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Preface

Modern palladium chemistry started in 1960 with the ingenious invention of an
industrial process for acetaldehyde production by the air oxidation of ethylene,
catalyzed by PdCl, and CuCl,, which is called the Wacker process. In 1965 I
was fortunate enough to discover that carbon—carbon bond formation can be
achieved by reacting m-allylpalladium and #-PdCl, complexes of 1.5-cyclo-
octadiene with carbon nucleophiles, typically active methylene compounds.
This discovery was significant because all hitherto known organometallic com-
pounds react with electrophiles. Since then, remarkable progress has been
made in organic synthesis using Pd compounds both as stoichiometric reagents
and catalysts.

In 1980. I wrote a book entitled Organic Synthesis with Palladium Compounds
to summarize significant reactions which had been shown to be catalyzed or
promoted by Pd(0) and Pd(II) compounds. The bock covered the literature up
to 1978. Some 15 years later, even more remarkable progress has been made in
organic synthesis using palladium compounds. It is true that many transition
metals are now used in organic synthesis, but it is widely recognized that
palladium is the most versatile in promoting or catalyzing reactions. particu-
larly those involving carbon—carbon bond formation. which is not always easy
to achieve with other transition metals. Indeed. it is difficult these days to find
a single issue of a major journal of organic chemistry which does not contain a
paper involving the use of palladium in synthesis. I feel that another compre-
hensive book is now needed to cover the explosive growth of the chemistry of
palladium over the last decade. Mention should be made of a book entitled
Palladium Reagents in Organic Synthesis by R. F. Heck, which appeared in 1985
with emphasis on experimental procedures.

I undertook the present task to give a birds-eye view of the broad field of
palladium in organic synthesis. I have tried to accomplish this task by citing
many references; these were selected from a much larger number which I have
collected over the years. I tried to be as comprehensive as possible by selecting
those references which reported original ideas and new reactions. or evident
synthetic utility. Synthetic utility is clearly biased towards catalytic rather than
stoichiometric reactions and this emphasis is apparent in the selection of the
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Xu Preface

references. In this book, references published before 1993 and a few published
in 1994 are covered. The overall task of selecting references to include was very
difficult, and I imagine that many researchers will complain that their impor-
tant papers were not cited. I apologize for significant omissions. I also apol-
ogize for the errors and incorrect citations which must inevitably be present:
these are my responsibility alone. I believed that it was better to finish an
imperfect book than never to finish a perfect one. I have devoted most of
my research life to the organic chemistry of palladium and I will be more
;‘han happy if this book stimulates in any way further developments in this
ield.

I wish to acknowledge valuable suggestions and corrections given by
Professor H. Okumoto, Kurasiki University of Science and the Arts), who
read the whole manuscript. I also thank to my wife Yoshiko, who helped
enormously, and in particular produced all the chemical structures in the book.

Jiro Tsuji
July 1994, Okayama
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pyrrolidine
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butane

DMAD dimethyl acetylenedicarboxylate
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trimethylsilyl

tri(m-sulfophenyl)phosphine

tolyl

tosyl
p-toluenesulfonic acid
tri(2,4,6-trimethoxyphenyl)phosphine

thiourea

Chapter 1

The Basic Chemistry of Organopalladium
Compounds

1 Characteristic Features of Pd-Promoted or -Catalyzed
Reactions

There are several features which make reactions involving Pd particularly use-
ful and versatile among many transition metals used for organic synthesis.
Most importantly, Pd offers many possibilities of carbon-carbon bond forma-
tion. The importance of carbon—carbon bond formation in organic synthesis
needs no explanation, and no other transition metals can offer such versatile
methods for carbon-carbon bond formations as Pd. The tolerance of Pd
reagents to many functional groups such as carbonyl and hydroxy groups is
the second important feature. Pd-catalyzed reactions can be carried out with-
out protection of these functional groups. Although reactions involving Pd
should be carried out carefully. Pd reagents and catalysts are not very sensitive
to oxygen and moisture, or even to acid. Ni(0) complexes are extremely sensi-
tive to oxygen. On the other hand, in many reactions catalyzed by Pd-phos-
phine complexes. it is enough to apply precautions to avoid oxidation of the
phosphine. and this can be done easily.

