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Introduction

Palladium-catalysed processes are amongst the most important
reactions in organic chemistry today.''! Particularly notable
examples include the Tsuji—Trost and Mizoroki—Heck reactions
as well as the suite of related cross-coupling processes bearing
names such as Sonogashira, Stille, Kumada, Suzuki-Miyaura,
and Negishi.”*! Of course, the range of palladium-catalysed
processes extends well beyond these, with this metal being used
(often ‘suspended’ on an inert solid support such as charcoal)
to effect the addition of dihydrogen to unsaturated organic
compounds.*! Indeed, these venerable and completely atom-
economical processes,[5 Tin which all of the constituent atoms of
the reacting partners end up in the product(s), represent some of
the most important industrial processes known and the com-
mercial value of them can be measured in the billions of dol-
lars.[®) A perhaps less well-known type of process that can be
catalysed by various palladium-based species are cycloisome-
risations wherein polyunsaturated, open-chain or semi-cyclic
species are converted, through intramolecular sigma-bond-
forming processes, into cyclic or even polycyclic products.t’)
These processes are not only completely atom-economical ones
but they often also proceed with exquisite levels of regio- and/or
stereo-chemical control. Furthermore, and as is often the case
with other palladium-catalysed reactions, changing the nature
of the ligands co-ordinating to the metal can have a profound
influence not only on the type of product formed but also on the
enantioselectivities that might be observed when potentially
desymmetrising transformations are involved.l”! The primary
focus of this short review is on one such cycloisomerisation
process, namely the palladium-catalysed intramolecular Alder-
ene (IMAE) reaction™ of 1,6-enynes.

This has been described as the archetypal cycloisomerisation
reaction.”’!) Two distinct variants are possible depending upon
whether the atom-chain linking the reacting centres of unsatura-
tion is an all-carbon unit or one incorporating heteroatoms such
as nitrogen or oxygen. In the latter cases the products of reaction
are substituted pyrrolidines and tetrahydrofurans, respectively.

The Alder-ene-Based Cycloisomerisation Reactions
of ‘All Carbon’ 1,6-Enynes and Related Systems

While thermally-promoted variants of the title process have
been known for well over half a century,[7d’8] a metal-catalysed
form that proceeded efficiently and under mild conditions was
only discovered in 1985 by Trost and Lautens and co-workers."
So, for example, these researchers established (Scheme 1) that
treatment of the 1,6-enyne 1 (itself prepared via a Tsuji—Trost
reaction) with 5 mol-% of the Pd" species (PhsP),Pd(OAc), in
hot dg-benzene affords the bicyclic diene 2 in 85 % yield.[*
Many useful variants of this type of process, including
asymmetric ones, followed thereafter,”'” as did the discovery
and application of homologous processes employing 1,7-enynes

as substrates.!""! Interestingly, in those substrates lacking a
MeO,C CO,Me
MeO.C S MeO,C
2 > (PhgP),Pd(OAc), "
e Iy 85 %
dg-benzene o
60°C, 1.5 h
MeO,C" MeO,C"
1 2
Scheme 1.
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hydrogen-bearing substituent at the ‘outer’ allylic position or
where there is branching at C3, the isomerisation reaction often
yields 1,3-dienes. This is exemplified by the conversion of the
1,6-enyne 3 into the isomer 4 (Scheme 2) when N,N-bis-
(benzylidene)ethylenediamine (BBEDA) is used as ligand.”
Elegant applications of such processes in natural products
synthesis abound.!-'"13!

cat. BBEDA
Y Pd(OAc),
< —_— 83 %
— CO,Me CeHs, N

T 45-50°C, 1 h
CO,Me

w
F-Y

Scheme 2.

