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Preface

Metal catalyzed carbon-heteroatom bond forming processes constitute a vibrant area
of research that continues to serve as an unmatched source of challenges. The cover
of the book you hold in your hands provides a pictorial representation of a typical
landscape in transition metal catalysis. The roads connecting the carbon center with
heteroatoms depict catalyzed pathways. These roads are often indirect, they go via
valleys and they climb over steep hills. There is almost always more than one way to
connect the nodes on this map. Continuing effort in this important area is a
testament to how difficult finding an optimal solution to a given bond forming
reaction really is. I owe a great deal of gratitude to an outstanding cast of authors who
wrote 11 outstanding chapters you will find in this book. I am grateful to these
individuals for agreeing to participate in this important undertaking and for deliver-
ing superb and comprehensive chapters. I would also like to express gratitude to my
students, Igor Dubovyk and Lawrence Cheung, for proof reading some of the
chapters.

May 2010 Andrei Yudin
Toronto, Canada
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1

Synthesis of Saturated Five-Membered Nitrogen Heterocycles
via Pd-Catalyzed C—N Bond-Forming Reactions

John P. Wolfe, Joshua D. Neukom, and Duy H. Mai

1.1
Introduction

Saturated five-membered nitrogen heterocycles, such as pyrrolidines, indolines, and
isoxazolidines, appear as subunits in a broad array of biologically active and
medicinally significant molecules [1]. As such, the synthesis of these compounds
has been of longstanding interest. Many classical approaches to the construction of
these heterocycles involve the use of C—N bond-forming reactions such as reductive
amination, nucleophilic substitution, or dipolar cycloaddition for ring closure [2].
Although these methods have proven quite useful, their substrate scope and
functional group tolerance is often limited.

In recent years, a number of powerful new transformations have been developed
that involve the use of palladium-catalyzed C—N bond-forming reactions for con-
struction of the heterocyclic ring [3]. These transformations frequently occur under
mild conditions, tolerate a broad array of functional groups, and proceed with high
stereoselectivity. In addition, the use of palladium catalysis allows for highly
convergent multicomponent coupling strategies, which generate several bonds
and/or stereocenters in a single process. This chapter describes recent approaches
to the synthesis of saturated five-membered nitrogen heterocycles via Pd-catalyzed
C—N bond forming reactions.

1.2
Pd-Catalyzed Amination of Aryl Halides

One of the most versatile and widely employed methods for the construction of aryl
C—N bonds is the palladium-catalyzed cross coupling of amines with aryl halides and
related electrophiles [4]. These reactions are believed to occur as shown in
Scheme 1.1, with the coupling initiated by oxidative addition of the aryl halide to
a Pd° complex. The resulting intermediate 1 is converted to a palladium (aryl)(amido)
complex 2 through reaction with the amine substrate in the presence of base. Finally,
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R L,Pd°
AN " Ar—X
Ar Ar
L,Pd. LaPd,
2, R 1, X
R2
R1
base*HX HN' + base
‘R2
Scheme 1.1

C—N bond-forming reductive elimination affords the desired aniline derivative with
concomitant regeneration of the palladium catalyst.

Although these reactions are most commonly used for intermolecular C—N bond
formation, intramolecular versions of these reactions have occasionally been em-
ployed for the synthesis of saturated nitrogen heterocycles [5]. For example, Buchwald
has described the synthesis of oxindoles and indolines through intramolecular
reactions of aryl halides bearing pendant amines or amides (Eq. (1.1)) [6]. The
conditions are amenable to the generation of indoline derivatives bearing amide,
carbamate, or sulfonamide protecting groups. A two-flask sequence involving a four-
component Ugi reaction followed by an intramolecular N-arylation that affords
3-amino oxindoles has also been developed (Eq. (1.2)) [7], and a number of other
nitrogen heterocycles including ureas [8] and indolo[1,2-b]indazoles [9] have been
prepared using this method.

X 3.3 mol % Pd(OAc),
5 mol % MOP or Dpe-Phos X
Br N(H)R K,CO3 or Cs,CO4 N 1
Toluene, 100 °C R (1.1)

R=Bn,X=0: 82%
R =CBz, X = H,: 92%

0
CHO 1) MeOH, rt HSCJ<N/BU
@[ + BuNH, _1MeOH,

| 2) 5 mol % Pd(dba), o (12
5 mol % Me-Phos N
CchOQH + tBuN

K5COg3, Toluene, CH3;CN \

Intramolecular Pd-catalyzed or -mediated N-arylation reactions have been em-
ployed in the synthesis of several natural products [5]. For example, pyrroloindoline 4,
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which represents the mitomycin ring skeleton was generated via the intramolecular
N-arylation of 3 (Eq. (1.3)) [10]. Other targets generated using this strategy include
asperlicin [11], the cryptocarya alkaloids cryptaustoline and cryptowoline [12], and the
CPI subunit of CC-1065 [13].

TIPSO
3 Pd(OAC),/BINAP (13)
H N Cs,CO3, Toluene, 100 °C '
oTf 44%
3

A number of interesting one-pot or two-pot sequences of Pd-catalyzed reactions
have been developed that involve intramolecular N-arylation processes [14]. For
example, a two flask sequence of Negishi coupling followed by intramolecular C—N
bond formation has been employed for the synthesis of substituted indolines
(Eq. (1.4)) [14a]. Lautens has recently described an elegant one-flask sequence of
intermolecular C—H bond functionalization followed by intramolecular N-arylation
for the preparation of substituted indolines [14b]. As shown below (Eq. (1.5)), the
Pd-catalyzed coupling of 2-iodotoluene with 2-bromopropylamine 5 in the presence
of norbornene provided indoline 6 in 55% yield.

1) 3.3 mol % Pd.(dba)s

' 1Zn 13.3 mol % P(o-tol);
+ l DMF, rt, 39% @"'B”
Br  Bn” NP 2)3.3mol % Pd,(dba); N
H 13.3 mol % P(o-tol)3 I
Cs,COg, Toluene, 100 °C, 74%

Br 10 mol % Pd(OAc),
+ \[ 22 mol % P(2-fur);
| NEad norbornene N
5 | Cs,CO3, DMF, 135 °C \
Ar = p-nitrophenyl 55%

(1.5)

1.3
Synthesis of Saturated Nitrogen Heterocycles via Alkene, Alkyne,
or Allene Aminopalladation Reactions

A number of approaches to the synthesis of saturated five-membered nitrogen
heterocycles involve alkene, alkyne, or allene aminopalladation as a key step [2b,g].
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! anti-aminopalladation | Pd-X
NH N
e
A X (o
PdX,
8

R . , R

N- pd-X syn-aminopalladation o Pd-X
e "

9 10
Scheme 1.2

The aminopalladation step can occur by either outer-sphere anti-aminopalladation or
via inner-sphere syn-aminopalladation, and the mechanism can be dependent on
substrate structure and reaction conditions. The anti-aminopalladation processes
generally involve coordination of the unsaturated moiety to Pd", followed by external
attack by a pendant nitrogen nucleophile (e.g., Scheme 1.2, 7 to 8). In contrast, the syn-
aminopalladations occur via formation of a palladium amido complex (e.g., 9), which
then undergoes migratory insertion of the alkene into the Pd—N bond to provide 10.
Heterocycle-forming reactions that proceed via aminopalladation of an unsaturated
group can be broadly classified into four categories: (i) oxidative amination reactions
of alkenes; (ii) hydroamination reactions of alkenes and alkynes; (iii) carboamination
reactions of alkenes, alkynes, and allenes; and (iv) haloamination and diamination
reactions of alkenes.

1.3.1
Pd"-Catalyzed Oxidative Amination of Alkenes

The first examples of Pd-catalyzed oxidative amination reactions of alkenes were
described by Hegedus in 1978 for the construction of indoles [15], and dihydropyrrole
derivatives [16]. Although these reactions proceed in good yield with catalytic
amounts of palladium, a stoichiometric amount of a co-oxidant, such as benzoqui-
none (BQ) or CuCl,, was required to facilitate catalyst turnover. In recent years,
several groups have explored the extension of this chemistry to the synthesis of
saturated nitrogen heterocycles, with a focus on the use of O, as a mild, environ-
mentally benign co-oxidant. Early advances in this area were reported independently
by Larock and Andersson [17]. For example, treatment of 11 with a catalytic amount of
Pd(OACc); in the presence of O, in DM SO solvent afforded pyrrolidine 12 in 93% yield
(Eq. (1.6)). The oxidative amination reactions are believed to proceed via either syn- or
anti-aminopalladation to provide 13, which then undergoes [3-hydride elimination to
afford the heterocyclic product. The Pd(H)X intermediate is converted to a Pd°
complex via loss of HX, and is then subsequently re-oxidized to Pd" by oxygen in the
presence of DMSO. This method has also been employed for the generation of
indolines and bicyclic pyrrolidines bearing sulfonyl or carbamate protecting groups
(Eq. (1.7)) [17, 18].
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“ 5 mol % Pd(OAc), s
P VN
NHTs ~NaoAc, DMSO, 0, m
93% 12
(1.6)
d” S P4 OA/
Oz
0 1l
13 PA(H)(OAC) —55a5> Pd ovso™ Pd
% 10 mol % Pd(OAC), H
DMSO, 0,, 55 °C ( ]( \
P(H)N 90-96% H N (1.7)
P =Ts, CO,Bn P

n=1,2

In recent years, there has been a considerable focus on the development of new
reaction conditions that use only molecular oxygen as the co-oxidant and do not
require DM SO solvent [19]. Considerable progress has been made through the use of
palladium catalysts supported by pyridine or N-heterocyclic carbenes as ligands. For
example, Stahl has demonstrated that the 2-allylaniline derivative 14 is transformed
to indoline 15 in 79% yield upon treatment with 5 mol% IMesPd(TFA), and 10 mol%
benzoic acid (Eq. (1.8)) [19d]. Stoltz has reported the conversion of amide 16 to lactam
17 under similar reaction conditions (Eq. (1.9)) [19b]. Through elegant mechanistic
studies Stahl has shown that the stereochemistry of the aminopalladation step is
dependent on reaction conditions, and both syn- and anti-aminopalladation mech-
anistic pathways are accessible in oxidative amination reactions [20].

cl 2 5mol % IMesPd(TFA), CIW
10 mol % PhCO,H 18
N(H)Ts mo e 2 N "

Toluene, O,, 80 °C L

14 15 Ts
79%
0] o)
5 mol % Pd(TFA),
N(H)R 20 mol % pyridine NR
Z MS3A, Toluene, O, Z 17 (1.9)
16 80°C
R = Ts: 88%
R = 0OBn: 82%

A related approach to the synthesis of nitrogen heterocycles also proceeds via Pd"-
catalyzed alkene aminopalladation, but involves substrates bearing allylic acetates or
allylic hydroxy groups [21, 22]. In contrast to the oxidative amination reactions
described above, these transformations are terminated by -elimination of the acetate
or hydroxy group (rather than p-hydride elimination). This approach alleviates the
need for added oxidants, but does require the use of slightly more complex substrates.
Nonetheless, this method is quite useful, and has been applied to the synthesis of
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several natural products [23]. In addition, a very interesting approach to the
asymmetric synthesis of oxazolidinones involves treatment of tosylcarbamate 18
(generated in situ from the corresponding alcohol) with a catalytic amount of chiral
Pd" catalyst 21 (Eq. (1.10)) [24]. This reaction affords 19 in 81% yield and 91% ee by
way of intermediate 20.

AcO._‘Fa?
CO~p g

B

N i-Pr

co ©

Ph—, | Ph

/K\Ph

LPd"OAc

W -LPd'"'OAC
Pd” OAc

Ph
Boc’ L

1 mol % 21
CH,Cl,, HOACc, 38 °C
81%, 91% ee

21 = LPd"OAc

(1.10)

This strategy has also been employed for the synthesis of pyrrolidines [25]. For
example, treatment of 22 with 15 mol% PdCl,(PhCN), afforded 23 in 77% yield as a
single diastereomer (Eq. (1.11)) [25Db]. The mild reaction conditions allow cyclization
without epimerization of the amino ester stereocenter.

Boc(H)N__ ..CO,Me 15 mol % PACL(CH,CN), \\ Eoc
HO/\/\J THF i 7“‘CO2Me
22 77% 23

(1.11)

13.2
Pd-Catalyzed Hydroamination Reactions of Alkenes and Alkynes

The hydroamination of alkenes and alkynes has been of longstanding interest in
organometallic chemistry [26]. Much of the early work in this area focused on early
transition metal or lanthanide metal catalyst systems. However, much recent
progress has been made in late-metal catalyzed hydroamination chemistry, and
several interesting hydroamination reactions that afford nitrogen heterocycles have
been developed using palladium catalysts.

Palladium-catalyzed intramolecular hydroamination reactions of alkynes that
afford pyrrolidine derivatives were initially reported by Yamamoto in 1998 [27] and
have been the subject of detailed investigation over the past ten years [28]. In a
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representative example, alkyne 24 was converted to 25 in 86% yield upon treatment
with Pd(PPh;), as catalyst (Eq. (1.12)) [28c]. This transformation has been employed
in the synthesis of the natural product indolizidine 209D [29], and asymmetric
variants have also been developed that afford pyrrolidine products with up to 95%
ee [30]. A related hydroamidation that affords lactam products has also been
described [31], and hydroamination reactions of amines bearing tethered allenes
are also known [32].

15 mol % Pd(PPhy),
10 mol % PPh, O\/\Ph
NHHN < Benzene, 100°C by (1.12)

24 Ph 86% Nf 25

Although Pd-catalyzed intramolecular hydroamination reactions of alkynes have
been known for ten years, analogous transformations of unactivated alkenes have
only recently been developed [33]. Key to the success of these studies was the use of a
cationic palladium complex bearing a pyridine-derived P-N-P pincer ligand (29). For
example, treatment of 26 with catalytic amounts of 29, AgBF,, and Cu(OTf), led to the
formation of pyrrolidine 27 in 88% yield with 4: 1 dr (Eq. (1.13)). Detailed mechanistic
studies have indicated these transformations proceed via alkene coordination to the
metal complex followed by outer-sphere aminopalladation to provide 28. Protonolysis
of the metal-carbon bond with acid generated in situ leads to formation of the product
with regeneration of the active catalyst.

Boc 5 mol % 29
NH 10 mol % AgBF, Boc F|’Ph2
10 mol % Cu(OTf), N — or
\ ,N-Pd—Cl
HO \ MgSO4, CH2C|2 N / |
26 88%, 4:1 dr < OH 27 bg \—PPh;
Boc
Pdll QN\/Pd" IIH+||
“NoH 28

(1.13)

An interesting tandem intermolecular/intramolecular hydroamination reaction of
cycloheptatriene with substituted anilines has been developed by Hartwig for the
synthesis of tropene derivatives [34]. As shown in Eq. (1.14), the coupling of 30 with
31 provided 32 in 73% yield. The mechanism of this transformation is believed to
involve acid-assisted formation of an n’>-pentadienylpalladium complex 33, which is
then captured by the aniline nucleophile to afford the allylpalladium intermediate 34.
Intramolecular attack of the aniline nitrogen on the allylpalladium moiety affords the
observed heterocycle.
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NH, OMe
2 mol % Pd(TFA), /©/
N 4 mol % Xantphos N

10 mol % PhCO,H

30 31 Toluene, 110 °C \ 32

Lt 20, O —
+ +
PdO)  Pd a3 HN /LP g

Ar 34
(1.14)

1.3.3
Pd-Catalyzed Carboamination Reactions of Alkenes

Over the past several years our group has been involved in the development of new
Pd° catalyzed carboamination reactions between aryl or alkenyl halides and alkenes
bearing a pendant nitrogen functionality [35, 36]. In a representative example,
treatment of Cbz-protected amine 35 with 3-bromopyridine and a catalytic amount
of Pd(OAc),/Dpe-Phos in the presence of Cs,CO; afforded pyrrolidine 36 in 74%
yield with >20:1 dr (Eq. (1.15)) [36e]. This method has been applied to a stereo-
controlled synthesis of (4 )-preussin [37], and is also effective with substrates bearing
disubstituted alkenes (Eq. (1.16)) [36f]. The reactions appear to proceed via an
unusual mechanism involving intramolecular syn-aminopalladation of a palladi-
um(aryl)(amido) complex (e.g., 37) followed by C—C bond-forming reductive elim-
ination of the resulting intermediate 38. Intramolecular variants of this transfor-
mation in which the aryl halide is appended to the alkene have also been described
[38], and a one-flask tandem Pd-catalyzed N-arylation/carboamination reaction
sequence has been developed for the conversion of primary amine substrates to
N-aryl-2-arylmethyl indoline and pyrrolidine derivatives [39].

N

Cbz 2 mol % Pd(OAc), /

! Br Chz —

NH AN 4 mol % Dpe-Phos i
Ph — + N bh N

\<_// I ¥z Cs,COg3, Dioxane, 100 °C
35
36

74%, >20:1 dr

(1.15)

OAc
I|300 Br 5 mol % Pd(OAc),
0 -
CH/A N 7.5 mol % (+)-BINAP Boc
Cs,COg3, Dioxane, 100 °C N
OAc 60%, >20:1 dr (1.16)
Boc Boc ~A
PdO \—Pd-Ar 70¢ Pd—AY
C e
ArBr 37 38
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In addition to providing stereoselective access to substituted pyrrolidines, this
method has been employed for the construction of a number of different nitrogen
heterocycles including imidazolidin-2-ones (Eq. (1.17)) [40], and isoxazolidines [41].
Ahighly stereoselective synthesis of cis- and trans-3,5-disubstituted pyrazolidines has
been developed in which the presence or absence of an N-1 protecting group controls
product stereochemistry [42]. For example, treatment of 39 with 4-bromobiphenyl
and a palladium catalyst in the presence of NaOtBu affords the trans-disubstituted
product 41 (Eq. (1.18)), whereas subjection of 40 to similar reaction conditions
affords the cis-disubstituted product 42 (Eq. (1.19)).

o}
i BT 1 mol % Pd,(dba), I
Bn~n~ “N-PMP 2 mol % Xantphos Bn~n~ >N-PMP
+
{l NaOtBu, Toluene, 110 °C >—4 oN
o 19- 4< >»
&N 88%, 12:1 dr
(1.17)
I|3oc
2 mol % Pd(OAc), N
2 mol %(2)-BINAP H7CS~<_‘/N’B°C
R Br/NaOtBu, Toluene, 110 °C
H7Cq~ N -Boc 529, >20:1 dr 41 Ph
T
N\ 2 mol % Pd(OAc), H
39: R = Boc Ph 2 mol % Dpe-Phos H7C3"'< *n-Boc
40:R=H NaOtBu, Toluene, 70 °C
72%, 10:1 dr 42 Oph

(1.18,1.19)

Balme has reported a one-pot three-component alkene carboamination between
propargylic amines, alkylidene malonates, and aryl halides [43]. For example,
treatment of N-methyl propargylamine (2 equiv), dimethyl benzylidene malonate
(2 equiv) and 1,4-diiodobenzene (1 equiv) with n-Buli and a palladium catalyst
provided 43 as a single diastereomer (Eq. (1.20)) [43a]. The formation of the C—N
bond in this process does not appear to be metal catalyzed. Instead, initial conjugate
addition of the nitrogen nucleophile to the activated alkene affords a malonate anion,
which undergoes carbopalladation followed by reductive elimination to afford the
pyrrolidine product.