Of course. Pd is a noble metal and expensive, but it is much less expensive
than Rh, Pt. and Os. Also, the toxicity of Pd has posed no problem so far. The
fact that a number of industrial processes (more than ten at least) based on Pd-
catalyzed reactions have been developed and are now operated reflects these
advantages of using Pd catalysts commercially[1].

2 Palladium Compounds, Complexes, and Ligands Widely
Used in Organic Synthesis

In organic synthesis, two kinds of Pd compounds, namely Pd(II) salts and

Pd(0) complexes, are used. Pd(II) compounds are used either as stoichiometric

reagents or as catalysts and Pd(0) complexes as catalysts. Pd(II) compounds

such as PdCl> and Pd(OAc), are commercially available and widely used as
1



2 The Basic Chemistry of Organopalladium Compounds

unique oxidants. Pd(acac), is also used. These reagents are stable. They can be
used in two important ways: as unique stoichiometric oxidizing agents, and ag
precursors of Pd(0) complexes.

PdCl, is stable, but it has low solubility in water and organic solvents. It is
soluble in dilute HCI and becomes soluble in organic solvents by forming a
PdCl,(PhCN), complex[2]. M;PdCl, (M = Li, Na, K) are soluble in water,
lower alcohols, and some organic solvents. Pd(OAc); is commercially available
and is stable and soluble in organic solvents. It can be prepared from metallic
Pd by dissolving it in AcOH containing nitric acid[3]. Sometimes the quality of
Pd(OAc), is variable[4] and it may contain nitrate anion. It becomes partially
insoluble in organic solvents by forming a polymer. In such a case, Pd(OAc), is
purified by dissolving it in hot benzene and concentrating the benzene solution
after removing the insoluble part. Pure Pd(acac), can be obtained as needle-like
crystals by recrystallization.

Pd(IT) salts can be used as sources of Pd(0). For example, stable
PdCL(Ph4P), is reduced to Pd(PhsP), with i-Bu,AlH, BuLi[5], and aqueous
KOH[6]. Of particular importance, Pd(OAc), is easily reduced to Pd(0) com-
plexes in situ in the presence of phosphine ligands with several reducing agents,
such as metal hydrides (NaBH,, LiAlHy), alkenes, CO[7], alcohols, organome-
tallic compounds to form Pd(0)(R;P),. Phosphines can also be used as reducing
agents. For example, when Pd(OAc), is treated with PhsP, Pd(0) species and
phosphine oxide are formed slowly (eq. 1)[8,9]. An especially active Pd(0)
catalyst can be prepared by a rapid reaction of Pd(OAc), or Pd(acac), with
n-BusP in a [ : 1 ratio in THF or benzene[10]. BusP is oxidized rapidly to
butylphosphine oxide and a phosphine-free Pd(0) species is formed besides
Ac;O (eq. 2). This catalyst is very active, but not stable. and must be used
immediately; black Pd metal begins to precipitate after 30 min if no substrate is
added. The in situ generation of Pd(0) species with #n-Bu;P is a very convenient
preparative method for catalytic species.

Pd(OAc), + Phy P+ H,0 —= Pd(0) + PhsPO s+ 2 AcOH (1)
Pd(0Ac), + BugP —————> Pd(0)wm O=PBuy + Ac,0 2

Pd(0) is 4'° and has four coordination sites. Two Pd(0) complexes are com-
mercially available. Pd(Ph;P), is light-sensitive, unstable in air, yellowish green
crystals and a coordinatively saturated Pd(0) complex. The complex iswpre-
pared from PdCly(Ph;P), with various reducing agents such as hydrazine[l1]
or alkali metal alkoxides[12] in the presence of Ph;P[i3]. In solution, two Ph;P
dissociate to form a coordinatively unsaturated Pd(0) species. Sometimes
Pd(PhsP), is less active as a catalyst because it has too many ligands to
allow the coordination of some reactants.

