Mechanistic possibilities for merged spirocyclisation/
cross-coupling.
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indoline oxidation

Scheme 10. Radical indole-ynone spirocyclisation approach.

thiyl radical, which is needed to start a radical cascade (Scheme 11a).
From here, a more typical radical chain process is thought to operate
(Scheme 11b), which likely proceeds by the addition of thiyl radical to
the ynone (39a — 39c), spirocyclisation (39¢ — 39d) and hydrogen

Tetrahedron Chem 9 (2024) 100055

atom abstraction from the thiol (39d — 40) to propagate the chain.
Quantum yield measurements (¢ = 19.8) support the operation of a
chain process.

After demonstrating that indole-ynones particpate well in reactions
with thiyl radicals, we then proceded to establish that the same sub-
strates are good precursors for radical dearomatising spirocyclisation
cascades more generally [37]. This was achieved by exploring a series of
related transformations that proceed via different radical types. Five
distinct and diverse synthetic procedures were developed in total —
cyanomethylation (41, Scheme 12A), sulfonylation (42, Scheme 12B),
trifluoromethylation (43, Scheme 12C), stannylation (44, Scheme 12D)
and borylation (45, Scheme 12E). These procedures utilise a variety of
radical generation modes, ranging from photoredox catalysis to tradi-
tional AIBN methods. Using this suite of procedures, indole ynones can
provide convienient access to libraries of densely functionalised spiro-
cycles using conceptually similar radical-based protocols.

It is believed that a key reason the indole ynones are so effective in
radical cascade reactions, as outlined above, is their ability to form
partially stabilised, intermediate radicals upon spirocyclisation. For
example, when indole-tethered ynones 46 react with different radical
species, they can form spirocyclic a-amino radicals 47, which are sta-
bilised by two-centre three-electron (2c,3e) n-bonding interactions
(Scheme 13a). Based on this rationale, it was reasoned that the radical
dearomative spirocyclisation of comparatively electron-deficient heter-
oarenes might be achieved if related stabilising interactions could be
built into the intermediate spirocyclic radical. This analysis instigated a
study of radical additions to benzisoxazole-tethered ynones 48; here,
radical spirocyclisation would produce a nitrogen-centred radical 49,
stabilised by 2c,3e-bonding with the lone pair of electrons on the adja-
cent oxygen atom [38].

In the above example, thiyl radical addition proceeds by a radical
chain process under thermal conditions without the need for photo-
chemical activation. The scope of this dearomative spirocyclisation
cascade was explored (Scheme 14). A range of arylthiols were utilised
and a wide variety of substituted benzenethiols could be used to
generate spirocycles 49a-n, many in >90 % yields. Such reactions were
easy to scale up and spirocycle 49a was isolated in 93 % yield when the
reaction was carried out with 1.0 mmol of ynone 48a. Unfortunately,
however, limited reactivity was observed when alkylthiols were
employed (spirocycles 490-q were isolated in low yields or as trace
amounts), which may be due to the higher BDE of the alkyl thiol S-H
bond. Dithiols such as 1,4-benzenedithiol were compatible, however,
and this reagent produced spirocycle 49r in excellent yield, as a ~1:1
diastereoisomeric mixture. Finally, aryl substitution on the ynone sub-
stituent was well-tolerated giving methoxy- and fluoro-substituted spi-
rocycles 49s,t in high yields [38].

The novel spirocyclic oxazolines 49 undergo facile N-O reduction
with Hp/Pd-C and the resulting amino alcohols can be recyclised to give
the corresponding 3-oxazinanes, cyclic carbamates and cyclic

Table 5
Photoredox approach to the spirocyclisation of indole ynone 27a with thiyl Radicals.
o
Y _ SPh
PhSH (1.6 equiv),
N RUGRs(PFe), (1 mol%) % |
A AN MeCN (0.1 M) Ph
N Ph BlueLED N
H 27a 25-30 °C, 16 h, air H 35a
Variation from above conditions yield 37a yield 35a
a) none 68% 8%
b) in the dark 0% 0%
c) under argon 17% 63%
d) no Ru(bpy)s(PFg)2 54% 9%

10
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Table 6
Scope of the photoch
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emical indole-ynone Spirocyclisation.

