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Over the past years an astonishing number of highly chemo-
and regioselective intramolecular Friedel-Crafts (IMFC)-
type alkylations of aromatic compounds have been described
in the literature that allow remarkable synthetic shortcuts for
the preparation of challenging aromatic compounds. In par-
ticular, both transition metal and conventional and unusual
Lewis acids (LAs) have been described to promote ring-clos-

ing reactions even in the presence of polyfunctionalized cyc-
lization precursors. Finally, the emerging field of catalytic
enantioselective FC alkylations has recently concerned also
intramolecular transformations both in the presence of chiral
organic and organometallic promoters.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)
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1. Introduction

The synthesis of aromatic polyfunctionalized compounds
represents an actual goal for numerous research groups due
to their wide scope of applicability in the agrochemical as
well as pharmaceutical fields. In particular, since the pion-
eering study by Charles Friedel and James M. Crafts,!
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many efforts have been devoted by the academic as well
as industrial community toward the development of more
environmentally friendly catalytic alkylation strategies fea-
turing outstanding levels of chemo-, regio-, or even stereo-
selectivity. In this florid scenario, the intramolecular alky-
lation of aromatics has became a matter of increasing im-
portance as it allows synthetically challenging polycyclic
fused aromatic compounds to be obtained directly from in-
expensive “low-energy” organic compounds. Moreover,
catalytic alkylation processes involving unactivated C,,—H
bonds rather than C-X (X = halide) analogs would dramat-
ically increase the atom economy! of the whole reactions,
with the concomitant use of milder experimental condi-
tions.P!

Although detailed mechanistic aspects for most of the
processes described herein are still uncertain, intramolecu-
lar aromatic C—H alkylations can be conveniently gathered
into two distinct catalytic strategies in which the catalyst
alternatively actives the aromatic compound or the tethered
electrophilic partner. In the first case, the intramolecular
electrophilic metalation of arenes concerns the insertion of
metal species in low oxidation states (usually transition met-
als are involved) into an sp>-hybridized C-H bond to form
highly reactive organometallic species that can be success-
fully trapped with appropriate electrophilic reagents
(Scheme 1, a). On the other hand, the use of Lewis acids as
promoters can be seen as a complementary approach to the
former, with the activation event!* involving the electro-
philic species intimately linked to the arene (Scheme 1, b).
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Scheme 1. Different strategies for the catalytic intramolecular alky-
lation of aromatic compounds.

It appears evident that both these approaches are valu-
able starting points for the design and development of in-
novative stereoselective versions. Here, despite the astonish-
ing number of catalytic and enantioselective FC protocols
that have appeared in the literature over the past decade,
only a few of them concern highly enantioselective intramo-
lecular strategies.>*8! The following review article is meant

to document the recent progresses achieved in the catalytic
and stereoselective “intramolecular” aromatic alkylations of
aromatic compounds and does not intend to provide a fully
comprehensive treatise.

Due to the similarities in their chemical approach, re-
lated examples of intramolecular alkenylation of aromatic
rings catalyzed by both m-acid transition metals and con-
ventional LAs are described.[” On the contrary, metal-cata-
lyzed C,-—Cg,> cross-couplings starting from C(sp*)-X (X
= halide, OTf) will not be covered and the reader is referred
to recent review articles!®! and monographs.!”! Similarly, an-
nulation reactions that lead to polycyclic aromatic fused
systems based on the use of two or more independent mole-
cules will also not be treated.['"]

2. Catalytic Intramolecular Processes

The use of classical Lewis and Bronsted acids has found
widespread application in the past in promoting FC reac-
tions and continues to have considerable value due to their
relative inexpensiveness and large availability.''! Despite
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Figure 1. Tentative mechanistic pathway for the electrophilic metalation of aromatic C-H bonds.

these attributes, however, there are still limitations that stem
from the use of stoichiometric amounts of additives that
call for the use of new, milder, “fancy” soft LAs such as
InX;, BiX;, Re(OTf);, and AuCl;. These metal salts are
capable of more-favorable product decomplexation, thereby
allowing sub-stoichiometric amounts of additives to be suc-
cessfully adopted.['”l From a mechanistic point of view, the
activation of the electrophilic species by coordination of the
LA is widely accepted to be the key step of the process.!'!
However, there is an alternative reaction pathway that has
been extensively investigated, proved, and exploited in the
cycloalkenylation of arenes, namely C-H activation by a
metal.[%!4 Since the initial electrophilic mercuriation dis-
covered over one century ago,!'” many transition metals
such as Pt, Au, Pd, and Rh have proved their effectiveness
in promoting electrophilic aromatic metalations. The reac-
tion course of the electrophilic metalation of aromatic C—
H bonds has been well established: the initial coordination
(n?) of the metal to the arene leads to the formation of the
key o-aryl-metal complex (2), probably through electron-
transfer processes and a Wheland-type intermediate (1; Fig-
ure 1). Such a mechanistic pathway generally concerns met-
als in high oxidation states, and the presence of electron-
donating groups on the aromatic ring speeds-up the kinetics
of the SgAr process along with the high oxidation state of
the metal.[6]

The organometallic species can easily undergo a car-
bometalation reaction with carbon-carbon double!!”! and
triple bonds (Figure 1). Under these conditions, the con-
comitant presence of a stoichiometric oxidant (i.e. formic
acid, TFA) is indispensable in order to regenerate the cata-
lytically active form of the metal species.

Mechanistically, the electrophilic metalation should not
be confused with the oxidative addition of metals, predomi-
nantly in low oxidation states, into the C—H bonds of elec-
tron-poor aryl systems [Equation (1)].

H

|
oxidative addition RH + M™ — R-M*2*

electrophilic metalation RH + M™ — R-M"* +H*

)

In the following sections we will collect some of the more
relevant catalytic intramolecular FC alkylation and alkenyl-
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ation processes by choosing the type of electrophilic frame-
work as a discriminating factor.

2.1. Cyclization of Aryl Alkynes

2.1.1. Alkenylation by Alkyne Activation

In the last decade, alkenylation reactions have proved to
be a valuable synthetic alternative to the Heck cross-coup-
ling concerning C(arene)-C,p» bond-forming processes.
Among them, the en-yne cycloisomerization, also known as
the Alder-ene reaction, was first described by Murai et
al.'81 in 1996 and involves the quantitative atom-economi-
cal metal-catalyzed synthesis of cyclic compounds through
the intramolecular rearrangements of 1,n-enynes (typically
n =6, 7; Scheme 2, a).l'! An extension of this protocol was
subsequently described by replacing the ene counterpart
with an aromatic ring. Under these conditions, the present
strategy enabled the synthesis of phenanthrenes, dihydrona-
phthalenes, and other polycyclic fused aromatic systems in
excellent yields (Scheme 2, b).

~F

a) X ML T
\./% N
1,6-enyne
— ML, —
b) X

D
araryl-1-alkyne

Scheme 2. Schematic representation of enyne metal-catalyzed cy-
cloisomerizations.

Such processes, addressed also as FC alkenylations of ar-
enes, took longer to be adequately developed in comparison
to the analogous alkylations. In fact, “... one major draw-
back from the direct FC alkenlylation of arenes is the alkyne
polymerization ...” I*%

Mechanistically, although different rationales have been
proposed that depend both on metal salts and reaction con-
ditions, the interaction between the C-C triple bond and
the catalyst is considered to be the key step during the nu-
3529
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cleophilic attack on the tethered alkyne moiety to give pre-
dominantly the 6-endo-dig product (Figure 2).
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Figure 2. Tentative mechanism for the 6-endo-dig cycloalkenylation
of alkyne arenes.