Palladium Compounds, Complexes, and Ligands 3

Pd,(dba);-CHCl; {(dba = dibenzylideneacetone) is another commercially
available Pd(0) complex in the form of purple needles which contain one
molecule of CHCl; when Pd(dba),, initially formed in the process of prepara-’
tion, is recrystallized from CHCl;. Pd(dba), corresponds to Pd,(dba);~dba.
Both Pdy(dba); and Pd(dba), are used in this book as a complex of the same
pature. One of the dba molecules in Pd,(dba)s-dba does not coordinate to Pd
and is displaced by CHCl; to form Pd,(dba);~CHCl; when it is recrystaliized
from CHCls. In Pds(dba);, dba behaves as two monodentate ligands, and not
one bidentate ligand, and each Pd is coordinated with three double bonds of
three molecules of dba, forming a lé-electron complex 1. It is an air-stable
complex, prepared by the reaction of PdCl, and dba and recrystallization from
CHCl4[14,15). Pd,(dba)s, in which Pd is coordinated by olefinic bonds of dba,
is converted into PdL, (L is mainly a phosphine ligand) by a ligand-exchange
reaction in solution, as shown in eq. 3. Pdx(dba)s itself without phosphine is an
active catalyst in some reactions.

0
phcH—=CcH--cH==HCPh
Pd d

o
PhCH:.t:. AL cH=ZHopn

o
PhCH=—CH--CH=HCPh
1
Pdy(dba); + nRP ———= 2 Pd(RsP), + 3 dba 3)

‘Attention should be paid to the fact that the ratio of Pd and phosphine
ligand in active catalysts is crucial for determining the reaction paths. It is
believed that dba is displaced completely with phosphines when Pds(dba)s is
mixed with phosphines in solution. However the displacement is not com-
pletef16). Also. it should be considered that dba itself is a monodentate alkene
ligand, and it may inhibit the coordination of a sterically hindered olefinic
bond in substrates. In such a case, no reaction takes place. and it is recom-
mended to prepare Pd(0) catalysts by the reaction of Pd(OAC), with a definite
amount of phosphines[i10]. In this way a coordinatively unsaturated Pd(0)
catalyst can be generated. Preparation of Pds(tbaa)s (tbaa = tribenzylidene-
acetylacetone) was reported[17], but the complex actually obtained was
Pd(dba){18].

Highly reactive Pd(0) powder is preparcd by the reduction of Pd(I) salts
with Li or K and used for catalytic reactions[19,20]. Pd on carbon in the
presence of Ph;P is used as an active catalyst similar to Pd(Ph,P),[21].



4 The Basic Chemistry of Organopalladium Compounds

Several phosphines are used as ligands of Pd, PhyP being by far the most
commonly used. Any contaminating phosphine oxide is readily removed by
recrystallization from ethanol. However, in some catalytic reactions, more
electron-donating alkylphosphines such as #-Bu;P and tricycichexylphosphine
or aryl phosphines such as tri(2,4,6-trimethoxyphenyDphosphine (TTMPP)
and tri(2,6-dimethoxyphenyl)phosphine (TDMPP) are used, because these
phosphines accelerate the ‘oxidative’ addition step. Sulfonated triphenylphos-
phine [tri(m-sulfophenyl)phosphine (TMSPP)] (2) and monosulfonated triphe-
nylphosphine [diphenyl(m-sulfophenylyphosphine (DPMSPP)] (3) are special

phosphines as water-soluble ligands, with which Pd goes into the aqueous.

phase and catalytic reactions proceed in water[22-25]. Another water-soluble
phosphine is 2-(diphenylphosphinoethyl)trimethylammonium halide[26]. Pd
complexes coordinated by these phosphines are soluble in water, and Pd-cat-
alyzed reactions can be carried out in water, which is said to have an accel-
erating effect in some catalytic reactions. Bidentate phosphines such as dppe
(4), dppp (5), and dppb (6) play important roles in some reactions. Another
bidentate phosphine is dppf (7), which is different from other bidentate phos-
phines, showing its own characteristic activity.

Phosphites, such as triisopropy! and triphenyl phosphite, are weaker electron
donors than the corresponding phosphines, but they are used in some reactions
because of their greater m-accepting ability. The cyclic phosphite trimethylol-
propane phosphite (TMPP) or 4-ethyi-2,6,7-trioxa-1-phosphabicyclof2.2.2]Joc-
tane (8), which has a small cone angle and small steric hindrance, shows high
catalytic activity in some reactions. It is not commercially available, but can be
prepared easilyf27].