0O

A) Ynone scope

R*SH (1.1-1.6 equiv)
DCE (0.1 M), 16 h
Argon, 25-30 °C
blue LEDs

N\

35a, R =H, 84%

MeO

35e, 4

SPh SPh
Ph

35j, R=H,

B) Thiol scope

S8

35b, R = OMe, 55%
35¢c, R=F, 68%
35d, R = NMe,, 45%

SR
\ SPh
9% 35f, 54% 359, R = H, 69% 0 R
: %
SPh N _

J
NPh

35h, R = 3,4,5-OMe, 79%
35i, R = 4-Br, 65%

Me
68% 35k, 99% 351, 85%
38a, R = 4-OH, 85%
38b, R = 4-Me, 91% o

38k, R = C3Hy, 90%

R 381, R = Cyclohexyl, 74%
38m R = tBu, 37%

Ph  38n, R = TIPS, 36% (24 h)

380, R = CHy(2-Me-CgHs),

38c, R =2,6-Me, 90%
38d, R = 4-Ph, 99%
38e, R = 2-CO,Me, 54%
38f, R = 4-Cl, 86%

389, R =2-Br, 97%

L,

38h, R =4-NO,, 42% 87%
38i, R = 3-OMe, 90% \ 38p, R = (CH,),CO,Me, 51%
\ 38a-38 38, R = 2-naphthyl, 99% 38Kk-38t
= |i> (6]
Y n
‘ O CO,Me
Ph captopril methyl ester
N 38q, 78% N 38r, 52%
d.r.~1:1 d.r~1:1
NHAc
(0]
COzMe s
L-cysteine
derivative
Ph )
38s, 76% N 38t 74% a-_tocopherol-der/ved
dr.~1:1 \ dr~14 ol

thionocarbamates (not shown) [38].

7. Controlled indole-ynone-derived spirocycle rearrangements;

heterocyclic diversification

a Carbazoles

As mentioned earlier, a significant challenge with dearomative spi-
rocyclisations is the readiness with which the spirocyclic products can
undergo 1,2-migration to form annulated bicyclic products and restore

aromaticity, which for indole system

of carbazoles. This is well-illustrated in the reactions of indolic

propargyl alcohols such as compound 17 (Scheme 4), although notably
the 1,2-migration can be minimised by using the basic conditions out-
lined in Scheme 7 [9]. However, carbazoles are important products in
their own right, and hence the conversion of indolic propargyl alcohols
17 directly into carbazoles is a potentially valuable process; therefore,
the optimisation of the indolic propargyl alcohol to carbazole trans-
formation was explored. The scope of this method is shown in Scheme
15, with catalytic AgOTf in THF successful in most cases [26]. Good
functional group compatibility was generally observed, with carbazoles
derived from aryl and alkyl substituted alkynes being formed in high
yields in most cases. Most examples employed secondary alcohols but
tertiary alcohols are also compatible starting materials (50e). Notably,

s typically results in the formation

11
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a) initiation O
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Quantum
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Scheme 11. Radical indole-ynone spirocyclisation: proposed mechanism.

A R\1\\ — or —»
N

N
41 -45

A Cyanomethylation B Sulfonylation

O
\S//O
R3
Ir(p-F-ppy)s (1 mol%)
2,6-lutidine (2 equiv)

1,4-dioxane, blue LEDs 9 examples

25-30 °C, 20-24 h 43-98%

Br” “CN (2 equiv) c” (1.5 equiv)

Ir(p-F-ppy)s (1 mol%)

2,6-lutidine (2 equiv)
DCE, blue LEDs

200 — 7 examples
25-30°C, 20-24 h 44-75%

o HSn(n-Bu)s (2 equiv)|
Me | DCE, blue LEDs ;
CFsll o530°C, 2024h | +| H
Me o\ 0 ' - ikl ! |\3@
I~cF 2 ) CIHTT
3 R ' ] N
(< SninBus 1| F O
N ! , | AIBN
Eosin Y (1 mol%) 43 : o oaa 1| 8008%aS
DCE, 0blue LEDs 3 examples 3 examples 5 examples
25-30 °C, 20-24 h 49550 45.51% 44-81%

Scheme 12. Diverse radical indole-ynone spirocyclisation procedures.
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a) Radical spirocyclisation of electron-rich indoles

Z
X _0
N
{ (S
|’
N N
H 46 47
2c¢,3e n bond
b) Radical spirocyclisation of electron-deficient benzisoxazoles
PAT SAr
()
----- - O
. ,N
g 49
2c¢,3e n bond

Scheme 13. a) Radical spirocyclisation of electron-rich indoles; b) Radical spirocyclisation of electron-deficient benzisoxazoles.

R
X0
HSAr (1.5 equiv.) ‘ o
\ DCE
o‘N 48 60 °C, 20-24 h o1 49a-t

A 9@,
ﬁ}.f@@

(
49b (R Et), 984 49e, 97% 49f, 98% 49g, 100% 49h, 90%
49¢ (R —t-Bu 99%
49d (R 100% C'

@& o.r.r

49,’ 71% 49j, 80% 49K 87% 491, 97% 49m, 28%

S’R
SD 49r 88%, dr—1 1
Ph
el
o.NH 490, R =n- Pr trace
49p, R = cyclohexyl, trace
49n, 22% o-NH 49s, 100% o*NH 49t 87%

49q, R =Bn, trace

%

M902C

Scheme 14. Scope of the radical dearomative benzisoxazole spirocyclisation cascade.

the parent carbazole 50h could be readily prepared from the unsub- regioisomers, with the regiochemical outcome consistent with the 1,
stituted terminal alkyne starting material as well as from its 2-migration of the alkenyl group from a spirocyclic intermediate (cf.
TMS-derivative. The carbazole products were always formed as single 26 in Scheme 7), or via direct C-2 annulation.