Ph..,
Il MeO,C.__CO,Me ' '
. | MeOZC”'
5 mol % Pdclz(PPh3)2 Meozc

nBuLi, DMSO, THF
43 Ph
54% N

Me
N

NHMe Ph
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1.3.4
Pd"-Catalyzed Carboamination Reactions of Alkenes

Two recent reports have described Pd"-catalyzed carboamination reactions involving
two alkenes that afford pyrrolidine products. Building on early work by Oshima that
employed stoichiometric amounts of palladium [44], Stahl has developed an inter-
molecular Pd-catalyzed coupling of N-allylsulfonamide derivatives with enol ethers
or styrene derivatives that affords substituted pyrrolidines in high yields with
moderate diastereoselectivity [45]. For example, treatment of 44 with styrene in the
presence of Pd" and Cu'" co-catalysts, with methyl acrylate added for catalyst stability,
provided 45 in 97% yield with 1.9: 1 dr (Eq. (1.21)). This reaction proceeds through
intermolecular aminopalladation of styrene to afford 46. Intramolecular carbopalla-
dation then provides intermediate 47, and subsequent B-hydride elimination yields
product 45.

5 mol % Pd(OAc),
5 mol % Cu(TFA),

~ A~ NHTs  + l 0.5 equiv methyl acrylate TW
Ph Toluene, air

44 97%, 1.9:1 dr

PdX, —HPdX
TsN/\/\ Q_(

Ph

(1.21)

46

Yang has reported a related tandem cyclization for the synthesis of pyrroloindoline
derivatives that also proceeds though a mechanism involving alkene aminopallada-
tion followed by carbopalladation of a second alkene [46]. As shown below, the
2-allylaniline derivative 48 was converted to 49 in 95% yield through treatment with a
catalyst composed of Pd(OAc), and pyridine (Eq. (1.22)). Use of (—)-sparteine as a
ligand in this reaction provided 49 with up to 91% ee.

OY\ 10 mol % Pd(OAc), Q
40 mol % Pyridine

NH
N
©/\/\ Tolaere: ©2 .
X 95% 49

48

13.5
Pd-Catalyzed Carboamination Reactions of Alkynes, Allenes, and Dienes

A few examples of Pd’-catalyzed carboamination reactions between alkyne-tethered
amines and aryl halides have also been reported [28d, 47]. For example, treatment of
amino ester derivative 50 with PhI in the presence of K,CO; using Pd(PPhs), as
catalyst led to the formation of 51 in 80% yield with complete retention of enantio-
meric purity (Eq. (1.23)) [28d]. In contrast to the Pd’catalyzed carboamination
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reactions of alkenes with aryl halides described above, the reactions of alkynes usually
proceed via anti-aminopalladation, although products resulting from syn-aminopal-
ladation have been obtained in some cases [48]. In addition to carboamination
reactions that employ aryl halides as coupling partners, several transformations
involving other electrophiles, such as acrylate derivatives, have been described
(Eq. (1.24)) [49].

SS K D\/Ph
/(\\ + Phi 10 mol % Pd(PPh3)4 MeOzC S

N

MeO,C”~ ~N(H)Ns K,COj3, CH4CN v (1.23)
>99% 50 BuyNClI, 60 °C 51
0ee 80% >99% ee

o)
0 o} 5 mol % Pd(OAC), 0
04(\ + oé/\ = H (1.24)
NH S Me H Nal, THF N
Ts | Ts Me

2%

Several examples of Pd’-catalyzed carboamination reactions between allenes and
aryl or alkenyl halides have been reported [50]. For example, treatment of allene 52
with iodobenzene in the presence of K,CO; and 2mol% Pd(PPhs), afforded
pyrrolidine 53 in 78% yield (Eq. (1.25)) [50a]. Mechanisms involving alkene amino-
palladation (similar to the reactions of alkynes and alkenes noted above) have
occasionally been invoked to explain these reactions. However, in many instances
these transformations may involve intermediate st-allylpalladium complexes. Due to
this mechanistic ambiguity, these transformations have been included in this section
for comparison with the related reactions of alkenes and alkynes. Similar reactions
involving allylic halides have also been described (Eq. (1.26)) [51].

2 mol % Pd(PPha), ol
+ Ph-l 2 ~Me
QNME K,CO3, DMF, 70 °C W (1.25)
|
52Ts o 78% 53 Ts PN

7

t-Bu / Cl t-Bu \

>_/ . 10 mol % PdCl,(PhCN), N o

O\[rN(H)Ts | EtsN, THF O_ _NTs (1.26)
65% bl

0 o)

Cross-coupling carboamination reactions between allenes and 2-haloaniline deri-
vatives or halogenated allylic amines have also been employed for the generation of
substituted indolines, and use of an appropriate chiral catalyst for these transforma-
tions leads to formation of enantioenriched products [52]. For example, Larock has
described the synthesis of indoline 56 via the Pd-catalyzed reaction of aryl iodide 54
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©i N 10 mol % 57 CaHy

54
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with allene 55 (Eq. (1.27)) [52a]. The best asymmetric induction was obtained using
chiral bisoxazoline ligand 57. These reactions appear to proceed via intermediate
m-allylpalladium complexes [53].

=N

| Ag3PO,, DMF, 90 °C {

C3H 95% yield, 80% ee
55 L3h7 yiela, fo)
e 5 d

57 Ph
(1.27)

Ma has developed a three-component allene carboamination reaction for the
stereoselective synthesis of 2,5-cis-disubstituted pyrrolidine derivatives [54]. A rep-
resentative transformation involving allene 58, 4-iodoanisole, and imine 59 that
generates 60 in 90% yield is shown below (Eq. (1.28)). The reaction is believed to
proceed through the intermediate s-allylpalladium complex 62, which is formed by
carbopalladation of the alkene to give 61 followed by addition of the malonate anion to
the activated imine. Intramolecular capture of the allylpalladium moiety by the
pendant nitrogen nucleophile affords the pyrrolidine product. A related asymmetric
synthesis of pyrazolidines that employs azodicarboxylates as one of the electrophilic
components has also been reported [55]. The pyrazolidine products are obtained with
up to 84% ee when chiral bis oxazolines are employed as ligands.

CO,Me
5 mol % Pd(PPhy), ™Me0:2C
K,CO3, Dioxane, 85 °C Ph N

59 90%, >98:2 dr Ts
60

Ts

\=2

+ +
5g COMe Ph

Pd(Ar)(I)

MeO,C, CO,Me
base 2 Y TS Meo,C /Pdl OMe
7
MeOzC Ph
N -
62 Ar
1

(1.28)

An interesting Pd-catalyzed diene carboamination reaction that involves urea-
directed C—H activation was recently reported [56]. For example, treatment of N-aryl
urea 63 with an activated diene in the presence of 10 mol% Pd(OAc),, 50 mol% TsOH,
Ac,0, and benzoquinone provided 64 in 90% yield (Eq. (1.29)). The transformation is
initiated by directed palladation of the arene by a palladium tosylate complex (formed
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in situ) to yield 65. Carbopalladation of the diene generates allylpalladium complex 66,
which is then trapped by the urea to afford the observed product.

| 10 mol % Pd(OAc),
+ 50 mol % TsOH _
Me NH | Ac,0, BQ, THF, 50 °C Me N CO,Et
Ao

90%

63 Me,N COzEt 64 Me,N” O
0
JOwmN
/@[ I Me NH \‘</PECOZEt
Me N NMe y
65 H 2 66 Me,N“ SO X
(1.29)
13.6

Vicinal Difunctionalization of Alkenes and Allenes

Reactions that effect addition of two heteroatoms across an alkene are very powerful
methods for the generation of heterocycles, and have significant potential synthetic
utility. Several important advances in this area that involve the use of palladium
catalysts have recently been reported [57]. Interestingly, many of these may involve
high oxidation state Pd"Y complexes as intermediates.

Palladium-catalyzed intramolecular aminobromination and aminochlorination
reactions of alkenes have been employed for the conversion of unsaturated amides,
carbamates, and sulfonamides to indolines and pyrrolidines [58]. As shown below
(Eq. (1.30)), treatment of 67 with 10 mol% Pd(TFA), in the presence of excess CuBr,
or CuCl, affords 68 and 69 in moderate to good yields [58a]. In some cases superior
results are obtained using PdCl,(CH3CN), as the catalyst and NCS as the stoichio-
metric oxidant, as demonstrated in the conversion of 70 to 71 in 90% yield
(Eq. (1.31)) [58D]. The alkene aminohalogenation reactions are believed to proceed
via initial aminopalladation of the substrate followed by oxidative halogenation of the
resulting alkylpalladium complex.

=~ 10 mol % Pd(TFA), X
I\/ CuBr, or CuCl, p—/
K,COg N

07 "N(H)Ts o] \ (1.30)
67 THF or CH3CN Ts
68: X = Br: 94%
69: X = Cl: 50%
= Cl
(\/ 10 mol % PdCl,(CH4CN), D_/
NH NCS, CH,Cl, N)\ (1.31)
90% 71 -Tol
O)\p-Tol 70 (0] P

Related aminohalogenation reactions of allenes, such as the conversion of 72 to 73,
can be effected under similar reaction conditions (Eq. (1.32)) [59]. However, these
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latter transformations appear to proceed via a different mechanism involving allene
bromopalladation followed by nucleophilic trapping of the resulting m-allylpalladium
intermediate (e.g., 74).

CsHy1y

10 mol % Pd(OAc), / CsHyy
CU(OAC)Z'Hzo O_(
N Br

LiBr, K2C03, CH3CN, 02

N(H)Ts 72%, 93:7 Z.E 73 Ts
72 (1.32)
Pd" PdX
LiBr E\_Jl(cg,ml
l\!H Br
74 Ts

A very interesting Pd"-catalyzed aminoacetoxylation reaction of alkenes was
recently developed jointly by the Sorensen and Lee groups [60]. In a representative
example, treatment of 75 with Pd(OAc), and PhI(OAc), provides oxazolidinone 76 in
65% yield with >20: 1 dr (Eq. (1.33)). This transformation is believed to proceed via a
Pd"/Pd" catalytic cycle that is initiated by anti-aminopalladation of the alkene to
afford 77. The intermediate Pd" complex is then oxidized by PhI(OAc), to alkyl Pd""
intermediate 78, which undergoes C—O bond-forming reductive elimination to
afford 76.

o 10 mol % Pd(OAc),

0
S PhI(OAC), TsN—~4
s 0
\/j Bu,NOAC, CH4CN, 60 °C Ph\_/l\/

Ph :
= 65%, >20:1 dr 76 Sac

75
(0] (0]
TsN TsN
Ph — > Ph

77 Pd'(0AC) 78 BdV(OAC),

(1.33)

Three different approaches to the synthesis of five-membered cyclic ureas have
recently been described that involve Pd-catalyzed alkene diamination reactions. In a
series of very interesting papers, Muniz has described the conversion of alkenes
bearing pendant ureas to imidizolidin-2-one derivatives using catalytic amounts of
Pd(OAc); in the presence of an oxidant such as PhI(OAc), or CuBr, [61, 62]. For
example, these conditions were used to effect the cyclization of 79 to 80 in 78% yield
(Eq. (1.34)) [62a]. These reactions proceed via a mechanism similar to that shown
above in Eq. (1.33), except that the heteropalladation may occur in a syn- rather than
anti- fashion, and the reductive elimination occurs with intramolecular formation of
a C—N bond rather than intermolecular formation of a C—O bond. The alkene
diamination reactions have also been employed for the synthesis of bisindolines
(Eq. (1.35)) [63] and bicyclic guanidines (Eq. (1.36)) [64].
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=0

25 mol % Pd(OAc),

NN H CHQClg
79 78%

Ts,
10 mol % Pd(OAc),

y O PhI(OAC),
Me4NCI, NaOAc (1.35)
Mes

OZ’
T

HN DMF
Mes 7%
NBoc 10 mol % Pd(OAc), NBoc
”J(N(H)Boc B, NJ<NBOC (1.36)
K,COs, DMF
o~ 89%

The intermolecular diamination of 1,3-dienes with acyclic ureas to provide
monocyclic or bicyclic urea derivatives has been achieved by Lloyd-Jones and
Booker-Milburn through use of a palladium catalyst combined with either benzo-
quinone or O, as an oxidant [65]. For example, diene 81 was converted to urea 82 in
82% vyield (Eq. (1.37)). These transformations are mechanistically distinct from the
reactions described above, and appear to involve intermediate m-allylpalladium
complexes.

(0]

g N
81

BQ, DME, 60 °C
HoH 82% 82

A much different strategy was developed by Shi for the conversion of 1,3-dienes or
trienes to cyclic ureas [66]. As shown below, treatment of conjugated diene 84 with
di-t-butyldiaziridinone 83 and in the presence of Pd(PPhs), as catalyst led to the
formation of 85 in 94% yield with >20: 1 dr (Eq. (1.38)). This reaction is believed to
occur via oxidative addition of 83 to Pd° to generate 86, which undergoes amino-
palladation to afford allylpalladium complex 87. Reductive elimination from 87
affords the urea product. An asymmetric variant of this transformation that provides
products with up to 95% ee has also been reported [67].

o 0
A . PN 10 mol % Pd(OPPhg) Bu— )k N—1BU
t—Bu”N_N\t-Bu CeD %5 © 85 /\
83 84 94%, >20:1 dr =
2 )L
L,PdP NKN NN N N\/PZBU
- ~ I
tBu” \py “t-Bu -
86 L, 87

(1.38)

15
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The scope of this chemistry has recently been extended to terminal alkene
substrates [68]. For example, 1-hexene was transformed to 88 in 68% yield under
solvent-free conditions using Pd(PPhs), as catalyst (Eq. (1.39)). Asymmetric induc-
tion has also been achieved in these reactions, and ees of up to 94% have been
obtained with a catalyst supported by a chiral phosphoramidite ligand [68c]. The
mechanism of the terminal alkene diamination reactions has not yet been fully
elucidated, but it appears likely that allylic C—H activation/amination is involved.

o)
o J
}L s HC, NNy 5mol % Pd(PPhy), t-Bu~p” “N-tBU
NN 65 °C A
t-Bu 83 t-Bu 68% HsCop — 88
(1.39)
1.4

Synthesis of Nitrogen Heterocycles via Intermediate m-Allylpalladium Complexes

The intramolecular addition of nitrogen nucleophiles to intermediate s-allylpalla-
dium complexes is a valuable method for the synthesis of saturated nitrogen
heterocycles [69]. A number of different strategies have been employed for the
generation of the reactive intermediate m-allylpalladium complexes, such as oxidative
addition of alkenyl epoxides, allylic acetates, allylic carbonates, and related electro-
philes to Pd°. These intermediates have also been accessed through carbopalladation
or heteropalladation reactions of allenes (as described above), vinyl cyclopropanes, or
1,3-dienes, and recent approaches involving allylic C—H activation have also been
developed.

1.4.1
Reactions Involving Oxidative Addition of Allylic Electrophiles

One of the most common methods employed for the generation of allylpalladium
complexes involves oxidative addition of allylic electrophiles to Pd®. This transfor-
mation has been explored by several groups, and has been the topic of recent
reviews [69]. A representative example of this process was demonstrated in a recent
total synthesis of (4 )-Biotin [70]. The key step in the synthesis was an intramolecular
amination of 89, which provided bicyclic urea derivative 90 in 77% yield (Eq. (1.40)).
In contrast to the Pd"-catalyzed reactions of allylic acetates bearing pendant amines
described above (Eq. (1.10)), which proceed via alkene aminopalladation, Pd’-
catalyzed reactions of these substrates occur via initial oxidative addition of the
allylic acetate to provide an intermediate s-allylpalladium complex (e.g., 91). This
intermediate is then captured by the pendant nucleophile (e.g., 91 to 90) in a formal
reductive elimination process to generate the product and regenerate the Pd° catalyst.
Both the oxidative addition and the reductive elimination steps occur with inversion
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of configuration when soft nucleophiles are employed, which results in overall
retention of configuration at the carbonate-bearing carbon stereocenter. Related
transformations of propargylic electrophiles have also been reported [71].

QU NH o
2 10 mol % Pd(OAc), )L
B”‘N 0CO,Me 66 mol % P(OEt); "
w BuyNCl, NaHCO4 M
CO,Me DMF, H,0, 100 °C o COMe
7% 90
(1.40)
QU NH, —-Pd°
L,Pd® - L,
n Bn-N Pd(OAC)

- / 3

A number of studies have focused on the development and application of
asymmetric versions of Pd-catalyzed allylic alkylation reactions [72]. Trost has
developed a class of ligands, including 94 and 95, that provide excellent yields and
enantioselectivities for many of these reactions. For example, treatment of allylic
acetate 92 with 1 mol% of allylpalladium chloride and 3 mol% of ligand 94 led to the
formation of 93 in 97% yield and 91% ee (Eq. (1.41)) [73]. Asymmetric desymme-
trization reactions of meso-bis-carbamates that provide heterocyclic products have
also been described [74].

