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Contents extraordinary number of very different reactions, including
many carbor-carbon bond-forming reactions, under rela-

L. Introduction 4644 tively mild reaction conditions. Furthermore, palladium can
2. Palladium Chemistry. General Comments 4644 usually be used in only catalytic amounts and tolerates a
3. Heterocycles via Palladium-Catalyzed Oxidative 4645 wide variety of functional groups, thus avoiding protection
Addition Reactions. General Comments group chemistry. Most palladium-based methodology pro-
4. Heterocycles via Alkene Cyclizations 4645 ceeds stereo- and regioselectively in excellent yields. Thus,
4.1. Heterocycles via Intramolecular Heck 4645 a number of booksand major review papetrdave been
Cyclization of Aryl Halides published on various aspects of organopalladium chemistry,
4.2. Heterocycles via Intramolecular Heck 4653 including one book devoted exclusively to heterocyclic
Cyclization of Vinylic Halides synthesig
4.3. Heterocycles via Intramolecular Heck 4655 In this review, we shall cover a wide range of palladium-
Cyclization of Vinylic and Aryl Triflates catalyzed processes involving oxidation addition/reductive
4.4, Heterocycles via Intermolecular Annulation 4656 elimination chemistry, which have been developed to prepare
4.5. Heterocycles via Asymmetric Heck 4658 heterocycles, with the emphasis on fundamental processes
Cyclization used to generate the ring systems themselves. Methodology
4.6. Heterocycles by the Annulation of Dienes 4659 for the simple functionalization of heterocycles will not be
4.6.1. Heterocycles by the Annulation of 4659 discussed. The synthesis of heterocycleswadlylpalladium
1,2-Dienes chemistry, as well as the synthesis of heterocycles via
4.6.2. Heterocycles via Cyclization of 1,3-Dienes 4661 intramolecular cyclization of palladium-olefin andz-alkyne
4.6.3. Heterocycles via Cyclization of 1,4-Dienes 4662 complexes, will not be Qiscussed in this review, since they
5. Heterocycles via Cyclization and Annulation of 4663 have recently been reviewed elsewhere.
Alkynes ; ;
5.1. Heterocycles via Cyclization and Annulation 4663 2 Pa/lad:um_Chem/stry - General .Comm_entg -
of Internal Alkynes Palladium is a member of the nickel triad in the periodic
5.2. Heterocycles via Cyclization of Terminal 4667 table. Palladium complexes exist in three OX|d.at|on states,
Alkynes Pd(0), Pd(ll), and Pd(IV). The facile interconversion between
5.3. Heterocycles via Cyclization of Alkynes plus 4669 ~ these oxidation states is responsible for the broad utility of
co palladium in organic chemistry, since each oxidation state
6. Heterocycles via Carbonylative Cyclization 4672 exhibits differen; chemistries. PalI_adium(O) complexes are
6.1. Heterocycles via Carbonylative Cyclization of 4672 fa|_rly nucleophilic and rather labile and are also e_aS|Iy
Aryl Halides oxidized, usually to the_Pd(II) state. The most synthe_t_lcally
6.2. Heterocycles via Carbonylative Cyclization of 4674 useful Pd(0) chemistry is based on the oxidative addition of
Vinylic Halides aryl, vinylic, or allylic halides or triflates to Pd(0). This

chemistry can be very useful for the synthesis of heterocycles

7. Heterocycles via Palladium-Catalyzed Aryl/Vinylic 4674 and will be the focus of this review.

Amination. Hartwing—Buchwald C-N Bond

Formation Palladium(ll) complexes are extremely important in or-

8. Heterocycles via Palladium-Catalyzed 4676 ganopalladium chemistry. They are typically electrophilic,
Intramolecular Biaryl Cross-Coupling soluble in most common organic solvents, and stable to air.
9. Conclusion 4678 Thus,_they are easily stored and handled. The most common
10. Acknowledgments 4678 organic substrates for Pd(Il) are electron-rich species, such

as olefins, alkynes, and arenes. Some of the most useful

Pd(ll) chemistry is based on the fast and reversible formation

of Pd(Il) complexes with olefins and alkynes, which undergo

. subsequent attack by nucleophiles. That chemistry has

1. Introduction recently been reviewed elsewhere. Numerous Pd(Il) com-
Palladium-catalyzed processes have proven to be a powerplexes of the type $PdCh are easily formed from Pdgl

ful and useful tool for the synthesis of heterocycles. and the appropriate ligand L. The most useful Pd(ll)

Palladium has found such wide utility because it affects an complexes are Pd&PPh),,® Pd(OAc),* and PAG{RCN),.

Pd(ll) complexes are often added to reactions as precatalysts,
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point, with each new section providing some overall com-
ments and a general mechanism for the processes to be
discussed. The focus will be on the more recent developments
in this field with particular emphasis on palladium-catalyzed
cyclization and annulation processes involving oxidative
addition.

3. Heterocycles via Palladium-Catalyzed Oxidative
Addition Reactions. General Comments

Cyclization by palladium-catalyzed oxidative addition/
reductive elimination is a powerful method for the construc-
tion of heterocycles. This process generally involves the
addition of a covalent molecule to a Pd(0) complex, with
cleavage of the covalent bond and oxidation of Pd(0) to
Pd(ll), to afford ac-organopalladium(ll) halide or triflate
complex. Theo-bonded species, once formed, generally
undergoes rapid insertion of an unsaturated species or other
reactions as outlined in Scheme 1. Subsequent reductive
elimination affords the desired heterocycle and Pd(0), which
reenters the catalytic cycle directly, in contrast to Pd(ll)-
catalyzed reactions, which usually require an additional
reoxidation step. The mechanistic details of these processes
have been reviewed a number of tintes.

The palladium-catalyzed cyclization of vinylic/aryl halides
or triflates containing neighboring alkenes, dienes, alkynes,
and arenes via oxidative addition/reductive elimination
reactions provides a very valuable approach to a wide range
of heterocycles, which will be discussed in the following
sections.

4. Heterocycles via Alkene Cyclizations

4.1. Heterocycles via Intramolecular Heck
Cyclization of Aryl Halides

The palladium-catalyzed coupling of aryl or alkenyl
halides or triflates with alkenes to provide more highly
substituted alkenes is generally known as the Heck reattion.
Intramolecular versions of the Heck reaction have become
a versatile tool in heterocyclic synthesis. Early applications
focused on the preparation of heterocycles from haloarenes.
More recently, a wide range of vinylic or aryl halides or
triflates bearing appropriate heteroatoms and neighboring
carbon-carbon double bonds have been employed in this
process. Thus, we have reported the use-mfdoaryl allyl
ethersl as starting materials in the preparation of benzofurans
2 via intramolecular Heck cyclization (Scheme 82This
cyclization proceeds under mild conditions and in reasonably
good isolated yields when catalytic amounts of Pd(QAc)
NaCO;, HCO;Na, andn-Bus;NClI in DMF are employed at
80 °C. Mechanistically, these reactions appear to proceed
as indicated in Scheme 3. The addition of H@ improves
the overall yields of benzofurans, presumably by reducing
any sr-allylpalladium intermediate8 formed by carbor

Pd(IV) complexes are quite rare, although a few complexes oxygen insertion back to Pd(0), which can then reenter the
are knowrf These complexes have been little explored, but desired catalytic cycle.
transient Pd(IV) species have been increasingly implicated  sjmilar conditions were employed by Kozikowski and co-
as intermediates in palladium reactions. They appear to playworkers in their preparation of benzofuradsfrom the
little role in palladium-catalyzed oxidative addition chemistry  2_-promoanilineg (Scheme 4Y.The benzofurans were key

directed toward heterocyclic synthesis.

intermediates in the synthesis of the indolacta&Bn¥um

There are a large number of organic reactions, which and co-workers also used formate in their preparation of
palladium catalyzes, that generate heterocycles. This review3-alkylfuropyridines8 from iodopyridinyl allyl ethers7
will cover these basic processes from a mechanistic stand-(Scheme 53}° Allylic ethers 7 with longer side chains and a
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Scheme 1. Reaction Pathways foo-Organopalladium(ll) Complexes
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desired products.
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crucial for the cyclization, and only 1#anshex-2-enopy-
ranosides could be cyclized efficiently.

Guillou and co-workers utilized an intramolecular Heck
cyclization to prepare a benzopyran ring in their synthesis
of the alkaloid lycoramine (Scheme %).The tricyclic
benzopyranl2 was obtained from iodid&1 in 50% yield
using catalytic Pd(OAg)dppe in the presence of 1,2,2,6,6-
pentamethylpiperidine (PMP), tetrabutylammonium acetate,
and toluene as the solvent. In the absence ofNBYAC or
when Pd(OAc) and MeCN were used at reflux, the product

Carbohydrate derivatives bearing a fused pyran or furan 12 was isolated in lower yields.
ring have also been prepared by intramolecular Heck The use of a catalytic couple composed of Rh(l) and Pd(ll)

cyclization. Thus, the reaction of hex-2-enopyranosifles
with catalytic Pd(OAcyPPh, Et:N, and MeCN or toluene
as solvent give theis-fused pyran or furan derivativel)

in good yields (Scheme 8}.The configuration at C(4) was

to prepare enol ethet4 and allylic etherl5 has been
described by Bankston and co-workers (Schem® Bhey
found that a catalyst consisting of Rh(l) and Pd(ll) gives
the desired product in better yields than the use of Pd(ll)
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alone. In the presence of Rh(Bndo cyclization was
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Scheme 12
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1
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lodoarene21 was found by Denmark and Schnute to
undergo Pd-catalyzed intramolecular Heck cyclization in the
presence of stoichiometric amounts of Pd(CAand PPh
at room temperature to afford exocyclic pyran derivaize
(Scheme 1238 The use of AgCO; as a base and the nonpolar
solvent benzene are crucial for the success of the reaction.
The product was obtained as a single geometrical isomer
along with the corresponding saturated nitroalk28e

Nitrogen heterocycles are also readily prepared by in-
tramolecular Heck cyclization. Thus, indoles have been
synthesized by the reaction of aryl halides bearing a
neighboring olefin (Scheme 13).The reaction of aryl
bromide24 with a catalytic amount of Pd(OAgand PPh
in the presence of tetramethylethylenediamine at i@5

preferred. Other parameters, such as dilution, temperature afforded indolyl acetat@5 in a moderate yield. The aryl

and the palladium ligand can also effect the rate and
selectivity.
We have utilized the intramolecular Heck cyclization of

2,5-cyclohexadienyl-substituted aryl iodides to prepare func-

tionalized heterocycles (Scheme '9)The reaction of a
variety of carbon, nitrogen, oxygen, and sulfur nucleophiles
with aryl iodides, such a46, in the presence of catalytic
Pd(dba) in DMSO at 100°C afforded the heterocyclic
compound<l? in good yields and high diastereoselectivity.
The reaction is believed to proceed via (1) oxidative addition
of the aryl halide to Pd(0), (2) organopalladium addition to
one of the carboncarbon double bonds, (3) palladium

bromide gave better results than the corresponding aryl
iodide, and the analogous aryl chloride did not afford any
indole. Analogous reaction conditions were applied by the
same group to prepare the isoquinol#¥from aryl bromide

26 (Scheme 148

Hegedus and co-workers have also reported the preparation
of indoles using intramolecular Heck cyclization (Scheme
15)19 Thus, the reaction of 2-iodoanilin@8 with catalytic
Pd(OAc), EtN, and MeCN at 110C affords indole9in
good yields. Better results were obtained by addition of the
catalyst in portions. The authors used similar reaction
conditions to prepare indoloquinong$ and34 from bromo

migration along the carbon chain on the same face of the derivatives30, 32, and33 (Scheme 16). The cyclization of

ring to form a z-allylpalladium intermediate, and (4)
nucleophilic displacement of the resultingallylpalladium
species (Scheme 10).

the quinone30 or hydroquinone32 afforded the cyclization
product in lower yields than when the acetyl hydroquinone
33was employed. The regiochemistry of cyclization depends

Catellani and co-workers have prepared 4_methy|c0umarin on the substitution pattern present in the Starting material.

(19 in a quantitative yield frono-iodophenyl 3-butenoate
(18) (Scheme 11)° Isomerization of the carbercarbon
double bond irL8to the internal position20) was controlled
by the appropriate choice of ligand, solvent, and base.

For example, the substituted diaminoquin@teafforded a

mixture of indole36 and quinoline37 (Scheme 163°
Kasahara and co-workers have reported that arylamino

ketones and esters such3&yeact in the presence of catalytic
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amounts of Pd(OAg)and tri-o-tolylphosphine in acetonitrile
to afford 3-substituted indole39 in high yields (Scheme
17)2t

We have also reported the preparation of indoles by
intramolecular Heck cyclization. A catalytic amount of Pd-

50
R!=CH,Ph, CO,Et; R%, R*=H, Me

(OAc), in the presence of BMCI, DMF, and an appropriate
base (NaCOs;, NaOAc, or E4N) rapidly cyclizes nitrogen-
containingo-iodoaryl alkenest0 to indoles41 under mild
temperatures and in high yields (Scheme Z&ubstitution
on the nitrogen and/or the double bond slowed the reaction,
but good vyields of indoles could still be obtained. The
cyclization ofN-methallyl-o-iodoaniline @2) in the presence
of sodium formate affords a good vyield of an indoline
(Scheme 193 The sodium formate presumably reduces the
initial organopalladium cyclization product to the indoline
and Pd(0).

p-(2-lodophenyl)amino unsaturated ketones or es8rs
can be readily cyclized to 2,3-disubstituted indol4
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N CHO K2COs, E4NCI, 60-80 °C
58

68%

|
SO,Ph

59 $O,Ph

(Scheme 20%% The best yields of indoles were obtained when
catalytic Pd(OAc), NaHCGQ;, and DMF were employed at

120°C. When E4N was used instead of NaHGQyclization

did not occur, and use of the bromide in place of the iodide

gave the 2,3-disubstituted indoles in lower yields.
Cacchi and co-workers have prepared oxindaléssia

intramolecular Heck cyclization of the Meldrum acid deriva-

tives 45 (Scheme 213> Moderate to high yields of th&
isomers of the alkylideneoxindole were obtained in all
cases.

64
R!, R2=H, Me, Ph, CH,N(Me)(CHa),, (CHa)4

An intramolecular Heck cyclization has been employed
to prepare indole intermediates in the synthesis of the
antitumor antibiotic CC-1065 (Scheme Z&8)When the
reaction of aryl iodidés1 was carried out with Pd(OAg)n
NaOAc, BuNCI, and DMF, a mixture of the 8-methylene-
7,8-dihydro-6-indole 52 and 8-methylindole53 was ob-
tained in 64% and 30% yields, respectively. Howeks,
and53 were obtained in a ratio of 1:7 and 80% yield using
catalytic Pd(PP¥), and EgN in acetonitrile at 78C.

The addition of silver salts has been reported by Overman
and co-workers to reduce the amount of double bond
isomerization during the synthesis of spirooxindoles (Scheme
25)2° The reaction of carboxamid®4 with catalytic Pd-
(OAc), in the presence of PRhand EgtN in refluxing
acetonitrile provided a 1:1 mixture of oxindolb and a
double bond regioisomer. The addition of A; or AGNG;

The enamineg7 have been cyclized in good yields to  afforded a 26:1 mixture 085 and its alkene regioisomer in

the pyrrolo[1,2a]indoles48 using Pd(OAcyPPh and EtN

in acetonitrile (Scheme 225.This cyclization was sensitive

70% vyield. Replacement of the bromine by iodine in the
substraté4 gave the cyclized product more rapidly and with

to the nature of the phosphine and the quantity of Pd(@Ac) less Pd(OAg)catalyst, but afforded a 1:1 mixture 5 and

used. The best result was obtained usingsRIPHP(©-Tol)s
as the ligand and a stoichiometric amount of Pd(QAc)

its double bond regioisomer.
Grigg and co-workers have described the preparation of

Chen and co-workers have also used bromoenaminonesspiroindolines and spiroindoles by Heck cyclization (Scheme
to prepare indoles via intramolecular Heck cyclization 26)3° The spirocyclic product7 was obtained in a good

(Scheme 2337 When the bromoenaminond8 were treated
with catalytic Pd(PP§), and NaHCQin HMPA, the indoles
50 were obtained in good yields.

yield from 56 by two successive Bxatrig processes. Under
similar reaction conditions, the spiroheterocy@@¢Scheme
27) and61 (Scheme 28) have been prepared in good yields.
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=
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Note that these reactions are terminated by palladium- converted into76 in 60% yield and 95% de byanti

promoted alkylation of the internal arene.

carbopalladation, then syn S-elimination, and an isomer-

Isoindole derivatives have been prepared from the diha- ization of the double bound. When catalytic Pd(OARPR).

lobenzamide$2 by a tandem intramolecular Heck reaction
(Scheme 293* The first cyclization takes place regioselec-

tively in the more favored ®xo mode, leading to the
isoindole nucleus, while the second takes place iretimo
mode to afford the tetracyclic produés.
Bromoindolines64 have been cyclized to quinoloné$
using Pd(OAGq) as the catalyst (Scheme 38)The products
were obtained via @ndotrig cyclization. However, increas-

and piperidinium formate as a hydride reagent were used,
the reaction afforded two diastereomeric produ¢®(94%
de) and78 (95% de), in a 7:3 ratio.

The use of chiral unsaturated amido est&gsin the
intramolecular Heck cyclization affords isoquinolong@
(Scheme 35% Of the various experimental parameters
examined, the use of catalytic Pd(OAEPh and EtN gave
the best overall results, and the isoquinolorgss were

ing substitution of the double bond under the same reactionobtained in good yields as a single stereo- and regioisomer.

conditions provided a mixture of éndoand 5exocycliza-
tion products.

Sageot and Bombrum have studied thexéversus 5endo
cyclization of enamide$6 (Scheme 31¥ Those studies
indicate that the catalytic system Pd(OAPPh, NaCOs;,
and EiNCI in acetonitrile affords mainly @xocyclization
product67. However, addition of the hydride source HEO
Na provided mainly the Bndocyclization product8.

The cyclization of enaminone69 in the presence of
catalytic Pd(dba)-CHCIy/PPh, DMF, and EtN{-Pr), at 100
°C produced only benzoquinolizing0 (Scheme 32§
However, using KCO; and E{NCI at 120°C, the cyclization
produced benzoquinolizin@0, plus its regioisomef1, in
moderate yields. The enaminoig affords a mixture of/3
and 74 in moderate yield, with theE isomer formed
preferentially (Scheme 33).