In particular, the high electron affinity of electrophilic
late transition metals for m-systems and their excellent toler-
ance toward many hard functional groups suggest transi-
tion metal salts to be potentially effective catalysts for the
cycloisomerization of alkynes. Among them, cationic Pt"f
and Ru'! salts were initially found to be active in promoting
the synthesis of dihydronaphthalenes and dihydrobenzocy-
cloheptenes in moderate yields when electron-rich aromatic
rings were employed.l?!l For instance, the treatment of di-
ethyl (phenylmethyl)-2-propynylpropanedioate (3a) with a
catalytic amount of [RuCl,(COs),] (10%) and AgOTTf (20%,
halide sequestering agent) leads to the corresponding dihy-
dronaphthalene 4a in 53 % isolated yield and high site selec-
tivity (Scheme 3). This protocol was further expanded to
unactivated arenes by using a catalytic amount of GaCl;,

(10%; 78% yield, Scheme 3).1?2

e ML, E
E E
toluene, 80 °C

3a 10 h 4a
E: CO,Et RuCl»(COz), (10%)  53%
AgOTT (20%)
GaCls (10%) 78%
VA
E GaCly (10%)
E toluene, 80 °C
3b 3h
OMe 749,
OMe
E + E
E E
4b OMe 4b’
(7:3)

Scheme 3. Comparing the catalytic performances of metal salts in
cycloisomerization processes.

The milder reaction conditions required by the gallium
catalyst in comparison to those with late-TMs allowed high

3530
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site selectivity to be obtained. Moreover, beside the good
functional-group tolerance proved by GaCls, the strategy
furnished appreciable results also in the cycloisomerization
of 6-aryl-1-alkynes 3b to give dihydrobenzocycloheptenes
4b, 4b’ in satisfactory yields. Finally, the authors proposed
the formation of bridged- or open-type gallium complexes
5a,b as active species during the whole mechanistic cycle.

cl cl, ol
Cl~gg-Cl -Ga-Cl
E - E —
E 72\ E 7 N\
5a _\X 5h _\X

Related to this study is the dihydronaphthalene synthesis
promoted by Hg(OTf),/(TMU),, recently described by Nish-
izawa and co-workers.l?*] This mercury-based catalytic sys-
tem proved to be remarkably active even in low catalytic
amounts (0.1% Hg/TMU, 1:3 ratio), promoting the cycliza-
tion of w-arylalkynes to the corresponding 6-endo products
with yields constantly higher then 95% (210 min reaction
time). The isolation of the vinylmercury chloride 6 calls for
the final protodemercuriation step to be the rate-limiting
step of the whole catalytic cycle.

X
=

- He?
Ny
R

L fast
d
X= _
ip\[Hg?r]‘
R
6

\ slow

The synthetic approach exploited by Dankwardt?* and
later by Fiirstner!>’ for the synthesis of variously substi-
tuted phenanthrenes, helicenes and heteroarenes is concep-
tually analogous. The alkynylated biphenyl derivatives,
which were synthesized by Suzuki cross-coupling reactions,
smoothly underwent predominantly 6-endo-dig cyclization
in the presence of PtCl, (5%, toluene, 80 °C) or in some
cases InCl;, GaCls, and AuCls. As a representative exam-
ple, we report on the application of the protocol to the
preparation of methoxyphenanthrene 8 (76% yield, 95:5
selectivity) and pharmacologically active benzo-fused car-
bazoles 10 (93% yield, selectivity > 95:5; Scheme 4).

Eur. J. Org. Chem. 2006, 3527-3544
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Scheme 4. Platinum-catalyzed synthesis of phenanthrenes and het-
eroarenes by cycloisomerization.

The generality of this protocol was expanded to haloal-
kyne derivatives 11, which were found to be poorly reactive
under platinum catalysis. Here, although the key step of the
synthesis of the aporphine-type alkaloids requires a stoi-
chiometric amount of the indium(III) salt, in numerous
cases a sub-stoichiometric amount of InCls (5%) promoted
the synthesis of 10-halophenanthrenes 12 in high yield (59—
90%).1261

Very recently, Echavarren and co-workers have reported
the effectiveness of Au' salts in promoting the endo-selective
hydroarylation of alkynes.?”l Here, the combination of
[Au(PPh;)CI] (3%) with AgBF, (AgSbF) or the use of cat-
ionic Au' species formed in situ ([Au(PPh;)Me]/HBF,)
guarantees the alkenylation of functionalized aryl alkynes

13 to give 1,2-dihydroquinolines 14 in high yield
(Scheme 5).
[Au(PPh,)CIVAGBF,  TsN
N i N
xZ | [Au(PPhg)Me]/HBF ; x:—\
X rt. Z
13 14

Scheme 5. Synthesis of dihydroquinolines catalyzed by cationic
gold catalysts.

Generally, the protocol allows polycyclic compounds to
be isolated in markedly milder conditions than those re-
quired by platinum catalysts.”?®) Moreover, the authors car-
ried out a theoretical investigation (DFT) of the reaction
mechanism which showed a thermodynamic and kinetic
preference for the 6-endo-dig mechanism.

An alternative mechanism was proposed earlier by
Merlic and co-workers that describes the ruthenium-cata-
lyzed 6m-electrocyclization of dienalkynes 15a,b for the for-
mation of benzofuran 17a and benzothiophene 17b deriva-
tives via vinylidene intermediates 16 (Scheme 6).[°1
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Scheme 6. Ru-catalyzed cyclizations of dienylalkenes.

A peculiar reactivity was demonstrated by furans in the
intramolecular reaction with alkynes when both Au' and
Pt'" salts were employed as catalysts. In particular, Hashmi
has reported the synthesis of substituted arenes 19 starting
from 18 under mild conditions (AuCls, 2%, CH;CN),[304]
with the reaction mechanism being an intramolecular [4 + 2]
cycloaddition between the furan and the alkyne. Therefore,
the gold-catalyzed reaction was employed in the multi-step
synthesis of jungianol (20), allowing its synthesis to be
shortened considerably (Scheme 7).3%1 Almost simulta-
neously, Echavarren and co-workers also highlighted the ef-
fectiveness of PtCl, in promoting such a transformation,
which was proposed to take place by electrophilic aromatic
substitution (platinum carbene intermediates).!]

/) AuCly (2%)
0 M Altld
=X CHLCN, rt.

18 X: CH,, O, NTs

Scheme 7. Gold and platinum catalysis in the intramolecular reac-
tion of furans and alkynes.

The synthesis of functionalized quinolines is another cru-
cial target in several chemical fields such as pharmaceutical
and materials science. A novel catalytic method for the con-
struction of quinoline skeletons was described by Akiyama
and co-workers. The authors reported the use of [W(CO)s-
(THF)] as an effective promoting agent (20%) for the elec-
trocyclization of alkynyl imines 21 via tungsten carbene
complexes 22'. Analogously to the previous paper, a tran-
sient metallovinylidene is considered to be formed during
the reaction course by [1,2]-hydrogen migration. Then, the
final electrocyclization leads to the final target 23 and re-
lease of the catalytically active [W(CO)s] in solution
(Scheme 8).%
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NQ [W(CO)5(THF)]

| (20%)
xCOT Ny NMO
Z 7 THF/reflux

0& W ©

Scheme 8. Alkynyl imines as valuable precursors for the tungsten-
catalyzed synthesis of quinolines.