1 mol % (M3-C3HgPdCl),

— 3 mol % 94 w

NH N
92 /! OAC Et3N, THF, —45°C |
PMB 97% yield, 91% ee PMB

) <:\> o)
%—NH HN% NH HN?
PPh, PhyP PPh, PhyP
94

Recently, Trost has employed this methodology in a tandem one-pot ene-yne
coupling/enantioselective allylation process [75]. This transformation was used for
the construction of pyrrolidine 99, an intermediate in a formal synthesis of kainic acid
[75b]. As shown below (Eq. (1.42)), ruthenium-catalyzed coupling of 96 with 97
provided intermediate allyl ether 98. Addition of 2 mol% of allylpalladium chloride

(1.41)

17
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and 6 mol% of chiral ligand 94 to the reaction vessel led to the formation of 99 in 92%
yield and 94% ee.

NO, ™
ST
N(H)Ts 10 mol % [RuCp(CH;CN)5]PFg S
+ NH
98 Ts OAr
I 1
™S
96 97
TMS—\ 2 mol % (n3-CzHsPdCl),
6 mol % 94
N DBU, CH,Cl,
% I \ 929% yield, 94% ee

(1.42)

Alkenyl epoxides and aziridines have also been widely utilized as electrophiles in
reactions that proceed via intermediate m-allylpalladium complexes [69], including
reactions that form five-membered nitrogen heterocycles [76]. In a representative
transformation, alkenyl epoxide 100 was coupled with isocyanate 101 in the
presence of a catalyst generated in situ from Pd,(dba); and P(Oi-Pr); to afford
oxazolidin-2-one 102 in quantitative yield (Eq. (1.43)) [76b]. The reaction is initiated
by oxidative addition of 100 to Pd° to afford 103, which reacts with the isocyanate to
yield 104. The product is then generated by trapping the allylpalladium complex
with the pendant carbamate anion. Related transformations involving the use of
imines in place of isocyanates allow the construction of 1,3-oxazolidines [77], and
syntheses of substituted pyrrolidines from 2-vinyloxiranes bearing tethered nitrogen
nucleophiles have also been reported [78].

H NCO 1 mol % Pd,(dba)s o 0
- O OCHz 12 mol % P(Oi-Pr), OJ(
TBSO SH * Ho L N O
THF ar
100

X 0,
101 0% 1850" 7 \ldlen,

H O

TBSO/\AKH Ar-NCO TBSO
103 /
L,Pd*

(1.43)

Related reactions of vinylaziridines [79] or activated vinylcyclopropanes [80] with
isocyanates and other heterocumulenes have been developed for the construction of
cyclic ureas and similar heterocycles. For example, Trost has recently described a
dynamic kinetic asymmetric reaction of aziridine 105 with phenylisocyanate that
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affords urea 106 in 82% yield with 99% ee (Eq. (1.44)) [81]. The interconversion of
stereoisomers occurs vian’>-n'—n? isomerization processes after oxidative addition of
the aziridine to Pd°.

Bn 2 mol % (N3-C3H5PdCl),

(6]
I
N o 6 mol % 95 J\
W + Ph-NCO HOAG, CH,Cl, Bn~p~ “N-Ph (1.44)
0% Vi o
(¥)-105 82% yield, 99% ee 106 -

A related strategy has been used for the conversion of 5,5-divinyl oxazolidinones to
highly substituted pyrrolidines [82]. For example, treatment of 107 with a Pd° catalyst
in the presence of activated alkene 108 provides 109 in 95% yield (Eq. (1.45)). The
reaction proceeds via oxidative addition followed by decarboxylation to afford the
allylpalladium complex 110. Intermolecular conjugate addition to give 111, followed
by intramolecular trapping of the allylpalladium moiety, affords the observed
products.

5 mol % sz(dba)3-CHCI3

\ 0 \
TSN NC CN 10 mol % PPhg TsN
=T \[ THF, 40 °C _
95%
© 107 108 Ph ’ PRy eN 109

RN .

N . Pd*
110 Pd* 111 NC CN

(1.45)

1.4.2
Reactions Involving mt-Allylpalladium Intermediates Generated via Alkene
Carbopalladation

A number of approaches to the generation of intermediate allylpalladium complexes
in heterocycle synthesis involve initial Heck-type carbopalladation of an alkene with
an alkenyl halide, followed by rearrangement of the resulting alkylpalladium species
via reversible f-hydride elimination processes [83, 84]. For example, treatment of
alkenyl sulfonamide 112 with 1-iodocyclopentene in the presence of catalytic
amounts of Pd(OAc), and P(o-tol); provided pyrrolidine 113 in 93% yield (Eq. (1.46))
[84a]. The C—N bond forming step occurs from the m-allylpalladium complex
116, which results from B-hydride elimination of 114 followed by hydridopalladation
of 115. This strategy has also been employed for the synthesis of lactams from
w-olefinic amides [83b]. In addition, intramolecular versions of the pyrrolidine-
forming reactions have been developed, such as the conversion of 117 to 118
(Eq. (1.47)) [84b,c].
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5 mol % Pd(OAc), Ts
0, -
NN/TS .\ @/| 10 mol % P(o-tol); N
H Bu,NCI, Na,COj
112 CH4CN, 90 °C 113

l 93% ]
A s
HN HN ! NH

_— / N —_—
TS TS 7 "Pd—i B\
114 Ppd 115 H Pdl
116
(1.46)
5 mol % Pd(OAc), s
Br ZhNTS 10 mol % P(0-tol)s N
Bu,NCl, Na,CO; (1.47)
117 DMF, 65 °C H
78% 118

Another approach to the construction of five-membered nitrogen heterocycles by
way of intermediate m-allylpalladium complexes involves carbopalladation reactions
of 1,3- or 1,4-dienes [85]. For example, Larock has described the coupling of N-tosyl-2-
iodoaniline with 1,3-cyclohexadiene, which affords 119 in 87% yield (Eq. (1.48)). The
allylpalladium complex 120 is a key intermediate in this transformation. Asymmetric
versions of these reactions that generate pyrrolidine products have also been
described [86]. Related Heck reactions that employ vinylcyclopropanes as diene
surrogates have also been reported, although lengthy reaction times (3—4 days) are
often required for transformations of these substrates [87].

N(H)T
@E (H)Ts . 5 mol % Pd(dba),
I Nach3, BU4NC|
DMF, 100 °C
87%

~o._]

120 TS

(1.48)

The use of Heck reactions of dienes for the construction of nitrogen heterocycles
has been applied to an elegant synthesis of (—)-spirotryprostatin B [88]. As shown
below (Eq. (1.49)), the intramolecular Heck reaction of 121 afforded the complex
pentacycle 122, which was converted to the natural product after cleavage of the SEM
protecting group.
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0] = 10 mol % Pd,(dba)3*CHCl;
| 40 mol % P(o-tol)3

=
KOAc, THF, 70 °C
l}l o 72%, 1:1 dr

| SEM 121

(1.49)

1.4.3
Reactions Involving Aminopalladation of 1,3-Dienes

Bickvall and coworkers have developed a stereoselective palladium catalyzed 1,4-
addition to cyclic 1,3-dienes that produces pyrrolidine [89a] or lactam products [89D].
For example, treatment of 123 with catalytic Pd(OAc), and excess LiCl affords 125
(Eq. (1.50)). Alternatively, treatment of 123 with catalytic Pd(OAc), and excess LiOAc
affords 127 (Eq. (1.51)). Both reactions proceed via anti-aminopalladation to afford an
allylpalladium complex (124 or 126), which is then captured by an external nucle-
ophile. Outer-sphere attack of chloride ion on 124 results in net syn-addition to the
diene to give 125, whereas inner-sphere attack of acetate results in anti-addition to

provide 127.
Cl ~ -
5 mol % Pd(OAc), 7
BQ, LiCl, acetone, HOAc TSN
97% X-Pd  H cp, H \Cbz
N 124
“Cbz
123
5 mol % Pd(OAC), @ &
BQ, HOAc, acetone B

85% AcO-Pd H \Cbz 127 H CbZ
126

\

(1.50,1.51)

1.4.4
Generation of Allylpalladium Intermediates through C-H Activation

A recent example of isoxazolidine synthesis that involves generation of an allylpalla-
dium complex via allylic C—H activation was reported by the White group [90]. As
shown below (Eq. (1.52)), treatment of homoallylic carbamate 128 with Pd(OAc), in
the presence of sulfoxide ligand 130 and phenylbenzoquinone (PhBQ) provided 129
in 72% yield with 6: 1 dr. A related transformation that affords indoline products has
been described by Larock [17a].
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)OJ\ 10 mol % Pd(OAc), 0
10 mol % 130 J /\
0~ “N(H)Ts _Ts Ph(0)S  S(O)Ph
)\/(\) PhBQ, THF, 45 °C Q N ©) ©)
i-Pr A 72%, 6:1 dr _ )—\; 130
128 i-Pr 129

(1.52)

1.5
Synthesis of Nitrogen Heterocycles via Pd-Catalyzed 1,3-Dipolar
Cycloaddition Reactions

Although the use of 1,3-dipolar cycloaddition reactions that form carbon-heteroatom
bonds is fairly common using traditional synthetic methods [2], palladium-catalyzed
dipolar cycloaddition reactions of this type are rather rare. However, a few reports
have described an interesting and synthetically useful approach to the synthesis of
pyrrolidines via Pd-catalyzed [3 + 2] cycloaddition reactions of trimethylenemethane
with imines [91]. In very recent studies, Trost has developed an asymmetric variant of
these reactions that provides access to enantioenriched pyrrolidine derivatives [92].
For example, treatment of trimethylenemethane precursor 131 with imine 132
proceeds to afford 133 in 84% yield and 91% ee when a catalyst composed of Pd
TMS 5 mol % Pd(dba),

(dba), and ligand 134 is used (Eq. (1.53)).
ST
Boc Boc Q
N"2% 10 mol % 134 N b
* Ph)l Toluene, 4 °C & OO o

84% yield, 91% ee Ph”
OAc 133
132 134
131

(1.53)

Although many Pd-catalyzed [3 + 2] cycloaddition reactions employ 131 as a
trimethylenemethane precursor, readily available 2-methylenepropane-1,3-diols and
their corresponding benzyl ethers have also been used as sources of trimethylene-
methane [93]. This approach allows construction of more highly substituted pyrro-
lidine derivatives than can be generated from 131. For example, treatment of 135 with
136 in the presence of diethylzinc and a palladium catalyst afforded pyrrolidine 137 in
92% vyield as a single diastereomer (Eq. (1.54)).

Ph 10 mol % Pd(OACK.
Me + j| 20 mol % BusP Me' Ph (1.54)
San Og N‘PMP EtyZn, THF, reflux ) .
1gg BN OBn 136 92%, >20:1 dr 137 PMP
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Anunusual class of Pd-catalyzed [3 + 2] cycloaddition reactions between activated
aziridines and heterocumulenes such as isocyanates and carbodiimides has been
extensively examined by Alper and coworkers [94]. These transformations led to the
preparation of ureas, carbamates, and other heterocycles in good yields. For example,
treatment of 138 with phenylisocyanate afforded urea 139 in 72% yield (Eq. (1.55))
[94a]. The mechanism of these reactions presumably involves oxidative addition of
the aziridine to Pd®, followed by insertion of the isocyanate into the Pd—N bond and
C—C bond-forming reductive elimination (similar to the reactions of vinylaziridines
described in the section above, although allylpalladium intermediates are obviously
not involved).

0]

Bu )J\
] % Ph~ -Bu
N + Ph—N=C=0 10 mol % PdCl,(PhCN), N~ °N

Toluene, 120 °C H
MeO,C”7_ N 72% MeO,C
139

138
(1.55)

1.6
Synthesis of Nitrogen Heterocycles via Carbonylative Processes

Many of the concepts and strategies outlined above have been employed in carbo-
nylative processes, which provide more highly functionalized heterocyclic products
through incorporation of one or more units of CO [95]. Palladium-catalyzed carbo-
nylative transformations that afford saturated five-membered nitrogen heterocycles
can be broadly divided into three major categories: (i) processes involving CO
insertion into a Pd—Cja, or Pd—Cajkeny1 bond, followed by intramolecular capture
by a pendant nucleophile; (ii) transformations involving CO insertion into a Pd—
heteroatom bond; and (3) Wacker-type processes wherein anti-heteropalladation of a
carbon—carbon multiple bond precedes CO insertion.

1.6.1
Transformations Involving CO Insertion into Aryl or Alkenyl Pd-Carbon Bonds

Palladium-catalyzed carbonylative reactions of aryl or alkenyl bromides bearing
pendant nitrogen nucleophiles have been studied for over 30 years, and have proven
useful for the construction of a variety of different heterocyclic compounds [96]. For
example, treatment of 140 with catalytic amounts of Pd(OAc), and PPhj; in the
presence of BuzN under an atmosphere of CO afforded lactam 141 in 65% yield
(Eq. (1.56)) [96a]. This transformation presumably occurs via oxidative addition of the
aryl bromide to Pd° to provide 142, which undergoes insertion of CO into the Pd—C
bond to yield 143. Intramolecular capture of the acylpalladium intermediate 143 by
the tethered amine gives the desired heterocyclic product.
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2 mol % Pd(OAc),

N(H)Bn 4 mol % PPhy N=Bn
BusN, CO, 100 °C
Br 140 63% 141 %
|_ (j?N(H)Bn co N(H)Bn

PdB

PdBr dBr
142 143 g
(1.56)

The insertion of CO into Pd-carbon bonds has also been employed in several
tandem/cascade reactions that afford five-membered nitrogen heterocycles [97]. A
representative example of this approach to the construction of heterocycles involves
synthesis of isoindolinones via the Pd-catalyzed coupling of 2-bromobenzaldehyde
with two equivalents of a primary amine under an atmosphere of CO [97b]. As shown
below (Eq. (1.57)), this method was used for the preparation of 144 in 64% yield. The
mechanism of this reaction is likely via initial, reversible condensation of 2-bromo-
benzaldehyde with 2 equiv of the amine to form an aminal 145. Oxidative addition
of the aryl bromide to Pd® followed by CO insertion provides the acylpalladium
species 146, which is then captured by the pendant aminal to afford the observed
product. An alternative mechanism involving intramolecular imine insertion into the
Pd—C bond of a related acylpalladium species, followed by formation of a palladium-
amido complex and C—N bond-forming reductive elimination has also been pro-

posed [97b].

-B
cHO 1.5 mol % PdCl,(PPh), HN=ER
BINH 4 mol % PPhy
+ n -
. 2 CO, Et3N, 100 °C NTBn
64%
l 144 ©
N,Bn _Bn .Bn
! HN HN
_Bn _Bn
. N _ Pd(O) N
= H co H
Br Br PdBr
145 146 o
(1.57)

A sequence involving intermolecular Pd-catalyzed carbonylative amidation
followed by intramolecular Michael addition has been employed for the construction
of isoindolin-1-ones [97d]. For example, treatment of 147 with 4-methoxyaniline
under standard conditions for Pd-catalyzed carbonylative coupling gave isoindolinone
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148 in 79% yield (Eq. (1.58)). This transformation is effective with a wide array of
primary aliphatic and aromatic amine nucleophiles.

NH
NC 2 10 mol % Pd(OAc), CN
| . 20 mol % PPh,
CO, Cs,CO, N—PMP
| Toluene, 90 °C
147 OMe 79% 148 ©O

(1.58)

A synthesis of phthalimides via double carbonylative coupling of ortho-diiodo
arenes with anilines has also been reported [98]. The conversion of 149 to 150
proceeded in good yield using a Pd/PPhs-based catalyst system (Eq. (1.59)).

MeO | NHz MeO 7
e 3 mol % PdCl,(PPhs), €
+ DBU, DMA, 115 °C N-Ph
MeO | 75% MeO
149 150 ©

(1.59)

1.6.2
Transformations Involving CO Insertion Into a Pd—Heteroatom Bond

A number of interesting methods for the synthesis of heterocycles that employ
palladium carbonylation chemistry involve formal CO insertion into a Pd-heter-
oatom bond via either an inner-sphere or outer-sphere mechanism [99]. Several
groups have employed this strategy for the generation of isoxazolidines and ureas via
Pd-catalyzed carbonylation reactions of 1,2-amino alcohols or 1,2-diamines [100]. For
example, Gabriele and coworkers have synthesized oxazolidin-2-ones in high yields
using a Pdl,/KI/air catalyst system [100b]. Oxazolidin-2-one 152 was obtained in 96%
yield from amino alcohol substrate 151 using only 0.05 mol% of PdI, (Eq. (1.60)). Ina
similar fashion, diamine 153 was transformed to 1,3-dihydrobenzoimidazol-2-one
154 in 70% yield (Eq. (1.61)) [100d]. The first carbon heteroatom bond is formed by
CO insertion into the palladium amido complex 155, followed by intramolecular
trapping of the resulting acylpalladium intermediate 156 with the second heteroat-
om. This leads to reduction of the Pd" catalyst to Pd’, and the presence of air (oxygen)
is required to regenerate the catalytically active Pd" species.

0.05 mol % Pdl, /
0.5 mol % KI
O_ NH
i 0 1.60
i N, CO, air, L;l(\;/ll]E, 100 °C NS (1.60)
151 /0 O 152
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0.02 mol % Pdl, H
NH; 2 mol % KI N
CO, air, DME, 100 °C >=0
NH, 70% N
153 154
(1.61)
H H 9
N—PdX co N—4
—(x o
NH NH
155 2 156 2

Several transformations involving CO insertion into a Pd-heteroatom bond have
been developed that lead to incorporation of two molecules of CO into the hetero-
cyclic product. This approach to heterocycle synthesis is exemplified by a synthesis of
dihydroindolones reported by Gabriele [101]. As shown below, treatment of ortho-
alkynyl aniline 157 with a Pd"" catalyst under CO in methanol afforded 158 in 50%
yield (Eq. (1.62)). A similar strategy has been employed for the conversion of alkene
159 to pyrrolidinone 160 (Eq. (1.63)) [102].