Since the original discovery of Trost and Lautens,'”! a range of
other metal catalysts has been shown to effect the cyclo-
isomerisations of 1,6- and 1,7-enynes and often in ways that are
complementary to the processes observed using palladium. So, for
example, when 1,6-enyne 5 (Scheme 3) is treated under ‘conven-
tional” conditions with (Ph3P),Pd(OAc), then the 1,3-diene 6 is
formed!'*! while reaction of the same substrate with the cationic
ruthenium catalyst CpRu(MeCN)3 PF; affords the isomeric 1,4-
diene 7 in a completely regio- and stereo-selective manner.!'* The
latter conversion is notable for the efficient and selective formation
ofasilylenol ether in the presence a free hydroxyl group and stands
as testimony to the mild nature of the reactions involved.

OTBDMS
HO HO
~OTBOMS b b).Pd(OAC), Y
_— ~80 %
— dg-benzene
80°C, 1h
5 6
HQ  _ oTBDMS
Ru(MeCN); PFy
CpRu(MeCN); PFe 72%
acetone, rt
7
Scheme 3.

A new reaction pathway is observed when a quaternary
carbon centre is introduced at the propargylic (C5) position of
the substrate. For example, compound 8 is transformed into
isomer 9 (40%) (Chart 1) upon treatment under the same
reaction conditions as employed for the conversion 5 — 7.
A complete change in the mechanism of the cycloisomerisation
is occurring in such instances with a C—H insertion pathway now
being followed.['*"!

=—CO,Me
CO,Me
Chart 1.

Stereochemically divergent outcomes have been observed in
the ruthenium- and palladium-catalysed cycloisomerisations of
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cyclohexene-derived 1,7-enynes leading to decalin-containing
products.!'>! Extensions of such Ru-catalysed processes to the
synthesis of certain alkaloid frameworks have been reported
recently.!'®]

Reductive cycloisomerisations of 1,6-enynes catalysed by
either palladium or rhodium have been reported by Trost and
Rise!'”! and Jang and Kirsche,!'® respectively. In the first case
(involving palladium) either triethylsilane or polymethylhydro-
siloxane (PMHS) serves as the reducing agent, while dihydro-
gen is employed for the same purpose in the second (i.e. when
rhodium is the catalyst). The conversion 10 — 11 (Scheme 4) is
illustrative of the types of transformations that can be achieved by
such means. Recently, the “Trost variant’ of this process has been
used to construct the A-ring of various daphnane congeners.'”!

(dba)zPd,-CHCly
tri-o-tolylphosphine
OTBDMS AcOH OTBDMS

%
Me020><i\/ PMHS  Meo,C 88 %
MeO,C — CeHg: MeO,C
1,6 h
10 11

Scheme 4.

Cp,Ti(CO)5** and certain iron(0)-ate complexes®!! have
also been shown to effect the cycloisomerisation of a range of
1,6-enynes to the corresponding cyclic 1,4-dienes in toluene at
temperatures between 80 and 105°C. A novel nickel-chromium
catalyst system supported on an insoluble phosphinylated poly-
mer has also been described.*?!

The Alder-ene-Based Cycloisomerisation Reactions
of Heteroatom-Linked 1,6-Enynes and Related Systems

Substrates in which heteroatom linkers connect the reacting
olefinic and acetylenic residues of 1,6-enynes can also be
engaged in palladium-catalysed cycloisomerisation reactions!”)
and, as illustrated below, the products of such processes have
served as precursors to a range of natural products. One of the
earliest examples of the title process was reported in 1992 by
Trost and Pedregal’®* who demonstrated that the alkynyl N-acyl
enamine 12 (Scheme 5) is converted into the isomeric indoli-
zidine 13 (90 %) on exposure to 2.5 mol-% (dba);Pd,-CHCl3
and 10 % BBEDA in d¢-benzene at temperatures between 60 and
65°C. In stark contrast, when the same substrate is exposed to
formic acid at room temperature (rt) it undergoes cationic
cyclisation to generate the quinolizidine 14 in 77 % yield.