The chiral 1,4-dihydropyridines5 have been cyclized to
isoindolones’6 (Scheme 343° Using catalytic Pd(OAg)and
KOAc in DMF at 90 °C, the dihydropyridine75 was

Using similar reaction conditions, but adding a silver(l) salt,
the aryl iodide81 can be cyclized in 98% yield to enantio-
merically pure isoquinoloneS-82 by an exo cyclization
(Scheme 36).

In a similar manner, chiral benzamides have been used to
obtain 3,4-dihydroisoquinolinones (Scheme ¥7Jhe reac-
tion of benzamid&3 carried out in the presence of catalytic
Pd(OAc)/PPh and tetrapropylammonium bromide (TPAB)
in DMF afforded a mixture of isoquinolinonégt and85 in
66—82% yields with high diastereo- and regioselectivity. The
selectivity increases with increasing bulk of the substituent
at the stereogenic center.

An endoselective cyclization in the intramolecular Heck
reaction of hydroindolinones has been reported by Rigby and
co-workers (Scheme 38j Treatment of hydroindolinon&6
under standard intramolecular Heck conditions [catalytic Pd-
(OAc)/o-TolsP, EEN, MeCN/H:O, 80°C] afforded a mixture
of the expecte@xoproduct87 together with a small amount
of the unexpecteéndoproduct88. On the other hand, use
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Scheme 34
G,
1 N cat. Pd(OAc),, KOAc
Me Sk o,
| Rl & DMF, 90 °C, 2 h
_57/1"1 60%
Me N S.,/
75 M Ph
cat. Pd(OAc),(PPhy),, piperidine
MeCN, HCO,H, 80 °C, 3 h
40%
Scheme 35
0 R Q
NJ\%\COZCH3 cat. Pd(OAc),/PPhs, Et;N NH
H MeCN, 70 °C, 48 h R
D 44-82% \
80 ™co,cH;

R = CHa, CH(CH3),, CH,Ph

Scheme 36
CO,CH;
cat. Pd(OAc),/PPhy, Et;N
N MeCN, AgNOs, 25 °C
98%

o 1

81
Scheme 37

=z
T R R
‘ [ :j: NBOC NBOC
I R\H/ 0
NBOC cat. Pd(OAc),/PPh;, TPAB 84a N
DMF, 80 °C, 4-8 h
|

) 65-82% R r

(R) or (5)-83
R = CHj, CH3CH, i-Pr, PhCH,

NBOC NBOC

85a 85b

of the Jeffery Pd catalyst systéhjcatalytic Pd(OAc), Bus-
NCI, KOAc, DMF] provides only producd8 resulting from
an endocyclization pathway.

Grigg and co-workers have employed a sequence involving
Pd-catalyzed cyclization, followed by anion capture to

prepare heterocycles. This process replacessthgdride

elimination step of an intramolecular Heck cyclization with
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78
77
94% de 95% de
Scheme 38
R
=~

MeO MI'—— . MeO E.n'llv'i
9@
MeO MeO
standard conditions - 46% : 26%
Jeffery conditions - 0 : 48%

R= NHC6H4OMe-p

Scheme 39

©j \% cat. Pdo(dba)y/(2-furyl);P
X~

toluene, reflux

PdI R
/Y + RSI'IBLI3 ——— /Y
X 91 X
92

X =NMe, NSO,Ph, NAc, NBn, O; Y = CO, CH,, NBn

=©\;’@\fh}\

Scheme 40

N
p/ cat Pd(©) .., -PdBr N {
=)= H
H II\I H N H
R

R= SOzPh, CH,Ph

a group- or atom-transfer step, which results in the formation Scheme 41

of one or more rings with simultaneous introduction of a

wide range of functionality. The aryl iodide derivativ89
undergo cyclization, followed by Stille coupling 60 with
the stannane®1, to give heterocycle92 (Scheme 39}°

Cyanide has also been used as an anion capture reagent

(Scheme 40}t as has CO/MeOH (Scheme 4%)Similarly,

I 7] >
EI(N cat. PACLy(PPhs),, MeOH

CO, TIOAc, 65 °C
O Ph 86%

Heterocycles ranging from seven- to nine-membered rings

the polycyclic olefin93 undergoes cyclization to produce can also be synthesized by intramolecular Heck cyclization.

the heterocycle94 and 96 as the main products via Stille
coupling with or without incorporation of CO (Scheme 42).

Aryl iodide 97 bearing a neighboring enamide afforded the
corresponding 7-, 8-, and @ado cyclization product98
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96 51%

Scheme 42
cat. Pd(OAc),/PPhs, toluene
110°C, 14 h
o SnBuj
cat. Pd(OAc),/PPhs, toluene
CO (latm.), 85 °C
o SnBuj
Scheme 43
1|\c
N _CO,Me -~
n \[f cat. Pd(OAc),. NaHCO, NAc
I MeCN, BuyNCl, 95 °C —
97 54-60% 98  COMe
n=1,2,3
Scheme 44
(o] 6]
N cat. Pd(OAc),/PPhs, Et;N
RI MeCN, reflux, 2 h
94-97%
» | N
R=H, CO,Me
Scheme 45

80 °C, 12 h, 87%

N
R
0
o&o
102
=
(0]
N.
Bu
104

Ly =2
L cat. Pd(PPhs),, DMF, TIOAc
oy
CH,

101
Scheme 46

I
P
N
103 O

cat. Pd(OAc),/PPhs, Bus;NOAc
dry DMF, 85 °C, 60%

cat. Pd(OAc),/PPhs, BuyNOAc
DMF/H,0, 85 °C, 87%

62:38

(Scheme 43}* The pyrrolidines99 have been cyclized to
the tricyclic amide100 containing a seven-membered ring
(Scheme 443% The seven-membered,O-heterocyclel02
has also been obtained from carbanié via intramolecu-
lar Heck cyclization using Pd(PBhas the catalyst (Scheme
45) 28

The reaction of 3-butenamide3 generates six-, seven-,

Scheme 47

| N-Me
@Q cat. PA(OAC),/PPhs, TIOAC
N, /% xylene, 110 °C
AN )
N H

108aY =S 80%
108b Y =0 73%

cat. Pd(OAc),/PPhs, TIOAc
xylene, 130-140 °C, 68%

N
10 Ly ©

Pyrazolidinesl07 and 109 bearing an aryl iodide substitu-
tion allowed Pd-catalyzed cyclization in the presence of Pd-
(OAC)./PPh and TIOAc in xylene at 110C to give seven
(108 and eight £10) membered heterocycles, respectively,
in good yields (Scheme 47%.

The intramolecular Heck cyclization of aryl iodidd1to
a seven-membered ring lactoriel P) has been employed in
the synthesis of a benzophenone fragm@&ads) of balanol
(Scheme 48}° The lactone was obtained in 530% yields
and converted to the ketone by oxidation and ring opening.

The intramolecular Heck cyclization of trifluoracetamide
114 using a catalytic amount of Pd(OAcand PPhin the
presence of RNBr and KOAc gives the seven-membered
ring productl15in a high yield (Scheme 49Y.The addition
of PPh was crucial to drive the reaction to completion. In
the absence of PRhno cyclized product was obtained.

Intramolecular Heck cyclizations in the solid phase have
been described by De Mesmaeker and co-workers (Scheme
50)51 The enamine4160n a polystyrene support produced
heterocyclic productd17 via 6-exo cyclization, while the
allylic aminesl18afforded the éendacyclized product4.19,
after treatment with NaOMe.

The erythro-carbohydrate derivatives20 can be readily
cyclized to the corresponding bicyclic derivativ@g1 in
moderate to good yields using an intramolecular Heck
cyclization (Scheme 5% Using the same reaction condi-

and eight-membered ring heterocycles depending on thetions, thethreoderivativesi 22 produced the tetrahydrofurans

reaction conditions employed (Scheme 4@)hen Pd(OAcy

123in 30—51% yields. The difference in yields in these

PPh is utilized as the catalyst, the regiochemistry of the cyclization reactions stems from the fact that the OEt group
cyclization is largely dependent on the presence or absencds a better leaving group than the aryl ether substituent. In a
of water. Anhydrous DMF affords the six-membered ring similar manner, the tricyclic derivative®5, containing six-
product 104 exclusively, while agueous DMF produces a membered rings, have been prepared from the unsaturated
mixture of lactamsl05 and 106 pyranosidesl24 (Scheme 5253
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Scheme 48
OBn
I 0 X
Pdclz(PPh3)2, NaOAc
OMe
BnO,C (0] MeCN, 90 °C
111

[Pd] - 0.52 equiv 70%

[Pd] - 0.26 equiv, DMF/MeCN 55%
Scheme 49
MeO I MeO

jil/\ j cat. Pd(OAc)zlPPh3,OKOAc NCOCE;
MeO N PryNBr, 19)21\5, 80 °C MeO
114  COCF; ’ 115

Scheme 50

R R

1 2 L cat PA(OAc)/PPhy, BuyNCI N
OU/ K,COy, DMA, 100°C, 240 19 1
\‘Bu 2. NaOMe, MeOH/dioxane "Bu
116 250C, 24 h 17

-9294,
R = CO2Me, SO, Tol, COMe T1-92%

R R
I Klr 1. cat. PA(OAc)/PPh;, BugNCI HO/\Cﬁ
O\QE/ KoCOy, DMA, 100°C, 24 h 1}

N, 2. NaOMe, MeOH/dioxane "Bu
u

18 Bu 5500 240 19
78-90%

R =H, Ph
O— = polystyrene
Scheme 51
TBDMSO TBDMSO
0
2’_0)\ cat. PA(OAC)y/PPhs, MeCN/H,0 O‘b
B JL/O —/ OR BuyNHSOy, Et;N R /
T 23-72% \
121

120

OTBDMS OTBDMS
0
ko (0]
Br cat. Pd(OAc),/PPhs, MeCN/H,0 O /
— BuyNHSOy, EtsN
12 OR 30-51%

R = C,Hs, p-+-BuCgHy, p-O,NCgHy 123

The intramolecular Heck cyclization of vinylic sulfones

by catalytic Pd(0) in the presence of Aghl@enerates
polycyclic sulfones (Scheme 5%3)The vinylic sulfonel26

bearing an iodide provides a much higher yield of the
cyclization product than the corresponding bromide. The

absence of AgNe@ afforded the cyclized productd27
accompanied by the allylic isomé&28

The cyclization of sulfide429produces benzothiophenes

130in good yields (Scheme 54).
A curious stereochemical inversion of thenol ether
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(0}
NH
Balanol
Scheme 52
OTBDMS
OTBDMS
0]
0 o / R
cat. Pd(OAc),/PPh;, DMF S
0" =/ R BuNHSO,, E;N, 80 °C
Br 40-70%
124 125

R=H, p-NO2C6H4

and co-workers (Scheme 5%)They have suggested that the
(2)-enol ether131 is isomerized to the more reactie
isomer 135 via ring opening of131 to the transitory
intermediated32and133 Rotation about the-bond affords
the E isomer 135, via intermediatel34, and cyclization
produces the aldehydi36.

4.2. Heterocycles via Intramolecular Heck
Cyclization of Vinylic Halides

There are far fewer examples of the intramolecular Heck
cyclization of vinylic halides than aryl halides. Thus, the
cyclization of vinylic bromided 37and140in the presence
of piperidine leads to the formation of fivel38 and six
(139 membered ring oxygen and nitrogen heterocycles
(Scheme 56)7 The amined40cyclize predominantly to the
five-membered ring aminek4l, but theN-acetyl derivative
afforded equal amounts of the fivd41l) and six (42
membered ring amides. These reactions apparently proceed
by intramolecular carbopalladation of the neighboring double
bond and subsequent rearrangement to the corresponding
mr-allylpalladium intermediate, which then undergoes dis-
placement of the palladium by the amine.

The intramolecular Heck cyclization of the dienyhé3
with a methyl substituent provided the tetracyclic product
145in a good yield via Bexatrig cyclization of intermediate
144 and eventuab-hydride elimination (Scheme 579.0n
the other hand, when the hydrogen-substituted diedyde
was cyclized, it afforded tricyclic dieng47in 52% yield
via endo cyclization of 146 and subsequeng-hydride
elimination.

An intramolecular Heck cyclization of a vinylic iodide has
been employed in the synthesis &trychnosalkaloids
(Scheme 58)? Dehydrotubifoline {49 can be obtained from
iodide 148 in 79% vyield. However, the presence of a

131during Heck cyclization has been noted by Danishefsky carbamate group ih48afforded the alkaloid 50in an 84%
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S T e
cat. Pd(PPhy)y, EtN +
o O\@/ SO2Ph —FFLCN, reflux <0 o 0 0
126

Scheme 53
cat. Pd(PPh3)4, AgNO3 127
Et;N, CH;CN, reflux
X =Br 0%
X=197%
Scheme 54
Rl
1
[ CH,R
@ cat. Pd(PPhy)y, EtzN 4
_at TR e B
S MeCN, reflux S
35-70%
129 130
R!'=H, Ph

yield 59 None of the anticipated alkaloitb1 was observed.

The same reaction conditions were employed to producebi

isostrychnine 153 from vinylic iodide 152 (Scheme 595
The Heck cyclization of vinyl bromide$54 with R = H
afforded cis-fused bicyclic etherdl55 in 16—73% vyields
(Scheme 60%2 No cyclized product was obtained frobv4

with a methyl substituent on the double bond.

Zeni and Larock

PhO,S

127 128

X=Br 127:128 23%:2.5%
X=1127:128 62% :21%

Recent work has indicated that the product of an intramo-
lecular Heck cyclization can be readily trapped by arylbo-
ronic acid cross-coupling (Scheme &2)The reaction of
tosylamide159 with arylboronic acids in the presence of
catalytic Pd(PP¥$), and NaCQO; afforded pyrrolidine deriva-
tives160in good yields. It is believed that the alkylpalladium
intermediatel61is stabilized by coordination to the neigh-
boring sulfonamide, which results in suppressiofi-biydride
elimination.

The 1,1-dibromo-1-alkenek62 have been cyclized to the
cyclic ethers163 and 164 via intramolecular Heck cy-
clization (Scheme 63f.Reaction with the phenyl-substituted
starting triene required different reaction conditions and
resulted in a much lower yield.

The vinyl bromidesl65 bearing an enamine group have
been cyclized to pyrrole$66 in moderate to good yields

Closely related intramolecular Heck cyclizations have been (Scheme 6456 From a mechanistic point of view (Scheme

carried out in an aqueous medium (Scheme®8Employing
vinylic bromide 156, both 6endotrig and 5exoctrig cy-

clization productd 57 and158 have been obtained, with the

65), the cyclization apparently proceeds through oxidative
addition of the vinylic bromide to Pd(0) and coordination to
the neighboring double bond to give intermedia6&. This

former predominating. However, when anhydrous conditions is followed by the formation of intermediatd$8 and 169,

were employed, only the five-membered ring heterocyéig
was obtained.

Reductive elimination of the latter and isomerization afford
the observed pyrroles66.

Scheme 55
OM
¢ | MeO OMe CHO OMe
ﬂ ~ OMe
o & cat. Pd/C, Et;N s x
INM N o O DNH T C
@ oMe MeCN. 85°C N .
1
131 NH %
MeO.
(ﬂ #"Pd(0) p2t OMe OMe OMe
Ar O : +2 —pd**
\N‘ . z Pd ,,,,, MCO \_P/
OMe —= MeO . Z =
NH H 0
_N N NH —=—— i NH
NH A A A Y
134
132 133
Scheme 56

H
Br !

N
O + O cat. Pd(OAc),/P(0-Tol);

100°C, 4 h
137

H
|

138 44% 139 19%

100 °C, 4 h

R
N
/l\/l'\;\/\ ) O cat. PA(OAC),/P(o-Tol),

R.
N N N
00 0
141 142

R=H 141:142 15%: 4%
R=CH; 141:142 33%:11%
R =CH;CO 141 :142 38%:38%
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Scheme 57
R R
B
' o R” ™ cat. Pd(PPhy),, Ag,CO; | BrPd
% MeCN, reflux, 3 d - >
143 R=Me 62%
o o
144 145
BrPd
cat. Pd(PPh3),/PPh;, AgNO;
MeCN, K,CO3, reflux
R=H 52%
o) O
146 147
Scheme 58
N I Me
@ cat. Pd(OAc),, K,CO3, DMF
‘ BugNCI, 60 °C, 79%
N W R=H
148 R
cat. Pd(OAC)z, K2C03, DMF
BuyNCl, 60 °C, 84%
R =CO,Me
151
not formed
Scheme 59 Scheme 62
//%\_ Ar
NI OTBDMS YN/\/ + ArB(OH), L PA(PPhy);, NayCO;
) THF/H,0, 80 °C N
Br Ts o
1. cat. Pd(OAc),, K,CO3, DMF 49-92% .l
BuyNCl, 60 °C 159 160
N H 2. HCI, THF Ar= 4-FC6H4, C6H5, 4-MCOC6H4, 3-N02C6H4
152
o H
153 71%
Scheme 60 N\S_ d-PdB’L
Br p-MCC6H4\‘ b
Y 161
0o
R it Pd(PPhs);, MeCN/THF Scheme 63
(¢ Et3N, reflux, 24 h R R
0-73% I s 5 |
154 SO2Ph \YJL: cat. Pd(OAc)y/PPhs, Et;N |
MeCN, 85 °C o) o)
n=1,2;R=H, Me O (0] T
R=H 83% 163
162

Scheme 61
\/\N/\/

K[(Br

156

cat. PdCly/TPPTS, K,CO3
DMF/H,0), 70 °C, 14 h
91%

N/\/
O™ o
157 158

65:35

cat. Pd(OAc),/PPhs, Ag,CO5
MeCN, (i-Pr),NEt, 80 °C, 20 h

158 77%

4.3. Heterocycles via Intramolecular Heck
Cyclization of Vinylic and Aryl Triflates

Most of the work employing vinylic or aryl triflates as

cat. Pdy(dba);*CHCl3/PPh;
DMF, K,CO3, 85 °C
R=Ph 19%

on the synthesis of carbocycles. Very little work has been
reported on the synthesis of heterocycles. However, the
cyclization of aryl triflates170 and 172 has produced
anabasine analogu&é31and173 respectively, in moderate
yields, after hydrogenation with catalytic Pd/C (Scheme®66).
Naphthopyrrolocarbazoles have been synthesized by in-
tramolecular arylation using aryl triflates (Scheme &Hor

substrates for the intramolecular Heck reaction has focusedexample, the reaction of ary! triflae74with a stoichiometric
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Scheme 64
Me R2
\[ Ji cat. Pd(OAc),/PPhs, K>CO4 Z/—\S\ l
DMEF, 85 °C N~ R
H
0,
165 39-69% 166

R!=H, Me, n-C¢H 3, CH,OMe, Ph; R>= p-MeCgH4SO,

Scheme 65
(Br
PdBr R2 R‘ Pd
‘\l/ K2C03 —_—
E)\Rl
167 168 169
Me R? R2
TS — UL
1 7 1
N~ R N R
H
166
Scheme 66
1. cat. Pd(OAc),, (R)-BINAP N N
Et;N, MeCN | CO,Ph
2. H,, cat. Pd/C =
2 N
171
N N
1. cat. Pd(OAc),, (R)-BINAP NI CO,Ph
Et;N, MeCN —
2. H,, cat. Pd/C
173
Scheme 67
I\I/Ie
0s_N__0
= 1. Pd(OAc),/PPh;, NaOAc
\ OO BuyNCl, dioxane, 100 °C
N RO 2. TBAF
SO,Ph
174 175 91%
Scheme 68

OMe

cat. Pd(PPhs),, i-Pr,NEt
DMA, 90 °C, 70%

MeO HO
"Me ; “"Me

(R)-(-)-frondosin B

amount of Pd(OACg)gave175|n a high yield after tratment

with TBAF.