MeO,C
Z 0.2 mol % Pdl
= .2 mol % Pdl, /
Cl\d 20 mol % KI cl
o
CO, air
NH, MeOH, 70 °C N
157 50% 158
(1.62)
Ts< 0
NH TS\ COZMe
— 5 mol % PdCl , N
CO, 0,, CuCl
5o MeOH, THF 160
85%
(1.63)
1.6.3

Wacker-Type Carbonylative Processes

Pd-catalyzed carbonylative processes that involve Wacker-type anti-aminopalladation
of alkenes, alkynes or allenes have been widely employed in the construction of
nitrogen heterocycles. Early studies using stoichiometric amounts of palladium to
effect intramolecular alkene aminopalladation followed by carbonylation were
reported by Danishefsky in 1983 [103]. A number of elegant studies by Tamaru
subsequently led to the development of catalytic versions of these reactions, and
extended the scope of this chemistry to allow the generation of a wide array of
nitrogen heterocycles, including oxazolidin-2-ones, imidazolidin-2-ones, pyrroli-
dines, and isoxazolidines [104]. For example, treatment of carbamate 161 with
5mol% PdCl, in the presence of CuCl, under CO using trimethyl orthoacetate as
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solvent provides oxazolidin-2-one 162 in 70% yield with >20: 1 dr (Eq. (1.64)) [104e].
The mechanism of this reaction involves anti-aminopalladation of the alkene to
afford 163, which undergoes CO insertion to form 164. Capture of the acylpalladium
intermediate 164 with methanol (formed in situ from trimethyl orthoacetate) gives
the heterocyclic product.

>/\—/ CuCl,, CO S Eo2ve
N(H)Ts

0 MeC(OMe)s, 35 °C O NTs
161 70%, >20:1 dr
o 0 162 l(
o)
>/\_\5\qu —
PdCl, Cco \ PdCl  MeOH
_Hcl OYNTS O_ _NTs
163 164 W
o 0
(1.64)

This strategy has been used for the construction of bridged bicyclic nitrogen
heterocycles, and has been applied to a formal total synthesis of the alkaloid natural
product (+)-ferruginine [105]. In addition, an asymmetric variant of this reaction has
been developed by Sasai and coworkers. As shown below (Eq. (1.65)), use of a catalyst
composed of Pd(TFA), and spiro bis(isoxazoline) ligand 167 effected the conversion
of sulfonamide 165 to pyrrolidine 166 in 95% yield and 60% ee [106]. Although this
transformation requires high catalyst loadings and very long reaction times (7 days),
itis clear that there is potential for achieving asymmetric induction in these systems,
and development of new catalysts for these reactions is likely to be an area of future
investigation.

30 mol % Pd(TFA),
66 mol % 167 H.,, H
=~ *

NH BQ, CO, MeOH, -20 °C N o

MesO.S 165 95% yield, 60% ee MesO.s  COaMe o-N N-g
2 2> 66 167
(1.65)

Alkene aminopalladation/carbonylation has also been employed in the synthesis
of fused bis(heterocycles) [107]. As shown below, treatment of 168 with 10 mol%
PdCl, in the presence of CuCl, under CO provided 169 in 66% yield (Eq. (1.66))
[107a]. This strategy has been used for the preparation of 1,4-iminoglycitols [107D],
and has been applied to a concise synthesis of the Geissman—Waiss Lactone, which is
a key intermediate in the synthesis of necine bases [107c].

l\:lle Me
(\]/\OH 10 mol % PdCl, (\/:EO)CO
NH = CuCl,, CO N~ (1.66)
) :
TS 168 NaOAc, HOAc 14 H

66% 169
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A number of Pd-catalyzed carbonylative processes have employed allenes as
substrates for the synthesis of nitrogen heterocycles [108]. For example, subjection
of substituted allene 170 to reaction conditions similar to those employed in related
reactions of alkenes led to the formation of pyrrolidine 171 in 68% yield with 2: 1 dr
(Eq. (1.67)) [108d]. Modest asymmetric induction has been achieved in these
transformations using simple chiral auxiliaries [108D,d]. This strategy was employed
in an asymmetric synthesis of pumiliotoxin 251 D, which involved the aminocarbo-
nylation of allene 172 to pyrrolidine 173 as a key step (Eq. (1.68)) [108b].

—

10 mol % PdCl,

Ph™ >y CuCly, CO, EtzN, MeOH N (1.67)

| 0, . |

Ts 170 68%, 2:1 dr 171 Ts COxMe

/\—\ 20 mol % PdCl,(PhCN),
NH CuCl,, CO, MeOH Q\(
172 71%, 2.5:1 dr CO,Me (1.68)

Ph 173 py

OH OH

1.7
Summary and Future Outlook

Over the past several decades, research in the field of palladium catalysis has resulted
in the development of a myriad of transformations that provide access to saturated
nitrogen heterocycles. Many of these transformations effect the formation of several
bonds, and/or proceed with good to excellent levels of stereocontrol. Despite the
many advances made in this field, discoveries of new reactivity are still being reported
with great frequency, and this promises to remain a fruitful area of research for many
years to come. In particular, the development of new palladium catalysts will likely
lead to improvements in the scope of existing transformations, and will also open up
new reaction pathways that can be applied to unsolved problems in heterocyclic
chemistry.
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Transition Metal Catalyzed Approaches to Lactones Involving
C—O Bond Formation

Charles S. Yeung, Peter K. Dornan, and Vy M. Dong

2.1
Introduction

Lactones found in nature, particularly those with ring sizes larger than eight (i.e.,
macrolactones), exhibit important biological and medicinal activities and find
application as pheromones, insecticides, antibiotics, as well as cytotoxic and anti-
angiogenesis agents (Figure 2.1) [1-3]. Enzymatic construction of these architectures
typically involves a ring closure via intramolecular addition of an alcohol to an
activated thioester [4]. In an analogous manner, traditional lactone synthesis typically
involves a retrosynthetic disconnection between the C—O single bond via carboxylic
acid or alcohol activation (Scheme 2.1) [1, 3].

O carboxylic O (0]
acid o Lrlf
OH activation X CyClIZathn e}
Ly ,H
OH
, o R
R R
Yamaguchi: 2,4,6-benzoyl chloride, NEtz, cat. DMAP
Corey-Nicolaou: 2,2'-dipyridyldisulfide, PPhg
Keck: DCC, DMAP

Scheme 2.1 Traditional C—O bond formation strategies by carboxylic acid activation [1, 5].

In contrast, modern transition metal catalysis has provided many complementary
synthetic approaches to lactones that have enabled a greater number of retrosynthetic
connections. Using a transition metal, lactone synthesis can be achieved without the
need for stoichiometric activating agents, hence addressing issues of both cost and
atom economy (i.e., minimization of waste). In addition, extension to asymmetric
variants allows direct synthesis of chiral lactones from achiral starting materials.
Herein, we discuss lactonization strategies that involve the formation of C—O bonds
made possible by employment of transition metals. Emphasis will be placed on
mechanistic understanding, asymmetric transformations, and application to total
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Me Me

octalactin A halicholactone aflatoxin B1

Figure 2.1 Natural products containing lactone functionalities [1, 4].

synthesis. Other methods involving C—C bond formation (e.g., olefin metathesis) are
beyond the scope of this chapter [2].

2.2
Synthesis of Lactones Involving CO

2.2.1
Carbonylation of C—X Bonds

Transition metal catalyzed insertion of CO has proven to be an excellent method for
the synthesis of lactones [6-8]. Access to lactones via this approach typically involves
Pd(0) catalysis via: (i) oxidative addition of a C—X bond, (ii) insertion of CO, (iii)
intramolecular addition of O-based nucleophiles, and (iv) reductive elimination
(Scheme 2.2).

@)
! X

Q R
f— C/OH + C:=0

X=Cl,Br, |, OTf

$  reductive oxidative
o elimination | pq0 addition X
O

Pd''X

C.
Pd"
|
5 OH

o C=0
X HB Coin
© _® Pd'X CO insertion
ligand pg OH
exchange

Scheme 2.2 Mechanism for Pd(0)-catalyzed carbonylation of C—X bonds terminated by OH [6].
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The use of OH nucleophiles for cyclization was first reported by Ban [9] and
Negishi [10]. Subsequently, Shibasaki and coworkers demonstrated that desymme-
trization of alkenyl halides could yield chiral a-methylene y- and 8-lactones with
chiral bidentate phosphine ligands (Scheme 2.3). The presence of silver salts was
crucial to the observed enantioselectivity (up to 53%). It is postulated that without
these salts, the bidentate ligand can only bind through one arm, thus leading to poor
selectivity; however, the use of silver salts generates a cationic palladium species
which can offer two coordination sites to the ligand [11]. In some cases, over-oxidation
of the 2° alcohol led to ketone formation.

5 mol% Pd(OAc),
10 mol% (R)-BINAP

OH 3 6q. Ag,0, MeCN, 70 °C

(1 atm CO)

44% 5%
57% ee 42% ee

Scheme 2.3 Desymmetrization of alkenyl halides by carbonylative lactonization [11].

Applications of cyclocarbonylation to the preparation of natural products include
the synthesis of (+)-aristolactone [12], (+ )-hamabiwalactone B [13], (4 )-asimicin,
and (+ )-bullatacin [14], all of which involve 4-hydroxybutenolide motifs (Scheme 2.4).

MeO TBDPSO | OH

S

MeO Me

cat. Pdclz(PPh3)2, NH>NH», K,CO3
THF (3 atm CO)

o}
MeO TBDPSO Q
MeO X Me steps

4
83%

Scheme 2.4 Total synthesis of (+)-asimicin [14].

Carbonylative macrolactonization is also possible. Takahashi and coworkers
successfully prepared a library of macrosphelide targets using solid phase synthesis
under Pd(0) catalysis (Scheme 2.5). By using the split-and-pool technique, 122
compounds were synthesized [15].

cat. Pdy(dba)s, dppf

NEt;, DMAP
polymer .. DMF, 80°C
(30 atm CO)

Me

Scheme 2.5 Combinatorial synthesis of a macrosphelide library [15].
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The nucleophilic addition of O-enolates, unlike alcohols, produces lactones with
C=C bonds adjacent to the ester functionality [6, 7]. Butenolides, for instance, can
be easily prepared via this strategy (Scheme 2.6). When a,f-unsaturated aryl
ketones are used, it is proposed that water acts as a proton source and that CO
reduces Pd(II) to Pd(0) to complete the catalytic cycle. While NEt; is known to
reduce Pd(II), the reaction also worked with non-reducing bases, such as pyridine,
but not with K,CO3, a dehydrating agent. Negishi and coworkers further extended
their methodology to a multicomponent reaction of aryl iodides and alkynes in the
presence of CO requiring 1 equiv of water [16], similar to a method reported earlier
by Alper using Co(0) under phase transfer conditions and a relatively low pressure
of CO (Scheme 2.7) [17]. These two examples are notable for the incorporation of 2
equivalent of CO. The analogous preparation of six-membered benzolactones has
also been achieved, not only with Pd(0) but also employing Cu(I) and Ni(0) as
catalysts [18, 19]. Because O-enolates can also be accessed via insertion of CO,
tandem processes have also been reported for the synthesis of small-ring lactones
(Scheme 2.8) [18, 20, 21].

R! R2 5 mol% PdCly(PPhg), R! R2 Rl R2

_ 2 eq. NEt3 __ _
R‘g_<| Rlv& ¥ //d
DMF or benzene, 100 °C o O Ar o (0]
0 (20 atm CO) H

R = CHyR' R=Ar
66-84% 49-99%

Scheme 2.6 Butenolides by carbonylation of C—I bonds terminated by O-enolates [16].

R? 5 mol% PdCly(PPhg), Rl R2 R2 R!

8 eq. NEtz or 4 eq. NaHCO3 _
s T o S
1eq. H,O Ar o~ O Ar o~ O
benzene, 130 °C H H
(20 atm CO) 37-66% (89:11-94:6)

R—= 4 mol% Co,(CO);0, 5M NaOH R
+

cetyl trimethylammonium bromide ﬂ
benzene Me O 2)

o
Mel (1 atm CO) HO

18-68%

Scheme 2.7 Multicomponent approaches to lactones from alkynes and CO [16, 17].



2.2 Synthesis of Lactones Involving CO | 39

| ngy 35 mMol% Pd(PPhy), LnPd 0 4 © o
| 1.5-2 eq. NEt3 "By . "Bu
THF/MeCN, 100 °C
CO,Me (40 atm CO)
CO,Me CO,Me
67%
Cl 5 mol% PdCI,(PPhs),
2 eq. NEt3
R (6]
MeCN, 100 °C
(40 atm CO) R
R=H 78%
= Me 0

68%
CH(COOEY), 470

Scheme 2.8 Double carbonylation of C—X bonds terminated by O-enolates [18, 20, 21].

222
Carbonylation of C—-M Bonds

Carbonylation of C—M bonds with transition metal catalysts has received signifi-
cantly less attention than the corresponding insertion chemistry of C—X bonds [6].
With Pd(II) as the catalyst, transmetallation initiates the cyclocarbonylation catalytic
cycle (Scheme 2.9). An oxidant is typically required to regenerate Pd(II) from Pd(0)
following reductive elimination.

M
o oxidation | pd''x, OH
\ "

(0] L,Pd° transmetallation
) MX
reductive
elimination Pd''X

9 (/
C. OH
Cdu
|
0 % /‘ c=o

CHNC) C\pdllx CO insertion
X HB
OH

ligand exchange B

Scheme 2.9 Mechanism for Pd(Il)-catalyzed carbonylation of C—M bonds terminated by OH.

Larock reported the use of stoichiometric amounts of thallium salts for direct C—H
metallation and cyclocarbonylation for the synthesis of benzofuranones and benzo-
hexanones (Scheme 2.10). Surprisingly, this reaction occurs in the absence of
external oxidant because TI(III) salts generated via transmetallation can reoxidize
Pd(0) to Pd(II). Lithium chloride and magnesium oxide were added to suppress

@)
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N

=

n
n=1,2

OH

n=1,2

10 mol% PdCl,, 2 eq. LiCl 0

R R
H TI(TFA)3 |\ o (TFA)2 5 6q. MgO or 2 eq. Li,CO4 |\ SN
o)
OH' TEA or THFITFA Z~y OH MeOH Z

n (1 atm CO) 23_89%n

Scheme 2.10 Benzolactones by carbonylation of C—H bonds terminated by OH [22].

competing biphenyl formation [22]. This approach was applied to both 5- and
6-membered rings (phthalides and 3,4-dihydroisocoumarins, respectively) and was
used in a concise total synthesis of pseudomeconin. Meta-substituted benzyl alcohols
gave excellent regioselectivity in the thallation step, as only 5-substituted phthalides
were observed, presumably because the position between substituents on the benzyl
alcohol is too sterically hindered [22].

Kocovsky et al. later demonstrated that C—Hg bonds can be used for stereospecific
lactone synthesis. Both cis- and trans-fused bicyclic lactones can be prepared by ring-
opening reactions of cyclopropanes followed by cyclocarbonylation of the organo-
mercurial intermediate (Scheme 2.11). p-Benzoquinone was found to be superior to
Cu(Il) as a stoichiometric oxidant [23].

1) Hy(TFA), OH 10 mol% PdCly(MeCN),
MeOH, rt Hal 2 eq. p-benzoquinone H,

2) NaCl THF, 60 °C
) , OMe (1 atm CO)

. ®)
'H

~ “OMe

52-60%

1) Hg(OAc),» OMe 10 mol% PdCl(MeCN), OMe

Ac,0, 60 °C 2 eg. p-benzoquinone I:l
HgCl : (6)
2) NaCl : THF, 60 °C 9

3) NaOH, MeOH h OH (1 atm CO) o
58-63%

Scheme 2.11  Bicyclic lactones by carbonylation of C—Hg bonds terminated by OH [23].

223
Hydrocarbonylation of C=C and C=C Bonds

Addition of CO to C=C and C=C bonds provides an alternative approach to lactones
distinct from that of C—X and C—M carbonylation [6, 24]. In particular, hydro-
carbonylation involves the formation of new C—H and C—C bonds (Scheme 2.12).
Pd-catalyzed transformations of this type proceed through either hydropalladative or
carbopalladative pathways [6]. In the carbopalladative mechanism, a Pd alkoxide
undergoes carbonylation, yielding an acylpalladium species. Subsequent insertion
into the C=C or C=C bond generates the desired lactone. Hydropalladation, on the
other hand, is favored under reducing or acidic conditions and occurs via Pd hydride
addition to the unsaturation, followed by CO insertion, and reductive elimination.
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Scheme 2.12 Mechanisms for Pd-catalyzed hydrocarbonylation of C=C bonds [6, 25].

The Alper group reported the first cyclocarbonylation of alkenes [26, 27], approx-
imately 10 years after the first account of alkyne lactonization [28]. Subsequent
developments in the field include application to medium-size rings [29], and use of
other metals, including Rhg(CO)14 [30]. Selective endo or exo-0,3-unsaturated lactone
formation from homopropargyl alochols is possible [31]. When DMF is used as
a solvent, the exocyclic a,3-unsaturated d-lactone is formed, presumably through a
carbopalladation mechanism. However, when MeCN is used as a solvent, the product
distribution depends strongly on the choice of phosphine and counterion, and under
appropriate conditions the endocyclic product can be obtained preferentially. In this
case, an alternative hydropalladation mechanism is proposed, since a syn-carbopal-
ladation would result in a highly strained 6-membered lactone with a trans double
bond [31]. The corresponding reaction of allenes was only realized recently with
catalytic Rus(CO);, yielding five and six membered o,B-unsaturated lactones [32].

Alper and coworkers also reported an asymmetric cyclocarbonylation of allylic
alcohols using a Pd(0) system with proline-based bisphosphine (—)-BPPM
(Scheme 2.13), chosen due to its structural similarity to dppb. Moderate to excellent

4 mol% Pd,(dba)3*CHCl3 o Ph,P,
8 mol% (-)-BPPM
5 J%(OH ) o h\/Pth
Me Me CH,Cly, 100 °C R N
(53.3 atm 1:1 CO/H,) mdle O)\OtBu
56-96% (-)-BPPM
25-84% ee

Scheme 2.13  Asymmetric hydrocarbonylation of allylic alcohols [33].
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yields and enantioselectivities were observed (up to 96%, 84% ee) [33]. o-Isoprope-
nylphenols also underwent enantioselective lactonization with (+)-DIOP as the
ligand (Scheme 2.14) [34].

N OH 2 mol% Pd(OACc),, 8 mol% (+)-DIOP i O 0
R-+ -
Z CH,Cl,, 100-120 °C N
Me (33.3 atm CO, 6.7 atm H,) Me
75-85%
15-90% ee

Scheme 2.14 Asymmetric hydrocarbonylation of o-isopropenylphenols [34].