PPh,
] Ph,PCH,CH,PPh,

4. dppe £

SOH/ 3 Fe
2. TMSPP PhsPCH,CH,CH,PPh, @pph
2
5. dppp 7. dppf
Ph,P =
o
SOH  PhyPCH,CH,CH,CH,PPh, Pﬁo§—/
A
3. DPMSPP 6. dppb o
8. TMPP

The roles of phosphines are not clearly understood and are unpredictable.
Therefore, in surveying optimum conditions of catalytic reactions, it is advi-
sable to test the activity of all these important types of phosphines and phos-
phites, which have different steric etfects and electron-donating properties.

Fundamental Reactions of Pd Compounds 5

Although Pd is cheaper than Rh and Pt, it is still expensive. In Pd(0)- or
Pd(1)-catalyzed reactions, particularly in commercial processes, repeated use
of Pd catalysts is required. When the products are low-boiling, they can be
separated from the catalyst by distillation. The Wacker process for the produc-
tion of acetaldehyde is an example. For less volatile products, there are several
approaches to the economical uses of Pd catalysts. As one method, an alkyldi-
phenylphosphine 9, in which the alkyl group is a polyethylene chain, is pre-
pared as shown. The Pd complex of this phosphine has low solubility in some
organic solvents such as toluene at room temperature, and is soluble at higher
temperature[28]. Pd(0)-catalyzed reactions such as an aliylation reaction of
nucleophiles using this complex as a catalyst proceed smoothly at higher tem-
peratures. After the reaction, the Pd complex precipitates and is recovered
when the reaction mixture is cooled.

TMEDA . CiPPh,
n CH2=CH2 + Buli at—— BU(CHQCHQ)DCHQCHQLK e

Pd(PhP)
BU(CH,CHp)nCH,CHPPhy  —————  [BU(CH,CH)aCH2CHPPholsPd

9

Pd can also be recovered as insoluble complexes such as the dimethylglyox-
ime complex, or PdCl>(PhsP), by treatment with HC1 and Ph;P. When water-
soluble phosphines are used. the catalyst always remains in the aqueous phase
and can be separated from a product in the organic phase, and is used repeat-

edly.

3 Fundamental Reactions of Pd Compounds

Fundamental reactions of Pd are briefly explained in order to understand how

reactions either promoted or catalyzed by Pd proceed. In schemes written for ~
the explanation. phosphine ligands are omitted for simplicity. First, a brief
explanation of chemical terms specific to organopalladium chemistry is given.

3.1 ‘Oxidative’ Addition Reaction

The term ‘oxidative’ might sound strange to organic chemists who are not
familiar with organometallic chemistry. The term ‘oxidative” used in organo-
metallic chemistry has different meaning to “oxidation’ used in organic chem-
istry such as oxidation of secondary alcohols to ketones. An ‘oxidative’
addition is the addition of a molecule X—Y to Pd(0) with cleavage of its
covalent bond, forming two new bonds (eq. 4){29]. Since the two previously
nonbonding electrons of Pd are involved in bonding, the Pd increases its formal
oxidation state by two. namely Pd(0) is oxidized to Pd(I1). This process is
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similar to the formation of Grignard reagents from alkyl halides and Mg(0)
(eq. 5). In the preparation of Grignard reagents, Mg(0) is oxidized to Mg(II) by
the “oxidative’ addition of alky! halides to form two covalent bonds. Another
example, which shows the clear difference between ‘oxidation’ in organic chem-
istry and ‘oxidative’ addition in organometallic chemistry, is the ‘oxidative’
addition of H, to Pd(0) to form Pd(II) hydride. in other words, Pd(0) is
‘oxidized’ to Pd(II) by H,. This sounds strange to organic chemists, because
H; is a reducing agent in organic chemistry.