Similarly, the reaction of vinylic triflatd. 76 has been used

to prepare a seven-membered ring furan derivativér)(

from vinyl triflate 176, which is an intermediate in the

synthesis of €)-frodosin B (Scheme 68¥.
4.4. Heterocycles via Intermolecular Annulation

Zeni and Larock

Scheme 69

Scheme 70
NHR! R2
@ + cat. Pd(OAc),, PPhs, BuyNCI, DMF
1 n base, 60-100 °C, 3-7 d
181 182 61-80%
Rl
1
N \
R2

183
R!=H, Ts; R? = H, Me, Ph; base = KOAc, Na,CO3, K,CO;3, EtsN; n=1, 2

Scheme 71
! N _R?
NH, R g2 L PACly, PPhy, HMPA S
NaHCO3, 140 °C, 1d gl
23-62%

184 85 186

R!;R?=H, CHs, Ph

halides or triflates provides another useful route to a wide
variety of heterocycle® For example, we have described
the preparation of the indolinels83 by the cross-coupling

of o-iodoanilines181 with vinylic cyclopropanes or cyclobu-
tanesl82 (Scheme 70J! The process is reasonably general
with regard to the types of substituents on the arene that
can be employed and the substitution pattern allowed in the
unsaturated cyclopropane or cyclobutane. This process
appears to involve (cyclopropylcarbinyl)- or (cyclobutyl-
carbinyl)palladium intermediates, which rapidly ring open
to olefinic palladium species in which the palladium moiety
subsequently migrates to the allylic position by a palladium
hydride elimination/readdition process. The resultingl-
lylpalladium intermediate then undergoes intramoleccular
displacement by nitrogen.

In 1991, we reported a convenient synthesis of quinolines
186 by the cross-coupling af-iodoaniline (L84) and allylic
alcohols185(Scheme 71§ The reactions are generally quite
clean, affording a single predictable product in reasonable
isolated yields.

We and Weinreb and co-workers have also reported a
simple, direct method for the synthesis of unsaturated
pyrrolidines and piperidines by the reaction of the readily
available vinylic halide488and olefinic sulfonamide&87
(Scheme 72} A wide variety of vinylic halides can be
employed in this process, including bromides and iodides
with a range of substitution patterns. The){and @)-1-

The palladium-catalyzed intermolecular cross-coupling of halo-1-alkenes both give exclusively tBesubstituted prod-
simple alkenes with functionally substituted aryl or vinylic uct.
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Scheme 72
R2 R
O NHR! 4 ) : cat. Pd(OAC),, P(o-Tol)s, BuyNCI
R3 X MeCN, NayCO3, 90-100 °C, 24-72 h
187 EorZ-188 20-93%

R3
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Scheme 76
0 0
Br
©i + cat. Pdy(dba)s, THF, Cs,CO; m
Br HN 80°C, 36 I, 61
197 198 61% E

n

MEZN
e
A Q)

189 P(Cy)
200

R! =Ts, Tf; R? = H, CO,Me, Ph, n-Bu, Et; R> = H, Me; R* = H, Me, Et;
X=Br,I, n=0,1

Scheme 77
Scheme 73 0 0o 0,
Rl Br Ph Ph Br Ph
1 I + - |———
NHR cat. Pd(OAc),, BuyNCl, DMF N @: @E 4
t R e, G, 124 h R Br HhN i N
N 191 R nl 197 201
190 16-80% 192 202 203

R! =Ts, COCF3, H; R? = vinylic; X =, Br, OTf; n=0, 1

84%
Ph

Scheme 74
EtO,C A\
N
i‘ o o y
/B +  ClOCH=CHCOR; St PA(OAC),/PPhy EtN - 7 | g
s~ TNHBOC DMAP, THF, reflux 0
193 27-54% ST TN 204
194 BOC
Scheme 78
Scheme 75 o .
CO,Et al
! VN cat. Pd(OAc),/PPh;, Et;N N\ + Rl\ 4\R2 cat. Pd(PPh;)zCl/PPh3, Et3N N—Rl
+ BrH,C CO,Et — 2213, 3 N MeCN_CO_100°C
? "1 TK,CO3, DMF, 65 °C . I , CO,
NHBOC 48-68% \BOC 205 206 40-70% —
195 196 wr "

We have also been able to prepare a range of dihydroin-Scheme 79
doles and dihydroquinoline92 by the palladium-catalyzed OH cat. PA(OAC),, BuyNCI, DMF 0,
cross-coupling of unsaturated anilide derivativie) and @[ﬁ/\ * R TR0, 80°C, 2721 @E&:{
vinylic halides or triflates191 (Scheme 73J* This process 208 209 8-82% 20
again proceeds via-allylpalladium intermediates and in-
tramolecular displacement.

Heterocycles have also been prepared by a one-pot processcheme 80

R =vinylic; X=1, Br, OTf; n=1,2

involving substitution on a nitrogen moiety and subsequent Q
palladium-catalyzed cyclization. For example, acylation and ot ot PUOAS), BUNCL DV 0
cyclization of the BOC-protected iodothiophene derivative F n-Bu LiC03,25°C, 15h

193by ethoxyfumaroyl chloride afforded the heterocytg 211 212 70% 213 Bun
in moderate yield (Scheme 7#)In a similar manner, the
allylation/cyclization ofo-iodoaniline derivativel95by ethyl The intermolecular cross-coupling of alkenes bearing a OH
4-bromocrotonate produced the indd@6 (Scheme 75). In  group at an appropriate distance with aryl or vinylic halides

both cases, only Bxocyclization was observed. or triflates is a versatile way to generate a wide variety of

Palladium-catalyzed cross-couplings with 1,2-dibromoben- 0Xygen heterocycles under mild reaction conditions. Thus,
zene have proven to be a useful way to generate indolesWe have found that the reactions @#llylic and o-vinylic
Thus, the reaction of 1,2-dibromobenzet@7) with enami- phenols208 with vinylic halides or triflates209 produces
none198in the presence of catalytic Rdba), ligand200, ~ substituted dihydrobenzopyrans and dihydrobenzofu2aas
and CsCO; in THF afforded indole199 in 61% vyield  respectively, in good yields (Scheme 79).

(Scheme 76)¢ However, when enaminorgd1lwas allowed The intermolecular reaction of(1-alkenyl)benzoic acids

to react with 1,2-dibromobenzene under the same conditions,with vinylic halides and triflates in the presence of a
the cyclized producR04 was produced in 84% yield via palladium catalyst produces the corresponding 3,4-dihy-
intermediate®02 and 203 (Scheme 77). droisocoumarins (Scheme 808)For example, the treatment

In a related study, Shim and co-workers showed that Of o-vinylbenzoic acid 211) and a vinylic halide such as
isoindolinone207 could be prepared in moderate yields from 212 afforded the dihydroisocoumari213in a 70% yield.
o-iodobenzoyl chlorideZ05), CO, and aldimine06 by a Various o-(1-alkenyl)benzoic acids and vinylic substrates,
one-step intermolecular cyclization (Scheme 78Jone of includingE andZ isomers, have been successfully employed
the desired cyclization product could be obtained when in this process. No matter what the stereochemistry of the
R! = t-Bu or Ph. vinylic substrate, only products with stereochemistry are
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Scheme 81 Scheme 83
o P 0 o 1 0 0
R! L Rix _cat Pd(OAc),, BiyNCL, DMF _ R! N/\/ cat. Pdy(dba)y/L", Ag;PO, N o N
Na,CO;,80°C, 1-7h | DMF, CaCOs3, 0 °C P l_/
Me” O 215 Me” Y07 "R? % : :
314 28-88% : :
R! = OEt, Me; RZ= vinylic; X =1, Br, OTf L= silver-exchanged zeolite 94% yield, 86% ee
Scheme 82 Scheme 84

Pd(0) + —L* o
S NMe

0
N
l NMe
base-HX [¢] [ _cat. Pdy(dba)s, R-(+)-BINAP, AgsPO, Y O
L/;\L RI=X &o MeCONMe;, 80 °C, 26 h 0
o 227
. Pd
ase ® 217 ©)
0
q
L

m NMe
P’ pd’ 0
H 223X R'/ X cat. Pd,(dba)3, R-(+)-BINAP, PMP {/

R! 218 MeCONMe,, 80 °C, 140 h o

— 77% 0
R2>_\7R4 (8)-(+)-229 66% ee
222 R3 /& mL @
R! PdfX Scheme 85

81% (S)-(+)-228 71% ee

. RzZYR‘*
* 2 R* R3 MeO. i R MeO. SN
RY N\—r? R , 219 © \@( 0 cat. Pd(dba)y: CHCI; R-(+)-BINAP " Suo
221 R3 220 R N )H/( PMP, MeCONMe, 100 °C N
Me 84% Me
230 231 99% ee

produced. This is consistent with the formation ofral-

lylpalladium intermediate. MeNHCO, ot MeNHCO,
In a similar manner, the intermolecular palladium- N :
Me N,[e

catalyzed cross-coupling of 2-allyl-1,3-dicarbonyl compounds e
214 with vinylic halides or triflates215 generates dihydro- ()-physostigmine (-physovenine
pyran derivative®16 in good yields (Scheme 8%j.

Scheme 86
4.5. Heterocycles via Asymmetric Heck NCOCFs  cat Pdy(dba)s, (5)-BINAP, AgsPO, NCOCF;
Cyclization I L siMe; DME, 48 h, 75 °C .
232 70% AN

Asymmetric versions of the palladium-catalyzed Heck
reaction have provided a very useful new route to hetero-
cycles, which are enantiomerically enrictié@hree different _ )
mechanistic pathwayscationic? anionic® and neutrdf— (—i—)-BINAI.3 |n_the presence of_ a silver salt (Scheme 84).
have been reported for these reacti#ridowever, in general ~ Heck cyclization using catalytic B@ba) and R)-BINAP
it appears that the asymmetric Heck reaction proceeds!" N,N—d|methylacet.am|d'e in the presence of RQ) af-
through oxidative addition of the organic halide to a Pe(0)  forded the §)-3,3-spirooxindole228in 81% yield and 71%
phosphine specie&17) (step 1) to give a Pd(ll) intermediate enantiomeric excess. The use Qf 1,2,2,6,6-pentamethylpiper-
(218 (Scheme 82). Coordination and insertion of the alkene 1dine (PMP) instead of the silver salt gave the)-8,3-
219 then gives220 (step 2). Asymmetric induction occurs spirooxindole229in 77% chemical yield and 66% enanti-
during the addition step, which leads &20. S-Hydride omeric excess. _ - _
elimination from 220 affords 221 or 222 (step 3) and a They employed similar reaction conditions to synthesize
palladium hydride 223). Subsequent reductive elimination the indole derivativ€31from the 2-iodoanilid&30(Scheme
of HX from 223 regenerates the starting Pd{@hosphine 85)8 This intermediate was s_ubsequently converted into the
species217 (step 4). Over the years, a number of chiral Nnatural products physostigmine and physovenine.
ligands have been utilized in this process. However, the best In a similar manner, the allylsilar32 undergoes asym-
enantiomeric purities in this reaction have generally been metric Heck cyclization in the presence &-{BINAP and
obtained using the chiral bidentate phosphine ligand BINAP. AgsPO; to produce the tetrahydroisoquinolig83in a good

In an attempt to induce chirality in the Heck cyclization Yyield and moderate enantiomeric excess (Schemé®gs).
of alkenyl iodide224, Shibasaki and co-workers used chiral significant improvement in this reaction was later reported
palladium ligands, such aR)\-BINAP, (R,R)-MOD-DIOP, using (-)-TMBTP (234) as the ligand instead o§[-BINAP
(S9-BCPM, and RS-BPPFOH in DMF along with Ag (Scheme 87Y°
PO, to obtain a mixture of functionalized indolizidin@25 Cheng and co-workers have employed an asymmetric
and226in moderate yields (667%) and enantioselectivities Heck cyclization to prepare a morphine fragment from aryl
(34—64%) (Scheme 83F However, considerable improve- iodide 235 (Scheme 88)! Using Pd(dba)as the catalyst
ment was observed when using silver-exchanged zeolites inand §)-BINAP as the chiral ligand in the presence ofsAg
a mixture of DMSO-DMF as solvent. PQ,, they obtained spiro derivativa36 with low stereose-

Overman and co-workers have carried out a series of lectivity. Employing similar reaction conditions, Wipf and
asymmetric Heck cyclizations using aryl iodig27 and R)- Yokokawa synthesized the benzofuranone fragn2&gtof

233 72% ee
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Scheme 87
NCOCF; cat. Pdy(dba)s, L*, AgzPO,
| SF-SiMes DM, 631,90 °C
0,
32 61%
s Me 233 86% ee
\
Me™\~~PPh,
L*=
Me // PPh,
S
234 Me
Scheme 88
o
| / NN
o/\© cat. Pd(dba)y, (S)-BINAP
OCHj; N__O._~ AgP04DMA,50°C
T 70% o
235 0 dc,
236 45% ee
Scheme 89

Ph

OBDPS I QOBDPS O
o) N
N A
K( S O K< o
0)\/\ cat. Pd(dba),, (R-BINAP, _ 0=

Ph Ag3P0O,4, DMA, 22 h, 100 °C /)
2 74% |
N N

=

o

o OFt (o) OEt
237 238 14% ee
Scheme 90
0 k
n Pdy(dba)s, (R)-BINAP (& i
cat. Pd,(dba)s, (R)- N
> - .
@JJ\/ Ag;PO4, DMF L/ ——
64% i H

239 240 85% ee indolizidine 223AB
diazoamide A?in good chemical yield, but low enantiose-
lectivity (Scheme 89j3 Better results were obtained by
Sulikowski and co-workers in the preparation of indolizidone
(240, an intermediate in their synthesis of the alkaloid
indolizidine 223A (Scheme 90Y.

The asymmetric Heck cyclization of aryl iodid1 in
the presence ofJj-(—)-243 gave the cyclized produ@42
in a higher yield and ee than whe®-BINAP was employed
as the ligand (Scheme 9%)However, when aryl triflat@44
was used in the synthesis of the tetracy24&, (S)-BINAP
gave better results.

The chiral monodentate ligar#l8 has been very effective
in the asymmetric cyclization &46to cyclohexadien@47
(Scheme 9256

4.6. Heterocycles by the Annulation of Dienes
4.6.1. Heterocycles by the Annulation of 1,2-Dienes
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Scheme 91
(0] Me

O
O)‘\ Me NN
N s
@I B
241

242 89% ee
_ HCO ‘ ! PPh,
~ H3CO l ! PPh,

243

cat. Pdy(dba)s, L*, AgsPO,
DMA, 26 h, 80 °C
93%

*

OTf| /== at. Pdy(dba)s, (5)-BINAP, AgiPO,
/ PMP, toluene, 48 h, 110 °C
o 88%
o
244 245 71% ee
Scheme 92
1 * g
0 Pd(OAc), L', Cy;NMe _ ‘
\I\;j/o CHClj3, reflux, 2 d o
0 . 71% e
Me 247 96% ce
Ph. Ph
L ><O O p—nm
- S P—NMe,
o O
P’ Ph

reaction most likely proceeds as illustrated in Scheme 94.
The first step is the reduction of Pd(Il) to Pd(0), which
undergoes subsequent oxidative addition of the aryl halide
to form arylpalladium intermediates, which in turn readily
undergo carbopalladation of the 1,2-diene, producireg-
lylpalladium compounds, which readily undergo intramo-
lecular nucleophilic substitution.

We have also described the Pd-catalyzed asymmetric
heteroannulation of 1,2-dienes, using functionally substituted
aryl iodides (Scheme 958}.Aryl iodides 252 with a nucleo-
philic substituent in thertho position or vinylic iodide256
with a pronucleophile in the allylic position react with the
1,2-diene253in the presence of various palladium catalysts
and a chiral bisoxazoline ligan@%5) to afford theO- and
N-heterocycle®54and257, respectively, in good yields and
in 46—88% enantiomeric excess. The generality of this
process was demonstrated by the use of nucleophilic sub-
stituents ranging from tosylamides and alcohols to carboxylic
acids.