Ogawa extended hydrocarbonylation to Pt(0) by demonstrating that catalytic
amounts of aromatic thiols can promote the cyclization of alkynyl alcohols
(Scheme 2.15). The authors propose a Pt sulfide intermediate in the catalytic cycle
generated via S—H oxidative addition (i.e., carbopalladation; see Scheme 2.12),
followed by CO insertion, acylplatination and reductive elimination of the vinylic
C—H bond. Cyclization of the pendant alcohol onto the thioester affords the lactone.
It was observed that certain aromatic thiols could also undergo tandem conjugate
addition with the lactone product [35].

’ | x eq. ArSH
OH o * As o}
MeCN, 120 °C
(30 atm CO)
Ar=Ph,x=0.1 67% 7%
Ar=Ph,x=1 0% 73%
Ar=CgHyF, x=0.1 76% N/A

Scheme 2.15  Pt(0)-catalyzed hydrocarbonylation of alkynes and tandem conjugate addition [35].

224
Carbocarbonylation of C=C and C=C Bonds

Catalytic formation of two new C—C bonds from alkene and alkyne starting materials
is another variant of lactone synthesis employing CO as a C; source. Under Pd(0)
catalysis, alkenylmetallation can be terminated by carbonylative lactonization; how-
ever, this requires careful selection of reaction conditions to favor direct CO insertion
into the formed Pd—C bond followed by alcoholysis of the acylpalladium interme-
diate over other reactions, such as -H elimination [36]. To this end, Negishi and
coworkers reported a carbocarbonylation reaction for the synthesis of polycyclic
frameworks from a polyyne starting material initiated by oxidative addition into
avinyliodide (Scheme 2.16) [37]. In a single step, five rings could be formed with high
efficiency (66%). Surprisingly, MeOH was found to be the optimal solvent despite
competitive intermolecular trapping. The corresponding methyl ester accounted for
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less than 2-3% of the crude mixture. It is also notable that 5-exo-carbopalladation of
alkynes was found to outcompete carbonylation followed by 6-exo-acylpalladation.
The corresponding reaction for alkenes involving O-enolates was discussed in
Section 2.2.1 and is primarily limited to 5- and 6-membered lactone synthesis [36].

OH o._0O
5 mol% Pdclz(PPh3)2
& = By 2 eq. NEtz Zngy
MeO,C MeO,C
MeO,C //| a MeOH, 70 °C MeO,C
P (1.1 atm CO)
66%
Scheme 2.16 Tandem alkenylcarbonylation of a polyyne [37].

Dicarbonylation can also provide access to lactones in which a 1,2-diester is formed
directly from a C=C or C=C bond. In both cases, an oxidant is required for the
regeneration of Pd(II) from Pd(0) (Scheme 2.17) [38—40]. Ukaji et al. demonstrated
the first asymmetric intramolecular alkene dicarbonylation using a chiral bisoxazo-
line ligand with Cu(I) and O, as the oxidant (Scheme 2.18) [41].

R MeO_ o
| | conditions A or B )
R RN
- MeOH
R— O
o (CO) ~
n=0,1 31-94%
A: 0.05-1 mol% Pdl;, 0.5-10 mol% KI, 70-80 °C (20 atm 3:1 CO:air)
B: 1 mol% PdCl,, 3 eq. CuCl,, 5 eq. propylene oxide, 0.4 eq. MeC(OEt)3 (1 atm CO)
Scheme 2.17 Dicarbonylation of alkynes [38—40].
2 mol% [(m3-allyl)PdCl],, 8 mol% L,* MeO 0
50 mol% CuOTf(PhH . o p
R\\— mol% CuOTf(PhH)g 5 Q L= [/> <\l
OH N N
~ 2:1 THF:MeOH RT_0 Bn Bn
(1:1 CO:0y) 40-68%
19-65% ee

Scheme 2.18 Asymmetric dicarbonylation of alkenes [41].

2.2.5
Heterocarbonylation of C=C and C=C Bonds

Heterocarbonylation of C=C or C=C bonds involves the formation of new C—X and
C—C bonds through heteropalladation of the C—C unsaturation followed by intra-
molecular trapping with a pendant alcohol [24]. This mode of reactivity is possible for
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intramolecular carboxy-, amino-, and oxycarbonylation of alkenes (Scheme 2.19),
providing rapid access to fused bicyclic heterocycles [42-45]. An asymmetric
oxycarbonylation via kinetic resolution was recently reported by the Gracza group
(Scheme 2.20) [46]. In this case, p-benzoquinone was used as the oxidant and
a moderate 31-62% ee was obtained using a bisoxazoline ligand.

R 10 mol% PdCl,, 3 eq. CuCl, R H
OH 3 eg. NaOAc, AcOH =0,
o (0] (0] (@)
OH (1 atm CO) O H
39-88%
i Ol 10 mol% PdCl,, 3 eq. CuCl, H
R\I MeOH or THF or 3 eq. NaOAc, AcOH R\ 0
S N o @®
NH (1 atm CO) N7=
R R H
n=1,2 22-97%
. 10 mol% PdCl,, 3 eq. CuCl, . H
R'SG OH MeOH or THF or 3 eq. NaOAc, AcOH R\~ 0
Cole < o
OH (1 atm CO) o H
24-80%

Scheme 2.19 Heterocarbonylation of alkenes by Pd(ll) [42-44].

2.5 mol% Pd(OAc),, 7.5 mol% L, H
0.5 eq. p-benzoquinone

AcOH
(1 atm CO)

29-38%
31-62% ee

Scheme 2.20 Asymmetric oxycarbonylation of alkenes by Pd(ll) [46].

Matsuda et al. reported an innovative silylcarbonylation of alkynes for the synthesis
of B-lactones from propargylic alcohols under Rh(0) catalysis (Scheme 2.21), note-
worthy due to traditional challenges in preparing 4-membered rings [47]. Trapping of
the acylrhodium intermediate with a second equivalent of silane to give an aldehyde
was a competing side reaction; however, lactonization could be favored by the use of
sterically hindered silanes (t-BuMe,SiH) and strong base (DBU).

0.1 mol% Rhy(CO)1» e)
OH ' 1 eq. NEt; or DBU o
Rz + H-SiRg _
///il benzene, 100 °C RaSi—~ '1?2
(14.2 to 37.9 atm CO) 15-86% R
Scheme 2.21 Silylcarbonylation of alkynes by Rh(0) [47].
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2.2.6
Miscellaneous Lactone Syntheses Involving CO

One alternative approach to lactone synthesis with CO in the absence of C—X and
C—M bonds involves the decarboxylation of cyclic carbonates where lactone forma-
tion occurs with concomitantloss of CO, (Scheme 2.22) [48-50]. Since CO, is the sole
byproduct, this process is considerably more green than carbonylation of C—X and
C—M bonds.

O

o
oJ\o 3 mol% Pd(PPha), j\;%

dioxane or THF, 0 °C or rt Rl

1 R2
R (1 atm or 45 atm CO) 25-89%
Rl
5 mol% Pd(OAc), o
QCOMe OH 5 or 10 mol% dppp or dppf R2
RY 11
R2 X R3 toluene o (1
R4 (2 or 10 atm CO)
RER’
25-87%

Scheme 2.22  Decarboxylative lactone formation with Pd(0) [48-50].

Transition metal catalyzed ring expansions of cyclic ethers to lactones under
pressures of CO [51, 52] have been reported for tetrahydrofuran [53], oxetanes, and
epoxides [54-56]. Carbonylation of epoxides is particularly important since f-lactone
products are challenging synthetic targets (see Section 2.2.5). Using Co(CO), in
combination with a Lewis acidic Al-salen counterion, the reaction of (R)-propylene
oxide and CO occurs with stereochemical retention (Scheme 2.23) [57]. The mech-
anism is believed to involve Lewis acid activation of the epoxide followed by
nucleophilic ring opening with Co(CO),~ [58].

Me

O 1mol% [LA(THRAICHCO)M] o _/° Q
A g
50°°C Me

Ln= =N N=
e 0O
Bu o O ‘Bu
(58.7 atm CO) 95%

Scheme 2.23 Carbonylative ring expansion of (R)-propylene oxide [57].

Heterocycloaddition with CO can also provide facile access to lactones. The
intramolecular hetero-Pauson-Khand [2 + 2 + 1] cycloaddition of aldehydes or
ketones generates bicyclic lactones from acyclic precursors. Catalytic reactions
employing Ti[59, 60] and Ru [61, 62] via radical and ionic mechanisms, respectively,
have been reported. An enantioselective variant has also been achieved with a
C2-symmetric titanocene derivative (Scheme 2.24) [60].
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10 mol% [Ti] R

R‘\/\<O 30 mol% PMe; R/ o]
CR = o | m=
AN

toluene, 100 °C
(50 psi CO) 84-93%
0-90% ee

Scheme 2.24 Asymmetric intramolecular hetero-Pauson—Khand cyclocarbonylation [60].

23
Synthesis of Lactones via C=C and C=C Addition

2.3.1
Hydrocarboxylation of C=C and C=C Bonds

Hydrocarboxylation of alkenes or alkynes involves the formal addition of a carboxylic
acid O—H bond across a C=C or C=C bond (Scheme 2.25) [63]. In particular,
intramolecular hydrocarboxylation provides an atom economical strategy for lactone
synthesis. The aforementioned reaction is thermodynamically favorable but there is
a large intrinsic kinetic barrier for this type of cyclization, thus requiring the addition
of a catalyst. Catalysts for hydrocarboxylation typically facilitate addition by alkene or
alkyne binding. This process increases the inherent electrophilicity of the C=C and
C=C bonds, respectively. Subsequent protonolysis (or §-H elimination under Pd
catalysis) regenerates the catalytic species.

Q | %
Cirm o =
Z

0 rotonolysis n+ inati
\ p Yy M coordination
O \
R
OH R
—
(0] (0]
‘ ~H ‘
S R oH g
( M2+ M
H+ \/

carboxymetallation

Scheme 2.25 Generic mechanism for hydrocarboxylation of alkenes [64].

A variety of highly Lewis acidic metal salts have been used to catalyze intramo-
lecular hydrocarboxylation, including Ag(I), Pd(II), Au(I), Hg(II), Rh(I), Ni(II),
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and Zn(Il) (Scheme 2.26) [63—68]. Depending on the metal of choice, different
regioisomeric products can be formed. For instance, hydrocarboxylation of alkynoic
acids with Au(I), Hg(II), and Rh(I) generates the exo-alkene product, while Pd(II) can
yield both endo- and exo-products depending on the length of the tether [65-68]. In
most cases, carboxymetallation occurs in an anti-fashion [64, 66].

5 mol% AgOTf

O OH ,\’, 0 o \,
KI{ R®  DpCE 80°C TJ/ R? 2
R Rl

74-96%
R R R
o O:// conditions A to D OX% . Oﬁcif (13)
o, 4, [y
R R R

n=1,2

A: 0.1 mol% Pd(PhCN),Cl,, 0.3 mol% NEts, THF, reflux (38-100% endo or exo)
B: 1-5 mol% AuCl, MeCN (72-97% exo)

C: 10 mol% Hg(OAc), or Hg(TFA),, CH,CI, (49-86% exo)

D: 2-4.3 mol% [Rh(Cy,PCH,CH,PCy,)Cl],, CH,Cl, (76-93% exo)

Scheme 2.26 Hydrocarboxylation of alkenes and alkynes [64—68].

Toste and coworkers reported the first asymmetric intramolecular hydrocarbox-
ylation of an allene by combining a chiral ligand with a chiral counterion on a Au(I)
catalyst (Scheme 2.27). Chiral ion pair formation was crucial to the high selectivity

[69]. In another account, a related carboxyallene species was proposed to be an
intermediate in a Pd-catalyzed cyclization of alkynoic acids [70].

2.5 mol% L,"(AuCl),

5 mol% AgX (0]
¢}
benzene
88%
82% ee

O X,
PPh, _ O 0
PPh2 O/ \O
99 e @
R

R = 2,4,6-PrsCgH,

Scheme 2.27 Asymmetric hydrocarboxylation of allenes by Au(l) [69].

Since alkenes and alkynes can be prepared via Heck and Sonogashira reactions,
respectively, tandem processes are also possible for lactone synthesis [71-77].
Appropriately, o-iodobenzoic acids can generate both phthalide and isocoumarin
derivatives under Pd catalysis, with a Cul co-catalyst favoring the former and
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O
3.5 mol% PdCI,(PPhg),, 10 mol% Cul N
1 eq. NEtz, DMF R4 P O
) 60 °C \
R
ol A OH , — R 27-85%
U / O
I
5 mol% Pd(PPh3)4 I AN 0
1 eq. ZnCly, 5 eq. NEtz, DMF R'—
100 °C FNF R
29-96%

Scheme 2.28 Regioselective tandem Sonogashira/hydrocarboxylation of alkynes [71, 72].

stoichiometric ZnCl, the latter (Scheme 2.28) [71, 72]. Carboxyl-directed C—H
activation is also possible. Under Rh catalysis, carborhodation can lead to isocou-
marin products (Scheme 2.29) [77, 78].

0 1 mol% [Cp*RhCly], e}
5 mol% Cu(OAc),*H,0
R N OH + Rl-——R? R_| N @)
g o '
% H DMF, 120 °C N R2
Rl
30-94%

Scheme 2.29 Isocoumarins by oxidative arylcarboxylation of alkynes by Rh(l) [77, 78].

A similar type of oxidative cyclization of alkenes with both Pd and Rh is possible
[75, 77, 78]. In particular, Miura showed that benzoic acids could first be oxidatively
coupled with terminal alkenes, followed immediately by oxidative lactonization to
give a mixture of isocoumarins and phthalides (Scheme 2.30) [75]. Because of the
propensity of sp> C—H bonds to undergo cyclorhodation, tandem oxidative Heck
couplings have also been achieved (Scheme 2.31) [77, 78].

10 mol% Pd(OAc),

% 10 mol% Cu(OAc),*H,0 O 2
4AMS
_: X OH + /\R g X (@] + R'_| o O
L 0
N DMF, 100-120°C R _I___ Z
(5:1 Np:air) R \
34-59% R

Scheme 2.30 Tandem C—H activation/hydrocarboxylation of alkenes by Pd(ll) [75].

R
o 1 mol% [C,*RhCl,], o
5 mol% Cu(OAc),*H,0
g N TOH + R 0
= H o-xylene, 120 °C
R

66-83%

Scheme 2.31 Phthalides by C—H activation/hydrocarboxylation of alkenes by Rh(l) [77, 78].
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Larock reported direct thallation as one alternative, demonstrating successful
intermolecular trapping with alkenes, alkenyl halides, allenes, and vinylcyclopro-
panes (Scheme 2.32) [76].

0
TI(TFA)3
Xy~ “OH . Y~ "OH
R TFA, refl R
! , retiux
Z Z > TITFA),
1) 10 mol% PdCl,, MeCN, [C=C]
2) 2 eq. Na,COg, 2 eq. NEts, reflux
o~ X 1 RL
~ "R R/\/ R
(Wi 1 eq. X = Br, I, OAc iRz
PdCl,)
RZ
0
X o e
NS S R2 R?
R!
26-65%

7N @) .
R'—./ P R'—r
R
+ R
O 31-71% 39-70%
. X
R o)
=
\
R

34-87%

Scheme 2.32 Tandem thallation/hydrocarboxylation of alkenes [76].

Surprisingly, methyl esters are also suitable substrates whereby intramolecular
cyclization occurs with concomitant loss of methyl iodide. Larock used internal
alkynes as coupling partners for lactone synthesis (Scheme 2.33) [74]. The
proposed mechanism involves oxidative addition of Pd(0) to the aryl iodide,
followed by addition across the alkyne and cyclization of the carbonyl O of the
ester to form an oxonium ion. Reductive elimination followed by loss of the methyl
group then yields the product [74]. Shen and coworkers also reported a variant
utilizing o-2,2-dibromovinylbenzoates (Scheme 2.34) [79].

) 10 mol% Pd(OAc), 9
o~ 1 eq. NapCOg, 1 eq. LiCl SR
77 ToMe 4 RlI—=—=—R? 19
Cog DMF or MeCN L NF O R2
>l 100 °C R
10-79%

Scheme 2.33 Isocoumarins by carbopalladation of internal alkynes terminated by esters [74].
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O
cOOMe 2.5 mol% Pd(dba)s, 15 mol% P(2-furyl)s
P + RSn"Buj @)
Br toluene, 100 °C P> R
30-92%

Scheme 2.34 Isocoumarins by Stille coupling of methyl 0-2,2-dibromovinyl benzoates [79].

In catalytic reactions involving Pd(II) salts, carboxypalladation yields an alkylpal-
ladium species that can often undergo p-H elimination instead of protonolysis.
Subsequently, Stoltz and coworkers demonstrated that Wacker-type processes can
also afford lactones under oxidative conditions (Scheme 2.35). The proposed mech-
anism involves Pd(II) coordination to the alkene, followed by oxypalladation and 3-H
elimination. After elimination of HX to form Pd(0), aerobic oxidation is required to
regenerate a Pd(II) species. The net result is olefin transposition to an adjacent
position [80].

0 5 mol% Pd(TFA), 20 mol% pyridine o)
OH 2 eq. Na,CO3, 3A MS
0 (14)
Z “Me toluene, 80 °C /
Me (1 atm Og) Me
90%
0 10 mol% Pd(TFA), 40 mol% pyridine o
OH 2 eq. Na,CO3, 3A MS
o (15)
toluene, 80 °C
(1 atm Oy)
62%

Scheme 2.35 Oxidative Wacker reactions of alkenylalkanoic acids [80].

2322
Carbo- and Oxy-Carboxylation of C=C and C=C Bonds

Carbocarboxylation of alkenes or alkynes involves the formation of new C—C and
C—Obonds across the C=C or C=C unsaturation. Unlike hydrocarboxylation, carbo-
and oxy-carboxylation are not atom economical strategies since the mechanisms
typically involve two distinct bond forming events. The most common approach
involves oxidative addition to an aryl or alkenyl halide followed by addition to
a C=C [81] or C=C bond [82] (Scheme 2.36). The mechanism involves subsequent
C—C bond formation instead of protonolysis (see Scheme 2.25).