Oxidative addition
Pd(0) + X-Y X-Pd(l)-Y 4

Mg(0) + CHyl ——————+ CH,.Mg-I (5)

A number of different covalent bonds are capable of undergoing the oxi-
dative addition to Pd(0). The most widely known are C—X (X = halogen
and pseudo-halogen), C—O, H-—H, C—H, Si—H, M-—H, M—M
(M = main group metals), and H-—X bonds. Also N—H, X-—X, O—H,
and even some C—C bonds undergo oxidative addition. Most frequently
observed is the oxidative addition of organic halides of sp® carbons (eq. 6),
and the rate of the addition decreases in the following order;: C—I >
C—Br» C—Cl 3» C—F. Typical bonds which undergo the oxidative
addition are following: R-—X (R = alkenyl and aryl, X = halogen and
pseudo-halogen), acy! halides (RCO—X) (eq. 7), aldehydes (RCO—H), allylic
compounds (RCH==CHCH,—X, X = halogen. esters, NO,, SG,R, etc.),
sulfonyl halides (RSO,—X), H—H, H—SnR;, H—SiR;, Ar—H. etc.
The oxidative addition takes place with coordinatively unsaturated Pd(0)
complexes. The saturated (four-coordinate, 18 electrons) Pd(0) complex,
Pd(Ph;P)4 undergoes reversible dissociation in situ in solution to give the unsa-
turated 14-electron species Pd(PhsP), (10), which is capable of undergoing the
oxidative addition. Various o-bonded Pd complexes are formed by the oxida-
tive addition. In many cases, this is the first step of catalytic reactions.

Ph-l
Pd(Ph,P), —-T——’ Pd(Ph,P), ._...K_z__._, Ph-Pd-I(Ph,P), (8
2 Ph,p
RCO-Cl 4 Pd(0) —————» RCO-Pd-Ci @
3.2 Insertion Reaction

The reaction of Grignard reagents with a carbonyl group can be understood as
an insertion reaction of an unsaturated C==0 bond of the carbonyl group into
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the Mg—C bond to form the Mg alkoxide 11. Similarly, various upsatgrated
bonds insert to Pd—C o-bonds. The insertion is understood as ‘the migration of
a one-electron ligand from Pd to an unsaturated ligand. lpsertlon has thg same
meaning as palladation of alkenes and alkynes. The insertion take.:s place in two
ways: a,3- (or 1,2-) and o, a- (or 1,1-) insertions. The first and widely observed
one is the a, S-insertion of unsaturated bonds as expressed by eq. 8.

CHa-Mg-| CH3
cHy | —= CH—F-o-mgi
=0 CH,
CH; 1
X-Pd-Y + A=B ——m X-A-B-Pd-Y {8)

Migration of a hydride ligand from Pd to a coordinated alkene (.insertior? of
alkene) to form an alkyl ligand (alkylpalladium complex) (12) is a typical
example of the o, 3-insertion of alkenes. In addition, many other unsaturated
bonds such as in conjugated dienes, alkynes, COs, andl carbonyl groups,
undergo the o, f-insertion to Pd-X o-bonds. The insertion of a}n internal
alkyne to the Pd—C bond to form 13 can be understood as the cis-carbopa-
lladation of the alkyne. The insertion of butadiene into a Ph—Pd bond lead§ to
the m-allylpalladium complex 14. The insertion is usually highly stereospecific.

\
A=B ; No=¢d  C=C
/

s =
o c=c_,
H-Pd-X
HL L e RCH,CHy-Pd-X
>=CH, 12
R

Carbopalladation  py, Pd-t

Ph-Pdi + R-CEC-R —————> =
R R
13
Y
Ph-Pd-l + oy ____,[Ph/\ﬂ/*] — Ph /p{d\
I-Pd
~1
14

CO is a representative species for a,a-insertion: its insert}qn into C—Pd
bonds affords acylpalladium complexes such as 15. Mecharystlcally. the CQ
insertion is 1.2-alkyl migration to coordinated CO. This is an important step in
carbonylation. SO», isonitriles, and carbenes are other species which undergo

a.o-insertion.
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. 0
h-Pd-1 + CO
Ph)LPd'l
15