One of the few examples of the use of BF;-Et,O (20%)
as a promoting agent in catalytic quantities is represented
by an elegant approach recently reported by Ishikawa and
Saito for the synthesis of quinolines and aza-heteroaromatic
analogs.[*3 The reaction course involves the formation of
highly electrophilic allenyl cations 25 in situ starting from
propargyl silyl ethers 24. These intermediates smoothly un-
dergo cyclization to form tetrahydroquinolines in good
yields (higher than 90%) and high regioselectivity. Subse-
quent transformation into 1H-quinolines 27 or quinolines
28 can be easily performed by treating the allenyl com-

pound under acidic or basic conditions, respectively
(Scheme 9).
Ph_ OTMS Ph Ph

BF;-OEt, (20%)

0 S D~

S S Ts

CH,Cly, 0°C, 1h

<

R R._Ph R
Ph PhTS
X pTsOH, EtOH KOH, MeOH X
Xt N X—:
> \ reflux - X N reflux AN
Ts Ts
27 26

Ph
g}
eC TsN—" 30
Scheme 9. Flexible synthesis of quinolines and analogous via in situ
formed allenyl cations.

BF;-OFt, (20%)

N7V Ph

T:\/Ph CH,Cly, 0°C, 10 min
OTMS 40% M

The scope of this protocol was further developed by ap-
plying the methodology to the synthesis of challenging
eight-membered ring heterocycles 30, as illustrated in
Scheme 9. Although the yield dropped significantly to 40%
in this case, the cyclization was complete in a very short
reaction time (10 min), with reasonable conversions.
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The carbocyclization of siloxyalkyne arenes was also re-
ported in the presence of Brensted acids. In particular, by
generating highly reactive ketenium species in situ, the em-
ployment of a catalytic amount of HNTf, enabled the syn-
thesis of variously substituted silyl enol ethers even in the
presence of unactivated aromatic rings.[34

In the field of LA-mediated alkenylations, Song, Lee, and
co-workers very recently reported on the astonishing im-
provement of the catalytic activity of metal triflates when
combined with hydrophobic ionic liquids ([bmim][PF],
[bmim][SbF¢]) in catalyzing the synthesis of 4-substituted
coumarins.!'”! Indium, scandium, ytterbium, yttrium, and
hafnium triflates proved their potentialities in inter- as well
as intramolecular alkenylations, with the acceleration effect
of the ionic liquid associated with its capability to stabilize
the charged intermediates during the reaction course.

2.1.2. Alkenylation by Metal C—H Activation

Electrophilic metalation of aromatic C—H bonds was first
reported by Fujiwara and co-workers!'® and applied to
both intra- and intermolecular hydroarylation of alky-
noates. In particular, the faster intramolecular version en-
abled the synthesis of coumarins 32a and 2(1H)-quinoli-
nones 32b in excellent yields and high chemoselectivity in a
cis-arylalkene synthesis starting from aryl alkynoates 29.
The use of Pd(OAc), in combination with TFA as the cata-
Iytic system arose from a detailed screening of metal salts
(catalytic activity decreases in the order Pd"! > Pt > Nij!l
> Rh') as well as reaction conditions (Scheme 10, a).3%! In
some cases, PtCl,/2AgOAc was also efficient in the afore-
mentioned cyclization. Several isotopic effect studies unam-
biguously proved the operating electrophilic metalation of
the aryl ring. The spectacular turnover number [Pd(OAc),
< 0.1%, Scheme 10, b] showed by the Pd catalyst and the
mild reaction conditions make this protocol a valuable syn-
thetic tool in the chemical and pharmaceutical industries.

a)

e XSO Pd(0AG), (3%) N X0
! n
Z DCM-TFA NN
R R
31: X =0, NH 32a:X=0
32b: X = NH
b)
MeO O /O MeO fe) /O
Pd(OAC), (0.079%) P
MeO | | MeO
OMe DCM-TFA
Ph 5h OMe Ph
yield = 95%
TON = 1202

Scheme 10. Intramolecular hydroarylation of aryl alkynoates cata-
lyzed by Pd(OAc), in a TFA/CH,Cl, solvent mixture.

Subsequent studies in this area were performed by Hel3¢!
and Sames,*”] who reported the use of highly electrophilic
gold(IIT) and platinum(IV) salts in the hydroarylation of
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lwasawa

1,4-metal migration

] 34 R

[Rh{COD),]BF4 (10%)

P{p-tolyl)s, TMP, toluene
90 °C

Scheme 11. Synthesis of substituted cyclopentanones by Rh'-catalyzed cyclization of a-arylpropargyl alcohols.

aryl alkynoates (coumarins) and propargylic aryl ethers
(chromenes),*® respectively, even in the presence of unacti-
vated aryl rings. A direct electrophilic metalation of the aro-
matic ring (assisted by the ethynyl coordination) is invoked
in the mechanistic cycle leading to the corresponding aryl-
gold(III) species. On the other hand, the high electrophilic-
ity of the Pt!Y catalyst, in combination with its greater solu-
bility in organic solvents compared to Pt'! analogs, allows
for faster rates with the platinum(IV) salt with challenging
substrates.

Propargylic alcohols are also important substrates for the
synthesis of indene and indanone derivatives under mild re-
action conditions. In this area, the results obtained indepen-
dently by Hayashil®*”! and Iwasawa,*”! who almost simulta-
neously investigated the activity of rhodium complexes in
the cyclization of a-arylpropargyl alcohols 33, are note-
worthy. Both studies are based on the capability of rhodium
complexes to undergo aromatic C—H insertion via 1,4-mi-
gration of alkenyl-metal species (Scheme 11).1!1 In particu-
lar, both alkyl and trialkylsilyl propargyl alcohols 33 were
smoothly cyclized to the corresponding substituted cyclo-
pentanone 34 in high yields in the presence of Wilkinson’s
catalyst and [Rh(COD),]BF,/phosphane complexes, respec-
tively.

The activation of hydroxy groups as an acetate has al-
lowed the straightforward synthesis of polyfunctionalized
indenes 36 by pentaannulation reactions that proceed via
Pt carbenoid intermediates.*?! The authors described the
serendipity of the discovery that, despite the low conver-
sions guaranteed by Pt! salts, during the “TLC time” the
complete and chemoselective formation of the desired in-
dene product occurred (exposure to air).[*3] From this evi-
dence, Sarpong and co-workers deduced that the addition
of an external oxidant to the reaction mixture could be ben-
eficial for the final outcome. After a survey of conditions,
20% of PhIO turned out to be the optimal oxidising agent
to combine with [PtCl,(PPh);] (10%) in the catalytic penta-
annulation. A library of functionalized pentaannulated
compounds was isolated with yields ranging from 62% to
84% (Scheme 12).
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Me. OAc [PtC,(PPha),] (10%) Me
PhIO (20%) N
X N CO,E X OAc
Z 35 2L toluene, 100 °C
36 co,Et
Me Me Ph Me

Me Me

Scheme 12. Synthesis of functionalized indenes by Pt-catalyzed
pentannulation.