We have also reported that palladium catalyzes the regio-
and stereoselective annulation of the 1,2-di2b@by vinylic
halides such ag58 bearing alcohol, amine, sulfonamide,
carboxylic acid, and carboxamide groups, to produce a
variety of unsaturated heterocycles with five- and six-

The Pd-catalyzed heteroannulation of 1,2-dienes hasmembered ring$260 (Scheme 963 Six-membered rings
proven to be a very versatile method for the synthesis of aare formed more readily than five-membered rings. The

wide variety of heterocycle®.Thus, we have reported that
the aryl iodide249, bearing various heteroatom-containing
functionality in the ortho position, react regioselectively with
the 1,2-diene®50in the presence of a catalytic amount of
a palladium complex to afford the five- and six-membered
ring heterocycle51 in high yields (Scheme 93J. This

regioselectivity is generally high, with vinylic halides bearing
alcohol, carboxylic acid, and carboxamide groups predomi-
nantly but not exclusively, affording the product of intramo-
lecular attack on the more substituted end ofhkallylpal-
ladium intermediate, while amines selectively attack only at
the less substituted end of theallylpalladium intermediate.
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Scheme 93
YH Y,
/@[ 4 mCgll)CHC=CH, _Ct: PACOAC),. PPhs, n-BusNCI n-CgH7
NayCO3, DMF, 100 °C, 1-2 days R
R I 250 :
249 63-87% 251
R =H, COMe; Y = O, NTs, CH,NTs
Scheme 94
YH YH YH YH YH v
@[ Pd @ RCH=C=CH, coy ¥
I PdI — Roypd+T
1Pd X _-H
H—7 1N\ H H—7 1 R H—AN—R
R H | H a |
PdI
Scheme 95
= YH cat. Pd(OAc), or cat. Pd(dba),, Agz3PO X 3
rRI—E | + R2CH=C=CHR3 == , or cal. 2, AZ3Ty R
X . DMF, L, 80-100 °C, 1-6 d R! \
059,
252 253 29-95% 354 “—R2
48-82% ee
R! =H, Me, Br, OMe, COMe; R? = n-CgH, 7, n-C3H7; R? = H, n-C3H7; Y =NTs, O, CH,0, CO,
oj><ro
- Y
L*= N N
Ph_; 255 Ph
1 R} Y
R YH+ 253 cat. Pd(OAc), or cat. Pd(dba),, AgzPOy !
| 5 DME, 255, 40-80 °C, 3.5 d | R}
I 21-70%
256 R?
. 257
R'=H, Me; Y = CH,0, CO, 46-88% ee
Scheme 96 Scheme 98
R
Ph o Ph o
+ m-CyHCH=C=CH, <2 Pd(OAc),, PPh, BuyNCl | X e
Na,CO3, DMF, 80 °C, 41 h
Ph” I 7% Ph CgHyz-n o ___cat. PdCIy(PPhs)y, K,CO3, BuyNCl ==
258 259 ° o R ~EiOH, DMF, 80-120 °C, 4271 O
260 264 23-60% 0
36 examples prepared in 34-95% yields R=H.Me. Et: X =L Br: n=1-3 ’ 265
@i\%’NHTS t. Pd(dba),, PPhs, Bu;NCI, DMA 0 ~ i j  ASBEIEIE g NECTT
e cat. )y, 3, BuyNCl, R R - Pr-NE oc 3
. + PhCH=C=CH, NayCOs.§0-100 °C, 24 h 0)&_ | i T i-PryNEL, 70 °C, 3 d
261 262 d\ = 1 H COOH 2. ZﬂBl’z. AcBr, CH2C|3
n=03 266 267 259C, 24 h
3
> R N
NHTs R2
/
Ph
263 6]
22 examples prepared in 23-94% yields 268

75-100%
In 1998, we described the synthesis of medium-ring gi. g2 ,,.c 1y, n-CoH, . n-CeHy 5, -CoHys: R® = COLH, AOCH,

nitrogen heterocycles by the Pd-catalyzed heteroannulation
of 1,2-dienes (Scheme 9% Nitrogen heterocycles with
seven-, eight-, and nine-membered ring@863) are readily
prepared by the Pd-catalyzed annulation of a variety of 1,2-
dienes such ag62 by a range of aryl and vinylic halides )
261 containing tosylamide and amine functionality. The ease Ma and co-workers have also described the Pd-catalyzed
of ring formation is severr eight> nine, and better results ~ coupling of 2,3-alkadienoic acid and polymer-supported aryl
were obtained using aryl rather than vinylic halides and iodides (Scheme 99§ This process affords the butenolides
tosylamide rather than amine functionality. 268 in high purities and yields, after cleavage of the resin

Negishi and Ma demonstrated that the 1,2-die?@can by a Lewis acid-catalyzed process.
be readily cyclized to the corresponding medium- and large-  In a similar manner, Ma and co-workers have studied the
ring oxygen heterocycle265 (Scheme 98)°* The reaction synthesis of butenolide dimers by the Pd-catalyzed cycliza-

of 264 with a catalytic amount of Pde{PPh),, using K-
CQO; as the base, in EtOH or DMF, afforded the correspond-
ing heterocycles in moderate to good yields.
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Scheme 100 Scheme 103
1 2
R R cat. PdCly, DMA _ R N
= + n-CyHyl ———2 "
H COOH : 80 °C, 4-46 h R? — I = PA(OAEY, PPhs, KxCO N
=z cat. )2, PPh3, K,CO3
269 64-75%
’ R 070 Y( * @3«4 MeCN, 4 h, reflux Y
1 s 270 88-91%
R’ =Ph, CHj, a-naphthyl; R“ = CH3, PhCH,, n-C3H; R R
279 280
Scheme 101 R=H, Me; Y =NTs, O
Ar
R2
E_jn/ RI, o ot Pd(PPh3)4:) AgyCOs3, EN n 1 cat. Pd(OAC)y, PPhs, AgyCO3 @
toluene, 80 °C, 9-16 h R2 O R MeCN, 4 h. reflux v
2711 O 272 51-94% 273 78-88% R
281
R! = CHj, #-C3Hy, c-CgHy s R? = Ph, n-CyoHys, n-C4Ho, n-C7H s
Ar=Ph, p-02NC6H4I,p-MeOZCC6H4I, p-MeOC6H4I Scheme 104

0 - 3
BuyNBr, 100 °C, 9-14 h R 0" "R 282 69-82% 283
59-94% 275
R! = CHs, i-C3Hy; R?=n-C4Ho, n-CsH 3 R? = n-C5H| |, n-C4Ho, 2-pentyl

Ar R?
Ar
R3 Y . — cat. Pd(PPh3),, toluene \éNBn
. t. Pd(PPh3),, K,CO3, DMA — NHBn + Arl CatTdTs)y. toluene
\—i]/R 4 g7y —SLPAPPho)s KyCOs - iPr,NEt, 60 °C \
274 O

Ar = Ph, 4-MeOCgHy, 4-EtO,CCgHy

Scheme 105
Scheme 102 |
v 4 cat. Pd(OAc),, PPhy
SN ArX _cat. Pd(PPhy)y, KoCO5 X EtN, 115-120 °C [\
OH + O NH
DMEF, 80 °C, 6-19 h 2 70% N
276 277 30-789% Ar 284
Y= CH2, C=0; Ar= C6H5, p-OzNC6H4, p—CH3COC6H4, m-CH3C6H4,
p-CH;0CHy, p-O;NCgly, p-BrCelly, p-ICeHy: X = Br. Scheme 106

YH cat. Pd(OAc), or
tion reaction of 2,3-alkadienoic acids (Scheme 1199). /@[ + PPy cat Pd(dba)y, PP, DMF
Oxidative cyclization of the acid269 when carried out in ~ r! I 287 Bu NCl, base, 80-100 °C, 1-2d
the presence of propyl iodide and a catalytic amount of PdCl

286

in DMA leads to butenolide dimer&70in good yields. In %
this process the Pd(0) species is oxidized by oxygen in the R R?
presence of the alkyl iodide to regenerate the Pd(ll) species. 288

Recently, Ma and co-workers have also demonstrated that 22 examples prepared in 24-87% yields

allenic ketones can be cyclized to the corresponding tri- and r'=H, cOMe, CHO;
tetrasubstituted furart8? In the preparation of the trisubsti- ~ R*=OAc, C4Ho, Me; Y=0, CH0, NTs, CH,NTS; base =NayCO3, NaOAc, KOAc
tuted furan273 the most promising results were obtained
when the ketone271 were allowed to react with the aryl amine 282 and several aryl iodides in the presence of a
iodides272and Pd(PP¥), in the presence of Bl and Ag- catalytic amount of Pd(PBh, using a bulky aminei{Pr-
COs; (Scheme 101). The best results in the preparation of Net) as the base and GEl, as the solvent, generates
the tetrasubstituted furar®y5 have been obtained through pyrrolines283in good yields. The cyclized products were
the reaction of the allenic keton234with aryl iodides272 formed in low yields when an inorganic base, such as K
in the presence of Pd(PRh K,CO; TBAB, and DMA CG;, was employed, instead ofPr,NEt.
(Scheme 101).
A variety of functionally substituted furanones and tetra- 4.6.2. Heterocycles via Cyclization of 1,3-Dienes
hydrofurans have been prepared by Walkup and co-workers i o _
by the palladium-catalyzed coupling of aryl halides and _An early investigation by Dieck and co-workers reported
allenic alcohols and acids (Scheme 182)The reaction of ~ the Pd-catalyzed annulation of 1,3-cyclohexadieneoby
1,2-dienes276 bearing a hydroxyl or carboxyl group with ~ iodoaniline (Scheme 108)° 1,3-Cyclohexadiene2g4) af-
aryl halides277in the presence of Pd(PBk K»COs, and fords tetrahydrocarbazole2gd) in a 70% yield, using a
DMF affords the cyclized produc@78in moderate yields. ~ catalytic amount of Pd(OAgPPh, o-iodoaniline, and BN
The process is more efficient using aryl bromides than aryl @ the base. When other amines, such as diethylamine,
iodides. pyrrolidine, and piperidine, as well as other phosphine
Two types of allylic amines280 and 281) have been  ligands, such as (Talp and (PEPCH,),, were used, the
obtained from the same 1,2-dier@7¢), with only a slight ~ Cyclized product was obtained in a lower yield.
variation in the catalytic system employed (Scheme 1873). We have reported that aryl iodides bearing a wide range
In each of the two procedures, both Pd(OAahd PPhare of oxygen and nitrogen functionality react with 1,3-dienes
necessary to effect the reaction. In the formation of product in the presence of a palladium catalyst and an appropriate
281, Ag.CO; was used as the base. On the other hand, base to afford a variety dd- and N-heterocycles (Scheme
replacing AgCO; with K,COs afforded the produc280. 106)1%° Optimal conditions for this cyclization utilize the
The Pd-catalyzed synthesis of pyrrolines from 1,2-di- aryliodides286, 1,3-diene®87, Pd(OAc) or Pd(dba)as a
enamines and aryl iodides has been described by Shibatasource of palladium in the presence of a base, (@,
and co-workers (Scheme 104j.Thus, the reaction of allenic = NaOAc, KOAc), PPk n-BusNCl, and DMF as the solvent.
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Scheme 107
H
CO,H . MPh cat. Pd(OAc),, BuyNCI, NaHCO3
Ph: :Br D-#-BPF, DMF, 60 °C, 24 h
289 290 99%
H o
Ph (6}
291 Ph
16 examples prepared in 50-99% yields

Scheme 108
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Scheme 110
NHCH,Ph
cat. Pd(OAc),, BuyNCl or Ag3POy NCH,Ph
X + ArX s S 8§ A
- N 200 L*, DMF, 100 °C, 2-10 d a r
298 49-77% 300
12-80% ee
o T/Q Ar = Ph, 2,6-(CH3),CgH3; X =1, OTf; R = £-Bu, Ph; n =1, 2
*
L= g/N PPh,
R 301
Scheme 111

cat. Pd(O,CCF3),(PPh3),
PMP, toluene, 120 °C, 10 h
56%

Me
K I
X .
. © cat. Pd(dba)y, dppe, 1,4-dioxane _ (0) 0
AcO o0 X Ag,CO3, 100 °C, 24 h
SRS

294

23 examples prepared in 10-83% yields

OMe OH
Scheme 109 —_, O OH
NHR! » g o
2 /~
I /\j‘\ I. cat. Pd(OAc),. LiCl, DIPEA, N NF =/
e 0, ! Me/
L = R3 DMF. _!{10 c.2d - CO,Me morphine
2. 10% TFA, CH,Cly, 25 °C
296 26010 303
coNi—Q) '
295 Scheme 112
R! YH S _R? cat. Pd(OAC),, PPhs, Bu,NCI
N 1/©i + /\C\/ DMF, 60-100 °C, 1-7d
R 1 R
. '1%% o 304 305
3 2
O 27 R R

R! = p-CH3CH S0, p-CICaH, SOy, p-AcNHCH,SO,, CH3CO; R%;
R¥ = H, Et, Me, CO;Me

R!

306

. . 14 examples prepared in 52-85% yields
The heterocycle288 are formed in good yields, accom-

modating considerable substitution in the aryl and diene
moieties.

In 2000, we demonstrated that the Pd-catalyzed heteroan . . : )
nulation of 1,3-dienes byg-iodo- ands-bromoacrylic acids reaction with 10% TFA in methylene chloride.
provideso-alkylideney-butyrolactones such @91 (Scheme The palladium-promoted cyclization of the amino-1,3-
107)119 The best results were obtained by the reaction of dienes298and aryl halides or triflate299 provides a very
1,3-dienes such a290 with carboxylic acids such a289, useful route to chiraN-protected pyrrolidine or piperidine
employing a catalytic amount of both Pd(OAand sterically ~ derivatives300 (Scheme 110)!2 Enantiomeric excesses of
hindered chelating (diert-butylphosphino)ferrocene (B- up to 80% have been achieved using a catalytic amount of
BPF). For most substrates, this process is highly regio- andPd(OAc) and the chiral phosphinooxazolin@91 as the
stereoselective. Annulation predominantly occurs at the lessligand, in DMF as the solvent. Compared to aryl iodides,
hindered end of the diene, and in the case of acyclic dienes,the aryl triflates gave higher enantioselectivities, but longer
the E isomer is the main product. reaction times were required.

Recently, we also described an efficient method to prepare  Overman and Hong have employed a Pd-catalyzed cy-
dihydrofurocoumarins such a894 by the Pd-catalyzed clization of 1,3-dienes as the key step in this formal total
annulation of 1,3-dienes such 293 using o-iodoacetoxy-  synthesis of morphine (Scheme 1##)Thus, the reaction
coumarins such ag92 (Scheme 108):* The presence of gt diene302with a catalytic amount of PA(@CFs),(PPh),

the acetyl group on the phenolic oxygen and the use 6f A and pentamethylpiperidine (PMP) in refluxing toluene af-
COs as the base are crucial for this process. This reaction isforded pentacyclic opiat803in a 56% yield.

very general and quite regio- and stereoselective. A variety
of o-iodoacetoxycoumarins, as well as symmetrical, unSym- 4 6.3 Heterocycles via Cyclization of 1,4-Dienes
metrical, cyclic, and internal 1,3-dienes can be utilized.
Solid-phase-linked-iodoaniline295have been employed
in the Pd-catalyzed annulation of 1,3-dien286 in the 1,4-dienes305by aryl halides304 bearing aro-heteroatom
presence of a catalytic amount of Pd(OA®)iCl, diisopro- affords heterocycles containing monocyclic and bicyclic six-
pyllethylamine (DIPEA) as base, and DMF as solvent membered rings (Scheme 122 Optimal conditions for this
(Scheme 109)?Heterocycle®97are formed in good yields.  cyclization utilize a catalytic amount of Pd(OAfPHh,

R! =H, COMe; R, R3=Me, H; Y =0, NH, NTs

Cleavage of the product from the resin was achieved by

We have reported that the Pd-catalyzed annulation of the
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Scheme 113
O—t\n
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SeeoN NuH, 100 °C, 4-36 h - /
52-91% 4
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RI—=—,
r Nu
R'Pd
) n=2 R‘Il’dX n=3 RIPd
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R R

ladium with the regeneration of the Pd(0) catalysts.

In 1998, we described the preparation of highly function-
alized polycyclics by the Pd-catalyzed intramolecular cou-

XH
CQ;/PM
R° R

n-BuyNCI, N&CQO; as base, and DMF as the solvent. The
annulation produces the heterocy@€&in high yields either

in the presence or in the absence of PRihgeneral, cleaner
reactions were observed when tlweiodophenols were
replaced byo-iodoaniline. This process involves arylpalla-
dation of the less hundered carbecarbon double bond,
palladium migration to form a-allylpalladium intermediate,
and intramolecular nucleophilic displacement of the pal-
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5. Heterocycles via Cyclization and Annulation of
Alkynes

The palladium-catalyzed cyclization and annulation of
alkynes have proven to be extraordinarily useful for the
synthesis of a wide variety of heterocycl@&This catalytic
annulation process can follow two distinctly different reaction
pathways. If the alkyne contains an internal nucleophile, the
process proceeds by coordination of the organopalladium
species to the carbetrcarbon triple bond, followed by
regioselective addition of the aryl/vinylic palladium inter-
mediate to the carboercarbon triple bond of the alkyne to
produce a cyclic adduct (Scheme 114). Subsequent reductive
elimination produces the heterocyclic or carbocyclic product
and regenerates the Pd(0) catalysts. Betfuo and exo
cyclization products can be obtained depending on the
number of carbon atoms between the triple bond and the
nucleophilic center.

Alternatively, the aryl or vinylic halide may bear a
neighboring nucleophile (Scheme 115). Aftés carbopal-
ladation of the alkyne, the internal nucleophile may effect
intramolecular displacement of the palladium, most likely
by prior palladacycle formation and reductive elimination.
A number of examples of alkyne cyclizations and annulations
of these types have been reported in the preparatidy of
and O-heterocycles, as will be discussed in the following
sections.

5.1. Heterocycles via Cyclization and Annulation
of Internal Alkynes

The palladium-catalyzed annulation of internal alkynes by
arylivinylic halides bearing an oxygen nucleophile is a
versatile way to generate a wide variety of oxygen hetero-
cycles!'® Thus, in 1995, we reported that this chemistry
provides a valuable route to benzofurans, benzopyrans, and
isocoumarins (Scheme 118%.The reaction of aryl iodides
309with internal alkynes310, using Pd(OAg) as a catalyst,
in the presence of base and DMF as the solvent, gives the
O-heterocycles811in good yields. Alkynes containing aryl
or carbonyl groups generally gave the best results and proved
to be highly regioselective.