. It should be emphasized that in some cases the insertions take place several
times sequentially. For example, in carbonylation, the insertion of alkene j
followed by CO insertion. Sometimes, further insertions of another alkene an;
CO take place. Particularly useful is the formation of polycyclic compounds b
Intramolecular sequential insertions of alkenyl and alkynyl bonds. /

3.3 Transmetallation Reaction

Organic compounds M—R and hydrides M—H of main group metals such as
Mg, Zn, B, Al Sn, Si, and Hg react with A—Pd——Xx complexes formed b

oxidative addition, and an organic group or hydride is transferred to Pd by
exchange reaction of X with R or H. In other words, the alkylation of Pd take}sl
plac.e (eq.9). A driving force of the reaction, which is called transmetallation, is
ascribed to the difference in the electronegativities of two metals. A typi;al
exampl_e 1s the phenylation of phenylpalladium iodide with pheny]tri'but Itin t

form diphenylpalladium (16). ’ °

R
APd-X + M-R _ A-Pd M ™™ A-Pd-R + MX (9)

M = main group metal

Ph-Pd + Ph-SnBu; -—— . Ph-Pd-Ph + Bu;Sni
16

3.4 The Final Step of Pd-Promoted or -Catalyzed Reactions
3.4.1 Reductive Elimination Reaction

Slmllar-ly to ‘oxidative," the term ‘reductive’ used in organometallic chemistr

has a dlfﬂe.r(.ent meaning to ‘reduction’ in organic chemi;Iry. This unimolecul'l)r]
decomposition pathway is the reverse of the ‘oxidative” addition, und involv;s
the Io-ss. of two one-electron ligands of cis configuration from t’he Pd center
combining them to form a single elimination product. In other words, cou Iiné
of tw'o groups coordinated to Pd liberates a product in the last step of C'ltis ti;
reactions (eq. 10). By the ‘reductive’ elimination, both the coordina[io;l mz,m-
ber and th.e formal oxidation state of Pd are reduced by two to generate Pd(0)

as sh.own in eq. 11. In other words. Pd(II) is reduced t;) Pd(0). This is wh thé
step 1s.call§d ‘reductive’ elimination. Pd(0) species. thus regeherated Lcan }sl,tart
‘the oxx.datlve addition again. Thus a catalytic cycle becomes possil;le by the
reductive’ eliminatjon. Without the “reductive’ elimination. the reactioniends
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up as a stoichiometric one. For example, Grignard reactions are stoichiometric,
because the ‘reductive’ elimination to generate Mg(0) is not possible.

X-Pd-R ———R.X + Pd(0) (10)

Ph-Pd-Ph —Ph-Ph + Pd(0) an

3.4.2 Elimination of 3-Hydrogen

Anather reaction in the last step is the syn elimination of 3-hydrogen with Pd
as H—Pd—X, which takes place with alkyl Pd complexes, and the Pd hydride
and an alkene are formed. The insertion of an alkene into Pd hydride and the
elimination of 3-hydrogen are reversible steps. The elimination of ,3-hydrogen
generates the alkene, and both the hydrogen and the alkene coordinate to Pd,
increasing the coordination number of Pd by one. Therefore, the 3-elimination
requires coordinative unsaturation on Pd complexes. The 3-hydrogen elimi-

nated should be syn to Pd.

R

R H \— A
> — + — \— + Pd(0) + HX
H (PdX = H-Pd-X

The elimination of 3-hydrogen of Pd alkoxide (17) to afford a carbonyl
compound is a similar reaction,

;.. R'>—_- Pd(0) + HX
RO>—0<PdX —> o + +
W~ \ R

17

3.5 How are Catalytic Reactions Possible?

The most useful reaction of Pd is a catalytic reaction, which can be carried
out with only a small amount of expensive Pd compounds. The catalytic cycle
for the Pd(0) catalyst, which is understood by the combination of the afore-
mentioned reactions, is possible by reductive elimination to generate Pd(0).
The Pd(0) thus generated undergoes oxidative addition and starts another
catalytic cycle. A Pd(0) catalytic species is also regencrated by g-elimination
to form Pd—H which is followed by the insertion of the alkene to start the
new catalytic cycle. These relationships can be expressed as shown.