2.2. Cyclization of Aryl Alkenes

Analogously to the cyclizations of aryl alkynes, C-C
double bonds have also been shown to be valuable reagents
for aromatic electrophilic substitutions. However, their use
in catalytic alkylation processes has been developed to a
lesser extent than the previously described cycloalkenyla-
tions. A breakthrough in this area of intense interest was
reported by Stoltz and co-workers, who described the aero-
bic oxidative annulation of indoles catalyzed by Pd"-pyri-
dine complexes.** The use of atmospheric oxygen (1 atm)
as stoichiometric reoxidant for the Pd® guaranteed a re-
markable mildness in the cyclization of both 2- and 3-sub-
stituted indoles (37; Scheme 13). The need for an external
terminal oxidant came from the detection in the reaction
product of a C-C double bond, indicating an operative 3-
hydride elimination. The electronic characteristics of the Pd
complex are crucial for the positive transformation out-
come. In particular, a compromise within electron-poor li-
gands must be found. In fact, while highly electron-deficient
ligands are known to coordinate and to poorly stabilize the
Pd metal, ligands that are too electron-rich partially quench
its catalytic activity. Interestingly, these studies show that
3533

WWW.eurjoc.org



MICROREVIEW

M. Bandini, E. Emer, S. Tommasi, A. Umani-Ronchi

even unactivated C—C double bonds can act as electrophiles
in the alkylation of arenes.

(e \
N yleld. 68%

Q 38c

N
- O
yleld 69%

cat

o oy

Me yield: 66% yield: 74%

yleld 73%

cat = Pd(OAc), 10%
pyridine (40%)/0,
toluene 80 °C

Scheme 13. Oxidative C-C bond-forming transformation mediated
by Pd-py complexes.

Widenhoefer and co-workers recently addressed their ef-
forts to the synthesis of biologically relevant tetrahydrocar-
bazoles and tetrahydro-f-carbolinones in good yields and
excellent chemoselectivity by cyclization and cyclization/
carboalkoxylation of 2-(4-pentyl)indole derivatives 39 in the
presence of platinumi**? (2%) and palladium!*>®! (5%) cata-
lysts, respectively (Scheme 14). The degree of polyfunction-
alization reached for 40b in the cyclization/carboalkoxyl-
ation procedure is noteworthy. The protocol proceeds by a
chemoselective 6-endo-trig ring-closure in the presence of
stoichiometric amounts of Cu'! salts as oxidant for the final
Pd° species.

A palladium-mediated intramolecular coupling between
indole (C-2 position) and tethered unactivated olefins has
also been employed by Corey and co-workers as the key
step for the preparation of synthetically challenging indolo-
azocine tricyclic systems such as (+)-austamide (42). The
optimal conditions involve the use of a mixture THF and
H,O as the solvent and a permanent atmosphere of O,
(1 atm) to reoxidize the palladium in the catalytically active
oxidation state (Scheme 15).14%

PtCl, (2%)

szv
X

CO,Me mo CO,Me
N Gl X
N 0
H
X: N-Fmoc-pyrrolidine
Q Pd(OAC), (1 equiv.)/O,

1
PN X AcOH/THF/H,O

yield: 29% (two steps)

Scheme 15. Synthesis of dihydroindoloazocine by a Pd-catalyzed
intramolecular regioselective alkylation of indole.

Continuing with the synthesis of nitrogen-containing het-
erocycles, Broggini and co-workers have quite recently de-
scribed numerous versions of Pd-catalyzed intramolecular
cyclizations,*”l among which the possibility to synthesize
polycyclic indolyl and pyrrol derivatives 43 by oxidative pal-
ladium-catalyzed C-C forming annulations in the presence
of unactivated olefin double bonds is noteworthy.*®! In this
case, p-benzoquinone was found to be an effective re-oxi-
dant for the Pd® species (Scheme 16).

\

i \\\ PACL(CHSCN), (10%) === A

\.-ﬂ\(NR Ba . & 4/ % MR
N THF/DMF - N

a3 H 0O A

Scheme 16. Intramolecular oxidative Pd-catalyzed Heck coupling
for the synthesis of polycyclic indole and pyrrole derivatives.

After the successful application of the intramolecular
Fujiwara—Moritani/oxidative Heck reaction to the synthesis
of polycyclic indoles (Scheme 13), Stoltz and co-workers
highlighted the applicability of the Pd-catalyzed oxidative
Heck-type coupling in the synthesis of functionalized ben-
zofurans 47 and dihydrobenzofurans 48.14) The optimal re-
action conditions concern the use of Pd(OAc), (10%) com-
bined with ethyl nicotinate (1:2 ratio) and benzoquinone
(BQ) as the best oxidizing agent (1 equiv.), furnishing the
corresponding benzofuran 47 in good yield (77%,
Scheme 17, a). The reaction is believed to proceed via a
Pd-catalyzed C-C bond forming process and B-elimination

92% X =CH,
\\\ N 40a v = CH,, C(CO,Me),
oy -
N X CO,Me
Me . PdCl, (CH3CN),
(2%)
MeOH/COICuCl, Y\ ¥ X=CHyCO, CMe,
83% NT X Y = CH,, NMe, C(CO,Me),
Me  40b

Scheme 14. Synthesis of polycyclic fused indoles by metal-catalyzed Friedel-Crafts alkylation of unactivated C—-C double bonds.
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followed by the re-aromatization step. Upon exploration of
the generality of the oxidative cyclizations with the synthe-
sis of a library of variously substituted benzofurans, the au-
thors expanded the broadness of their strategy to the dihy-
drobenzofurans 48 starting from tri- and tetrasubstituted
olefins 45b (Scheme 17, b).

a
) Pd(OAC), (10%)
X = ethyl nicotinate e
X Ba X |
Z >0 R tAMOH:ACOH AN R
45a 80-120 °C a7
= Pd J
K O
0" R
46
b)
Pd(OAc), (10%)
~ R~ ethyl nicotinate
€L o
Z>0" R tAmMOH:ACOH
45h 80-120 °C

Scheme 17. Oxidative Heck-type coupling for the catalytic synthesis
of benzofurans and dihydrobenzofurans.

After an impressive initial screening of metal salts and
catalysts, Sames and co-workers identified an interesting
lead in the RuCl;/AgOTTf system for the hydroarylation of
a broad range of substrates such as hydronaphthalenes, hy-
drobenzofurans, hydrobenzopyrans, hydroquinolines, and
hydrocarbazoles, almost simultaneously.®® The protocol
was finally successfully employed for the arene-polyene cyc-
lization to give the corresponding tricyclic terpenoids 50
under mild conditions (CICH,CH,CI, 60 °C, 4 h) and in
quantitative yield (99 %, Scheme 18).

|
R X RuCl; (1%)/AgOTf (2%) R

CICH,CH,CI,
60 °C, 4 h

49: R = H, OMe

50 VYield: 99%
trans/cis 99:1

Scheme 18. Use of ruthenium-catalyzed hydroarylation of alkenes
in the synthesis of tricyclic terpenoid 50.

A direct one-pot synthesis of benzofurans and
chromenes by a palladium-catalyzed cyclization of allyl and
homoallyl aryl ethers was also described later by Youn and
co-workers.®l  'With a single -catalytic species {i.e.
[PACI,(MeCN),[/BQ}, the authors emphasized the syn-
thetic utility of the tandem-Claisen rearrangement/cata-
lyzed oxidative cyclization promoted by Pd® species.’?! The
final formation of the aromatic benzofurans indicates that a
B-hydride elimination is occurring during the reaction cycle,
with the consequent need for a stoichiometric oxidant (BQ).
Such a process, in fact, is supposed to be initiated by the
activation of the olefin double bond through coordination
with the Pd" complex (Scheme 19).