13
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AgOTf
(10 mol%)
A\
N THF (0 1 M)
H 24 h 19, 50a-h

OO
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N
N H
50a, 93% 19, 98% 50b, 96% 50c, 86%
o C (‘m(’ (’[Q !
50d, 90% 50e, 86% 50f, 0% 509, 28% 50h, 98%

Scheme 15. Scope of the conversion of indolic propargyl alcohols 17 into carbazoles.

A) Divergent reactivity

o) 0
AgOTf Ph3PAUNTf,-tol
‘ (5 mol%) \\\ (5 mol%)
-
O Ph  CH,Cly, 1 h, RT N oh CHZCIZ, 16 h, RT
N

/
N H
6b, 100% 5b 51b, 94%
B) Originally proposed mechanism 0]
0]
Qo+ V/A\uL
AuL
Ph
[Au v Ph > N — O
O H
523 52¢

C) Revised mechanism

(0]
O + AuL
AuL q
¢ C-3 attack rotodemetallation
\ \\ R -p -------------- F
Ph ~ +N/
N
H 52a H 52b
C-2 attack
0 OH
—>
H H
52d 51b
Scheme 16. Gold(I) catalysed conversion of indole ynone 5b into carbazole 51b: mechanistic proposals.
Subsequently, we went on to investigate the preparation of hydroxyl- Ag(D) m-acid catalysis had already been established (e.g. 5a — 6a,
carbazoles 51 directly and selectively from indole-ynones 5 (Scheme 16) Scheme 16A; see Section 2 for more details), and it was proposed that
[23]. The conversion of indole-ynones into spirocyclic indolenines using the gold(I) catalyst PhsPAuNTfy-tol might promote the initial

14
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(0] OH
Ph3;PAUNTTf,-tol
5 mol%)
N\ o)
_ CH,Cl O
R 20l R
N 1-5h RT N
H H
OH OH OH OH
n'BU I N O N n O N
H H H OTBS H NMeBoc
519, n=1,93% . o
. 51d, R = H, 94% R 51h,n=2,97% 51i, 78%
S1e, 93% 5e, R = Br, 83%
51a, R = OMe, 60%
oH 51f,R=F 88% OH
OH OH
e e W) v
S C C T’
Y N n) N
H O OMe N cl
. OMe o 0
51j, 50% 51k, 83% 511, 100% 51m, 98%
Scheme 17. Gold(I) catalysed conversion of indole ynones 5 into carbazoles 51b: substrate scope.
0 R
i) AQOTf (1 mol%)
\\ = N o
N\ R ii) AICI3-6H,0 (5 mol%)
N i-PrOH (0.1 M) Z
H 5 100 °C pW N" 52ad
Br. MeO MeO,
= Z = —Z
N N N N
52a, 88% 52b, 87% 52c, 86% 52d, 75%
Me TBSO, TBSO BocMeN
P P P Z
N N N N
52e, 81% 52f, 75% 529, 71% 52h, 65%
MesN MeQ, MeQ
'° '° "’
= P Z
N N Me N SPh
52i, 67% 52j, 87% 52k, 87% 521, 77%

Scheme 18. Conversion of indole ynones 5 into quinolines 52a-1: substrate scope.
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a) Proposed mechanism
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b) Base-promoted rearrangement of spirocycles 6
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P N
N 52f, 59% A
52a,R = H, 82% P
52c, R = OMe, 92% N
52m,R=H, 71% 52n, 60% 52p, 2% 52r, 58% (dr 7:3)

Scheme 19. a) Proposed mechanism for the conversion of indole ynones 5 into quinolines 52; b) Base-promoted rearrangement of spirocyclic indolenines 6.