In 1997, Cacchi showed that the 2,5-disubstituted furans
314 are formed through palladium-catalyzed annulation of
the alkyl 3-oxo-6-heptynoate312 (Scheme 117%° The
cyclization takes place in good yields using tpara
substituted aryl halide313 a catalytic amount of Pd(PBl
and K;CO; as the base in DMF. This cyclization produces
good results with aryl halides bearing both electron-

pling of aryl or vinylic iodides, 1,4-dienes, and various withdrawing and electron-donating substituents.

nucleophiles (Scheme 218f. Aryl and vinylic iodides307

The same group reported the preparation of the substituted

bearing a 1,4-cyclohexadienyl moiety, readily undergo coumarin316 upon reaction of a catalytic amount of Pd-
sequential intramolecular carbopalladation, Pd migration, and (OAc),, the alkyne315 andp-iodoanisole (Scheme 118}
nucleophilic displacement by the cross-coupling with a The coumarir316 was obtained in a 40% vyield.

heteroatom or carbon nucleophile to produce a wide variety We have described the synthesis of the 3,4-disubstituted

of diastereomerically pure polycyclic produ@&88in good

to excellent yields.

Scheme 116

isocoumarins319 in good vyields by treating the halogen-
containing aromatic este®l7 with internal alkynes318in

YH Y,
/@[ + Rl_— g3 <@t Pd(OAc), DMF, BuNClor LiCl mRs
Rl I base, 80-140 °C, 1-5h R!

57-90% 311

309 310

Rr2

R! =H, Ac; R? = Me, #-Bu, Et, Ph; R? = Ph, Me, CHO, CO,Et, Si(i-Pr)3, SiMes; YH =0,
C(CHj3),0H, CO,Me; base = Na,CO3, NaOAc, KOAc
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Scheme 117
R2
! R C . 4
Meowk/\ PG cat.Pd(PPhs),, K,CO3, DMF x
A + - MeO 0
12 R! = 60-100 °C, 2-20 h Rl
6-89% 314
X
313
R! = aryl; R? = m-F5C, p-CHO, m-CHO, m-MeCO, p-CO,Me, m-CO,Me, m-NOs, p-NO,, p-F, m-F, p-MeO; X = Br, I
Scheme 118
OEt
OMe OMe
& OEt
N 1. cat. Pd(OAc),, KO,CH, DMF, 40 °C, 4 h N
2. Cr03, HCL, 25 °C, 1.5 h
OTHP 0”70
315 I 316 40% yield
Scheme 119 Scheme 122
0o 0 R2
1
=z H =
©\)‘\0Me . Rl g it PAOAC), DMF or MeCN (o) Rl—@ b Re—p E’;IFZ(‘:S?}CLECS'; NexCO3 b1 0T N
< s Na,CO3, LiCl, 100 °C, 7-216 h Y NH, o N

317 31-76% 22-78% H

319
R! = Me, Et, n-Bu, Ph; R? = Me;C, Me,COH, Ph, Me3Si, i-Pr3Si; X =1, Br

Scheme 120

SiMe;
R\O\/
OH

320
R=H, CH;, CH]CO; Ar= C6H5, m-FC5H4, p-CH3OC6H4, p-CH3C6H4

+ Al St Pd, Cul, PPh;, KF-Al,O4
MW, 2.5 min

31-56%

R
(6]

321 322

Scheme 121

@KNHRI
I

323

+ R—=R3 cat. Pd(OAc),, BuyNCl or LiCl
. DMF, base, 100 °C, 12-48 h
60-98%

324 R
35 R

R!=H, Me, Ac, Ts; R? = n-Pr, +-Bu, ¢-CgH; |, CMe,OH, Me;Si, CH,OH, Ph; R? = n-Pr, Me,
Et, CH,OH; base = K,CO3, KOAc, Na,CO3

the presence of a palladium catalyst (Scheme 12£9).
Synthetically, this methodology provides an especially simple
and convenient regioselective route to isocoumarins contain-
ing aryl, silyl, estertert-alkyl, and other hindered groups.

The phenol820 bearing a silylethynyl group in thartho
position, have been subjected to coupling/cyclization by aryl
iodides321, using a catalytic amount of palladium powder,
Cul, and PPh(Scheme 120%2 The reaction is carried out
under solvent-free conditions and microwave irradiation to
give 2-substituted benzofuraB®2 in moderate yields.

A large number of nitrogen heterocycles can also be
synthesized by the palladium-catalyzed cyclizations and
annulation using aryl/vinylic halides and internal alkynes.

326
R! =H, Me, CO,Me, Cl, CF3; R? = H, CH,CH,OH, 7-Pr, Ph; R = Ph, n-Pr, Me;Si, Et3Si

Scheme 123

NHR!

S

Rl
!
cat. Pd(OAc),, PPhs, Bu;NCI, DMF
base, 90-100 °C, 3-32 h
22-67%

, /N
+ RESi—=— | SiR%;
OH S 7

OH
R! = Ac, Boc; R%;Si Mes, --BuMe,Si 327

5-, 6- and 7-azaindoled26 (Scheme 1222 thienopyrroles
327(Scheme 123¥8 and tryptophan derivative328 (Scheme
124). The development of solid-phase resin-bound versions
of this chemistry in the preparation of trisubstituted indoles
329 has also been described (Scheme 125).

Scammells and co-workers reported the preparation of
indole derivatives usingN-(tert-butoxycarbonyl)-2-iodo-3-
methoxyaniline 830) as the substrate in a palladium annu-
lation/cyclization (Scheme 12638 The reaction o830with
internal alkynes331, using Pd(OAcyPPh as the catalyst
system in the presence of ,8MCl andi-Pr,NEt in DMF,
produced the indoles832 in good yields. When tri-2-
furylphosphine was used instead of BPlower yields of
the desired indoles were obtained. The use of LiCl angt Na
CGO; gave indoles in low yields and poor regioselectivities.

The cyclization of alkynyltrifluoroacetanilides with various
organic halides has been described by Cacchi (Scheme
127)12° For example, the reaction of acetanilidg®3 with
halides334in the presence of G80O; and a catalytic amount
of Pd(PPh), in MeCN afforded 2-substituted 3-aryl- and
3-heteroarylindole835in excellent yields.

Thus, we and others have reported the palladium-catalyzed Pfeffer and Beydoun have reported the synthesis of

coupling ofo-haloaniline and the correspondiigmethyl,
-acetyl, and -tosyl derivative323 with a wide variety of
internal alkynes324 (Scheme 121%“ This methodology
provides a very valuable route to the corresponding 2,3-
disubstituted indoles825 in good to excellent yields. In
general, this process is very regioselective, placing the aryl
group of the aniline on the less sterically hindered end of
the triple bond and the nitrogen moiety on the more sterically
hindered end.

Our indole synthesis has been employed by others to

N-methylbenzad,€]quinolines 338 by the palladium-cata-
lyzed annulation of internal alkyne337, using 1-iodo-8-
(dimethylamino)naphthalen836) (Scheme 128)3° This is
an interesting example of demethylation during annulation.
We have reported that this alkyne heteroannulation
chemistry can be readily extended to vinylic halides to
produce a variety of interesting nitrogen and oxygen
heterocycles. For example, the reaction of vinylic haB88
with diphenylacetylene afforded thal-heterocycle 340
(Scheme 129%3! Optimal reaction conditions for this cy-

prepare various heteroatom-substituted analogues, including:lization utilize Pd(OAc) as the catalyst in the presence of
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Scheme 124
NHR*
R2 I R2 CO,Et
\@ + RI—— NHR? cat. Pd(OAC),, PPhy, BuNCl g
| DMF, 90-100 °C, 20-24 h
NHR CO,Et N
R]
R! = H, Ac; R? = H, NO,, Br, Cl, F, NHy; R = TMS, TBDMS; R* = Ac, Boc 328
Scheme 125
0 0 R2
| ) .
O_H i sppece it 4 Pd(()_Ac)z__ PPhi__ BuNClorLiCl __ p,N W
- DMF, base, 80 °C, 7-120 h "
) 2. TFA, CH;Cly -
329
38-100%
R! = H, MeCO, Me;CHCO: R! = n-Pr, Me, Ph, CO;Et, CH,CH>OH, CH,CH;Cl; R? = 5-Pr, +-Bu, Ph, Me;Si
Scheme 126
NR,
OMe OMe
1
©j  TMS_— NR, _at: PAOAC),. PPh. ELNCE ) N
~ j-Pr,NEt, DMF, 80 °C
NHBoc 331 2 I\\I
330 R=Me 69% Boc
R=Bn 77% 332
Scheme 127
R! R2
FZ
+ Ry L PA(PPhy), C5CO5 MeCN @\/ng1
100°C, 0.5-5 h o
NHCOCF; 334 . N
133 56-99% o
335
R! = p-CH30C¢H,, p-CH3COCgH,, p-NO,CgHy, n-CsHyp; R2 = CgHs, p-NCCgHy, m-HCOCgH,,
p-HCOCgH,, p-CH3COCgH,, p-NO,CgH,, 2-thiazolyl, 2-pyridyl, 5-indolyl, 5-pyrimidinyl, CH,CO,Et,
3 6 6
CH,CN, CH,COCgHy-p-Br; X =1, Br
Scheme 128 Scheme 130
R, o _(+-Bu) o
Rl _Me RI— H\AN + Rl—== g} Cal.Pd(OAC), PPhy base _ pi T | SN
I NMe, Z N See Ny ; DMF, 100 °C, 2-90 h Ss N3
341 11-100% R2
| — » cat. Pdl,, PhCl
+ Rl&—=pR? =2 _— 5 1 2.3 343
— reflux, 4 h R! =H, HC=N(+-Bu), OMe, Me,N; R%; R? = Me, Et, n-Pr, CH,OH, Ph, CO,Et
337
32-87%
336 338 Scheme 131
R! =Ph, CO,Me; R? = C¢Hs, p-NO,CgH,, p-MeCgHy, p-MeOCgHy, N +Bu
PR N7 BN
m-F3CCgHj, CO,Me, CO,Et O N Ry S PAPPhy, KaCO3 o2 | N
SN * DMF, 100 °C, 4-120 h oo LA
Y R
Scheme 129 FYVRE N 345 28-71% b
Me 346
Me>=(—NHTS . _cat.Pd(OAc),, LiCl N-Ts | s
Me | + Ph—=——Ph NaOAc, 100 °C. 10 h Me o R" = C¢Hs, n-Bu, p-MeOC¢H,, 1-cyclohexenyl; R“ = C¢Hs, p-O,NCgHy, m-O,NCgHy,
139 77% PH Ph 0-OpNCgHy, m-EtO,CCgHy, p-EtO,CCgHy, 0-EtO,CCgHy, m-F3CCgHy, 0-F3CCgHy,

340 3-iodopyridyl, allylic, vinylic, 1-alkynyl; Y =N, H.

LiCl, a base, and DMF as the solvent. This annulation We have also prepared isoquinoline derivatiB&s6 by
process is highly regioselective for alkynes containing the palladium-catalyzed cross-couplinghtert-butyl-2-(1-
hindered alkyl, trialkylsilyl, and other similar groups with a alkynyl)benzaldimines344 and aryl halides345 (Scheme
quaternary center. 131)133 This synthetic strategy exhibits considerable struc-
We have discovered that the palladium-catalyzed imino- tural flexibility in the type of iminoalkynes and aryl halides
annulation of internal alkyne342 by the tert-butylimines that can be employed. Allylic, benzylic, and alkynyl halides
341 of o-iodobenzaldehyde readily affords isoquinoline and could also be used in this process.
pyridine derivative843in good to excellent yields (Scheme We have observed that imine347 derived from o-
130)132This annulation methodology is particularly effective iodoaniline and benzaldehyde react with internal aryl alkynes
for aryl- or alkyl-substituted alkynes. When electron-rich 348under the appropriate reaction conditions, to give either
imines are employed, this chemistry can be extended to alkyl-isoquinoline 349 (only one successful example,* R=
substituted alkynes. Ar2 = Ph) or more commonly the tetracyclic indol850
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Scheme 132
N Ar'
cat. Pd(OAc),, LiCl,
DMF, Na,CO3, 100 °C Ty
] Ar?
N Ar 349
+ AP—=—R!
I
347 38 Ar!
X
N | X
cat. Pd(OAc),, BuyNCl, V
DMF, base, 100 °C, 24 h Y
R]
350
Arl = CgHs, p-CICgHy; Ar?= CgHs, m-MeCgHy, m-MeOCgHy, m-F3CCgHy, m-EtyOCCgHy, 2-thienyl;
R! = Et, n-Bu, CO,Et, CH,OH, CH,OMe, (CH,),;0H, C¢Hs; base = NayCO3, i-ProNEt.
Scheme 133
I R} R2
N B . Rl_—— g3 _cat. PAOAC), PPhs, BusNCI \\N
N DMF, 100 °C, 3-10 h 7
\ 352 54-96% N
Rl l 1
351 R
353
N
= “-Bu N
N\ cat. Pd(OAc),, PPh3, Na,CO5
X + 2
N 352 —OMF, 100°C, 16-196 h N \_/-r
}{1 58-78% [, R
354 R
355
R! =Me, MOM, Bn, Ts; R% R? = Me, #-Pr, t-Bu, Ph, CH,OH, CO,Et, TMS; X = Br, [
Scheme 134 Scheme 137
=N R! R!
t-Bu =N h X 2
cat. Pd(OAc),, PPhs, Na,CO; R ]! H\‘K — 3t PAOAC,(PPhs), Cul H\K \ g
OD Br R DMF, 100 9C, 10-48 h 7 / — - piperidine, 25-60 °C, 2-10 h A A~q
Z 57-99% N RY OH 365 43-88% R
n
356
357 R! = H, 2-CH;, 1-CHO; R? = H, 3-OCH3; R3 = n-C4Hy, n-CsH,, CH(OH), CH,OH,
R! = Ph, n-CgH,3, n-C4Hy, SiMe;, (E)-CH=CHPh, H; n = 0, 1,2 C,H5C(CH3)(OH); X =1, Br; Y = CH, N
Scheme 135 Scheme 138
I R?
cat. Pd(PPhs), Bu,NCI, MeCN N Rl ~ | o= cat. Pd(OAc),/TPPTS, MeCN/H,O
K,COs, reflux, 1.5-18 h ™ 3 Et3N, 25-65 °C, 72 h
Y SiMe OH R )
SlMe3 10-69% 3 367 368 57-99%
359 v
R = Cg¢Hs, p-O;NCgHy, p-MeOCgHy, 2-thienyl, 2-pyridyl, (CH3),C=CH; X =Br, I R]_/ | A\ R3
X (0] R2
Scheme 136 360
R! =H, CHO; R?%; R? = H, CH3, C,Hs, n-CsHy;; Y = OH, NH,
R
cat. Pd(PPhy)y, MeOH
@\/ * AT R OMe, reflux, 24481 @:{ ©<:N( Scheme 139
12-56% 1
362 0B 63 OCH + — . _cat PdC(PPhy), Cul, DMF .
R = Ph, n-Bu; Ar = CgHs, p-CH3CgHy, p-CH30CgH, oH 371 Et;N, 25-80 °C, 6-24 h o
370 20-88% 372

(Scheme 132334 A variety of internal alkynes have been
employed in this annulation process, in which the aromatic
ring of the alkyne contains either a phenyl or a heterocyclic
ring.

In 2001, we described the preparation of substity&bH3
andy-carbolines355by the palladium-catalyzed annulation
of internal alkynes352 using the tert-butylimines of
N-substituted 3-iodoindole-2-carboxaldehy®&d and 2-ha-
loindole-3-carboxaldehydé&54, respectively (Scheme 1355.
This annulation chemistry is effective for a wide range of
alkynes, including aryl-, alkyl-, hydroxymethyl-, ethoxycar-

R = CHs, m-CgHy, CH,OH, CMe,OH, CH(OH)HC=CHMe, CH(OH)Ph,
CH(OH)CgH,-0-Me, CH(OH)MeCH 4-p-Me, CH(OH)CgH-m-Me

bonyl-, and trimethylsilyl-substituted alkynes. When an
unsymmetrical internal alkyne is employed, this method
generally gives two regioisomers.

The y-carbolines357 can also be prepared by iminoan-
nulation of theN-alkynyl-2-bromo-H-indole-3{ert-butyl-
imines356 (Scheme 134336 The best results were obtained
by using 5 mol % Pd(OAg) 10 mol % PPk and NaCO;
in DMF. Using this method, varioug-carboline derivatives,
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Scheme 140
N N
“
rRI—Z | N g2 Rl_\ [ A\
N, F X0 (¢}
Rl _~ | + R2=X cat. PdCly(PPh3),/Cul or Pdy(dba)s/P(--Bu); 375 + 376
X oH 374 THF, EN, 25 °C N N
_R409,
373 45-84% R-Z TN D
A o 0 =
R'= H, Me, CO,Et; R2= alkyl, aryl, heteroaryl; X =1, Br 377

with an additional ring fused across the 4- and 5-positions, Scheme 141

i i i 1
coul_d be obtained in good yields. _  on _ij[ + —pp _cat PACL(PPhs)y, Cul, Et;N OszPh
Hiemstra and co-workers have used the palladium coupling/ = ~"~gy PhMe, 20-110°C, 0.5-2h N0

cyclization of lactam$58 containing a 3-butynyl side chain 378 12:66% 379
and aryl or vinylic halides to prepare bicyclic enami®&®
- . Scheme 142
(Scheme 135)37 A catalytic procedure was developed using )
MeCN as the solvent and Pd(Pfphas the catalyst. The QR . A
enamidesS59were obtained in 1869% yields with the aryl Y ¢ =k 4+ arx R PACH(PPhy)y, Cul, MeCN fﬁ\&ks
or vinylic moiety and the nitrogen nucleophile introduced “x"“o 381 382 EtzN%?go‘;g"‘gh N~ O
cis to one another. R! 1'11383
380

Recently, Wu and co-workers have demonstrated that 2-(2- ™ ,
phenylethynyl)benzonitrile360 can be cyclized by aryl — R:R =Me Bn R =Cells, p-MeOCCaHly, n-Cytly: Ar =p-MeO,CCaHy, m-MeO,CColly,
iodides 361 in the presence of Pd(PPR NaOMe, and  »CeHemCraCotle pMeOCeHLs pNOCefly, pFCelly X =1 Br
MeOH to give 3-diarylmethylideneisoindol862as the sole  gcheme 143
product in moderate yields (Scheme 136)When 2-(1- .
hexynyl)benzonitrile was employed, isoindole derivati862 @[
were obtained together with isoquinolin883

___cat. PACIy(PPh),, Cul, DMF _
Et3N, 60 °C, 6-48 h

COH 384 27-85%
5.2. Heterocycles via Cyclization of Terminal / R R
Alkynes o Ej;?(
(0]
The palladium-catalyzed annulation of terminal alkynes
by aryl halides containing a neighboring oxygen nucleophile 385° 3860

has proven to be a powerful and useful tool for the Rr=n, m-CiCH,, CHOH)CgH,-0-Me, 1-naphthyl, CH,OH, CMe,OH,
construction of the benzofuran nucleus. Preparation of the CHOH)CH=CHMe, CH(OH)Ph, CO,Me

benzop]furan ring by the reaction of 2-hydroxyaryl and
2-hydroxyheteroaryl halides and terminal alkynes has beenScheme 144
reported by Cacchi (Scheme 1379.When carried out in I

the presence of a catalytic amount of Pd(OARPh), and @:
Cul, the reaction of the halide364 with terminal alkynes
365 produces the benZgffurans 366 in good yields.