Dong and coworkers recently reported a novel intramolecular carbocarboxylation
of alkenes in a formal [3 + 2] cycloaddition as catalyzed by Pd (Scheme 2.37) [83]. In
this reaction, C—Cl, C—C, and C—O bonds are formed in a single step. The proposed
mechanism involves a trans-chloropalladation, followed by syn-oxypalladation, and
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1.5 eq. "BugNCl, NEt3

Oﬁ Wi + RX O\V\TFR a7
R' '
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Scheme 2.36 Arylcarboxylation of allenes and alkynes [81, 82].
0 (0]
o L mol% PdCl(MeCN), cl
= 3 eq. LiCl, 3 eg. CuCl, o

TN XY T ]
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trans- 9
chloropalladation
P OH
2 cucl L pd! é‘\
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Scheme 2.37 Intramolecular carbocarboxylation of alkenes en route to a 6,7,5-tricyclic core [84].

finally reductive elimination in a cascade sequence generating a 6,7,5-tricyclic core
containing a lactone motif (Scheme 2.38) [83].

Oxycarboxylation of alkenes, unlike carbocarboxylation, yields two new C—O
bonds in a single step. The Dong group also reported the first example of alkene
dioxygenation as a route to lactone synthesis via Pd catalysis (Scheme 2.37). The
proposed mechanism for this transformation involves a novel Pd(II)/Pd(IV)
pathway made possible by the hypervalent iodine-mediated oxidation that occurs

51
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5 mol% Pd(TFA),, 5.5 mol% dppp o OAc
HOAc, 1.1 eq. PhI(OAc O
:&/_Q q. PhI(OAC), %
o _

85%
(1.3:1dr)
1y
O
OAc coordination OI
LPd" OH
HOAc #@ution \< —
O
| ?
O
R OH
v, =z
Pd"L, LnPd”
Phl fe)
oxidation | o / carboxypalladation
PhI(OAC), R

Pd''L,

Scheme 2.38 Mechanism of oxycarboxylation of alkenes [84].

in preference to 3-H elimination. Sy2-type displacement of the highly electrophilic
Pd(IV) center liberates the desired lactone product [84].

2.4
Synthesis of Lactones via C=0 Hydroacylation

2.4.1
Aldehyde Hydroacylation

Hydroacylation of carbonyl groups involves the formal addition of an aldehydic C—H
bond across a C=0 bond, a unique strategy for lactone synthesis that also exhibits
complete atom economy. Aldehyde oxidation occurs with concomitant reduction of
a neighboring carbonyl group, an orthogonal approach to traditional cyclization
strategies since it employs only C=O bonds. Furthermore, in the case of ketone
hydroacylation, C—H addition results in the formation of a new stereogenic center,
providing direct access to chiral lactones without requiring the predetermined
chirality of a secondary alcohol in traditional methods involving carboxylic acid
activation (Scheme 2.39) [85].

Bosnich and coworkers reported the first example of aldehyde hydroacylation
(i-e., Tischenko reaction) in the presence of a cationic Rh(I) catalyst (Scheme 2.40).
The proposed mechanism occurs via C—H activation of the aldehyde, C=0 insertion,
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Scheme 2.39 Hydroacylation of C=0 bonds [85].

1 mol% [Rh(dcpe)(acetone),]CIO4 O
H acetone, 34 °C

o) H
98%

Scheme 2.40  Aldehyde hydroacylation by Rh(l) [86].

RL 5 mol% [Rh(COD),Cl], o]
o) 10 mol% dppp RY
('S | o
) H H 10 mol% TPPTS R?
R 2 eq. sodium dodecyl sulfate .
H,0, 100 °C 65-98%

Scheme 2.41 Multicomponent approach to lactones from alkynes and formaldehyde [87].

and subsequent reductive elimination to furnish the phthalide product (see
Scheme 2.44) [86]. The Morimoto group developed a multicomponent variant of
this transformation by combining alkynes with formaldehyde, proposed to be a
source of both CO and H, (Scheme 2.41). Accordingly, the authors propose the
intermediacy of a 1,4-dialdehyde [87].

242
Ketone Hydroacylation

Ketone hydroacylation is more challenging than the corresponding aldehyde
hydroacylation presumably due to a slower rate of ketone insertion, rendering
decarbonylation kinetically competent. For instance, 4-oxo-4-phenylbutanal reacts
to generate the desired lactone product (59%) in addition to the decarbonylation
product (40%) (Scheme 2.42) [86].

0 5 mol% [Rh(dppp)(acetone),]CIO, 0 H
H acetone, reflux g{
O + Ph
Ph
5 H Ph (0]
59% 40%

Scheme 2.42 Ketone hydroacylation by Rh(l) [86].
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Interestingly, Suzuki and coworkers demonstrated that Ir(III) catalysts could
promote formal ketone hydroacylation of 1,5-ketoaldehydes, yielding either isocou-
marins or 3,4-dihydroisocoumarins (Scheme 2.43). The presence of pivaldehyde as
an oxidant favors the formation of isocoumarins. The mechanism of this transfor-
mation involves a transfer hydrogenation process (see Section 2.5.1) [88].

5 mol% [Ir] 9
CHO 3 eq. pivaldehyde Me
@L/i - o (18) Me\/@/Me
Me 0.8 eq. CSQCOg 4 Me Me
toluene 98% Me 0 Ilr
o Ir = AN
o HN (0]
CHO 5 mol% [Ir] Ph
e P :
Me 'BUOH, reflux

Me
70%

Scheme 2.43 Isocoumarin/3,4-dihydroisocoumarins by ketone hydroacylation [88].

The Dong group reported the first asymmetric ketone hydroacylation with 1,6-keto
aldehydes bearing an ether linkage under Rh(I) catalysis (Scheme 2.43) [85]. Con-
sistent with the observations of Bosnich [86], electron-rich diphosphine ligands were
shown to give superior reactivity. The use of (R)-DTBM-SEGPHOS as ligand gave

o 5 mol% [Rh((R)-DTBM-SEGPHOS)|BF4 o
H CH2C|2 O »\\H
R )‘R
oY o
o 85-99%
99% ee
reductive

: )X\ ellmlnatlon aCtIVathn
[Rh] decarbonylati H
ecarbonylation
o\i H R,h'"\o fffffffff —— @ R
R o, | O/\n/

R
1
\ ; /C:O insertion
« 7

[turnover-limiting step }

Scheme 2.44 Asymmetric ketone hydroacylation by Rh(l) [85].
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excellent yields (85-99%) and enantioselectivities (>99%). Arene formation by
decarbonylation was a competitive pathway [85].

In order to gain insights into the mechanism of this unique asymmetric transfor-
mation, detailed experimental and theoretical studies were undertaken [89]. Hammett
plot (0 =0.29 with dppp) and kinetic isotope effect experiments (ky/kp = 1.8 with
dppp; 3.3 with (R)-DTBM-SEGPHOS) in conjunction with DFT studies suggest that
ketone insertion into the Rh—H is the turnover limiting step of the catalytic cycle,
contrary to previous reports of olefin hydroacylation, where reductive elimination has
been shown to be turnover limiting [90]. The presence of the ether O appears to play a
pivotal role in suppressing competing decarbonylation by coordination to Rh through-
out the catalytic cycle [89]. Hence, substitution of the O atom with an S atom had
minimal effect on ketone hydroacylation, while incorporation of a methylene spacer
resulted in complete shutdown of desired reactivity, even at elevated temperatures.

Recently, ketone hydroacylation has been extended to the asymmetric synthesis of
phthalides (Scheme 2.45) [91]. Since the ketoaldehyde substrates lack an ether O,
decarbonylation was found to be a major competing pathway when non-coordinating
counteranions (e.g., BF, ) were used. However, a strong counterion effect was
observed, with NO;~ being optimal. This methodology was applied to a short
synthesis of (S)-(-)-3-n-butylphthalide, an extract of celery [91].

O

2.5 mol% [RhCI(COD)], o
AN H © mol% (S,S,R,R)-Duanphos 2
R— R o
= O 5 mol% AgNO3 Z
R toluene, 100 °C R
22-97%
89-97% ee

Scheme 2.45 Asymmetric synthesis of phthalides via ketone hydroacylation [91].

243
[4 + 2] Annulation

Based on earlier work in Rh-catalyzed alkyne hydroacylation, the Tanaka group
discovered that a rhodacycle generated upon oxidative addition of a 2-alkynylben-
zaldehyde derivative underwent efficient dimerization in a formal [4 + 2]annulation
(Scheme 2.46) [92]. This strategy involves formal hydroacylation across one C=C

(0] O
H 10 mol% [Rh(dppb)]BF,4 substrate

RhL, N

CHzclz \

n H
Bu "Bu

X

Scheme 2.46 Dimerization of 2-(hex-1-ynyl)benzaldehyde by Rh(l) [92].
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bond and one C=0 bond, generating a valuable lactone product in high efficiency
(Scheme 2.47). In this process, two new C—H bonds and two new C—O bonds are
formed.

e) 5 mol% [RhL,*|BF4

+
RY "R? CH,Cl,

31-97% R = 3,5-(CF3),CeH3

72->99% ee

Scheme 2.47 Enantioselective [4 + 2] annulation via formal alkyne/ketone hydroacylation [92].

Upon careful examination of reaction parameters, Tanaka and coworkers suc-
cessfully developed a highly enantioselective lactone synthesis by reaction with both
aldehydes and activated ketones as the coupling partners for the synthesis of
spirocyclic benzopyranones. Cationic Rh catalysts were again found to be the most
efficient. Importantly, homodimerization of the parent 2-alkynylbenzaldehydes was
not observed under the optimized conditions [92].

25
Miscellaneous Syntheses of Lactones

2.5.1
Oxidative Lactonization of Diols

Oxidative lactonization of diols has received significant attention from the synthetic
community for application in total synthesis, particularly catalytic variants involving
Ir [93, 94], Ru [95-99], Cu [100], Pd [101], and Rh [102] (Scheme 2.48). The
H-acceptors used include ketones [93, 94, 97], a,B-unsaturated ketones [99, 102],
bromobenzene [101], and N-methylmorpholine oxide [96]. Asymmetric induction in
this type of oxidative lactonization has been primarily limited to desymmetrization
of meso-diols, although low enantiomeric excesses were obtained with Ru and
Rh [95, 102]. Ir, however, catalyzes the desired transformation and gives enantioen-
riched lactone products in good selectivities (Scheme 2.49) [94] via transfer hydro-
genation [88]. In this case, asymmetric induction is believed to occur at the stage of

o) HH
| :
o OH
\ p— + H-acceptor
GH OH
H 1
o H

Scheme 2.48 Lactone synthesis by oxidative lactonization of diols.
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Scheme 2.49 Asymmetric oxidative lactonization of meso diols by Ir(l) [88, 94].

alcohol oxidation, as the lactol with the same ee as the final product was detected in the
early stages of the reaction. This also indicates that no significant kinetic resolution of
lactol intermediates takes place. However, under prolonged exposure to the reaction
conditions, some erosion of enantioselectivity was observed.

252
Reductive Cyclization of Ketoacids and Ketoesters

Complementary to the oxidative diol lactonization approach, a substrate containing
both ketone and ester functionalities may undergo reduction to liberate the desired
lactone product following ring closure. Noyori and coworkers demonstrated that Ru-
BINAP complexes were excellent catalysts for the asymmetric reduction of ketones
with neighboring carboxylic acid and ester functionalities capable of undergoing the
desired lactonization in high yields and selectivities (Scheme 2.50) [103, 104].

o)
oFt 0-10.4 mol% [Ru((R)-BINAP)]X, oEt| HOAC .

0o EtOH, 25-35 °C O | toluene o

i (100 atm Hy) i R
82-97%

97%-99.5%ee

Scheme 2.50 Asymmetric reductive lactonization of ketoesters by Ru(l) [104].

Transfer hydrogenation is an alternative strategy that has also been successfully
achieved, using either isopropanol (Scheme 2.51) [105] or sodium formate
(Scheme 2.52) [106] as the stoichiometric reductant in place of H,. High selectivities
and efficiencies are possible.
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Scheme 2.51 Phthalides by transfer hydrogenation of ketoesters by Ru(l) [105].
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Scheme 2.52 Phthalides by transfer hydrogenation of ketoesters by Ru(l) [106].

253
C—H Oxygenation

Direct formation of C—O bonds via sp® C—H oxygenation is an innovative strategy for
lactone synthesis. The first example reported in the literature employed catalytic
amounts of Cu and Ag in a radical-type oxygenation [107]. A Pt-catalyzed variant was
later developed by the Chang group (Scheme 2.53) [108]. Recently, White and
coworkers have shown that allylic C—H oxygenation can be used for macrolactoniza-
tion without the need for performing experiments at high dilution. Using a Pd(II)/
bis-sulfoxide catalyst, 14- to 19-membered lactones could be prepared. An allyl
palladium carboxylate is proposed as a templating intermediate to facilitate ring
closure (Scheme 2.54) [109].

OH
10 mol% K,PtCly
3 eq. CuCl,
H H,0
° m
m =0, T 150°C 30-56%
n=0,1 w/ Pd(OACc),: 44%

Scheme 2.53 sp®> C—H oxidation by Pt catalysis [108].

Employing this strategy, White and coworkers successfully applied a late stage
C—H oxidation for the total synthesis of 6-deoxyerythronolide B with excellent
diasteroselectivity (>40: 1) (Scheme 2.55). Interestingly, upon addition of tetrabu-
tylammonium fluoride as an additive, the opposite diastereomer was favored (1: 1.3)
due to disruption of the Pd chelate intermediate [110]. The authors reasoned that the
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Scheme 2.54 Macrolactones via allylic C—H oxidation by Pd catalysis [109].
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6-deoxyerythronolide B

Scheme 2.55 Late stage C—H oxidation in the total synthesis of 6-deoxyerythronolide B [110].

latter reaction suffered from lower diastereoselectivity because of binding of the Pd

on the face opposite the key C—O bond-forming event.

254
Ring Closure of Benzoic Acids with Dihaloalkanes

Another C—H activation strategy for lactone synthesis involves the ring closure
of benzoic acids with dihaloalkanes [111]. Yu and coworkers recently developed

a directed C—H functionalization/alkylation approach using Pd catalysts.

Direct

access to phthalides and 3,4-dihydroisocoumarins was possible using dibromo-

methane and 1,2-dichloroethane, respectively (Scheme 2.56).

e} 10 mol% Pd(OAc), o
KoHPO,4 or KHCO3
QYoM+ Br” “Br N (20)
= 115-140 °C =
59-92%
fe) 10 mol% Pd(OAc), fe)
cl  KeHPO4or KHCO4
N OH * cI” R O @D
= 115-140 °C =
42-81%
Scheme 2.56 Isocoumarin synthesis by directed C—H activation/dihaloalkylation [111].
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Baeyer-Villiger Oxidation of Cyclic Ketones

The Baeyer-Villiger oxidation/rearrangement of cyclic ketones yields lactones
directly, resulting in the formation of two new C—O bonds at the expense of one
C—C bond (Scheme 2.57) [5]. The first accounts of transition metal catalysis for this
transformation, however, were reported in 1994, using chiral Cu [112] and Pt [113]
catalysts in a kinetic resolution strategy (Scheme 2.58). Recent developments of this

methodology include a parallel kinetic resolution with Zr catalysts to generate two

regioisomeric products (Scheme 2.59) [114].

O
| C|) R
0 H
i pr— + "o"
R

Scheme 2.57

n=0,1,2

Scheme 2.58

8 mol%

O 71(salen*)(OPh),

_—

urea-H,O,
CH,Cl,

Baeyer—Villiger oxidation of cyclic ketones [5].

1 mol% CuL,

R'CHO
(1 atm Oy)

21-65%
49-69% ee

Kinetic resolution of cyclic ketones [112].

H H Q
=10 RS
L I/\):o ! E/fo
H H
10-57% 21-54%
58-93% ee 94-99% ee

)

=N N=
o o
salen* = O O O C
(= onen )

Scheme 2.59 Regiodivergent parallel kinetic resolution of cyclic ketones [114].

2.5.6

Ring Opening of Cyclopropanes with Carboxylic Acids

A unique account of lactonization via addition of a carboxylic acid to a cyclopropane
ring was disclosed by Yudin and coworkers where Pd acts as a m-acid to the highly
strained 3-membered ring [115]. Complementary to hydrocarboxylation of C=C and
C=C bonds (see Section 2.3.1), 5-membered and 6-membered lactones can be
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prepared via this strategy (Scheme 2.60). The authors postulate a mechanism
involving ring opening of the cyclopropane ring to liberate an alkene followed by
Wacker oxidation. However, direct carboxypalladation of the cyclopropane ring
cannot be ruled out [115].

10 mol% PACl,(MeCN), Q
OH 2 eq. CuCl, OH 0 .
dioxane, 80 °C =

76% (86:14)

Scheme 2.60 Isocoumarins and phthalides by Pd-catalyzed cyclopropane carboxylation [115].

2.5.7
Ring Closure of o-lodobenzoates with Aldehydes

Lactone products can also be formed via Grignard-type addition to aldehydes from
o-iodobenzoates [116]. The Cheng group developed an enantioselective Co-catalyzed
method for preparation of 5-membered phthalide products from methyl
o-iodobenzoate and aldehydes (Scheme 2.61). While Ni and Pd catalysts were
ineffective, the authors propose a Co(I)/Co(III) mechanism involving oxidative
addition of the sp? C—I bond followed by addition and ring closure [116]. Co(III)
is reduced to Co(I) by the zinc metal present in solution.

Q 5 mol% [Col,((S,S)-DIPAMP)] @
0]
| R™ H THF, 75 °C
R
80-89%
70-98% ee
oxidative addition O
Zn(OMe)l L, *Col
OMe
Zn reduction I
(0]
L,*Co''l(OMe) OMe
Iy %
o ring closure C|:° Ln
o |
o OMe /\ (e}
0oCo'Ly
s a A
R C=0 insertion

Scheme 2.61 Phthalides by Co-catalyzed Grignard-type addition to aldehydes [116].

61
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Synthesis of Lactones Involving CO,

Although much less prevalent than the use of CO in lactone synthesis, direct
incorporation of CO, for the synthesis of lactones is advantageous due to lower
toxicity while maintaining high atom efficiency. Louie and coworkers demonstrated
that a formal [2 + 2 + 2] cycloaddition of bis-alkynes with CO, yields pyrone
derivatives under Ni(0) catalysis (Scheme 2.62) [117]. It is proposed that an initial
cyclometallation of one alkyne and CO, yields a Ni(II) metallacycle, followed
by insertion of the other alkyne and reductive elimination. Pd(0) has also
demonstrated catalytic activity in carboxylations of methoxyallene [118] and
1,3-butadiene [119].