spirocyclisation reaction in a related manner, but it was hoped that the
vinyl gold intermediate (52b, Scheme 16B) might undergo 1,2-migra-
tion, based on the known reactivity of similar vinyl gold and gold car-
benoid species (e.g. as was seen in the example from van der Eycken’s
group earlier in Scheme 2) [16c]. This conversion was successful (94 %
yield of 51b), with the reaction mechanism originally proposed depicted
in Scheme 16B. No reaction occurs when spirocycle 6b is treated with
Ph3PAuNTf,-tol under the same conditions, indicating that carbazole
51b is not formed simply via the rearrangement of spirocycle 6b, with
this observation being consistent with the mechanism depicted in the
original manuscript. However, the mechanism of the proposed 1,
2-migration was later questioned, following computational studies
using a DFT approach [24]. No transition state connecting spirocycle
52b with intermediates 52¢/52d could be located using any of the DFT
methods employed. By contrast, the conversion of 52a into 52b was
calculated to be facile. Therefore, it was thought that if proto-
demetallation of 52b (52b — 6b) is slow, then the formation of 52b from
52a would probably be reversible. The revised mechanism in Scheme
16C is therefore now thought to be more likely [24]; reversible inter-
conversion of 52a and 52b promotes, over time, cyclisation via the less
reactive C-2 position of 52a to form 52d, thereby enabling conversion
into the thermodynamic reaction product, carbazole 51b [39].

Having established efficient conditions for the conversion of indole-
ynone 5b directly into carbazole 51b using gold-catalysis, the scope of
the transformation was studied (Scheme 17) [23,24]. As illustrated in
Scheme 17, good to excellent yields of carbazoles 51a-m were obtained
from a wide range aryl and alkyl alkynes, with substitution on the indole

ring, and reactive side chains on the alkyne (e.g. alkyl chloride 51m),
proving compatible.

b Quinolines

A third divergent reaction pathway was also discovered starting from
indole-ynones 5, which enabled the synthesis of annulated quinolines
via a novel rearrangement process (Scheme 18) [23]. In this procedure,
indole-ynones 5 were first treated with catalytic AgOTf in iso-propanol,
to promote spirocyclisation (as described earlier, see Table 2). This was
then followed by the addition of 5 mol% of AlCl3.6H,0 and microwave
heating, promoting a rearrangement to generate quinolines 52a-1
(Scheme 18). This transformation was discovered by serendipity; the Al
(I1)-based reaction conditions were originally employed to cleave a TBS
protecting group, with the generation of quinoline product (52f) totally
unexpected! However, the rearrangement to quinolones was found to be
general and efficient route to quinolines 52a-1. Subsequently, Van der
Eycken and co-workers developed a transition metal-free variant of this
transformation using Brgnsted acids to effect rerrangement [40].

The proposed mechanism for the conversion of ynones 5 into quin-
olines 52 is shown in Scheme 19a, exemplified by ynone 5a. Following
Ag(D)-mediated spirocyclisation in the usual way (5a — 6a, see Table 2
for more details on this step), it is suggested that the AI(III) catalyst
promotes enolate formation (6a — 53a); subsequent intramolecular
attack by the enolate on the activated, electrophilic imine moiety (53a
— 54a) would form a cyclopropane intermediate 54a. Then, cyclopro-
pane fragmentation (54a — 55a) is thought to promote the crucial ring
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Scheme 20. Formation and versatile reactivity of iodo-quinoline 56a.
A) o

AgOTf (1-2 mol%)

CH,Cly, 1-1.5 h, RT

L

then H*

59a, 82% 59b, 65% 59c, 74%
(S) -59a, 60% (89:11 er, using 60)
OH OH
PhyPAUNT, tol O O
N\ (5 mol%) NaH, THF O
—>
N DCM, RT N N
H H Cl
Cl 62, 80% 63, 83%

Scheme 21. Synthesis of polycyclic products.

expansion step, with subsequent rearomatisation via 1,5-hydride
migration completing the synthesis. Van der Eycken’s Brgnsted acid
promoted variant seems likely to proceed via a similar mechanism, but
via an enol, rather than an enolate, intermediate. Further support for

17

this previously unprecedented rearrangement proceeding via an enolate
was obtained when it was demonstrated that treatment of spirocycle 6a
with LHMDS in THF (i.e. conditions which seem certain to result in
enolate formation), also led to the generation of quinoline 52a (81 %,
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Scheme 22. Synthesis of polycyclic products from C-2 indole ynones via a cascade reaction.
Scheme 19b) [23]. In more recent studies [41], Density Functional This type of base-mediated rearrangement was subsequently found
Theory (DFT) was used to shed further light on this rearrangement. DFT to be applicable to indoleninyl halide 24a generating the
indicates that both the base- and acid-mediated variants likely proceed cyclopentanone-annulated iodo-quinoline 56a in 78 % yield (Scheme
via enolate/enol intermediates as proposed, and that the ease with 14) [25]. Iodo-quinoline 56a was then employed in further reactions to
which the enolate/enol is produced appears to be crucial in explaining illustrate the utility of such compounds as versatile building blocks.
the kinetic outcomes (thereby explaining why the base-promoted Hydrolysis with aqueous HCI gave 2-quinolone 57a in quantitative yield
variant occurs under milder conditions than the acid-promoted (Scheme 20A) and a chemo- and diastereo-selective reduction using
variant). From a synthetic viewpoint, several additional examples of NaBHj, efficiently gave alcohol 57b (92 %, Scheme 20B). In addition,
the base-mediated transformation were carried out using the LHMDS sulfur and amine nucleophiles successfully displaced iodide (Scheme
procedure (Scheme 19b) [41]. Good to excellent yields of quinoline 20C) and a range of Pd-catalysed cross-coupling methods proceeded in
products 52 were observed in all examples. good to excellent yields (Scheme 20D). Full synthetic details of all of
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Scheme 23. Dearomative spirocyclisation of benzofuran-ynones.