R
The efficient water-soluble catalyst system Pd(GQAc) I
TPPTS has been used by Amatore and co-workers in the
preparation of benzofuran derivatives (Scheme 188jhe Q;:KR . xR
(0} O
388" 389°

cat. Pd(PPhs)4, ZnCl,, DMF
Et3N, 60-100 °C, 24 h
29-96%

+ K
CO,H 387

reaction of propargylamines or propargylic alcohgg8with
the 2-iodophenol867 in the presence of 2.5% Pd(OAL)
TPPTS catalyst and BN produced the benzofuran deriva-
tives 369 in excellent yields. R =H, n-C4Ho, n-C3Hy, ¢-CgH; CH,OH, CHyOCH3, C(CH;),0H, CgHs,
The palladium-catalyzed heteroannulation of terminal #-CHsOCsHs, 0-HoNCeHy
alkynes byo-iodophenol affords 2-substituted benzofurans
(Scheme 139 PdCL(PPh), was the best catalyst for this  toluene as the solvent (Scheme 1#%)In this case, the

cyclization process. Other catalysts, such as Pd(@Ae) benzofurans379 are obtained in modest yields.
to lower yields. The addition of further PPlcompletely Balme and co-workers have described the synthesis of the
suppressed product formation. furo[2,3-b]pyridones 383 in a single step through the

Cacchi has also observed that the ethynylpyridir8a8 sequential coupling of three starting materials: the 3-iodo-
react with the aryl or heteroaryl halide¥74 to afford 2-pyridones380, the terminal alkynes381, and the aryl
furopyridines375by a coupling/cyclization process (Scheme iodides382 (Scheme 142)%“ This one-pot procedure was
140)142 Both the structure of the alkyne and the organic optimized using a catalytic amount of Pd@Ph), and Cul
halide play an important role in determining the products in the presence of gl and MeCN. Following this protocol,
formed. Depending on their nature, variable amounts of furo[2,3-b]pyridones383were obtained in good to excellent
2-unsubstituted furopyridine376 and bifuropyridines377 yields.
are formed together witB75 Kundu and co-workers have shown that the reaction of

Dai and co-workers have reported that the reaction of the o-iodobenzoic acid with the terminal alkyn&84 in the
nitrophenol378and phenylacetylene affords nitrobenae[ presence of a catalytic amount of Pg@Ph),, Cul, and
furans379when catalyzed by 10% Pd@PPh), and Cul in Et:N in DMF leads to phthalide isobenzofuranorg&5 in
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Scheme 145

o H PN
~ © 4 ap_x AU PACH®PPhs),, Cul BN o”
Y 0 o1 35-100°C, 36 h bee .
390 N 27-73% 07

R = CgHs, 2-MeOCgHy, 3-CIC¢H,, 2-NO,CgHy, 2-MeO,CCgHy, 4-IC¢Hy, 2-IC¢Hy, 1-naphthyl,
2-thienyl; X =Br, I

Ar

Sea

Scheme 146

OH

394
393

cat. Pd(OAc), or cat. PdCly, PPhy
n-BuLi, THF, 0-25°C, 4 h
28-75%

+
0 0
395 396

R = Me, Ph, 2-thienyl, benzyl; X=1,Br;n=1,2

Scheme 147
MeO
— cat. Pd(PPhs),, DMF
— OSnB + =—SnBu
H U3 3 25 °C, 70%
0
397
MeO
Buﬁn\h
o~ O
398
Scheme 148
Rl
R! = R2
L Ry At Pd(OAc),(PPhs),, Buy,NCI R
R2 OH 400 MECNEuN, 60 °C, 10-100 h 0Ny
lo} 39-86% 401

399
R!; R2=H, CO,Me, alkyl; R3 = vinylic, aryl; X = Br, I, OTf

Scheme 149
T .
R— | cat. Pd(OAc),, P(2-furyl);, DMSO ~ | o
X Ol -BuOK, 25 °C, 0.5-1h R

402
R =H, Me, methylenedioxy

8-78% 403

good yields (Scheme 143% The process was found to be
highly stereospecific since only theisomers of385were
obtained. In some cases, isocoumard&s were obtained
as minor products.

o-lodobenzoic acid reacts with various terminal alkynes
387in the presence of Pd(PRh EtN, and ZnC} in DMF
to give the corresponding 3-substituted isocoumag@8
(Scheme 144%¢1n some cases the substituted isocoumarins
389 were isolated in low yields. In contrast to the results
described in Scheme 143, the addition of Zni@ktead of
Cul exhibits greater selectivity for isocoumarins than phtha-
lides.

The acetylenic phenol890 undergo stereoselective pal-
ladium-catalyzed cyclization by aryl halid&91 to give
aryldioxin derivatives392 in moderate yields (Scheme
145)147 The best cyclization results were obtained using a

Scheme 150

I 'CO,H
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catalytic amount of Pd@IPPh),, Cul, and E4N as the base
and solvent. The cyclization produced odlysomers as the
product.

The stereodefined 2-alkylidenetetrahydrofurans or -pyrans
395have been synthesized from terminal-alkyne-containing
phenols and the aryl or alkyl halid@94 (Scheme 146
Good yields have been obtained by treatment of the
acetyleneg893with n-BuLi in THF, followed by the addition
of a solution containing a catalytic amount of Pd(OAg)
PdCL, PPh in THF, and the organic halide. The choice of
base and solvent significantly affects the yields of cyclization.
The use of NaHC@or NaOMe as base and DMF, CHCI
benzene, or toluene as the solvent gave the cyclized products
only in low yields. In some cases, a double bond migration
product 396) was observed as a minor product.

The coupling of the tributylstannyl iodopropeno&@7
and tributytin acetylene to produce the butenol888 has
been described by Parrain and co-workers (Scheme'147).
The catalyst Pd(PRJ in DMF gave E)-5-(tributylstannyl-
methylidene)-bl-furanone398in 70% yield. No isomeriza-
tion of the double bond was observed, and no cyclization to
a pyran ring occurred.

Cacchiin 1992 reported the conversion of 4-alkynoic acids
to butyrolactones (Scheme 148j.Reaction of the substi-
tuted 4-pentynoic acid899 with aryl/vinylic halides or
triflates regio- and stereoselectively produced the corre-
sponding E)-butyrolactonegl01in good to high yields. The
reaction was catalyzed by Pd(OA@Ph). in the presence
of n-Bu,NCI and EgN. The presence of the chloride anion
was essential to obtain the butyrolactones in good yields.

Subsequently, in 1996, Balme and co-workers published
an intramolecular version of the protocol described by
Cacchi, which provideg-arylidenebutyrolactone#03from
pentynoic acid#102 (Scheme 149!

Employing different reaction conditions, Fiandanese and
co-workers have also described the preparationZpfy¢
alkylidene butenolided05in good yields and high stereo-
selectivity from {)-3-iodo-2-propenoic acid and the silylated
polyunsaturated terminal alkyr4 (Scheme 150%? The
best results in this cyclization were obtained using RdCI
(PPR),/Cul and EtN as the catalyst system.

Cacchi and we have demonstrated that the 2-propynyl-
1,3-dicarbonyl compound$06 and organic halide407 can
be cross-coupled to give the corresponding highly substituted
furans408 using only a catalytic amount of Pd(Pfhand
K.CGQ; as the base (Scheme 181 The nature of the base
strongly affects the reaction course. Other bases, such as
Et;N, gave the desired furans in only low yields. This
methodology can tolerate a wide variety of important
functional groups, in both the alkyne and the organic halide.

The Cacchi group has also shown thipropargylamides
readily undergo palladium-catalyzed cyclization with aryl
iodides, affording disubstituted oxazoles (Scheme 1%2).
The reaction of aryl iodide410with the N-propargylamides
409, using a catalytic amount of Rdiba)y/P(2-furyl)s, in the
presence of Na®Bu and MeCN, gave 2,3-disubstituted
oxazoles411in good yields. Other solvents, such as DMF
and THF, and other bases, such a€Rxs, gave lower yields

Me;Si =
\/\/\
404 X

= Megsi = \ —
cat. PACL(PPhy),, Cul, EGN M o

MeCN, 25 °C, 1.5 h

O
405 59%
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Scheme 151
0 P
R
1 3_, cat Pd(PPh;),, K,CO5
R)I\ * R407X DME, 60 °C, 1.5-7 h I\ g
R2” Yo 31-93% R>” Yo

406 408
R! = Me, OEt, Ph, PhHN; R2= Me, Ph; R3= alkyl, aryl, heteroaryl; X = Br, I, OTf

of the desired oxazoles. In some cases, the oxaddRwaere
observed as a minor product.
(2)-3-Aryl-2-bromopropenoic acids have also been found
to undergo palladium-catalyzed cyclization by the Rossi
group (Scheme 153§° In this case, the reaction of the
2-bromopropenoic acidt13 with phenylacetylene and a
catalytic amount of Pd(PBJa and Cul in MeCN gave the
3H-furanone414 as the sole product in a modest yield.
Conversely, an analogous reactior@Bwith 1-hexyne gave
a mixture of furanonéd15and its double bond isomerization
product416, which were isolated in 11% and 34% yields,
respectively.
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to give tosyloxazolidin-2-oned27, in moderate to good
yields (Scheme 157%8 The best results in this cyclization
were obtained using Pd(Phas the catalyst in the presence
of K,CO; as the base, or using Pd(OA@s the catalyst, in
the presence of TEBA as the chloride source. This reaction
gave solelyZ stereoisomers and five-membered cyclic
carbamates.

In a related study, Kundu showed thd){etrahydro-
qguinoxalinesA30 are formed through a regio- and stereose-
lective palladium-catalyzed heterocyclization of tosylamide
428 and aryl iodidesA29 (Scheme 158)°° The cyclization
takes place in good yields using Pd(OAa} the catalyst in
the presence of BMBr and K.COs;. The reaction exhibits
high stereoselectivity with sole formation of tkeproduct,
instead of the usually expectedconfiguration.

Rutjes and co-workers have reported the preparation of
the chiral cyclic amino este#33 from the optically active
o-amino acid431and aryl halidegt32 (Scheme 159 In
general, the best results were obtained using PdjRPh
TBAC, and KCO;s. The presence of TBAC is essential in

As might be expected, nitrogen nucleophiles have been generating the higher yields in these cyclization reactions.

well studied in these processes for the preparation of

N-heterocycles. For example, the treatment of pyridyl iodide
417 with propyne, catalyzed by Pd(OA@nd PPh affords
the azaindolet18in a 65% vyield (Scheme 154).

Several o-trifluoroacetanilides have been successfully

converted into the corresponding indoles by Cacchi (Scheme

155)1%6 When carried out in the presence of,Rtibay, Ko-

CQ;, and DMSO, the reaction akethynyltrifluoroacetanilide

(419 with the aryl iodides420 produced 3-arylindole421

in good vyields. The influence of both the ligand in the

palladium salt and the solvent has been investigated.
Applications of this palladium cyclization of terminal

We have described the useteft-butylimine nucleophiles
in the palladium-catalyzed annulation of terminal alkynes
to prepare isoquinolines and pyridines (Scheme 180)hus,
a one-pot reaction of the aryl-, alkenyl-, and alkyl-substituted
terminal alkynes435 with the tert-butylimines of o-iodo-
benzaldehyde434, in the presence of Pd{PPh), and Cul,
gave theN-heterocyclegt36in excellent yields.

5.3. Heterocycles via Cyclization of Alkynes plus
CO

The palladium-catalyzed cyclization of alkynes with aryl/

alkynes to the solid phase to prepare indole derivatives havevinylic halides and CO insertion is a valuable and highly

been described (Scheme 188).In general, substituted
indoles424are obtained in excellent yields by the palladium-
catalyzed coupling of resin-bound sulfonamit2 with the
terminal alkyne423 followed by cleavage of the sulfona-
mide linkage. The best catalyst system for this cyclization
was found to be a catalytic amount of Pe(®Ph) and Cul,
plus EgN in DMF.

The propargyl tosylcarbamatég5undergo stereoselective
heterocyclization with aryl iodides or vinylic triflate$26

effective method for the synthesis of heterocycles containing
a carbonyl group. The mechanism shown in Scheme 161 is
proposed for this process. It consists of the following key
steps: (1) oxidative addition of the organo halides to the
palladium catalyst, followed by CO insertion, (2) coordina-
tion of the resulting acylpalladium intermediafe to the
alkyne triple bond to form compleB, which activates the
triple bond toward nucleophilic attack, (3) nucleophilic attack
of the nitrogen or oxygen atom on the activated carbon

Scheme 152

Ar Me

0 = —

J— cat. Pdy(dba);, P(2-furyl);, MeCN +
= + Ar—I N O

RJLN/ 410 NaO-r-Bu, 40 °C NYO Y

H 11-83% R R

409 411 412

R=C6H5,p-MeOC6H4, m-CF3C6H4, p-MeC6H4, CF3;A1’ = 0-M6C6H4, m-MeOC6H4, p-MeC6H4,
p-MeOC6H4, m-MeOC6H4, p-ClC6H4, m-CF3C6H4, p-FC6H4, p-MeOCC6H4<
Scheme 153
(o)
COH
_ + =——ph cat. Pd(PPh3)4,0 Cul, EN > pCl C6H4/§¢<O
p-CIC¢HY Br MeCN 20-85 °C, 46.5 h
Ph
413 414 23%

fe) (0]

_ cat. Pd(PPhy), Cul, Et;N = 0 , p-ClCgHj{ \ P
+ =—C4Ho- p-CICgHy —
413 497 TN ON 20-85 °C, 46,5 h \
C4H9-n C3H7'n
415 11% 416 34%
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Scheme 154 Scheme 158
Boc Ts
NHBoc T NHT: N
@: . =y, At PA(OAC), PPhy, LiCl Z | N Me : cat. Pd(OAc),, K,CO3, DMF ]/AAr
NN = " K,C0, DMF, 80°C, 8h . No A’/ NN + ‘:‘291 BuyNBr, 25 °C, 24 h N
\ - 0,
417 418 65 % N 47-64 % iy
428 430
Scheme 155 ;\r = (]:1?]?51 ;7-(15'1%1?4’ P-MeCgH,, 0-MeCgH,, p-MeOCCgHy, 0-MeOCCH,, 0-NO2CeHy,
Ar -naphthyl, 2-thieny
=
cat. Pdy(dba)z;, K,CO
+ A—I 2dba)s, KyCOs N Scheme 159
NHCOCE 40 DMS0.25-40°C, 18 N P
419 3 56-85 % 421 H A © arx S PAPPhs), KCO5 BuNCI Ar\;[—>_uco "
H 2!
Ar = CgHs, p-MeOCH,, p-MeCONHCgH,, p-FCgHy, m-FCgH,, p-CICgH,, N COoMe 432 MeCN, 81°C, 1-2.5 h N
m-CF3C6H4, p-MeOCC6H4, m-MeOCC6H4, p-E[OzCC6H4, m-EtOzCC6H4, - - 22-74 % Ts
3-NO,, 4-MeCgHj, m-NO,CgHy, p-MeCgH, 431 433
Ar = CgHy, p-NO,C¢Hy, p-MeOCgHy; X =Br, I
Scheme 156

I. cat. PA(PPhy), Cul, EizN 25 Scheme 160

1
i "C. A +-Bu
x= , — g _ DMF.2570°C.624h X{IB,R SN Lo Cul .
Q " 2TBAF, THF, 70 °C, 5 h "N + =g <2t PdCL(PPhs), Cul _ N
I 435

NH 423 » ] Et;N, 55°C, 1-8 h =
OCeHa—s0, £3-100 %% 424 H
aHg— sl 434 436

= R = C¢Hs, (CH,),0THP, CH(OE),, (CH,)sCN, n-Bu, c-CgHj |
R = CgHs, 0-MeCgHy, 0-FCgHy, 0-MeOCgH . 0-NOyCgHy, 2-pyridyl, PASCHs, n-Bu,

MeOCH;; X = H, 3-F, 3-OMeg, 4-CO;Me Scheme 161
L
O
Scheme 157 Pd(O) + 2L X—l')d%
R! R? / R3 ‘ L Ar
iRl><l iy cat Pd(PPh),. or cat. PA(OAC), M &l Ar-X, CO A
TsHN” Y07 Xy + TEBA or K,CO3, 25-60 °C, 1-24 h OYN‘TS | 1
426 Yo o2 YHR
425 25-80 % [e} I / R n
42
R'; RZ=H, Me, Et, ¢-CgH,}, c-CsHo; R? = aryl, vinylic; X =1, OTf 7 A
(0] L R?
carbon triple bond to afford intermediais and (4) reductive AT
elimination to form the carboncarbon bond between the
carbonyl group and the heterocyclic ring Ihwith simul- R! X ( YHR!
. - n
taneous regeneration of the palladium catalyst. Many closely Y_R2 Q
related carbonylative coupling processes are also known as @/L ‘L_ X /} 2
will be discussed below. ¥, - M on
The palladium-catalyzed addition of an acylpalladium to L c COAr Loy '

an alkyne, followed by nucleophilic attack of the oxygen
atom, provides an efficient route t©-heterocycles. Thus,
the reaction of internal alkynek37 with aryl iodides438in

the presence of the palladiurphosphine catalyst under CO
pressure gives a mixture of butenolidé89 and 440 in
moderate yields and good stereoselectivity (Scheme ¥#82).
The yields are higher when using aryl iodides containing an
electron-donating group.