TMS / ™S
(dba);Pd,-CHCl,
A \Jl BBEDA = 90 %
—_—
N dg-benzene N
60-65°C
O (0]
12 13
(0]
HCO,H
N 77 %
rt
(0]
14
Scheme 5.
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Naturally enough, reports detailing attempts to effect these
types of conversions in an enantioselective manner soon fol-
lowed with enantiomeric excesses of >99 % being observed in
certain cases.>*?* Related palladium(i)-catalysed IMAE reac-
tions have been described in which accompanying acetoxy
group transfer is observed as highlighted by the enantioselective
conversion 15 — 16 (Scheme 6).12%%")

I J/VOAC
0

Pd(OCOCF,), AcO

0,

chiral ligand 85 %
(0] AcOH, 0] o) (85 % ee)
60°C, 22 h
15 16
Scheme 6.

Tandem IMAE cross-coupling reactions involving N- and O-
linked 1,6-enynes and aryl halides have been reported'**~"! as
have oxidative variants wherein diarylation of the cyclisation
product is achieved.””) An example of the former process is
shown in Scheme 7. Thus, the N-linked system 17 is engaged in
an IMAE reaction and the palladated product of this process is
intercepted in a cross-coupling reaction with bromoarene 18
such that the (presumably cis-ring fused) polycyclic product 19
can be obtained in 66 % yield.*™

When the olefinic component of the substrate is part of a
terminal allylic alcohol then the enolic residue in the product
tautomerises to the corresponding aldehyde that can be engaged,
in situ, in reductive amination reactions. So, for example,
treatment of sulfonamide 20 under the conditions shown in
Scheme 8 leads to the pyrrolidine aldehyde 21 (96 %) that on
exposure, in the same reaction vessel, to a range of secondary-
amines in the presence of dihydrogen affords the expected
tertiary-amines such as 22.3%

As was the case with the corresponding all carbon-linked
1,6-enynes detailed above, when the heteroatom-linked systems
lack allylic hydrogens at the ‘outer’ position then 1,3-dienes
(rather than 1,4-dienes) are formed in the cycloisomerisation
process. The conversion 23 — 24 (Scheme 9) exemplifies matters
and the products of such processes (e.g. 24) can participate in
successive Diels—Alder cycloaddition and allylboration reactions
with dienophiles and aldehydes, respectively.l*!

1185
\}_k o
O\B/O (dba)4Pd,-CHCl, g
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AcOH, toluene, N
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Scheme 9.

Anderson and co-workers have recently shown!*?! that in
certain heteroatom linked 1,6-enynes where a sulfonamide
nitrogen is attached to the internal carbon of the alkyne residue
(i.e. the substrate contains an ynamide residue) then 1,3-dienes
incorporating an enamine unit are formed exclusively when a
combination of Pd(OAc), and BBEDA is used to effect the
cycloisomerisation process. In some instances, ruthenium-based
catalysts can be used to effect the same conversions.?!

Rhodium(1)-based catalysts can also effect the IMAE reactions
of heteroatom linked 1,6-enynes.”**** These can proceed in a
highly enantioselective manner when appropriate chiral ligands are
deployed. Zhang and co-workers have used such protocols in
developing an elegant synthesis®*! of the butyrolactone-containing
natural product (+)-pilocarpine (25) (Chart 2).

N

W

0~ ™o
25

Chart 2.

In 2010 we reported””! the outcomes of our initial studies on
the palladium-catalysed IMAE reactions of N-linked 1,6-enynes
as a means for constructing the C3a-arylhexahydroindole sub-
structure associated with the Amaryllidaceae alkaloid tazettine
(26). While we rapidly established a method for preparing an
enyne, 27, that seemed suitable for participation in the desired
cycloisomerisation reaction, this process was overwhelmed by a

CO,Me Pd(OAc),, PhyP
(n-Bu)sN
I . T 66 %
DMF,
@ 100°C, 16 h
N Br
Ts
17 18
Scheme 7.
T™MS
| | _ OH  (dba),Pd,-CHCI, TMS CHO  Ppiperidine,
rac N-Ac-Phe H2 (1 atm)
N rac N-Ac-Phe 63 %
N CICH,CH,CI, C'CH2CH20'
1, 0.25 h m,2-4h
20 21 22

Scheme 8.
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competing coupling of the terminal alkyne residues of two
separate substrate molecules to afford a 1,3-enyne-containing
heterodimer (Chart 3).