AgOTf (1 mol%)
DCM, RT, 18 h

71a, 68%
Ar = 4-MeO-CgH,

AgOTf (1 mol%)
DCM, RT, 18 h

71b, 62%

73a, R = Ph, 99%

73b, R = 4-MeO-CgHy, 91%
(99% using 10 mol% AgNO3)
73c, R = 4-F-CgHy, 96%
73d, R = n-Bu, 91%

R
AgNO;-SiO, —
(5 mol%) N
—» N

DCM,RT, 2h
N 72a-d o]
Scheme 24. Dearomative spirocyclisation of 2-substituted pyrroles.
these transformations are described in the original publisation [25].

¢ Polycycle Synthesis

Polycyclic compounds can also be accessed from indole precursors
using modified variants of the procedures outlined above. For example,
tetracyclic scaffolds 59a-c were obtained by reaction of functionalised
indole-ynones 58a—c with AgOTf followed by acid-mediated protecting
group cleavage/imine cyclisation in one-pot (Scheme 21) [23]. The
tetracyclic products were synthesised as the single diastereoisomers
shown, and in addition, (S)-59a was prepared in enantioenriched form
(89:11 er) by using the (R)-CPA silver(I) salt 60 in place of AgOTf. The er
of (S)-8h could be increased to ~100:0 by recrystallisation (ethanol)
and its structure was confirmed using X-ray crystallography. Similarly,
indole-ynone 61 was readily converted into the functionalised carbazole
62 using the Au(I)-mediated spirocyclisation/rearrangement protocol
and then cyclisation to produce the tetracyclic product 63 was accom-
plished by treatment with sodium hydride [24].

Other polycyclic products were prepared using a conceptually
similar approach starting from indoles with the ynone attached to the
indole 2-position (64) [42]. On treatment with chiral silver(I) chiral
phosphoric acid salt 67, a range of indole derivatives 64 were converted
into polycyclic products 66 via initial cyclisation through the indole
3-position (65). In most cases, high yields and er were obtained using
this procedure (66a-Scheme 22A-C). This method was developed, in
part, due to its potential for the generation of frameworks found in
strychnos alkaloids; for example, polycycle 66k was converted into the

0 (0]

A\

R

AgNO3-S|02
(1 mol%)
I\
N DCM, RT /i
10-20 min
74

Rl
Catcat (2 mol%)

Et;N, MeCN
60 °C, 1-3 h
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alkaloid analogues 68 and 69 (Scheme 22D). A racemic, Au(I)-catalysed,
procedure to prepare the same family of polycycles was also developed
and reported later (not shown) [43].

8. Extension of ynone cyclisations to other aromatic systems

Indole-ynones of the types described above have been the main focus
of this research programme. However, synthetic applications of ynones
tethered to other heteroaromatic, aromatic and non-aromatic rings,
have also been explored. These are reviewed in this section, starting
with benzannulated heterocycles and then covering applications in
monocyclic heterocyclic and carbocyclic systems.

a Benzofuran-Ynones

Only two examples involving benzofuran spirocyclisation have been
reported (Scheme 23) [9,22]. With benzofuran 70a, the unusual spi-
rocyclic enol ether 71a was isolated in reasonable yield using catalytic
AgOTf [9]. In a later study [22], the use of silica-supported AgNO3 gave
the corresponding hemi-acetal 71b from ynone 70b (unsupported
AgNO3 gave no conversion to 71b, even after 24 h). These examples
show that, provided there is a method by which neutralisation of the
intermediate oxonium ion (analogous to 16 in Scheme 3) can be ach-
ieved, stable spirocyclic products can be obtained from benzofuran
ynones. In these examples this occurs via either deprotonation or
nucleophilic trapping.

b Pyrrole-Ynones
(i)2-Substituted Pyrroles

Pyrrole-ynones also undergo dearomatising spirocyclisation, with
initial studies concentrating on 2-substituted pyrroles 72a~-d as shown in
Scheme 24 [9,22]. Silica-supported AgNOs gave excellent yields of
spirocyclic products 73a-d in all four of the examples studied.