Eur. J. Org. Chem. 2006, 3527-3544

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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T Claisen P KO\ PdCl,

rearrangement
[Pd)/BQ
B/dioxane
oxidative
cyclization
PO
————

%7
X \
Q
H---B

[Pd]: [Pd(MeCN),Cl,]
B: N32003

Scheme 19. Pd-catalyzed tandem Claisen rearrangement/oxidative
cyclization of aryl allyl ethers for the one-pot synthesis of benzofu-
rans.

The heteroatom-directed C—H activation of the ortho site
(directed orthometalation, DoM) in aromatic compounds
is a well-known processt>3! and numerous groups have used
this approach to perform intermolecular aryl-alkene coup-
ling under catalytic conditions.” Imines, ketones, esters,
pyridines, and oxazolines are among the most widely em-
ployed directed metalation groups (DMG) in aromatic C—
H activation. The high ortho regioselectivity obtained is be-
lieved to be ascribable to a precoordination of the directing
group to the metal to give 52, with subsequent insertion of
this species into the adjacent C-H aromatic bond (Fig-
ure 3). Despite the tremendous benefits introduced by this
approach, early investigations were limited in their applica-
bility to terminal alkenes, which led to linear products only.

@DMG M
H

51

DMG DMG
O™ —
H M,

52 53

activation of C—H bond:
metallacycle

precoordination of DMG
to the metal

Figure 3. Schematic representation of directed orthometalation of
substituted aromatic rings.

A significant improvement in the area is due to Ellman,
Bergman, and co-workers, who described the first intramo-
lecular annulation of aromatic imines with directed chela-
tion-assisted C—H activation in the presence of internal
meta-tethered olefins 54.0°31 Under optimal conditions, the
use of a catalytic amount (5%) of Wilkinson’s catalyst
[RhCI(PPh3);3] in toluene at 150 °C produced functionalized
indanes, tetralanes, dihydroindoles, and dihydrobenzofu-
rans in reasonable yields (25-85%, Scheme 20, a). The pro-
tocol was further developed with the purpose of carrying
out challenging tandem cyclization reactions. After a brief
survey of reaction parameters, the authors underlined the
effectiveness of the [RhCl(coe),],/FcPCy, complex in pro-
moting the tandem double C—H activation of the appropri-
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i) (PPh3)3sRhCI (5%)

R___NBn

;
R]/MRZ
54 xFh if) HClyq

R: Me, H
X: CH,, O.NR

H._NBn
s
© OMe 056

i) [RhCI(coe),], (10%)
57 (20%)

ii) HClyq

Q\PCyz
Fe

57:

toluene/150 °C

toluene/150°C

=~ R!
RZ
or
X h
55b
H 20 NH,*
cr
O 0] O 0
58 OMe 59 OMe

Scheme 20. Rhodium-catalyzed arene-alkene coupling by imine-directed ortho C—H activation. Application to the synthesis of mescaline

analogs.

ately designed benzyl imine 56. The catalytic double annu-
lation markedly shortened the synthetic route to polycyclic
natural aromatic compounds such as the mescaline tetra-
hydrobis(benzofuran) analog 59 (Scheme 20, b).[¢

The [RhCl(coe),],/PCy; system has also found applica-
tion in the regioselective intramolecular alkylation of N-
tethered alkenylimidazole rings 60 to give annulated hetero-
cycles in high yields (up to 79%, Scheme 21).5731 However,
the employment of air-sensitive catalysts and the need for
high temperatures and long reaction times limited the appli-
cability of such a strategy in large-scale productions. These
aspects were later addressed and overcame by using micro-
wave-assisted techniques (reaction time of less than 20 min
versus several hours without microwaves) in the presence of
the more stable Wilkinson’s catalyst.[>7%]

Crd

61 yield: 79%

——

M\=
N [RhCl(coe),],/PCys;
THF, 160 °C, 20 h

//X///i/

o
ot

Scheme 21. Intramolecular alkylation of N-heterocycles via Rh-
carbene complexes.

A detailed NMR investigation suggested an initial isom-
erization of the C-C double bond, with final conversion to
the desired tricycle 61 by selective C—H activation at the
position o to the nitrogen atom. Notably, an N-heterocyclic
carbene complex 62 was isolated and crystallographically
characterized as an intermediate of the intramolecular alky-
lation. Starting from this unexpected carbene species, a
combined spectroscopic and theoretical investigation was
3536
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conducted to clarify the crucial mechanistic steps of the
process. The insertion of the coordinated alkenyl group into
the Rh—C bond proved to be the rate-limiting step of the
overall catalytic cycle.>®!

A different approach to the intramolecular aromatic al-
kylation was proposed by Balme and co-workers, who in-
vestigated the catalytic Friedel-Crafts cyclization of aryl
dienes 63.°%1 Here, a series of 4a-methyltetrahydrofluorenes
65 were isolated in moderate to good yield (60-97%) by
employing Sc(OTf); (20%) in the cyclization of 1,3-bis-exo-
cyclic dienes 63 (Scheme 22). Postulated intermediates of
the process could be the electrophilically activated exome-
thylene species 64a or the conjugate carbocation 64b in-
duced by the metal triflate.

[Se]

7 N’
7\
_%_

E E 64a

Sc(OTf)3 (20%)

s 7 %R
AR =

toluene, reflux

63 E: COzMe 65 yield: 60-97%
[Scl
+ / |
R
X
E E 64b

Scheme 22. Scandium triflate catalyzed intramolecular alkylation
of arenes by cyclization of 1,3-bis-dienes.

Aryl-containing tricyclic compounds have also been syn-
thesized by Pd-mediated coupling of silyl enol ethers and
aromatic rings. In this study, [hara and co-workers demon-
strated the effectiveness of Pd(OAc), as a catalyst for the
intramolecular alkylation of arenes by insertion of the Pd-
enol ether intermediate into the aryl double bond, followed
by elimination of Pd°.[0!

Eur. J. Org. Chem. 2006, 3527-3544
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2.3. Ring-Opening of Epoxides

Epoxides are versatile electrophilic reagents that have
found widespread employment in the synthesis of structur-
ally complex polyfunctionalized molecules. In particular,
despite their extensive use in intermolecular catalytic alky-
lations of aromatic compounds,’®!! very little attention has
been focused on catalytic and intramolecular cyclization of
arylalkyl epoxides.®”) A breakthrough in this field was
made by He and co-workers, who described the effective-
ness of gold(III) salts in promoting the ring-opening of oxi-
ranes by tethered electron-rich arenes.[®3] The crucial role
played by the AuCl; system in the mechanistic cycle was
clearly verified by several control experiments performed in
the absence of catalysts and in the presence of a range of
LAs both in catalytic and stoichiometric amounts. Starting
from variously functionalized arylalkyl epoxides 66 and em-
ploying three equivalents of AgOTf (based on gold) several
3-chromanols 67 were isolated in moderate to good yields
(58-85%). Moreover, the protocol showed high stereospeci-
ficity when the ring-opening process was conducted with
enantiomerically pure 68. Under optimal conditions, the
corresponding chromanol 69 was isolated in 82% yield
as a single enantiomer, thus proving the operating
Sn2-type mechanism of AuCls-mediated cyclic alkylation
(Scheme 23).