R
R, —R 5 mol% Ni(COD),, 10 mol% IPr RS~ 0
X%R toluene, 60 °C - 0
n 1 bar CO
n=1 2 ( 2) R
82-97%

Scheme 2.62 [2 + 2 + 2] cycloaddition of bis-alkynes and CO, by Ni(0) [117].

2.5.9
Michael Addition of a,f3-Unsaturated N-Acylpyrrolidines

Application of transition metal catalysts as Lewis acids provides yet another mech-
anistic paradigm for lactone synthesis. Kanemasa used Ni(II) with a bisoxazoline
ligand for the synthesis of hexahydrobenzopyranones from o,p-unsaturated
N-acylpyrrolidines and Meldrum’s acid. An asymmetric variant was later reported
(Scheme 2.63) [120, 121].

Me 10 mol% Ni(ClO,)2+6H,0, 10 mol% L,*

Me =

Mqu © Br /§

+
Me
(6]

10 mol% tetramethylpiperidine Me o. .0
2 eq. Ac,0 Me

(0]
\g THFE O R
R 53-99%
89-98% ee

z-Z

Ly = ©
" (L\/N N)/j
Ph Ph

Scheme 2.63 Michael addition of a,f3-unsaturated N-acylpyrrolidines [120].
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2.5.10
[2 + 2] Cycloaddition of Ketenes and Aldehydes

Complementary to the hetero-Pauson—Khand reaction (see Section 2.2.6), [2 + 2]
cycloaddition of ketenes and aldehydes provides rapid access to -lactones from
relatively simple starting materials. Cationic [Pd(dppb)(CH3CN),]BF, was selected as
the optimal catalyst (Scheme 2.64) [122, 123]. A tandem allylic rearrangement/ring
expansion sequence was also developed that provides elaboration of f-lactones to
3,6-dihydro-2 H-pyran-2-ones in a one-pot process (Scheme 2.65) [123].

)‘O 0 5 mol% [Pd(dppb)(CHsCN);]BF o0’
+
R H CH,Cl R/‘j
61-99%

Scheme 2.64 [2 + 2] cycloaddition of ketenes and aldehydes [122, 123].

O R

ju s— O
0o 5 mol% [Pd(dppb)(CH3CN),]BF, 0
+ — X
(@] CH,Cl, RL / 2

Rle\RZ " R?

7-81%
Scheme 2.65 Tandem [2 + 2] cycloaddition/allylic rearrangement to pyran-2-ones [122, 123].

2.5.11
Tandem Cross-Metathesis/Hydrogenation Route to Lactones

Ru-catalyzed cross-metathesis, hydrogenation, and subsequent ring closure has been
successfully combined into a one-pot tandem process for lactone synthesis. Impor-
tantly, compatibility between the catalytic systems is crucial to success. By employing
the second generation Grubbs—Hoveyda catalyst in addition to PtO,, y- and d-lactones
can be synthesized under an atmospheric pressure of H, (Scheme 2.66) [124]. Cossy
and coworkers demonstrated that neither the Ru catalyst nor PtO, catalyzed the
esterification of the two starting materials, ruling out a ring closing metathesis
mechanism.

5 mol% [Ru] (0] Nl \N
OH ) 5 mol% PtO, H Mes~ ~Mes
el ) X o -
HO 1 1 - i
2 atm Hp R [Ru] = Ru=
R | CH,Cl, R B OH i
n=0,1
10-70% iPr’O

Scheme 2.66 Tandem cross-metathesis/hydrogenation route to lactones [124].
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2.5.12

Modern Catalytic Variants of Classical Macrolactonizations

Extension of the traditional Yamaguchi/Corey-Nicolaou/Keck macrolactonization
protocols (see Scheme 2.1) [5] to catalytic variants can address some of the drawbacks
of classical methods. Mixed anhydrides can undergo cyclization with Lewis acids
such as Sc, Ti, Zr, and Hf [125, 126]. Trost et al. reported the use of ethoxyacetylene as
a stoichiometric activating agent, installed via Ru catalysis [127], later applied to the

synthesis of apicularen A (Scheme 2.67) [128].

OMe O

OH OBn OH OH
= OBn

3

=——OEt

2 mol% [Ru(p-cymene)Cly],

toluene, 0 °C

apicularen A

Scheme 2.67 Total synthesis of apicularen A [128].

OMe O JJ\
O~ "OEt OH OH
= OBn
OBn 3

20 mol% CSA
toluene, 80 °C

OMe O OBn
steps o wOH
=
63% OBn

A Rh-catalyzed ring contraction involving silyl protection of both carboxylic acid
and alcohol moieties has also been reported for medium-size lactones synthesis

(Scheme 2.68) [129).

0
on HMe,Si D 1 mol% RhCI(PPha)s, PhH
.
~OH HMe,Si ‘
R H R H
1 mol% RhCI(PPhs)s, PhH, 80 °C |
C|) 0 Me,
_Si
o Me,Sn(OTf),, PhH, 80 °C o}
o 1H o
R /NS
"H Me,
35-88% R

Scheme 2.68 Ring contraction of doubly silyl-protected w-hydroxyacids [129].
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Conclusions and Outlook

References

Methods for lactone synthesis by transition metal catalysis involving C—O formation
developed over the past 50 years have demonstrated much promise. Indeed, lactones
have inspired the discovery of new organometallic transformations, design of metal
catalysts, and detailed understanding of reaction mechanisms. Issues of waste
minimization and stereoselectivity have been addressed. Future developments for
chiral lactone synthesis will likely focus on establishing efficient transformations
with broad scope and application in complex molecule total synthesis, especially in
regards to macrolactonization where entropic costs often plague intramolecular
reactivity with undesired intermolecular reactions.

References

4

Parenty, A., Moreau, X., and Campagne,
J.-M. (2006) Chem. Rev., 106, 911-939.
Gradillas, A. and Pérez-Castells, J. (2006)
Angew. Chem. Int. Ed., 45, 6086-6101.
Ohba, Y., Takatsuji, M., Nakahara, K.,
Fujioka, H., and Kita, Y. (2009) Chem. Eur.
J., 15, 3526-3537.

Staunton, J. and Weissman, K.J. (2001)
Nat. Prod. Rep., 18, 380-416.

Kiirti, L. and Czakd, B. (2005) Strategic
Applications of Named Reactions in
Organic Synthesis, Elsevier, Inc.,
Burlington.

Farina, V. and Eriksson, M. (2002)
Chapter VI.2.1.2, in Handbook of
Organopalladium Chemistry for Organic
Synthesis, John Wiley & Sons Inc., New
York.

Negishi, E.-i. and Makabe, H. (2002)
Chapter V1.2.3, in Handbook of
Organopalladium Chemistry for Organic
Synthesis, John Wiley & Sons Inc., New
York.

Colquhoun, H.M., Thompson, D.J., and
Twigg, M.V. (1991) Carbonylation: Direct
Synthesis of Carbonyl Compounds,
Plenum, New York, NY.

Mori, M., Chiba, K., Inotsume, N., and
Ban, Y. (1979) Heterocycles, 12, 921-924.
Negishi, E.-i. and Tour, ].M. (1986)
Tetrahedron Lett., 27, 4869—4872.
Suzuki, T., Uozumi, Y., and Shibasaki, M.
(1991) J. Chem. Soc. Chem. Commun.,
1593-1595.

12

13

14

15

16

17

18

19

20

21

22

23

24

Marshall, J.A., Lebreton, ., DeHoff, B.S.,
and Jenson, T.M. (1987) Tetrahedron Lett.,
28, 723-726.

Liao, B. and Negishi, E.-i. (2000)
Heterocycles, 52, 1241-1249.

Hoye, T.R. and Tan, L. (1995) Tetrahedron
Lett., 36, 1981-1984.

Takahashi, T., Kusasaka, S.-i., Doi, T,,
Sunazuka, T., and Omura, S. (2003)
Angew. Chem. Int. Ed., 42, 5230-5234.
Copéret, C., Sugihara, T., Wu, G.,
Shimoyama, I., and Negishi, E.-i. (1995)
J. Am. Chem. Soc., 117, 3422-3431.
Alper, H., Currie, ].K., and Abbayes, H.d.
(1978) J. Chem. Soc. Chem. Commun.,
311-312.

Negishi, E.-i., Copéret, C., Sugihara, T,
Shimoyama, 1., Zhang, Y., Wu, G., and
Tour, ].M. (1994) Tetrahedron, 50, 425-436.
Negishi, E.-i., Makabe, H., Shimoyama,
I, Wu, G., and Zhang, Y. (1998)
Tetrahedron, 54, 1095-1106.
Shimoyama, I., Zhang, Y., Wu, G., and
Negishi, E.-i. (1990) Tetrahedron Lett., 31,
2841-2844.

Wu, G., Shimoyama, I., and Negishi, E.
(1991) J. Org. Chem., 56, 6506-6507.
Larock, R.C. and Fellows, C.A. (1982)

J. Am. Chem. Soc., 104, 1900-1907.
Kocovsky, P., Grech, J.M., and Mitchell,
W.L. (1996) Tetrahedron Lett., 37,
1125-1128.

Ali, B.E. and Alper, H. (2000) Synlett,
161-171.

65



66

2 Transition Metal Catalyzed Approaches to Lactones Involving C—O Bond Formation

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

141

42

43

44

Godard, C., Muiiiz, B.K., Ruiz, A., and
Claver, C. (2008) Dalton Trans., 853-860.
Alper, H. and Leonard, D. (1985)
Tetrahedron Lett., 26, 5639-5642.

Alper, H. and Leonard, D. (1985) J. Chem.
Soc., Chem. Commun., 511-512.
Norton, J.R., Shenton, K.E., and Schwartz,
J. (1975) Tetrahedron Lett., 1, 51-54.
Vasapollo, G., Mele, G., and Ali, B.E.
(2003) J. Mol. Catal. A, 204-205, 97-105.
Yoneda, E., Sugioka, T., Hirao, K., Zhang,
S.-W., and Takakashi, S. (1998) J. Chem.
Soc., Perkin Trans. 1, 477-484.

Tezuka, K., Ishizaki, Y., and Inoue, Y.
(1998) J. Mol. Catal. A, 129, 199-206.
Yoneda, E., Kaneko, T., Zhang, S.-W.,
Onitsuka, K., and Takahashi, S. (2000)
Org. Lett., 2, 441-443.

Yu, W.-Y., Bensimon, C., and Alper, H.
(1997) Chem. Eur. J., 3, 417—431.

Dong, C. and Alper, H. (2004) J. Org.
Chem., 69, 5011-5014.

Ogawa, A., Kawabe, K.-i., Kawakami, J -i.,
Mihara, M., Hirao, T., and Sonoda, N.
(1998) Organometallics, 17, 3111-3114.
Negishi, E.-i. and Copéret, C. (2002)
Chapter 1V.3.3, in Handbook of
Organopalladium Chemistry for Organic
Synthesis, John Wiley & Sons Inc., New
York.

Sugihara, T., Copéret, C., Owczarczyk, Z.,
Harring, L.S., and Negishi, E.-i. (1994)
J. Am. Chem. Soc., 116, 7923-7924.
Gabriele, B., Salerno, G., Pascali, F.D.,
Costa, M., and Chiusoli, G.P. (1997)

J. Chem. Soc., Perkin Trans. 1, 147-154.
Gabriele, B., Costa, M., Salerno, G., and
Chiusoli, G.P. (1994) J. Chem. Soc., Chem.
Commun., 1429-1441.

Tamaru, Y., Hojo, M., and Yoshida, Z.
(1991) J. Org. Chem., 56, 1099-1105.
Ukaji, Y., Miyamoto, M., Mikuni, M.,
Takeuchi, S., and Inomata, K. (1996)
Bull. Chem. Soc. Jpn., 69, 735-742.
Tamaru, Y., Higashimura, H., Naka, K.,
Hojo, M., and Yoshida, Z. (1985) Angew.
Chem. Int. Ed. Engl., 24, 1045-1046.
Tamaru, Y., Hojo, M., and Yoshida, Z.
(1988) J. Org. Chem., 53, 5731-5741.
Tamaru, Y., Kobayashi, T., Kawamura,
S.-i., Ochiai, H., Hojo, M., and Yoshida,
Z.-i. (1985) Tetrahedron Lett., 26,
3207-3210.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Paddon-Jones, G.C., McErlean, C.S.P.,
Hayes, P., Moore, C.J., Konig, W.A., and
Kitching, W. (2001) J. Org. Chem., 66,
7487.

Kapitan, P. and Gracza, T. (2008)
ARKIVOC, 8, 8-17.

Matsuda, L., Ogiso, A., and Sato, S. (1990)
J. Am. Chem. Soc., 112, 6120-6121.
Bando, T., Tanaka, S., Fugami, K.,
Yoshida, Z.-i., and Tamaru, Y. (1992) Bull.
Chem. Soc. Jpn., 65, 97-110.

Tamaru, Y., Bando, T., Hojo, M., and
Yoshida, Z.-i. (1987) Tetrahedron Lett., 28,
3497-3500.

Mandai, T., Tsujiguchi, Y., Matsuoka, S.,
Saito, S., and Tsuji, J. (1995) J. Organomet.
Chem., 488, 127-131.

Khumtaveeporn, K. and Alper, H. (1995)
Acc. Chem. Res., 28, 414-422.

Church, TL., Getzler, Y.D.Y.L., Byrne,
C.M., and Coates, G.W. (2007) Chem.
Commun., 657-674.

Reppe, W., Kroper, H., Pistor, H.J., and
Weissbarth, O. (1953) Justus Liebigs Ann.
Chem., 582, 87-116.

Kamiya, Y., Kawato, K., and Ohta, H.
(1980) Chem. Lett., 1549-1552.

Alper, H., Arzoumanian, H., Petrignani,
J.-F., and Saldana-Maldonado, M.
(1985) J. Chem. Soc., Chem. Commun.,
340-341.

Lee, ].T., Thomas, P.J., and Alper, H.
(2001) . Org. Chem., 66, 5424-5426.
Getzler, Y.D.Y.L., Mahadevan, V.,
Lobkovsky, E.B., and Coates, G.W. (2002)
J. Am. Chem. Soc., 124, 1174-1175.
Molnar, F., Luinstra, G.A., Allmendinger,
M., and Rieger, B. (2003) Chem. Eur. J., 9,
1273-1280.

Kablaoui, N.M., Hicks, F.A., and
Buchwald, S.L. (1997) J. Am. Chem. Soc.,
119, 4424-4431.

Mandal, S.K., Amin, S.R., and Crowe,
W.E. (2001) J. Am. Chem. Soc., 123,
6457-6458.

Chatani, N., Morimoto, T., Fukumoto, Y.,
and Murai, S. (1998) J. Am. Chem. Soc.,
120, 5335-5336.

Kang, S.-K., Kim, K.-J., and Hong, Y.-T.
(2002) Angew. Chem. Int. Ed., 41,
1584-1586.

Alonso, F., Beletskaya, I.P., and Yus, M.
(2004) Chem. Rev., 104, 3079-3160.



64 Yang, C.-G., Reich, N.W.,, Shi, Z., and He,
C. (2005) Org. Lett., 7, 4553-4556.

65 Lambert, C., Utimoto, K., and Nozaki, H.
(1984) Tetrahedron Lett., 25, 5323-5326.

66 Genin, E., Toullec, P.Y., Antoniotti, S.,
Brancour, C., Gent, J.-P., and
Michelet, V. (2006) J. Am. Chem. Soc.,
128, 3112-3113.

67 Krafft, G.A. and Katzenellenbogen, J.A.
(1981) J. Am. Chem. Soc., 103, 5459-5466.

68 Chan, D.M.T., Marder, T.B., Milstein, D.,
and Taylor, N.J. (1987) J. Am. Chem. Soc.,
109, 6385-6388.

69 Hamilton, G.L., Kang, E.J., Mba, M., and
Toste, F.D. (2007) Science, 317, 496-499.

70 Huo, Z., Patil, N.T., Jin, T., Pahadi, N.K.,
and Yamamoto, Y. (2007) Adv. Synth.
Catal., 349, 680-684.

71 Kundu, N.G. and Pal, M. (1993) J. Chem.
Soc., Chem. Commun., 86—88.

72 Liao, H.-Y. and Cheng, C.-H. (1995)

J. Org. Chem., 60, 3711-3716.

73 Kundu, N.G., Pal, M., and Nandi, B.
(1998) J. Chem. Soc., Perkin Trans. 1,
561-568.

74 Larock, R.C., Doty, M.]., and Han, X.
(1999) J. Org. Chem., 64, 8770-8779.

75 Miura, M., Tsuda, T., Satoh, T., Pivsa-Art,
S., and Nomura, M. (1998) J. Org. Chem.,
63, 5211-5215.

76 Larock, R.C., Varaprath, S., Lau, H.H.,
and Fellows, C.A. (1984) J. Am. Chem.
Soc., 106, 5274-5284.

77 Ueura, K., Satoh, T., and Miura, M. (2007)
Org. Lett., 9, 1407.

78 Ueura, K., Satoh, T., and Miura, M. (2007)
J. Org. Chem., 72, 5362.

79 Wang, L. and Shen, W. (1998) Tetrahedron
Lett., 39, 7625-7628.

80 Trend, R.M., Ramtohul, Y.K., Ferreira,
E.M., and Stoltz, B.M. (2003) Angew.
Chem. Int. Ed., 42, 2892-2895.

81 Ma, S. and Shi, Z. (1998) J. Org. Chem.,
63, 6387-6389.

82 Arcadi, A., Burini, A., Cacchi, S.,
Delmastro, M., Marinelli, F., and
Pietroni, B.R. (1992) J. Org. Chem.,

57, 976-982.

83 Li, Y, Jardine, K., Tan, R., Song, D., and
Dong, V.M. (2009) Angew. Chem. Int. Ed.,
48, 9690-9692.

84 1i, Y, Song, D, and Dong, V.M. (2008)
J. Am. Chem. Soc., 130, 2962-2964.

85

86

87

83

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

References | 67

Shen, Z., Khan, H.A., and Dong, V.M.
(2008) J. Am. Chem. Soc., 130,
2916-2917.