(ii) 3-Substituted Pyrroles

Similar Ag(I) catalysed conditions were also applicable to the spi-
rocyclisation of 3-substituted pyrrole-ynones (Scheme 25) [22]. In three
examples (75a-c), quantitative yields of the expected spirocyclic prod-
ucts were obtained using silica-supported AgNO3 as catalyst, with lower
yields observed for the unsupported catalyst (not shown). 3-Substituted
pyrrole-ynones  were also  successfully utilised in  the
palladium-catalysed spirocyclisation/cross-coupling cascade originally
developed for indole-ynones (75d-k, Scheme 25; for the analogous
indole study see above, Table 4) [30]. The 2- and 5-methyl substituents
present in substrates 74 were essential as analogous starting materials
lacking this substitution pattern did not undergo spirocyclisation; these
results are significant nonetheless, given the rarity of dearomatising

75a, R = Ph, 100%
75b, R = 4-F-CgH,4, 100%
75¢, R = n-Bu, 100%

75d, R = Ph, R" = p-Tol, 90%

75e, R = 4-MeO-CgH,, R = p-Tol, 80%

75f, R = 4-F-CgH,4, R' = p-Tol, 58%

759, R = 4-F-CgH,, R = 4-Et0,CCgH4, 56%
75h, R = Cyclopropyl, R" = p-Tol, 96%

75i, R = n-hexyl, R" = p-Tol, 90%

75], R = n-hexyl, R' = 4-EtO,CCgH,, 85%
75k, R = n-hexyl, R! = 4-pyridyl, 92%

Scheme 25. Dearomative spirocyclisation of 3-substituted pyrroles.
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Scheme 26. Conversion of 3-substituted pyrroles 76 into indoles 77.
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Scheme 27. Mechanistic possibilities in conversion of 3-substituted pyrroles 76 into indoles 77.
AgNO3 S|02
5 mol%)
/ \ ) \ +
CHzClz
77", 38% 80Kk, 28%
Bu-n
Bu-n
AgNO; (10 mol%)
// A920 (5 mol%)
CH2C|2, RT

81a, R =Ph 82a, R = Ph, 0% 83a,R = F’h, 69 /o, 2h
81b, R = n-Bu 82b, R = Bu-n, 0% 83b, R = n-Bu, 52%, 1.5 h

Scheme 28. Dearomative spirocyclisation of 3-substituted pyrroles 76 to form spirocycles.

provide a novel route to give 5-hydroxy-indoles 77a-m (Scheme 26)
[44]. Notably, most methods for the preparation of indoles involve
annulation on to a benzene precursor to assemble the pyrrole portion

spirocyclisation reactions of 3-pyrroles.
Later studies showed that pyrrole-3-ynones lacking a 2-substituent
76a-m undergo efficient Ag(I)-catalysed cyclisation/rearrangement to
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Scheme 29. Dearomative spirocyclisation of ynols 84 to form indoles 85.
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Scheme 30. Ag(l) catalysed cyclisation of ynone-tethered aza-aromatics.

[1]; this ynone method is unusual in that pyrrole precursors are
employed as starting materials with the benzene ring being constructed
in a subsequent step. This observation led us term this method a
*back-to-front’ indole synthesis [44].

In terms of the likely mechanism of these cyclisation reactions, two
main pathways were considered, as shown in Scheme 27. Firstly, coor-
dination of the alkyne unit of 76 to the active n-acidic silver species (to
form 76-Ag) can activate it towards attack by the electron-rich pyrrole
ring, either via the pyrrole C-2 position (76-Ag — 78) or via its C-3
position (76-Ag — 79). Route A, cyclisation via C-2 was initially
considered to be the most likely, given the well-accepted wisdom that
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pyrroles are more nucleophilic through C-2 than C-3, and the fact that
this was judged to be the less sterically hindered of the two alternative
pathways. Attack at C-2 is also the most direct route to the product, as
from intermediate 78 protodemetallation and tautomerisation com-
pletes the formation of indole 77. Route B illustrates a second possi-
bility, that was initially considered to be less likely, with cyclisation
proceeding via C-3 to form a spirocyclic intermediate 79, followed by
rearrangement via an overall 1,2-migration to form the indole scaffold
77.