0" ><IR auct, (2.5%) o™~
AgOTH (7.5%)
R
(+1) CICHZE)HZCI
80 °C
66 (+/—)-trans-67
Ph auct; (2.5%) OO
O J(! _AgOTf (7.5%)
CICH,CH,CI / 80 °C
82%
68 HO 69

Scheme 23. Intramolecular aromatic-based ring-opening of epox-
ides catalyzed by Au''Cl/AgOTT.

Qe i

NBoc

Boc 71

?ﬁ

o, -

73 Me
74 Nie

From a mechanistic point of view, the authors proposed
two distinct pathways usually associated with Au-mediated
aromatic alkylations, namely the formation of arylgold(III)
intermediatest!”) and the simple LA action of Au'l'
salts.[04]

2.4. Michael Additions

The conjugate addition of electron-rich aromatic systems
to a,B-unsaturated carbonyl compounds has received much
attention over the last decade as a straightforward synthetic
shortcut to the chemo- and regioselective synthesis of func-
tionalized aromatic systems. Its interest lies in the mildness
of the reaction conditions and in the large number of
known strategies (homogeneous as well as heterogeneous
catalysis) for their accomplishment. However, despite this
significant progress, very little has been reported concerning
intramolecular aromatic alkylations via Michael-type ad-
ditions (see Section 3 for some catalytic and stereoselective
protocols).

Due to our interest in the catalytic alkylation of in-
doles,[®] we envisaged the potential of an intramolecular
Michael-type FC reaction for the synthesis of 4-substituted
tetrahydro-B-carbolines 72 (THBC) and tetrahydropy-
rano[3,4-blindoles 75.1¢1 This approach involved the prior
synthesis of the requisite indolyl enones 71, 74, which was
possible in a few steps starting from readily available indole-
2-carbaldehyde (70) and the corresponding N-Me-indolyl
alcohol 73. The employment of a catalytic amount of InBrs
(5-10%) as the LA gave the desired cyclization products in
high yield (85-97%), excellent chemoselectivity, and short
reaction time (15-30 min, Scheme 24). Remarkably, the use
of poorly heterophilic LAs,[®” such us indium salts, allowed
the final annulation step to be performed in aqueous media
as well, although longer reaction times were required for
nearly complete conversion (12 h).

72: 85%

\
Ph
N\ 0

N
Me 75:97%

(10%) °C

N
/

(5%)

Scheme 24. InBrs-catalyzed intramolecular Michael-type reaction as a practical route to the synthesis of tetrahydrocarboline and pyrazino-

indole derivatives.
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2.5. Use of Organic Halides as Electrophile Precursors

Beside the alkenylation reaction (Section 2.1), a valuable
synthetic alternative to the Heck reaction for the formation
of Cypy—Capy1 and Cgpy—Cyjiy1 bonds would be the removal
of the reactive functional group from the aromatic ring by
embedding it in the tethered side-chain. This aspect was
developed by Buchwald and co-workers, who described the
direct synthesis of oxindoles 77 starting from a-chloroacet-
anilides 76 in the presence of Pd(OAc), and (2-di-zert-butyl-
phosphanyl)biphenyl (1% and 2%, respectively).[® This
method also allows the cyclic alkylation of challenging aro-
matic rings bearing highly electron-deficient groups (CFj,
NO,), thereby furnishing a library of functionalized oxin-
doles in remarkable yields (78-97%). The oxidative ad-
dition of the Pd® species to the C—Cl bond is considered to
be the initial step. Experimental proof for an intramolecular
primary isotope effect (Ku/Kp = 4) is consistent with se-
veral mechanistic hypotheses, such as electrophilic substitu-
tion and “true” C-H activation (Scheme 25).

LOR 0L,

d(OAc),/ L
TEA/toluene

76 R 80 °C 77 R
X: EWG, EDG yield: 78-97%
R: alkyl, aryl

.Cl
O o P L pa
T 2L L | L
ZIN"N0 N“~0
R R cr

C—H activation Electrophilic
intermediate substitution
intermediate

Scheme 25. Direct catalytic oxindole synthesis by Pd-catalyzed C—
H functionalization of a-chloroacetanilides.

Functionalized bromoenynes 78 have recently been em-
ployed by Tanaka and co-workers in the Pd-catalyzed syn-
thesis of optically active benzoisoindoles 79 in the first tan-

Ar- N N-ar
AcO-Pd—OAc

+
~N__NZ

84: Ar: 2,6(iPr)CgHs Ar N\( Ar
H CIF

KoCO3 / DMA
130 °C

85 OH, (1-3%)

dem bis-cyclization transformation.[” In particular, when
enantiomerically pure 78 was treated with Pd(OAc), (5%)
and Cs,COj; in EtOH, a range of polyfused aryl-, indoyl-,
and benzofuranyl-containing benzoisoindoles were isolated
in moderate to good yields (39-74%, Scheme 26).

Pd(OAC), (5%)
T Br/\ ¥

Cs,C03 (2 equiv.)
Pz
Z 79 R

\QMQXQ?Q J

B/ R R 8

[=%

Scheme 26. Tandem bis-cyclization of bromoenynes catalyzed by
Pd(OAc),.

Mechanistically, after the initial oxidative addition of the
Pd® species to the C-Br bond (80) and subsequent car-
bopalladiaton of the C-C triple bond (81), the authors sug-
gested three possible pathways for the final cyclization, na-
mely: i) electrophilic attack of the aromatic ring on the Pd
center, ii) oxidative addition of the aromatic C—H bond to
the Pd-C intermediate, and iii) carbometalation of the arene
followed by B-hydride elimination.

An elegant application of intramolecular Pd-catalyzed al-
kenylation coupling of arenes has been utilized by Sames
and co-workers in the multi-step synthesis of Teleocidin B4
(83). In particular, treatment of the bromovinyl 82 with
Pd(OAc), (15%)/P(tBu);/Cs,COs5 led to the desired indole
core 83 in 57% yield (Scheme 27).[7%

OH OH

Br-
/
j/ Pd(OAC),/P(1Bu)s

N Cs,C04, DMA
57%

82

Scheme 27. Pd-catalyzed intramolecular alkenylation reactions of
aromatic rings as the final step in the synthesis of teleocidin B4.

OMe

y|e|d 91%
NMs
yield: 82%

yleld 89%

A AD

yleld‘ 92%

Scheme 28. Intramolecular hydroarylation of aromatic rings catalyzed by NHC-Pd complexes.
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Fagnou and colleagues have demonstrated the unprece-
dented activity of N-heterocyclic carbene (NHC) ligands
for the Pd-catalyzed intramolecular arylation of aromatic
rings in the presence of aryl chlorides 84.7! In particular,
both in situ generated and isolated NHC—palladium com-
plexes 85 (1-3%) promote the synthesis of oxygen- and ni-
trogen-containing biaryls 86 in excellent yields in DMA at
130 °C. A 1:1 Pd/NHC ratio was demonstrated to be crucial
to the reaction outcome as it allowed the competitive
hydrohalogenation process to be minimized (<1% by
GCMYS). The reaction conditions as well as some selected
examples are outlined in Scheme 28.

2.6. Nucleophilic Allylic Alkylation

In the last two decades of the 20th century nucleophilic
allylic alkylation (Tsuji-Trost reaction) blossomed into a
mature field as this reaction allows the synthesis of structur-
ally complex molecules to be shortened markedly.l”?! In par-
ticular, numerous challenging tertiary and quaternary car-
bon atoms can be obtained by coupling in situ generated
n3-allylpalladium species with soft nucleophiles.[”*]

In this field, we have recently described the chemo- and
regioselective cyclization of indolyl allyl carbonates 87 to
give the corresponding THBCs 89 and hydropyrazino-
indoles 90 in high yields (Scheme 29).