Chart 3.

In order to avoid such an event, a substrate incorporating a
‘capping’ methyl group was prepared by the pathway shown in
Scheme 10. Thus, commercially available diallyl ketone (28) was
converted into the ketal 29 under standard conditions and this
was, in turn, subjected to a ring-closing metathesis (RCM) using
Grubbs’ second-generation catalyst to afford cyclopentene 30.
Addition of dibromocarbene, generated under phase-transfer
conditions using triethylbenzylammonium chloride (TEBAC)
as catalyst, to compound 30 then afforded adduct 31 that could
be engaged in a silver cyanate promoted electrocyclic ring-
opening reaction. The mr-allyl cation so-formed was trapped as
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nosyl-based sulfonamide, 33, in a straightforward manner. Com-
pound 33 participated in a Suzuki—-Miyaura cross-coupling reac-
tion with the relevant arylboronic acid to afford the arylated
cyclohexene 34 that was N-propargylated using 1-bromobut-2-
yne in the presence of sodium hydride to give the ‘capped’
substrate 35 required for the IMAE reaction. In the event, when
compound 35 was treated with Pd(OAc), and BBEDA an
essentially quantitative yield of the desired C3a-arylhexa-
hydroindole 36 was obtained. Interestingly, and in keeping with
the observations made by Trost and Jebaratnam,*” this particular
ligand/palladium(ir) catalyst combination has proven to be the
most effective one we have encountered so far.

Using protocols related to those detailed immediately above
we have been able to complete a total synthesis of the racemic
modifications of the crinine alkaloid hamayne (37)'! and the
structure assigned to the related natural product haemultine (38)
(Chart 4).* In each instance the exocyclic olefin associated
with the product of the relevant IMAE reaction was manipulated
in order to introduce the C-ring hydroxyl group with the B-ring

the corresponding isocyanate that was itself treated, in situ, 37 38
with #-butanol and thereby affording the Boc-protected amino-
cyclohexene 32. This was converted into the corresponding Chart 4.
2,2-dimethyl-
propane-1,3-diol Grubbs’ Il
:\i>:0 BF;-OEt, N\ O:>< catalyst [>< :><
g 91 % >~ 95 %
28 29
CHBI’B, NaOH 67 %
TEBAC
TMSOTf AgOCN then
0 then NSCI/Et,N o tBUOH g, o
Br 72 % o 73 % ><]:>< :><
O ° O °© Br O
NsHN BocHN
33 32
ArB(OH), .
Pd, base | &1 7
A\
1-bromobut- a PA(0AQ) QP
2-yne C)o
_ NaH g O BBEDA O
3 X = O~ K s 0
- S T ~O0<
NsHN 5 h, quant. o
// Ns l\{ H
Ns
34 35 36

Scheme 10.
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being established by subjecting a late-stage derivative of the
product of the IMAE process to a Pictet—Spengler reaction.

Very recently we have completed total syntheses of both the
(+)- and (—)- forms of tazettine [viz. (+)- and (—)-26] using the
same types of protocols as shown in Scheme 10 and utilising
commercially available chiral amines for resolving the products
of the desymmetrising electrocyclic ring opening of 6,6-
dibromobicyclo[3.1.0]hexane (viz. the non-oxygenated conge-
ner of compound 31) (M. G. Banwell, P. Lan, A. C. Willis,
unpubl. data).