However, additional experimental results forced a mechanistic
rethink (Scheme 28). With certain conditions for the conversion of
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92a, R = Ph, 100%
92b, R = n-hexyl, 100%
92¢, R = n-Pr, 99%

F 92e,99%

92f, 92%

92g, R = Me, 100% 92i
92h, R =Bn, 97% MeO OMe 98%

Scheme 31. Substrate scope for Ag(I)-catalysed cyclisation of pyrroline-tethered ynones.
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Scheme 32. Ag(l) catalysed cyclisation of ynone-tethered aza-aromatics.
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Scheme 33. Synthesis of (+)-indolizidine 209D 98.

pyrrole-ynone 76k into indole 77k, spirocycle 80k was observed as a by-
product. In addition, pyrrole-ynones 81a and 81b were converted into
spirocycles 83a and 83b selectively, without any formation of indoles
82a and 82b. Re-subjecting the spirocycles 83a and 83b to the reaction
conditions gave no discernible reaction, even at reflux temperature,
indicating their stability. These observations suggest that a vinyl silver
intermediate (cf. 79) is essential for the 1,2-migration to occur (either
via a concerted 1,2-migration or by way of a reversible ring closing/ring
opening pathway, similar to that in Scheme 16C). Surprisingly, given the
usual wisdom that pyrroles are most reactive via their C-2 position,
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Density Functional Theory (DFT) studies indicated that for ynones of
type 76, cyclisation via C-3 is the lowest energy pathway. Therefore, in
view of this, and the isolation of spirocycles 80k and 83a,b, it seems
reasonable to conclude that pyrrole-ynones 76 likely react via the pyr-
role C-3 position, before undergoing subsequent rearrangement in most
cases. Whether the subsequent rearrangement takes place via a
concerted 1,2-migration or reversible ring opening/ring closing is not
currently known.

The corresponding cyclisation reactions of ynol derivatives 84 were
also studied as these produce the parent indoles 85 without hydroxyl
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Scheme 34. Substrate scope of Sn(II) and Cu(I)-catalysed dearomatisation of anisole-tethered ynones. PMP = para-methoxyphenyl.

substitution (Scheme 29) [44]. In these systems, the optimum catalyst
system proved to be 10 mol% AgNOs and 5 mol% AgyO, or
silica-supported AgNOs, giving a range of indoles 85a—f (Scheme 29).

¢ Pyridine-, Isoquinoline-, and Pyrazine-ynones

Ynones linked to other nitrogen containing ring systems — including
pyridine, isoquinoline- and pyrazine-ynones — can also be employed in
related silver(I) catalysed cyclisation reactions (Scheme 30A) [45].
Similar cyclisation reactions have been reported to take place under
thermal conditions [46], but these thermal conditions are in contrast to
the milder (RT) and scalable catalytic Ag(I) method illustrated here.
Initially, a diverse range quinolizinones 87a-i were prepared from
pyridines, mostly in excellent yield, with variation of the substituent on
the alkyne, the alkyl chain and on the pyridine ring. This methodology
was then extended to afford the isoquinoline- and pyrazine-derived
products 87j and 87k in high yield. Finally, the fully unsubstituted
quinolizinone 871 was prepared in excellent yield from a TMS-ynone
using AgNO3 (20 mol%) to promote a one-pot desilylation—cyclisation
sequence. Quinolizinone 87b was then employed as the cornerstone of a
novel dearomatisation route to prepare 0.53 g of the alkaloid lasubine II
90 in 5 steps and 36 % overall yield (Scheme 30B) [45].

d Pyrroline-Ynones and Ynones Derived from Related Cyclic Ketimines

An efficient Ag(I)-catalysed n-acid activation procedure for the cyc-
lisation of cyclic ketimine-tethered ynones has also been developed
providing a novel route to annulated 4-pyridones. Initial studies
involved the cyclisation of pyrroline-linked ynones 91 (Scheme 31),
which are readily prepared by acylation of 2-methyl-1-pyrroline [47].
As can be seen, cyclisation using silver trifluoroacetate (AgTFA) pro-
ceeded efficiently, with both alkyl and aryl substituted alkynes, giving
bicyclic products 92a-92f; additional substituents on the ynone tether
were also compatible with the standard method giving products 92g and
92h. All of the examples proceeded in excellent yields (92—100 %) using
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catalytic AgTFA (2 mol%).

This type of ynone cyclisation was also extended to other cyclic
ketimines 93 (Scheme 32) [47]. Firstly, two dihydropiperidine keti-
mines and two benzannulated variants were converted into cyclised
products 94a-d in 80-90 % yields using catalytic AgTFA. Extension to
7-membered cyclic ketimines was also successful giving products 94e,f,
as were the diazepine examples 94g,h, the latter via an efficient double
cyclisation procedure.