Bergens, S.H., Fairlie, D.P., and Bosnich,
B. (1990) Organometallics, 9, 566-571.
Fuji, K., Morimoto, T., Tsutsumi, K., and
Kakiuchi, K. (2005) Chem. Commun.,
3295-3297.

Suzuki, T., Yamada, T., Watanabe, K., and
Katoh, T. (2005) Bioorg. Med. Chem. Lett.,
15, 2583-2585.

Shen, Z., Dornan, P.K., Khan, H.A., Woo,
T.K., and Dong, V.M. (2009) J. Am. Chem.
Soc., 131, 1077-1091.

Roy, A.H., Lenges, C.P., and Brookhart,
M. (2007) J. Am. Chem. Soc., 129,
2082-2093.

Phan, D.H.T., Kim, B., and Dong, V.M.
(2009) J. Am. Chem. Soc., 131,
15608-15609.

Hojo, D., Noguchi, K., Hirano, M., and
Tanaka, K. (2008) Angew. Chem. Int. Ed.,
47, 5820-5822.

Suzuki, T., Morita, K., Tsuchida, M., and
Hiroi, K. (2002) Org. Lett., 4, 2361-2363.
Suzuki, T., Morita, K., Matsuo, Y., and
Hiroi, K. (2003) Tetrahedron Lett., 44,
2003-2006.

Nozaki, K., Yoshida, M., and Takaya, H.
(1994) J. Organomet. Chem., 473,253-256.
Bloch, R. and Brillet, C. (1991) Synlett,
829-830.

Murahashi, S., Naota, T., Tto, K., Maeda,
Y., and Taki, H. (1987) J. Org. Chem., 52,
4319-4327.

Shvo, Y., Blum, Y., Reshef, D., and
Menzin, M. (1982) J. Organomet. Chem.,
226, C21-C24.

Ishii, Y., Osakada, K., Ikariya, T., Saburi,
M., and Yoshikawa, S. (1986) J. Org.
Chem., 51, 2034-2039.

Kyrides, L.P. and Zienty, F.B. (1946)

J. Am. Chem. Soc., 68, 1385.

Tamaru, Y., Yamada, Y., Inoue, K.,
Yamamoto, Y., and Yoshida, Z. (1983)

J. Org. Chem., 48, 1286-1292.

Ishii, Y., Suzuki, K., Ikariya, T., Saburi,
M., and Yoshikawa, S. (1986) J. Org.
Chem., 51, 2822-2824.

Kitamura, M., Ohkuma, T., Inoue, S.,
Sayo, N., Kumobayashi, H., Akutagawa,
S., Ohta, T., Takaya, H., and Noyori, R.
(1988) J. Am. Chem. Soc., 110, 629-631.



68| 2 Transition Metal Catalyzed Approaches to Lactones Involving C—O Bond Formation

104

105

106

107

108

109

110

m

12

113

114

115

116

Ohkuma, T., Kitamura, M., and Noyori, R.
(1990) Tetrahedron Lett., 31, 5509-5512.
Everaere, K., Scheffler, J.-L., Montreux,
A., and Carpentier, J.-F. (2001)
Tetrahedron Lett., 42, 1899-1901.

Zhang, B., Xu, M.-H., and Lin, G.-Q.
(2009) Org. Lett. doi: 10.1021/01901674k.
Bertrand, M.P., Oumar-Mahamat, H.,
and Surzur, .M. (1985) Tetrahedron Lett.,
26, 1209-1212.

Lee, J.M. and Chang, S. (2006)
Tetrahedron Lett., 47, 1375-1379.
Fraunhoffer, K.J., Prabagaran, N., Sirois,
L.E.,and White, M.C. (2006) J. Am. Chem.
Soc., 128, 9032-9033.

Stang, E.M. and White, M.C. (2009)
Nature Chem., 1, 547-551.

Zhang, Y.-H., Shi, B.-F., and Yu, J.-Q.
(2009) Angew. Chem. Int. Ed., 48,
6097-6100.

Bolm, C., Schlingloff, G., and
Weickhardt, K. (1994) Angew. Chem. Int.
Ed. Engl., 33, 1848-1849.

Gusso, A., Baccin, C., Pinna, F., and
Strukul, G. (1994) Organometallics,

13, 3442-3451.

Watanabe, A., Uchida, T., Irie, R., and
Katsuki, T. (2004) Proc. Natl. Acad. Sci.
USA, 101, 5737-5742.

He, Z.and Yudin, A.K. (2006) Org. Lett., 8,
5829-5832.

Chang, H.-T., Jeganmohan, M., and
Cheng, C.-H. (2007) Chem. Eur. J.,

13, 4356-4363.

nz

118

19

120

121

122

123

124

125

126

127

128

129

Louie, J., Gibby, J.E., Farnworth, M.V,,
and Tekavec, T.N. (2002) J. Am. Chem.
Soc., 124, 15188-15189.

Tsuda, T., Yamamoto, T., and Saegusa, T.
(1992) J. Organomet. Chem., 429,
C46-C48.

Behr, A. and Juszak, K.-D. (1983)

J. Organomet. Chem., 255,

263-268.

Itoh, K., Hasegawa, M., Tanaka, ., and
Kanemasa, S. (2005) Org. Lett., 7,
979-981.

Itoh, K. and Kanemasa, S. (2003)
Tetrahedron Lett., 44, 1799-1802.
Hattori, T., Suzuki, Y., Uesugi, O., Oi, S.,
and Miyano, S. (2000) Chem. Commun.,
73-74.

Hattori, T., Suzuki, Y., Ito, Y., Hotta, D.,
and Miyano, S. (2002) Tetrahedron, 58,
5215-5223.

Cossy, J., Bargiggia, F., and BouzBouz, S.
(2003) Org. Lett., 5, 459-462.

Shiina, 1. (2004) Tetrahedron, 60,
1587-1599.

Mukaiyama, T., Izumi, J., Miyashita, M.,
and Shiina, I. (1993) Chem. Lett., 22,
907-910.

Trost, B.M. and Chisholm, ].D. (2002)
Org. Lett., 4, 3743-3745.

Petri, A.F., Bayer, A., and Maier, M.E.
(2004) Angew. Chem. Int. Ed., 43,
5821-5823.

Mukaiyama, T., Izumi, J., and Shiina, L.
(1997) Chem. Lett., 187-188.



3
The Formation of Csp>-S and Csp’~Se Bonds by Substitution and
Addition Reactions Catalyzed by Transition Metal Complexes

Irina P. Beletskaya and Valentine P. Ananikov

3.1
Introduction

Transition-metal-catalyzed activation of Csp?~X bonds (X = halogens or OTf) has
become a widely recognized method for the construction of new Csp’~C and
Csp’~heteroatom bonds. Low valent metal complexes have been used as catalyst
precursors in these reactions and in many cases excellent results have been achieved
with Pd(0) catalysts. The products of these reactions containing Ar-S and vinyl-S
groups and the corresponding selenium derivatives are in demand in organic
synthesis, pharmaceutical and material sciences [1-3]. For example, application in
the pharmaceutical field includes the synthesis of selective M2 muscarinic receptor
antagonists, COX-2 inhibitors (nonsteroidal anti-inflammatory drugs study), MAP
kinase p38 (intracellular signal transduction cascade) inhibitors, inhibitors of human
immunodeficiency virus type 1 (HIV-1) protease, antagonists of leukocyte function-
associated antigen-1, hypoxia-directed bioreductive cytotoxins, inhibitors of the
ATPase activity of human papillomavirus E1 helicase, inhibitors of folate-synthe-
sizing enzymes of cell cultures of Candida albicans, antitumor agents and folate-
dependent enzyme inhibitors in cancer cells [2].

Cross-coupling of Ar(or vinyl)-X with organometallic species, terminal alkynes,
and olefins, as well as carbonylation in the presence of nucleophiles, represent well-
known synthetic routes for C—C bond formation. As far as C-heteroatom bond
formation is concerned, powerful synthetic procedures have been developed for
selective formation of the C—P (P =R,P, R,P(0), R(R’O)P(0O), (RO),P(0)), C—SR,
C—SeR, C—NR;, and so on, bonds. All of these catalytic methods are based on
substitution reactions. The catalytic cycle of a typical substitution reaction includes
the following stages: (i) oxidative addition, (ii) transmetallation, and (iii) C-heter-
oatom reductive elimination.

Another fascinating opportunity for the formation of vinylic derivatives with
Csp’~heteroatom bond(s) involves addition reactions of Z—Z and Z—H bonds to
the triple bond of alkynes (Z = heteroatom). The catalytic cycle of these addition
reactions includes the following stages: (i) oxidative addition; (ii) alkyne coordination
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and insertion, and (iii) C—Z reductive elimination to form a carbon-heteroatom
bond (or protonolysis to form a C—H bond). Thus, compared to the cross-coupling
reactions discussed above one may notice that the main difference is in the second
stage of the catalytic cycle — alkyne insertion instead of transmetallation. Such
mechanistic change leads to important practical advantage in terms of Green
Chemistry, since addition reactions are characterized by 100% atom efficiency and
do not lead to the formation of by-products.

In the present chapter we highlight recent developments in the Csp>~S and Csp>-Se
bond formation utilizing both approaches - transition-metal-catalyzed cross-
coupling and addition reactions. Comparative analysis of both approaches in terms
of synthetic application and mechanism for the preparation of aryl(vinyl) sulfides
and aryl(vinyl) selenides has been carried out. In the present chapter the literature
was covered until November 2009 — the date of submission of the manuscript.

3.2
Catalytic Cross-Coupling Reactions

3.2.1
Pd-Catalyzed Transformations

The first successful Ar-heteroatom bond formation reaction was demonstrated in
1978 by the Japanese chemists Kosugi and Migita for a C—S bond [4]. Diaryl sulfides
and arylalkyl sulfides were obtained from thiols and ArX derivatives in moderate to
good yields (Scheme 3.1).

Pd(0
© YCgH4SR

YCeHsX + RSH
DMSO, Bu'ONa

100°C or reflux

X=1,Br
Y = H, p-Me, p-MeO, p-CI
R =Ph, Et

Pd(0) = Pd(PPhs),
Scheme 3.1

This reaction was further extended to involve vinyl halides and was found to
proceed in a stereospecific manner with retention of the geometry of the C=C double
bond and resulting in high product yields (Scheme 3.2) [5].

Ph  Br Ph. SPh
\:/ —
PdL, =/
o+ PhSLi ————* 0
o Y o 95%
Br SPh

Scheme 3.2
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The reactions with tin derivatives BuzSnSR or Me;SnSR without a base are
characterized by quantitative yields and, in the case of vinylhalcogenides, high
stereospecificity [6-8]. A representative example of such a reaction involving
Me;SnSR is shown on Scheme 3.3 [9].

MeO,CCH,S
! COMe 2CCH; COMe

PdL4 \

Ny + MeO,CCH,SSnMesy
PhMe,A N
N H

H 83%

Scheme 3.3

Cross-coupling of the silyl derivatives of thiols R3SiSH led to the formation of vinyl
(or aryl) silylsubstituted sulfides (Scheme 3.4) [10]. Further transformation of the
products in alkylation or Pd-catalyzed alkenylation reactions was reported as a route
to unsymmetric RSR’ sulfides as final products. This stepwise synthetic approach
allowed avoidance of the use of some scarcely available Ar(Het)SH, which otherwise
would be required to prepare the same final products in a single step utilizing cross-
coupling.

M A= L.
X PdL, SSi(i-Pr)3 R'X
or +  (i-Pr)3SiSH or - or
CsF, DMF
Ar-X Ar-SSi(i-Pr)3 ArSR'

Scheme 3.4

This method has been used for the preparation of bis-pyrimidine thioesters [11],
for example:

N_ _S_ _N
WY\YW\
_N N__~

Benzene thiol arylation with bromobenzene was reported by Foa et al. utilizing a
biphasic aqueous-toluene system (Scheme 3.5) [12].

trans-PhPdBr(PPh3),/PPh3
PhBr + PhSH Ph,S
30%NaOH aq - PhMe
97%

100°C

Scheme 3.5

Arylation of amino acid derivatives with a thiol group was carried out in the
Pd,dba;/dppf/NMP/Et;N system [13, 14]. It should be mentioned that, even in the

Al
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earlier stages of development of this catalytic methodology, nickel [15] and copper [16]
complexes were considered as useful potential replacements for the Pd catalyst.
However, in both cases high temperature was required to carry out the reaction.

An important point clarifying the mechanistic picture of the reaction of interest
was reported in the study of Hartwig et al. [17] Investigation of the stoichiometric
C—S reductive elimination reaction on Pd complexes with bidentate ligand indicated
the need for an extra amount of phosphine ligand (Scheme 3.6). This finding clearly
emphasized a noticeable difference between the cross-coupling reactions involving
formation of C-heteroatom and C—C bonds. In addition, it was reported that
coupling reactions involving aryl- and vinyl-thiol derivatives proceed mor easily than
with their alkyl analogs.

Ph2 Ph2
P P, _SR' ppp,
[Pd\ + R‘SNa—»[ Pd. —3- (dppe),Pd + Pd(PPhy)y + RSR'
P’ R p' R t, °C
Ph, Ph,
Scheme 3.6

Noticeably, an interest in the detailed studies of these cross-coupling reactions to
form C—S and C—Se bonds was greatly facilitated after discovery of the amination
reaction 17 years after the first report of Kosugi and Migita. As in the case of the
amination reaction, the studies of the C—S cross-coupling catalytic procedures were
devoted to the development of new catalytic systems, especially to finding new
ligands, which would extend the scope of the arylation reagents to include aryl
triflates, aryl tosilates, unactivated aryl bromides and aryl chlorides. Another im-
portant goal is to carry out the reaction under mild conditions.

In 1998, upon screening the available ligands Zheng et al. found that Pd(OAc),/
BINAP/LIiCl and, particularly, the Pd(OAc),/Tol/BINAP system can catalyze cross-
coupling reactions of various triflates [18]. However, a relatively high amount of the
catalyst was required for the reaction (Scheme 3.7). Various ArSBu" products were
synthesized in the Pd(OAc),/Tol/BINAP system using NaHMDS and NaN(SiMes),

as bases [19].
10 mol% cat
AOTf + BusH ——Lmol%L ArSBu
NaOBuU', PhMe, 80°C
Scheme 3.7

Surprisingly, the phospine oxide t-Bu,P(O)H suggested by Li et al. was found to be
an efficient ligand for the C—S cross-coupling reaction, which made it possible
to carry out the reaction at 110 °C, even with unactivated aryl chlorides (Scheme 3.8)
20, 21].

This catalytic system has been used in the reaction of 1-chloro-1-cyclopentene
(Scheme 3.9) [22].
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[Pd] / BulL,P(O)H
ArX + RSH ArSR
NaOBU!, PhMe or DMSO,

110°C

p'MeC6H4BU5eC - 70%

Scheme 3.8

O e (O
+ RSH
Cl NaOBU!, PhMe,110°C SR

R = Ph (88%), CgH11 (97%)

Scheme 3.9

Unsymmetrical aromatic and heteroaromatic thioesters were obtained from Ar
(Py)Iand Ar(Het)SH in the Pd,dbas/DPE-phos/Bu'OK system in toluene at 100 °C in
high yields [23]. A series of mono- and bidentate ligands studied by Buchwald et al. in
the reaction of p-MeOCgH ,Br led to selection of two efficient ligands for the reaction
with benzene thiol, DiPPF and DPE-phos, but only one ligand was active in the
reaction with Bu'SH-DiPPF (2mol% catalyst, Pd:P=1:1.2, Bu'ONa, dioxane,
100 °C) [24]. The catalytic system with the DiPPF ligand was also used in the reaction
of various alkyl thiols with ArBr (including o-substituted), and also with unactivated
aryl chlorides:

@—PPrzi PPh, PPh,

Fe o
L —ppr,
DiPPF DPE-phos

Another excellent example of an efficient bis-phosphine ligand, CyPF-t-Bu,
developed by Hartwig et al. made it possible to carry out cross-coupling of ArCl
and ArOTf with thiols (Scheme 3.10) [25]. This bis-phosphine ligand possessed high
ability for coordination of the metal species and was well balanced to allow oxidative

0.01 - 3 mol% Pd SR

e 0.01 - 3 mol% L h
| + RSH .
// NaOBu', DME or PhMe, //

R 110°C R
70 - 98%
PBub,
L= Fe POY2
CyPF-t-Bu

Scheme 3.10
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addition and reductive elimination stages. This catalytic system has shown high
efficiency in the reaction with p-MeCsH,4I and p-MeC¢H,Br, thus making it possible
to utilize very low concentration of the catalyst (up to 0.001 mol%) [26].

Good efficiency was reported for the Pd,dba;—Xantphos catalytic system, which
was successfully used to carry out cross-coupling reaction of ArBr, ArOTf and p-
NO,CgH,4Cl with alkyl- and aryl thiols [27]. Pd complexes with Xantphos and BINAP
ligands were used to introduce aryl sulfide and alkyl sulfonyl groups into the meso-
position of porphyrins leading to the formation of mono- and disubstituted deriva-
tives [28]. Special reagents for application in tomography were synthesized via the
reaction of 6-iodo-2(4’-N,N-dimethylamino) phenylimidazo[1,2-aJpyridine with
RSSnMes; DiPPF and tol-BINAP were reported as ligands of choice for the reac-
tion[29]. The key step in the synthesis of immunomudulator KRP-203 was carried out
using Xantphos ligand [30]:

OAc

2
His R* R? R AcO s OH
\[::jtj< i::j AcHN \T:::]/
— NMe,
N
KRP-203

Three-component reaction of o-bromothiophenol and o-iodobromobenzene with
amines led to the formation of a C—S bond and two C—N bonds in the
Pd,dba;—dppf-NaOBu' system [31]. The reaction was carried out under microwave
heating and resulted in good to high yields of product.

To carry out cross-coupling reactions of ArX and RSH, Bu"ONa or Bu'ONa were
used most frequently. Krief et al. have shown that NaH or CsOH can be a more
convenient choice, although the reaction may require a higher temperature
(Scheme 3.11) [32].

PdL,
Phl  + HexSH PhSHex

NaH (CsOH), PhMe, 110°C

78% (85%)

Scheme 3.11

A combinatorial technique was employed for construct