Particularly notable was the effect of the reaction condi-
tions (base and solvent) on the final regiocontrol of the cyc-
lization. In fact, while low coordinating media (CH,Cl,)
combined with Li,COj led to exclusively C3-ring-closing al-
lylic alkylation (91% yield, 89/90 > 50:1), the employment
of highly coordinating solvents such as THF or DMF with
an inorganic base bearing cations with a larger atomic ra-
dius drove the cyclization toward the predominant forma-
tion of the N-ring-closed compound (85% yield, 89/90 >
1:8).1741

2.7. Pictet—Spengler Condensation

The acid-promoted annulation of amino arenes in the
presence of carbonyl compounds is better known as the Pic-
tet-Spengler (PS) condensation (Figure 4).73! This process,

Bn
:zN ]\\ N_~""0C0,Et

H g7

[PACI(n-allyl)], (5%)
PPh; (22%)

V
- < Z 3
% NBn T N
N 89 (\V

\

NBn

known since 1911, was initially applied to the synthesis

of 1,2,3,4-tetrahydroisoquinolines 91 but was soon ex-

panded also to the preparation of THBCs 92 through the

replacement of benzene rings with tryptamine derivatives.
"

~X TR
Xt X5
= NH; (lj Z NH
R)\H R 91
R1 R1
H+
\ NH2 —»O \ NH
N | N
H R)\H H R
92: R = Ph;
R' = CO,Me

Figure 4. The Pictet-Spengler reaction.

Although the PS condensation is rightly associated with
annulation reactions, in some cases the intramolecular FC
alkylation occurs on the preformed starting carbonyl com-
pounds by activation of the imine moiety. The great interest
of the chemical community in this transformation lies both
in the synthetic potentiality of the protocol and in the cer-
tainly improvable reaction conditions (temperature, loading
of catalyst) to accomplish ring-closing processes on sensi-
tive/labile electron-rich aromatic rings.[’”]

Focusing on the synthesis of THBCs, Ganesan and co-
workers have recently reported a valuable parallel screening
approach for the discovery of effective LA catalysts for PS
condensations.”®! From this study it appears that both alde-
hyde- and imine-selective LAs are effective in catalyzing the
cyclization of the model aromatic imine 93 (R = Ph).
Among them, Yb(OTTf); proved to be superior, allowing the
loading of the catalyst to be significantly decreased (5 mol-
%) when using microwave irradiation (Scheme 30).

R1
R’I
Yb(OTH)s (5%)
N
V' »  “Dcm, Mw N\ NH
N N
H R H R
93 94 R =alkyl, aryl

yield: 65-86%

Scheme 30. Pictet—Spengler reaction catalyzed by Yb(OTf)s.
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i) BSA-Li,CO, vield: 91%
CHyCl, 89/90 > 50:1

ii) Cs,CO4/ DMF yield: 85%

90 50°C 89/90 > 1.8

Scheme 29. Use of catalytic nucleophilic allylic alkylations in the chemo- and regioselective synthesis of polycyclic fused indolyl-based

compounds.
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An unprecedented approach to the PS cyclization has
been reported by Hsung and co-workers, who described the
suitability of arene-ynamides 95 in the practical Bronsted
acid catalyzed synthesis of polycyclic compounds.[”! The
use of HNTT, (1%) and PNBSA (20%) proved to be supe-
rior both to conventional LAs as well as transition metal
n-acids such as PtCl,, PtCly, and AgNTTf,. In particular, the
cyclization of C-tethered arene-ynamides 95 to give dihy-
droaminonaphthalenes 96 and THBCs 98 worked smoothly,
giving rise to excellent yields within a few minutes. The cur-
rent working hypothesis is that these PS cyclizations pro-
ceed via highly reactive keteniminum ions 95b that undergo
intramolecular nucleophilic attack by the aromatic ring
(Scheme 31).

N
SS\-™BU HNTH, (1%) ‘
. _— NTs
Ts DCM, r.t.,, 3 min Bu
95

H* 96: yield: 91%

PNBSA (20%
w Nns PNSSA 20%) { s
N / toluene, 55 °C N Y
H Hex
Hex H
97 98: yield: 84%

Scheme 31. Breonsted acid catalyzed ring-closing of arene ynamides.

2.8. Catalytic Aromatic Cyclizations onto Acyliminium Ions

The in situ formation of carbocation species to trap aro-
matic rings by addition reactions is a widely used protocol

for the construction of polycyclic aromatic systems. How-
ever, the use of stoichiometric amounts of Lewis or
Bronsted acids are often required in order to guarantee rea-
sonable conversions in acceptable times. Herein, allylic im-
inium ions are known to be valuable transient electrophilic
species for both inter-% and intramolecular alkylation of
aromatics.[8!]

In this context, Hiemstra, Rutjes and co-workers very re-
cently reported the use of low loadings of Sn(OTf), (2%)
as a catalyst for the formation of a-vinyl-substituted isoqui-
nolines and B-carbolines in good yields via the allylic N-
sulfonyliminium intermediate 100 (Scheme 32).8%

3. Catalytic Enantioselective Strategies

In a recent review, we stated that although there is no
surprise in discovering that the FC alkylation reaction still
offers numerous advantages in the synthesis of complex
aromatic compounds after 128 years, we were intrigued by
the fact, that “... it has taken more than one century for
asymmetric catalytic versions of this reaction to be developed
.75l This aspect reflects, to some extent, the challenges
to move from stoichiometric to catalytic conditions, as well
as chemo- and regioselectivity concerns.

Over the past five years, a great deal of effort has been
dedicated to this topic by chemists, and this has resulted
in the synthesis of polyfunctionalized aromatic compounds
bearing benzylic stereocenters in a straightforward man-
ner.’1 Of course, the utility of stereocontrolled FC processes
for the synthesis of aromatic polycyclic fused systems would
be greatly enhanced if performed intramolecularly. The po-
tentiality of this approach has been adequately highlighted
by Smith, Banwell, and co-workers,[®3 who have described
a survey of asymmetric strategies (i.e. chiral auxiliary and
organic as well as organometallic chiral catalysts) for the
asymmetric intramolecular alkylation of pyrroles as a key
step for the synthesis of rhazinal (101).184

MeO Me
N\Ns
A
yield: 79%
86:14 Y\ NTs
N
H
/ yield: 65%
Ar Ar
W\z S‘ Sn(OTH), (2%) \2 S‘
BnO™™S YR SR \
1
99 EWG 100 EWG
AT MeO Me
N-sulfonyliminium ion
MeO N“Ns
yield: 88% X
MeO 50:50
MeO N\Ns
yield: 92% A

Scheme 32. Use of allyliminium ions as electrophiles for the intramolecular alkylation of aromatics.
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101

With particular regard to the catalytic processes, the
sterecontrol achieved in the ring-closing reaction of pyrrole
with achiral N-tethered Michael acceptors such as N-acyl-
2-oxazolidinone 102 is noteworthy. The use of catalytic
amounts of [Cu-(Ph-box)](SbFs),*3! (103) as the chiral LA
led to the formation of 99 in 95% yield and 88% ee
(Scheme 33, a). Moreover, the authors proved the suitability
of the MacMillan chiral organocatalyst 106!%°! for metal-
free stereoselective intramolecular alkylation of pyrroles
with unsaturated acetals as the Michael acceptor 105. When
running the reaction in mixed organic-aqueous media
(THF/H»0) the cyclized product 107 was isolated in high
yield (83-90%) and remarkable enantioselectivity (87%,
Scheme 33, b).

a) Q:(\F\) %
D b
N~/ Q¢ 103 I\

Ph|28pFg-

N
102\ CH,Cl,/~78 °C

104
yield: 95%, ee = 88%

b)
(N ',\\,"e;\\
@ EtO & Ox
N 106 B | x- A\
S OEt N
105 HoO-THF/=20 °C 107

yield: 83%, ee = 87%

Scheme 33. Organometallic a) and organic b) catalyzed enantiose-
lective intramolecular alkylation of pyrrole.