The utility of this Ag(D)-catalysed pyrroline-ynone cyclisation
sequence was illustrated with a short total synthesis of indolizidine
209D (Scheme 33) [47], a bioactive alkaloid isolated from the skin se-
cretions of the Dendrobates family of neotropical frogs. The synthesis
commenced with the deprotonation of 2-methyl-1-pyrroline 95 followed
by acylation using ester 96 to provide ynone 91b in 70 % yield. Then,
AgTFA-catalysed ynone cyclisation gave the required bicyclic product
92b in quantitative yield as described above. Hydrogenation of com-
pound 92b using platinum(IV) oxide as catalyst (with hydrogen at 8
bar), gave a 1:2 mixture of hydroxylated product 97 and the fully
saturated target molecule (+)-indolizidine 209D (98). The products
were readily separated (21 % for 97 and 39 % for 98), and each was
isolated as a single diastereoisomer. Moreover, the yield of the natural
product could be increased by subjecting the partially reduced
by-product 97 to standard Barton—McCombie deoxygenation condi-
tions, which gave an additional quantity of (+)-indolizidine 209D 98.

e Benzenoid Systems

A range of para-substituted-anisoles linked to ynones 99 were shown
to undergo dearomative spirocyclisation to generate spirocyclic dien-
ones 100 upon treatment with either SnCly-2H20 or Cu(OTf), (Scheme
16) [9,48]. Initial results with unsubstituted and alkyl substituted
ynones 99a and 99b were disappointing, however, with both failing to
react with SnCl,-2H0 (Scheme 34, 100a and 100b) under the condi-
tions used during the total synthesis of spirobacillene A shown earlier in
Scheme 1. The phenyl substituted ynone 99c also failed to react at room
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Scheme 35. Substrate scope of Ag(I)-catalysed dearomatisation of phenol-tethered ynones.
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Scheme 36. Improved synthesis of spirocycle 4 using Ag(I) catalysis.

temperature, although a small amount of cyclisation occurred when the
reaction was heated at reflux. A reasonable explanation for these un-
successful reactions is that electron-rich alkynes are required to more
readily interact with the acidic additives, thereby facilitating spirocyc-
lisation. The additional results in Scheme 34 support this theory; several
substituted cyclopentenones 100d-j were prepared from electron-rich
alkynes 99d-j (n = 1), as were the corresponding cyclohexenones
100k,1 from alkynes 99k,1 (n = 2), albeit the latter reactions were much
slower. The simplicity of this synthetic method and its mild reaction
conditions are positive aspects of the procedure, although the need for
relatively large quantities of Sn(I) or Cu(Il) reagents, and the
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requirement for electron-rich ynones, were identified as areas with po-
tential for improvement.

The Sn(II)/Cu(I)-catalysed reactions shown in Scheme 34 were
developed before we identified Ag(I)-catalysts as being generally supe-
rior for indole ynone dearomative spirocyclisation reactions. The same
trend was seen for the benzenoid system (Scheme 35) [48]. Switching
the nucleophilic component in the starting material from an anisole to
the analogous phenol, and using silica-supported AgNO3 (10 mol%) in
CHyCl, at RT as catalyst, gave efficient dearomative spirocyclisation
(Scheme 35) [22,48]. This approach enables the catalytic spirocyclisa-
tion of both para- and ortho-substituted phenols 101¢,d,m-r and 101s-v,
to give cyclopentenones 100c,d,m-r and 102s-v, respectively. Initial
asymmetric studies were also reported producing 102t, albeit in low er
[48].

The superior reactivity of Ag(I) salts in dearomative ynone spi-
rocyclisation reactions is illustrated in the final example in this review,
in which we return to one of the two reactions that initiated the ynone
research programme — the conversion of ynone 3 into spirocycle 4. Our
published synthesis of spirocyclic dienone 4, a key intermediate en route
to spirobacillene A, required five equivalents of SnCl,-2H,0 and an 18 h
reaction time to generate the product 4 in 89 % yield [8]. By contrast,
the same product 4 was generated from phenol 103 in near quantitative
yield in just 7 h using 10 mol% AgNO3-SiO, (Scheme 36).48
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9. Summary

A wide range of novel dearomatising reactions have been developed
for the efficient generation of synthetically useful spirocyclic and het-
erocyclic building blocks from simple heteroaromatic precursors with
tethered ynone side chains. The reactions, usually catalysed by Ag(I), are
easy to perform, usually proceed at RT, and are insensitive to both air
and moisture. Initial studies were carried out on indole-3-ynones, and
asymmetric, palladium-catalysed and photochemical variants were
subsequently developed. In addition, the synthetic versatility of the
indole-derived spirocycles was illustrated with facile, catalyst-
controlled, selective conversion into carbazoles, quinolines and poly-
cyclic systems. The ynone chemistry was subsequently extended to
several other heterocyclic systems (pyrroles, pyridines, isoquinolines,
pyrazines, cyclic ketimines etc.) as well as to anisoles and phenols pro-
ducing spirocyclic dienones. The scope of the ynone methodology,
illustrated throughout this review, is now broad and well-established,
and preliminary applications in natural product synthesis have been
explored. Our hope is that this review will inspire new methodological
discoveries, particularly in terms of extensions to new aromatic systems
and optimised asymmetric variants, as well as applications in the syn-
thesis of natural products and bioactive target molecules.
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