We have reported that a catalytic amount of Pd(QAc)
undg a 1 atm pressure of carbon monoxide, provides
excellent methodology for the annulation of internal alkynes the arvialkvnes aive flavones in lower vields than the
442 with substitutedb-iodophenols441to form coumarins y dy g bstituted OWEr 'y
443 (Scheme 163)¢2 The synthesis employs mild reaction corresponding unsubstitute aro.ma_tlc r_mgs.
conditions and can accommodate a wide variety of functional ~ The o-ethynylphenolsi51and vinylic triflates452under
groups both in the alkyne and in the phenol. Unsymmetrical carbon monoxide pressure have been employed by Cacchi
alkylarylalkynes also afford the desired products in good to synthesize the 2-coumaranodé&S (Scheme 166)%° The
yields.  However, such compounds afford a mixture of reaction using Pd(PBh and KOAc in MeCN under a
coumarins443 and 444 with only modest regioselectivity ~ balloon of carbon monoxide gaveZzE mixture of coumarin
(~75:25). isomers in 46-79% yields.

Recently, Yang and co-workers have demonstrated that The palladium-catalyzed cyclization of alkadiof@4 with
theo-alkynylphenol45can be cyclized to the corresponding aryl iodides 455 under a carbon monoxide atmosphere
3-aroylbenzdjjfurans447in good yields (Scheme 164%* provides a very useful synthetic route to trisubstituted
The best results were obtained with a combination of aryl dihydrofurans, such a456 and 457 (Scheme 167)¢” The
iodides446, o-alkynylphenol445, Pd(PPh)4, and KCOsin alkyne and aryl iodide ratio will determine whether the
MeCN unde a 1 atm pressure of CO. In this cyclization, process gives the dihydrofuramt6 or 457. When the
aryl iodides substituted with electron-donating groups reaction is conducted in the presence of Pd(Qac)d P6-
gave better yields than iodides with electron-withdrawing Tol); in MeCN under a CO atmosphere using 0.66 as the
groups. 455454ratio, the dihydrofurang56are obtained. However,

Yang and co-workers have reported the annulation of
terminal arylalkynes449 with o-iodophenol acetate448
unde a 1 atm pressure of CO to prepare flavorsD
(Scheme 1658 The reactions were conducted inEH,
using PdCJ(PPh)./dppp as the catalyst system in the
presence of thiourea and DBU umde 1 atm pressure of
CO. The annulation proceeds at 40 with high regiose-
lectivity, and the flavones are formed in good to excellent
yields. Electron-donating groups on the aromatic rings of
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Scheme 162
R! R? R? R!
_ t. PACly(PPhs),, base, CO — —
RI-=—R? + Ar—] =2 & /Z—L + m
437 38 H,0, benzene, 130 °C, 20 h A o 0 A N 0
439 440
37-66% (~94/6)
R!= n-Pr, n-Bu, Me;Si, Bn; RZ= n-Pr, Bn; Ar = Ph, m-MeCgHy, p-CIC¢Hy, p-MeO,CCgHy;
base = Et3N, NaHCO;3
Scheme 163
R3 R*
i R! R* R! R3
R I 4 RI_—_ g4 _cat Pd(OAC), Bu,NCL DMF m . X
R ol ‘E pyridine, CO, 120 °C, 6-48 h R? o Yo Rr? 0 0o
an 443 444
59-78% (~75:25)
R! =H, CO,Et, OMe; R = H, CO,Me; R® = Ph, Me, Et, n-Pr, CH,OBn; R* = Ph, n-Pr, -Bu, CH3CO, Me;Si
Scheme 164
0 P o 9 N
= I
MeO' = cat. Pd(PPl’l3)4, K2CO3, CcO
_ MeO Z
oA MeCN, 45 °C, 5 h S—ph
r OH 446 45.91% o
€
445 447 OMe
Ar= C6H5,p—MCOCC6H4, p—CF3CC6H4, 2—thienyl
Scheme 165 168)1%8 The acidity of the nitrogerhydrogen bond im58
0 proved to be of crucial importance for the success of this
N I o AL PACHPPh dppp N ) cyclization process.
N oA CO, DBU, 40 °C, 48 h X Recently, Cacchi has studied the palladium-catalyzed
OAc 449 (0} Ar
448 68-92% 450 cyclocarbonylation of bigttrifluoroacetamidophenyl)acet-
R = MeO, TBSOCH,, MeO,CHC=CH, MeOC, MeO,C; Ar = CgHy, m-OBn-p-OMe ylene @61) with aryl/vinylic halides or triflates462 as a
useful route to acylindolo[1,2}quinazolines463 (Scheme
Scheme 166 169)1%° The pressure of carbon monoxide, the solvent, and
= J R the nature of the organic halide or triflate were found to
R‘@\/ + RZ-OTf “"; dé‘: hég, KSOJ? °f5'<;‘;03 RIC ] o influence the yields and selectivity of the cyclization between
:51 oH 452 e N0 acylindoloquinazolinet63 and aryllindoloquinazolind64
- (] . . .
1 L 453 The best conditions developed to obtaif3 as the main
R*=H, Me, PhOC; R” = vinylic product employ Pd(PRJ as the catalyst and&0O; as the
base in MeCN under 5 atm of carbon monoxide atG0In
under the same reaction conditions, but usid$a454ratio the case of vinylic triflates, the addition o£BuNBr or
of 3, the dihydrofurangl57 are obtained. n-BuyNlI is also necessary.

The palladium-catalyzed reaction of alkynes bearing a  Negishi has reported the carbonylative amidation of
nitrogen atom at an appropriate distance from the carbon nitrogen-containing iodoalkyne$65 to obtain lactamg66
carbon triple bond with aryl/vinylic halides or triflates (Scheme 170%° In the case of carboxamides or sulfona-
generates a wide variety of nitrogen heterocycles containingmides, this process affords good yields using only a catalytic
a carbonyl group. Thus, the palladium-catalyzed reaction of amount of PAG(PPh), and EtN in MeOH under 1 atm of
alkynyltrifluoroacetanilides458 with the aryl iodides or carbon monoxide. When free amines are employed as the
vinylic triflates 459 under a CO atmosphere in the presence substrate, the use ofPrOH, instead of MeOH, as well as a
of K,CGO; produces 3-acylindole#60in good yields (Scheme  temperature of 75C, is necessary.

Scheme 167

)J:\E\ 4+ pr_y _Cik PUOAG) Po-Tobs, CO 456 33-64% yields
o 455 MeCN, K,CO3, 60 °C, overnight o
Ar= C6H5, p-C1C6H4, p-MCOzCC6H4, m-FC6H4, m-MeC6H4 / o) =z O)J\Ar

457 51-58% yields
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Scheme 168
// ® Rr2
4 Ri-x _catPd(PPhy),. KyCOs, CO g
NHCOCF 459 MeCN, 45 °C, overnight N
3 \
- 4601t

R! = alkyl, aryl, heteroaryl; R? = vinylic, p-MeOCgHy, p-MeCONHCgHy, p-CICgHy,
m-MeC6H4, m—FC6H4; X=1,0Tf

Zeni and Larock

Scheme 171
\N,I-Bu N
- Ap_x At Pd(PPh32)4, Bu;N, DMF L
p S . 468 €O, 100°C, 12-72 h
28-84% A X0
469

R = C¢Hs, 1-cyclohexenyl, 3-cyanopropyl, n-Bu; Ar = CgHs, p-MeOCgHy,
m-MeOCgHy, 0-MeOCgHy, 0-MeCgHy, m-MeCgHy, p-MeCgHy, p-BrCgHy,
m-EtOzCC6H4, m-MeOzCC(,H4, 0-F3CC5H4, m- CF3C6H4, p-F3CC6H4,
p-N02C6H4, m-N02C6H4, 0-N02C6H4; X= Bl’, I, COCl1

Scheme 169
O Scheme 172
[0}
=
Z Pd(PPh 1
NHCOCF; + R—X cat. Pd(PPhs)y, COO(S atm) R'—/ I R2—== At PACL(PPhy), or cat. PACly(dpp) R,_/ I
462 X2C03 MeCN, 50°C, 24 h NN + — ELNH, CO, 120 °C, 2-6 h NSy R
NHCOCF3 470 m 45-90% i
461 R! =H, Me; R? = n-CsH |, n-CgHy3, CHyOTHP, (CH,);0Ac, (CH,);0THP, 2-thienyl,
(0] p-MeOCgHy, m-MeOCCgHy, p-EtO,CCgHy; Y =0, NH
R R
N Q Scheme 173
) on
N N
CHO
— poN @ cat. PACly(PPhs),, PPhs, NaOAc o
F3C F3C Br ROH, CO (20 atm), 80 °C, 8 h
463 34-98% 464 0-30% 473 60-85% 414 ©
R =aryl, vinylic; X =1, Br, OTf R =Me, Et, n-Pr, n-Bu, #-Bu, i-Bu
Scheme 170 Scheme 174
n-Bu [0}
MeO,C — »-Bu MeO,C 0 | R! R?
>[ cat. PdC1y(PPhs),, Et;N Z R ! P N’
MeO,C MeO-C 2 g2 _Cat PAOAC),/dppb, CO, K5CO3
2 ot MeOH, CO, 65 °C, 7 h e N o * RN ‘SﬁN R benzene, 100 °C, 24-48 h o/I*N
NHR 48-78% 466 475 10-96% R

R=H, A:6Tss R!=H, CH3, Cl; R? = CgHs, p-CICHy, p-CH3CgHy, p-BrCgHy, p-CH30CgH,, i-C3H;
o ) Scheme 175
We have developed an efficient synthetic method for the I
carbonylative cyclization dfi-tert-butyl-2-(1-alkynyl)benz- O ‘ cat. PA(OAC),/PPhy, EN
aldimines467 and aryl halides468 to the corresponding ‘i(‘ MeCN, CO, 100 °C, 24 h
4-aroylisoquinolines469 (Scheme 171)’* A number of o 58%
aroylisoquinolines have been prepared in good yields using 478
a catalytic amount of Pd(PB)h unde a 1 atm pressure of
carbon monoxide. This methodology can tolerate a wide
variety of important functional groups both in the alkyne
and in the aryl halide.
The preparation of 2-substituted chromones and quinolones
472 has been carried out by a palladium-catalyzed carbon-
ylation of o-iodophenols op-iodoanilines470in the presence
of terminal alkynes (Scheme 172%.The reaction involves
the carbonylative coupling of the aryl halides and terminal Scheme 176
alkynes471, followed by cyclization, in a one-pot procedure. . 0
The choice of solvent and base is crucial in obtaining the R@[X ICOZM"‘ cat, PA(OAC),/PPhs, K,CO5, DMF Rmmz"“
cyclized product in good yields and high selectivity. In g N7 R €O (20 Kg/em?), 120 °C, 20 h R? NTOR3
general, secondary amines, such ag\Ht are the better 482 n 24-82%
solvent/base for the carbonylation, rather than primary r'-u rr2=H, I, F; R3 = Me, CH,CO,Me, COMe; X = Br, I
amines. The best results were obtained with Rd@pf) and
PdCL(PPh), as catalysts.

catalyzed reaction provides a very valuable approach to a
' _ o wide range of0- andN-heterocycles, which will be discussed
6. Heterocycles via Carbonylative Cyclization in the following sections.

The palladium-catalyzed reaction of arylivinylic halides g 1 “yeterocycles via Carbonylative Cyclization of
with carbon monoxide in the presence of a nucleophilic A'ry'I Halides

heteroatom proceeds by an initial oxidative addition of

palladium to the carbonhalogen bond, followed by carbon The palladium-promoted carbonylative cyclizationaf
monoxide insertion to give an acylpalladium intermediate. bromobenzaldehydel?3) in an alcohol solvent provides a
This acylpalladium intermediate can react with various very useful route to 3-substituted phthalid&s4 (Scheme
nucleophiles, including oxygen and nitrogen atoms, with 173)173 The use of a catalytic amount of Pd(EPh)./PPh
formation of an O- or N-heterocycle. This palladium- and NaOAc in an alcoholic medium under a 20 atm pressure
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Scheme 177
cat. Pd(OAc),/PPhj, TIOAc
h
o MeCN, CO (1 atm) , 80 °C, 60 h
Scheme 178
NHR U by H
CHO u
©[ LR S PACI(PPhs)y/PPhs, BN R @; K Cj;;;jcggl:(l)}‘)’é ';2110
+ 2 . ~ N y 5 Lo
Br 2 €O (13 atm), 100°C, 5 h J Ph 010,
491 O o
487 34-83% 488 O 9

R = CH,CH3, CHy(CHp),CH3, CHy(CH,)1oCHj, CH(CH3),, CH(CH;3)(CH,)4CH3,

& pn
CH,Ph, CH,CgH4OMe-p, ¢-CgH, . CH,CH=CH, Q:I
&N) 0O—— N—Bu
Scheme 179 «
492 Bu

493
O.
OH cat. PdCly(PPh;3),/PPh3, K,CO3, EtOH
a7+ HzN/]\/ 2(PPhs)y 30 2C0;3 J’R
R CO (27 atm), 150 °C, 10-15 h N Scheme 181

47-69%
489 o o o
- 490 > 99 % d R! I R!
R =Me, CH,Ph > e \@ o PIg , _cat. Pd(OAc),, Et;N, THF \kao
N + R €O, 100 °C, 24 h N//I\RZ
of carbon monoxide produces the best yields of phthalides. 44 ~ 495 67-99% 96
The use of other palladium complexes, such as FE€h, R = H, CHy, CN, Cl, OH: R? = CHs, CHPhy, CH,SPh, CgHs, p-CICcH,, 0-CH;OCeH,, 1-Bu

Pd(OAc)Y/PPh, or Pd(PPH)4, gave lower catalytic activity.
Alper and co-workers have shown that tx@dophenols ~ Scheme 182

475 react with carbodiimided76 in the presence of a Pd- Me
(OAc)./dppb catalyst in benzene to afford bergjef,3- M):(—NHz cat. PA(PPhy),/ PPhy, DMF R‘)=§N—H
oxazinone derivativesd77 in excellent yields (Scheme R Br EGN, €O, 100 °C, 1.5-35 h 5
174)174 Both electron-donating and electron-withdrawing (@) or (E)-497 23-71% @ or (Ey498
groups on the aromatic ring of theiodophenols afforded R = H, OSiMe,r-Bu, OSiPhyr-Bu

477 in good yields.
Treatment of theo-iodoaryl alkenyl ketone478 with Scheme 183

carbon monoxide in MeCN in the presence of a catalytic R .
amount of Pd(dba)and EtN led to the formation of a 1:1 RS _cat Pd(OA), HMPA, €O R1:§N R
mixture of heterocycle480and481in a 58% yield (Scheme R B "'3"331\7]’_;23 o3 0

175)175 In this reaction, BN is used in excess as the base (2) or (E)-499 ’ (Z) or (E)-500

to induce theendocyclization of479, which is formed as R! = H, Ph; R = CH,CH,Ph, CH,CH,CO,Me, CH,Ph
an intermediate.

The palladium-catalyzed insertion of carbon monoxide into bromobenzaldehydd87) with primary amines under carbon
3-substituted 3-[2-(haloaryl)amino]propenoat? results  monoxide pressure (Scheme 178)The best results are
in heterocycllza_tlon_ to form a variety o_f 2-subst|tut_ed 1,4- obtained using a catalyst system consisting of REREIh)/
dihydro-4-oxoquinoline-3-carboxylaté83in 24—-82% yields  pph in Et;N under a 13 atm pressure of carbon monoxide.
(Scheme 176)° The best yields in this cyclization are  Employing inorganic bases, such as NaOAgCKs, and
obtained using the combination of PA(OABPh and K- NaHCQ, in place of E4N resulted in lower yields 088
CO; in DMF under 20 kg/crfiof carbon monoxide. When In a closely related investigation, Shim and co-workers
the reaction was carried out under 1 atm of carbon monoxide,reported the use o#87 and chiral alkanolamined89 as
the quinolinesA83 were obtained in lower yields, together precursors to tricyclic chiral isoindolinond90in moderate
with the usual Heck reaction product produced without yields and high diasteroselectivity (Scheme 1%9)This
insertion of the carbon monoxide. reaction was conduced in ethanol using B(FPh)./PPh

The cyclization of 2-iodopyridind84to the corresponding  as the catalyst, ¥CO; as the base, and a 27 atm pressure of
lactam in the presence of a palladium catalyst and carboncarbon monoxide.
monoxide has been described by Grigg and co-workers |n 1999, Catellani and co-workers demonstrated that urea
(Scheme 177)" Treatment with Pd(OAgJPPlyand 1 atm 491 can be cyclized to the corresponding benzodiazepine-
of carbon monoxide in the presence of TIOAc afforded the 1,3-dione492in 91% yield using a catalytic amount of Pd-
lactam 486 by carbonylative insertion and subsequent in- (PPh), and KOAc in DMF (Scheme 180%° The yields and

tramolecular capture of the acylpalladium(ll) specl8s by selectivity are strongly affected by the solvent. When the
the pyrrolidine nitrogen. The palladium(0) required is gener- cyclization was carried out in anisole, under the same reaction
ated in situ from Pd(OAg)and PPh conditions, the seven-membered ring prodd&2 was

Shim and co-workers have reported that 3-(alkylamino)- transformed ta493 by rearrangement and ring contraction.
isoindolinones488 can be obtained in moderate to good  The one-pot reaction ob-iodoanilines494 with acid
yields by the palladium-catalyzed carbonylation of chlorides495 and carbon monoxide, in the presence of a
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Scheme 184
R>_
R R 0 =N
-H0

>=N_ 4 Anl* BE, cat-}’dCIz(Pth)z7 I§2C03, co >=N_ 2 LN O

H,N OH dioxane, 95-100 °C, 4-5 h H,N 07 MAr Y

502 0
501 42-78% 503 Ar

504
R= C6H5, p-CH30C6H4, p-ClC6H4, CH2Ph; Ar= C6H5, p-CH3OC6H4, p-C]C6H4, p-BrC6H4, m-
N02C6H4, MCC6H4

palladium catalyst and-PrNEt, regioselectively affords ~ Scheme 185

benzoxazinone496 in excellent yields (Scheme 18%L L,pd®
Both electron-rich and electron-pomiodoanilines react with RI-NR2R?

acid chlorides to form496 in good yields. The reaction

proceeds via in situ amide formation, followed by oxidative

addition of the aryl halide to the palladium(0) species, CO (B) L,pdl-NR2R? Lpdix (&)

R!=X
insertion, and intramolecular cyclization to gi486. |, |
R R!
6.2. Heterocycles via Carbonylative Cyclization of

Vinylic Halides HNRR?
The 2-bromoallylic aminegl97 can be cyclized in the  Scheme 186
presence of a palladium catalyst under carbon monoxide NHBn
pressure to producg-lactams (Scheme 182% Thus, the ©\/\M" tofua:nzd%%hjé“‘f;_cggh @)n
stereoselective reaction )¢ or (E)-2-bromoallylic amines X ’ 62_9602) ' <06 ]\ija
497with Pd(PPB), in DMF under 1 atm of carbon monoxide 505 "
gavef-lactams498in good yields. X=Br,Ln=13
Employing different reaction conditions, Ban and co- Scheme 187
workers have also described the preparatiorp-ddictams

via palladium-catalyzed carbonylation, using amine-contain- R o 7
ing vinylic bromides (Scheme 1833 Thus, the insertion _ p(dba. BINAD. DME = 0
of carbon monoxide into various vinylic bromidd99 in cat. Pdy(dba);, BINAP, I\
\ NH, NaO-1-Bu, 80 °C, 48 h NN
| Br |
N Me

the presence of a catalytic amount of Pd(OAahd PPk 519
gave the correspondingrlactams500in good yields.