The use of a pybox ligand combined with Sc(OTf);*7]
has been described by Evans and co-workers in the synthe-
sis of 1-functionalized tetrahydrocarbazoles 110 by an in-
tramolecular Michael addition.®® Here, the importance of
2-acyl imidazole as an easily removable two-site-binding
auxiliary was underlined in order to guarantee a high level
of enantioselectivity. In particular, 108 was cyclized to the
corresponding 110 in quantitative yield and 97% ee
(CH;CN, MS, —40 °C, Scheme 34) in the presence of 2% of
109.

As we already mentioned in Section 2.7, the PS conden-
sation is a well-known and valuable method for the one-pot
synthesis of 1,2,3,4-tetrahydroisoquinolines and THBCs.
Although several diastercoselective approaches, which fre-
quently require stoichiometric amounts of acid promoters,
have been described,!® to date only one example of a cata-
lytic and enantioselective PS condensation has appeared in
the literature. Very recently, in fact, Jacobsen and co-
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N—Sc—N
109
109 (2%)
N\ \ o ) Q_Q
N CHsCN, MS, —40 °C NMe

108 MeN\;

110: yield: 99%, ee = 97%

Scheme 34. Stereoselective alkylation of indoles by intramolecular
Michael addition to 2-acyl imidazoles.

workers reported the effectiveness of a modulable family of
chiral thioureas 112 in catalyzing the cyclization of both
preformed and in situ obtained indolylimines 111.°% The
working model involves an activation of the thiourea by
formation of hydrogen-bonding interactions with the highly
reactive N-acyliminium intermediate obtained by the ad-
dition of an acylating agent. This strategy provides access
to 1-substituted-THBC 113 with 93% ee,®!1 with the only
limitation of an indolyl-aldoimine derived from aliphatic al-
dehydes (Scheme 35).

iBlu \l/ s
Ne A Q
Bu” EAH H

Me N« _Ph
112 eU

L

112 (10%)/AcCl/2,6-lut
Et,0,-78 °C —> 30 °C

(Z\SN
N
H R

113H R
111 R = alkyl yield: 70%
ee = 93%

Scheme 35. Chiral thioureas as catalysts for the enantioselective PS
condensation.

An alternative, and to some extent complementary, cata-
lytic and stereoselective approach to the PS reaction has
been developed recently in our laboratories.”! This study is
the result of our interest in the Pd-catalyzed allylic alky-
lation of indoles (see Section 2.6). In particular, by replac-
ing the PPh; on palladium with a chiral ligand (i.e. Trost’s
ligands 115a,b) we were able to obtain 4-substituted THBCs
116 with high regio- and stereoselectivity (ee = 82-97%).
Remarkably, this protocol proved tolerant to substitutions
both in the indole ring and in the amino side-chain, thus
allowing even quaternary stereocenters (116: R = Me) to be
obtained in 90% ee (Scheme 24). Moreover, the same strat-
egy was employed for the first catalytic and stereoselective
synthesis of tetrahydro-y-carbolines 118 (ee up to 93%)
simply by building up the carbonate chain in the C-3 posi-
tion of the indole ring (Scheme 36).

A direct catalytic and enantioselective alkylation of ar-
enes with unactivated carbon—carbon double bonds was pi-
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O O,
]:\[”H PPh; PhTNH PPh,
“UNH PPh;  ppeSng - pen,
D/ Oﬂ"
115a 115b
MEO;CG‘
R'I
\
R 115a or 115b (12%)/[Pd(0}] (10%)
x-T'“\ \,\ MNE: x‘-‘;i‘\ MNEn
= n CH3Cly, 1t
b 114 16 N yield: 82-97%
e = 49-08%

PR MNEn
w 115b (12%)[P(0)] (10%) X~ N

N N CH,Cl, rt. ==
17 118
OCO;Me yield: 52-90%
ge = 92-93%

Scheme 36. Stereoselective synthesis of THGCs and THBCs by intramolecular AAA.

oneered by Ellman, Bergman, and co-workers.”3 Alkenes
tethered in the meta position to aromatic imines 119 were
efficiently coupled with the aromatic ring in the presence
of chiral Rh catalysts containing monodentate phosphorus-
based ligands. The optimal ligands (phosphoroamidites
bearing BINOL as a chiral backbone) allowed the cycliza-
tion to be performed at a temperature 75 °C lower than the
achiral version (with Wilkinson’s catalyst, see Section 2.2),
leading to a range of branched products 121 with excellent
ee (up to 96%, Scheme 37).

Yy
120 R = NR12
BnN BnN
X 120 (15%)/[Rh()] (56%) N
RZ__.L w—"’l 50 °C RZ__.L
\ toluene, 50 ° .
Z>x > x

121 vyield > 90%
ee up to 96%

119 X: CH,, O, NR®

Scheme 37. Direct Rh-catalyzed C-H bond activation in the stereo-
selective cyclization of aromatic imines.

Finally, promising levels of enantioselectivity were ob-
tained by Widenhoefer and co-workers as a single example
of the stereocontrolled synthesis of tetrahydrocarbazoles by
intramolecular alkylation of indoles to a terminal alkene
tethered in the 2-position (122).14%4 Here, the employment
of a chiral mono-cationic bis(phosphane)platinum complex
3542
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123 furnished the corresponding ring-closed compound 124
in 84% yield and 69% ee (Scheme 38).

oon,

MeO P<
P
MeO PC t‘C|
]
O A

123
Ar: CgH,-4-OMe-3,5-1Bu

wCO,Me
CO,Me

123 / AgOTf
dioxane/60 °C

122 124: yield: 84%
ee = 69%

Scheme 38. Stereoselective platinum-catalyzed synthesis of tetra-
hydrocarbazoles by intramolecular indole alkene coupling.

4. Conclusions

Since the first realization of catalytic and stereoselective
Friedel-Crafts alkylation of aromatics the interest in this
area of study has recorded a continuous growth. Such a
vibrant effort has produced valuable and practical intramo-
lecular versions that have demonstrated their effectiveness
for the construction of structurally complexes molecules.
Both LAs, protonic acids, and m-acid transition metals have
revealed their suitability to perform challenging C—-C coup-
lings among aromatic C-H bonds and even unactivated
electrophilic partners.

In conclusion, although the selection of studies presented
here stresses the remarkable state-of-the-art in intramolecu-
lar alkylation and alkenylation FC processes, the develop-
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ment of new effective catalytic systems for practical stereo-
selective FC alkylations involving poorly reactive aromatic
rings still remains a rewarding and intriguing challenge to
be solved.
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