Encouraged by our successes in constructing hexahydroin-
doles using the palladium-catalysed IMAE reactions of N-linked
1,6-enynes, we sought to establish if the analogous oxygen
heterocycles (viz. hexahydrobenzofurans) could be assembled
by analogous means. In an extensive and just completed survey
(J. Nugent, E. Matousova, J. Li, M. G. Banwell, A. C. Willis,
unpubl. data) that included an exploration of alternative and
synthetically more useful alkyne capping groups, we prepared,
inter alia, triethylsilyl (TES)-containing substrates such as 39
(Chart 5) and established that on exposure to Pd(OAc), and
BBEDA in benzene under microwave irradiation conditions this
affords the expected heterocycle, 40, in 80 % yield (the analogous
conversion of the substrate lacking the TES group proceeds in just
16 % yield under the same conditions) (Chart 5). Furthermore, on
treatment with N-iodosuccinimide in acetonitrile at 60°C alke-
nylsilane 40 undergoes an ipso-substitution reaction to give, in
82 % yield, the corresponding iodide 41 that is itself capable of
engaging in a range of metal catalysed cross-coupling processes.
Acyclic substrates also participate in the IMAE reaction
under analogous conditions giving highly substituted furans
as exemplified by the conversion 42 — 43 (the illustrated product
was obtained in 74 % yield as a single diastereoisomer of yet-
to-be determined configuration) (Chart 6). Spirocyclic furans are
available by related means. Interestingly, various attempts
to effect the same conversions using a range of seemingly relevant
ruthenium and rhodium based systems were unsuccessful.

om

| | TES
TES
39 40 41
Chart 5.
\Q/
o
| | TES A
TES o
42 43
Chart 6.

Our continuing interest in the natural product galanthamine
(44) (Chart 7), a hexahydrobenzofuran-containing alkaloid used
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clinically in the treatment of the early stages of Alzheimer’s
disease,**! prompted us to consider its assembly using the title
protocols.

Chart 7.

In the event,'**! we were able to effect the IMAE reaction of
the readily accessible O-linked 1,6-enyne 45 (Scheme 11) under
our now standard conditions and thereby generate the bicyclic
compound 46 in 71 % yield. On treatment with (Ph3P)4Pd and
the non-nucleophilic base DBU, the elements of acetic acid were
lost from compound 46 and the semi-cyclic and electron-rich
diene 47 thereby obtained in 85 % yield. Compound 47 readily
participated in a completely regioselective Diels—Alder reaction
with propynal and the initially formed adduct was aromatised by
treatment with manganese oxide and thus forming the benzal-
dehyde 48 in 61 % yield. On exposure to m-chloroperbenzoic
acid (m-CPBA) compound 48 participated in a Dakin oxidation
reaction and the product formate ester was immediately hydro-
lysed with potassium carbonate in methanol to give phenol 49 in
69 % yield over the two steps involved. O-Methylation of
compound 49 under standard conditions then afforded the
anisole 50 in quantitative yield. The construction of the seven-
membered D-ring of galanthamine was straightforward and
involved the two step conversion of sulfonamide 50 into
formamide 51 (83 %) that was engaged in a modified Bis-
chler—Napieralski type cyclodehydration reaction to give, after
a reductive ‘workup’ using sodium triacetoxy(hydrido)borate
and subsequent treatment with aqueous sodium bicarbonate,
(£)-narwedine 52 (44 %), an established precursor to both (+)-
and (—)-galanthamine.

While this synthesis of galanthamine is not the shortest one
reported it is nevertheless notable for several reasons. It is the
first synthesis in which the aromatic C-ring has been constructed
de novo. Perhaps more significantly, especially in terms of the
general theme of this article, the Pd(OAc),-catalysed IMAE
reaction that results in the formation of compound 46 proceeds
effectively within a multi-functional substrate 45. It also allows
for the construction of the quaternary carbon centre of galanth-
amine and establishes an allylic acetate moiety that only engages
in Tsuji—Trost type chemistry on exposure to a palladium(0)-
species. In other words, the IMAE and Tsuji—Trost reactions
involved here are effectively ‘orthogonal’ processes.

Conclusions and Future Prospects

The palladium(i)-catalysed IMAE reactions of N- and O-linked
1,6-enynes offer extraordinary capacities for the construction,
under relatively mild and highly chemoselective conditions, of
complex hexahydro-indoles and -benzofurans, respectively.
The opportunities for the application of such processes to the
synthesis of natural products and various analogues seem almost
boundless. An important area of future endeavour will be the
identification of enantioselective variants of broad scope and
that can be conducted in operationally simple ways.
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Scheme 11.
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