Recently, Chen and co-workers reported that 3,5-disub- 507 Me 508
stituted oxadiazoles04 can be prepared in a one-pot .. 150
procedure by the palladium-catalyzed carbonylation of di-
aryliodonium salt$02and amidoxime&01under 1 atm of R?
carbon monoxide (Scheme 184}.The acylpalladium cou- iy Brye cat. Pdy(dba)y/PPh;, DME Rl@f}—kz
pling with the amidoximes produces the intermediafs3, N N//kN,R3 NaOH, 160 °C, 5-17 min XN
which, via intramolecular dehydrative cyclization, affords 509 i microwave, 66-93% 510
the oxadiazoles in good yields. R! = H, 5-NOy, 5-MeO, 3-Me; R? = Me, Ph; R® = Me, Ph, i-Pr
7. Heterocycles via Palladium-Catalyzed Aryl/ utilize Pd(PPH), as the catalyst and &O; as the base in
Vinylic Amination. Hartwing —Buchwald C =N Bond toluene at 100°C. Other bases, such as A08;, NaOAc,
Formation KOACc, Li,COs, AgoCO;5, and CaCQ, are less effective for

the cyclization. The formation of six- and seven-membered
rings required a longer reaction time than was necessary for
the formation of five-membered rings.

Dodd and Abouabdellah performed the cyclization of
bromide 507 with a Pd(dba)}/BINAP catalyst to furnish,
after air oxidation, the pyrido[2,B}indole 508in 51% yield
(Scheme 18732 When this reaction was carried out in the
absence of palladium/BINAP, only the starting material was
recovered, even after prolonged heating.

The palladium-catalyzed coupling reaction of aryl/vinylic
halides with the nitrogen atom from amines or amides is
generally known as the HartwindBuchwald reactiod® The
general mechanism for the reaction involves initial oxidative
addition of the aryl/vinylic halide to a palladium(0) species
to give the palladium(ll) intermediat&. The coordination
and substitution of the halide by a nitrogen atonhigives
the intermediatd3, which undergoes reductive elimination
to afford the aryl/vinylic amine or amide and regenerates

the palladium(0) catalyst (Scheme 185). The use of an amidine in a palladium-catalyzed aryl
The direct palladium-catalyzed-€N bond formation was ~ @mination has been reported by Brain and Steer (Scheme
first reported by Buchwald® and Hartwind®” for the 188)189 When the reaction of amiding09 was carried out

preparation of arylamines. After this discovery, a number in the presence of B@tiba)}/PPh, with DME as the solvent,

of reports describing the formation of amines or amides, and heated in a microwave reactor, benzimidazblésvere
induding nitrogen heterocydesi by this process were re- prOdUCEd in excellent erIdS andin a relatlvely short reaction
ported. For example, the treatment of the amine-containing time.

aryl halides505 with a palladium catalyst and a base in Very recently, Houghten and co-workers have employed
toluene promoted heterocyclization to the cyclic amib@s a palladium-catalyzed intramolecular aryl amination in the
(Scheme 186). To complete conversion, it was necessary topreparation of indoline$12, using solid-phase synthesis
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Scheme 189
H
N & 1. cat Pdy(dba)y BINAP, NaO-+-Bu
a5 | \/\I}J toluene, 100 °C, 48 h
= R® H 2. HF/anisole, 0 °C, Th

511 66-84%

=
Rl_\ | NH
N 2
v/
R
512

R! = H, 5-Cl, 5.6-di-CH;0; R? = H, CH3, HC(CH3),, CH,CH(CHj3),, CH,Ph

Scheme 190
MeOC  H
N O cat. Pd(OAc),/BINAP, Cs,CO;
B;H toluene, 100 °C, 8h
2 . —7.
bh 50% 514:515=3:1
513
MCOzC
OMe
~
N
514 Ph
MeO,C  F
N\ le)
P Y
N
515 Ph
Scheme 191

R N
cat. Pd(OAc),/dppf, NaO-7-Bu \©\/;N
toluene, 90 °C, 15 h \

81-90%
(Scheme 189)° The amines511 bonded to a resin were
converted to indoline$12 by a Pd(dba}/BINAP catalyst

R .H
N\
\@\ N—H
Br
516

R=H,F, OMe

517

system, followed by cleavage from the resin using HF and

anisole.
The N-arylation of the 2-bromoaniline derivativ&l3 to

the corresponding phenazine has been described (Scheme  ©

190)1°t Using Buchwald'’s condition¥? phenazinél4was
produced together with the elimination produsl5 in
moderate yield.
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Scheme 192
R—/ | | cat. Pd(dba),/-BusP or 519, base _/ | A\
XN N. o-xylene, 120 °C, 2-20 h A N
Cl  NMe, 18-78% \
518 520 NMey

R = 3-F, 5-F, 3-Cl, 5-CI; base = NaO-#-Bu, Cs,COj3, Rb,CO3
NMe,
Fe "P(+-Bu),

519

Scheme 193
iy VIR ot PA(OAC) L, KoCO; or Cs,CO3 (:EQ((
toluene, 100 °C, 20-48 h N
B

T _050, )
521 79-95% 522 R

R = Ac, Bn, Boc, Cbz; Y = CH,, C=0; n=1-3; L = BINAP, MOP, DPEphos,
xantphos, BINAP

Scheme 194
= = R’
RI—L | < 1. cat. Pd(OAc),/ DPEphos, Cs,CO3
XN \ toluene, 100-110 °C, 18 h, 81-99%
/N\Br 2. NaOH, MeOH,, 84-96%
Ac H
523
1 = |
R'—( ~ X
NS N\ B _Rz
N =
524
R! =H, 5-Me, 7-Me, 5-Cl, 5-F; R? = H, 4-OMe, 3-Me, 5-F
Scheme 195
TBSO R? TBSO
2
Vo Hu R
| cat. Pd(OAc),/ DPEphos, Cs,CO3 :
II\I X~ gl toluene, 80-90 °C, 6-48 h N/
0 g 56-97% o 51

525 526

R! = CH,0TBS, CO,Me, CO,Et; R? = H, Me; X = Br, I, OTf

Scheme 196
I
©[[(lﬂ n PdCly(dppf), AcOK O O
cat. »(dppf), Act
N Lat 7 oldpp), AU
WI}‘)D DMSO, 120°C, 16h NN Y
H I 18-57% H 3&
527 i

Song and Yee have described the preparation of indazolegScheme 1943 When indolines523 are employed as the

517from hydrazine$16via palladium-catalyzed €N bond
formation (Scheme 1913 The cyclization took place in
good yields, using Pd(OAgHppf as the catalyst, NaGBu
as the base, and toluene as the solvent.

In a related study, Watanabe showed thBusP or the

ferrocenylphosphine ligarfl9 can be used in the palladium-
catalyzed cyclization of unreactive aryl chlorides to form

aminoindoles (Scheme 19%. Thus, the cyclization of the
hydrazone$18in the presence of Pd(dbagp ligand, and a
base gives 1-aminoindolé&20in moderate to good yields.

substrate in a palladium-catalyzed aromatic amination, the
indolo[1,2blindazoles524 are formed. This cyclization is
effective for the synthesis of indoles having either an
electron-donating or an electron-withdrawing group present
in either of the two aromatic rings.

Mori and Kozawa have used the vinylic halid&25
bearing an amide group as a substrate to produce the
corresponding carbapenerb26 in good yields (Scheme
195)197 When Pd(OAc) was used in the presence of other
ligands, such as BINAP and &{ol)s, good results were

Buchwald has shown that secondary amides or carbamatesot obtained.

521react in the presence of Pd(OAca ligand, and KCO;

Finally, very recently, Zhu and co-workers have developed

or CsCO; as the base to afford five-, six-, and seven- an interesting one-pot procedure involving intramolecular

membered\-heterocycle$22 in excellent yields (Scheme
193)1%5

amination, C-H activation, and arytaryl bond formation

for the preparation of poljd-heterocycle$28from diamides

This chemistry was subsequently employed by Katayama 527 (Scheme 196)® Thus, the reaction of the linear
and co-workers for the synthesis of indazole derivatives diamides527 with a catalytic amount of Pdgdppf) and
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Scheme 197 Scheme 201

X
Pd(0) @[ /@ N I d cat. PA(OAC)y, KoCO3, BuyNCI =
v X DMEF, reflux, 24 h \\
O 64% o
v 537 538
C
Scheme 202
L, I
Pd PdX - O
oI U IS SNty
v e DMEF, 145 °C, 218 h
Y ¥ Y 80 and 96%
and (]

Scheme 203
Scheme 198
Br N =R
[ 2 x cat. Pd(OAc),, Na,CO3;, DMA \ MeO Pd(acac),/PPh;, DMF
o0 P 100-140 °C, 18-24h o OMe O 150°C, 2 h
66-80% 72%
529 530

R = 2-NO,, 3-NOy, 4-NO,, 4-CN, 4-CH,0H, 3-CHj, 4-CO,H OO o>
Scheme 199 O 0
0

OCHj, MeO
H;CO Br PdCl,, PPh;, AcONa OMe O

o DMF, 140 °C, 24 h 542

\© Scheme 204
OCH;
OCH3 H;CO
H;CO cat. PACl,(PPhs),/PPhs, DMA
NaOAc, 130°C, 16 h
87%
532 66% yield 533 5% yleld 543 Me

Scheme 200

OH
cat. 535, Cs)CO3, DMA
~o0-115°C, 24600 - R |
75-96% Y
534

536

R=H, Me, OH; X =Br, 1
Me Scheme 205

Ph P
s ne y :
Pd Pd N €.

e o3 P N—-’\\

02220 /
T K P Br \\ N
Ve @[ N cat Pd(OAC), NaHCO,
535 N"So DMA, 150 °C, 24 h N0

3%
KOAc in DMSO at 120°C produced diamide528 fused CqHo-n &HW
with a macrocyclic ring in moderate yields. This reaction is 545 546
highly temperature dependent. Higher yields are only ob-

tained when the reaction is carried out at a higher temper- The palladium-catalyzed cross-coupling of 2-bromophenyl

ature. phenyl ethers affords substituted furans under basic condi-
. . tions (Scheme 198§° Thus, the benzofurarg30have been

8. Heterocycles via Palladium-Catalyzed prepared in moderate to good yields by heating the 2-bro-

Intramolecular Biaryl Cross-Coupling mophenyl phenyl ethers29 with Pd(OAc) in dimethylac-

The palladium-catalyzed intramolecular cross-coupling of etamide while using N&€O; as a base. The reaction tolerates
aryl halides or triflates bearing another aromatic ring is a strongly electron-withdrawing as well as electron-donating
versatile way to generate a wide variety Nf and O- groups.
heterocycles under mild reaction conditions. From a mecha- In a closely related investigation, Sé¢eaand Wiegand
nistic point of view, the cyclization proceeds through the reported the cyclization of 2-aryl eth&81to the cyclic aryl
oxidative addition of palladium to the aryl halide or triflate ether532by an intramolecular arytaryl coupling reaction
to give ao-arylpalladium intermediateA(). Electrophilic (Scheme 1999%°° When the reaction was carried out in the
attack on the aromatic or heteroaromatic ring leads to presence of Pd@PPh and NaOAc, the etheb32 was
diarylpalladium specieB, which after reductive elimination  obtained in a 66% yield together with the noncyclized
of palladium, affords heterocyclé (Scheme 197). product531in a 5% yield. It was found that substituents on
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Scheme 206
CO,Me
N\
Q_g\ | ) cope '
5 N CO,Me
T _ Pd(PPhy), KOAc
dioxane, reﬂux 18 h
76%
MeO MeO MeO
OMe OMe Me
547 548 Pratosine

the aromatic ring bonded directly to the oxygen atom exhibit Scheme 207

a great influence on the formation of produg32 This «
influence can be seen by the fact that when the substituent @g‘/nﬁe cat. PA(OAC)/P(o-Tol)s, AZyCO3

is a methyl group, none of the cyclized product is observed. DMF, refiux, 15 min - 1.5 h
Rawal and co-workers have also described the synthesis X =Br 93%

of cyclic aryl ethers536 by an intramolecular coupling of 549 X=1 9%

phenols bearing aryl halidé&84 (Scheme 2003°! When the

reaction was performed in the presence of 5 mol % Scheme 208

palladacycle535 CsCOs; and DMA, the ether£36 were a N cat, Pdy(dba)y/i-BusP, K,CO3 [~ =N

formed in excellent yields. Other catalysts, such as Pd(€Ac) (I /Q P ——————“

Pdx(dba}, and PdC, as well as other bases, such g€k " 80% N

and KO+-Bu, afforded the desired product in only low H

yields. 551 552
The heteroaryl eth€s37 has also been shown to undergo gcheme 209

heteroaryt-aryl bond formation when subjected to a pal- R

ladium catalyst (Scheme 20%%.Thus, benzo[4,5]furopyridine
@ | cat. Pd(OAc)y/PPhs, KoCO3, MeCN

(538 can be obtained in a 64% yield by the cross-coupling O
of diaryl ether537, when catalyzed by Pd(OAcunder

K . EtNC], reflux, 3-12 h
ligand-free conditions. g 63-80 %
An intramolecular aryttriflate—arene cross-coupling re- 553 0

action catalyzed by palladium has been employed by Harvey -y e 54
and Wang in the synthesis of polycyclic aromatic furan
derivatives (Scheme 2023 Thus, the palladium-catalyzed Scheme 210
reaction of aryl triflate ether§39 with LiCl and DBU in
the presence of a catalytic amount of PgEPh), in DMF . cat. Pd(PPhs)y, KOAc O A\
at 145°C gave benzdjjnaphtha[2,3d]furan or dibenzofuran N DMA, 130 °C, 10 h N O
540in 96% and 80% vyields, respectively. 86 %
Harayama and Yasuda have utilized an intramolecular
aryl—aryl palladium cross-coupling as the key step in a

synthesis of arnottin 1542 (Scheme 2033 Thus, the M cat, Pd(PPh),, KOAC
|

Z/W

’O

6}

reaction ofo-iodoesters41 with a catalytic amount of Pd- DMA. 130 °c oh
(acac)PPh and NaOAc in DMF provide®42in 72% vyield.
Other palladium catalysts, such as PgEPh), and Pd-
(PPhy)4, gave the desired product, however, in lower yields

than Pd(acae) Harayama and co-workers have been able to prepare the
Bringmann and co-workers have reported the use of benzof]phenanthridine derivativ&50 by the reaction of
bromoesteb43as a substrate in a palladium-catalyzed cross- penzamidess49 with a palladium catalyst, a phosphine
coupling to prepare lacton®44 (Scheme 204 To ligand, and a base (Scheme 26%)Excellent yields of the
completely convert bromoestéA3to lactone544, it was desired product were obtained when the reaction was
necessary to utilize PdgPPh),/PPh and NaOAc in di-  performed using a catalytic amount of Pd(OA&(-Tol)s,
methylacetamide. Under these conditions, the desired lactoneand AgCO; in DMF as the solvent.
was prepared in an 87% yield without any major side  Maes and co-workers have recently reported tha(Pe),
products. t-BusP, and KPQ, in dioxane are effective in the intramo-
A number of nitrogen heterocycles have also been lecular arylation of 3-chloro-2-(4-pyridylamino)pyridine
synthesized by a palladium-catalyzed argtyl cross- (551) to form 11H-indolo[3,2<c]quinoline 552 (Scheme
coupling. Suzuki and Kuroda showed that the reaction of 208)2%° This reaction affords heterocycdi2in a 80% yield.

: L
ﬂ\z \

557 558

aryl bromide545with a catalytic amount of Pd(OAgand Grigg has described the preparation of fused nitrogen

NaHCGQ; in dimethylacetamide afforded the corresponding heterocycles using the 1-aroylindol53 as substrates in

tricyclic quinolinone546in a 60% yield (Scheme 203 an intramolecular palladium coupling (Scheme 289Thus,
The palladium-catalyzed cyclization of inddi@7 in the the 1-aroylindoles were cyclized using a catalytic amount

presence of a catalytic amount of Pd(BRand KOAc in of Pd(OAcYPPh, E4NCI, and K.CGO; in boiling acetonitrile
dioxane gave the phenanthridine derivatb48 in a 76% to give isoindoless54 in good yields.

yield, which, after four steps, was converted to the alkaloid Using somewhat different reaction conditions, the pal-
pratosine (Scheme 208Y. ladium-catalyzed intramolecular cyclization of indd&5
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to annelated indol®56 has been described by Kozikowski

and Ma (Scheme 216}! This process has been carried out

using Pd(PP¥), and KOAc in DMA as the catalytic system
to afford the polycyclic indolés56 in a 86% yield. When
the same reaction conditions were employed Nemeth-
ylindole 557, the product58was obtained in a 95% yield.

9. Conclusion

In this review, we have presented numerous very useful
processes for the synthesis of heterocycles, which involve
palladium-catalyzed cyclizations or annulations via oxidative
addition reactions. This chemistry generally involves initial

oxidative addition of an organic halide or triflate to the

palladium(0) complex, which readily undergoes intramo-
lecular nucleophilic attack by a neighboring nucleophile or
addition to an alkene, alkyne, or carbon monoxide. The
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