As a typical example. the catalytic reaction of iodobenzene with methyl
acrylate to afford methyl cinnamate (18) is explained by the sequences illu-
strated for the oxidative addition, insertion, and g-elimination reactions.
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Fa@ X-A-B-Y

Oxidative -y Reductive
Addition Catalytic Elimination
cycle
A=B
X-Pd-Y w Y
X-A-B-Pd-Y —» X-A-B-Z4 p
Insertion * ?d(")
w
Stoichiometric Reaction
Oxidative CO,Me
addition =/ ¢ H Pd-1
Ph-l + Pd(0) ——— Ph-Pd-l ——— A
Insertion Ph COMe
-Elimi
B-Elimination Ph
= + H-Pd-{
CO,Me ‘
Pd{0) + HI
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Chapter 2

Classification of the Reactions Involving
Pd(1I) Compounds and Pd(0) Complexes in
This Book

1 Stoichiometric and Catalytic Reactions

A rational classification of reactions based on mechanistic considerations is
essential for the better understanding of such a broad research field as that of
the organic chemistry of Pd. Therefore. as was done in my previous book. the
organic reactions of Pd are classified into stoichiometric and catalytic reac-
tions. It is essential to form a Pd—C o-bond for a synthetic reaction. The Pd—
C o-bond is formed in two ways depending on the substrates. o-Bond forma-
tion from ‘unoxidized’ forms [1] of alkenes and arenes (simple alkenes and
arenes) leads to stoichiometric reactions. and that from “oxidized” forms of
alkenes and arenes (typically halides) leads to catalytic reactions. We first
consider how these two reactions differ.

2 Stoichiometric Oxidative Reactions with Pd(1I)
Compounds in which Pd(Il) is Reduced to Pd(0)

The Pd—C o-bond can be prepared from simple, unoxidized alkenes and aro-
matic compounds by the reaction of Pd(II) compounds. The following are
typical examples. The first step of the reaction of a simple alkene with Pd(II)
and a nucleophile X~ or Y~ to form 19 is called palladation. Depending on the
nucleophile, it is called oxypalladation, aminopalladation, carbopalladation,
etc. The subsequent elimination of 8-hydrogen produces the nucleophilic sub-
stitution product 20. The displacement of Pd with another nucleophile (X)
affords the nucleophilic addition product 21 (see Chapter 3. Section 2). As
an example. the oxypalladation of 4-pentenol with PdX, to afford furan 22
or 23 is shown.

r-Allylpalladium complex formation from alkenes takes place by the dis-
placement of an allylic hydrogen of alkene with Pd(II) (see Chapter 3. Section

13
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Palladation of alkene Nucleophilic substitution

R
=+ Pd(0) +Hx

R R Y 20
M>=<|- PdX; + ¥ —u Y% —
H Pd-X
19 Nucleophilic addition
R H
)—{ + Pd(0)
Y X
21

Pd-X Pd + HX

Oxypalladation -Eliminati : :

oH C& B-Elimination 0 o
X

22 23

3). Insertion of one of two double bonds of butadiene into Pd—X forms
substituted a m-allylpalladium complex 24 (see Chapter 3, Section 4).

n-Allylpalladium compiex formation from alkenes

R
AN NuH
Rj/\ + PdCl, Pld — R AN, py
H ; Cl
HCI
n-Allylpalladium complex formation from butadiene
P X AR Y
AN, PdCl, —— Pld — YNy + PAO)
‘Cl
24

Palladation of aromatic compounds with Pd(OAc), gives the arylpalladium
acetate 25 as an unstable intermediate (see Chapter 3, Section 5). A similar
complex 26 is formed by the transmetallation of PdX, with arylmetal com-
pounds of main group metals such as Hg.

Those intermediates which have the Pd—C o-bonds react with nucleophiles
or undergo alkene insertion to give oxidized products and Pd(0) as shown
below. Hence, these reactions proceed by consuming stoichiometric amounts
of Pd(II) compounds, which are reduced to the Pd(0) state. Sometimes, but not
always, the reduced Pd(0) is reoxidized in situ to the Pd(1I) state. In such a case,
the whole oxidation process becomes a catalytic cycle with regard to the Pd(II)
compounds. This ‘catalytic’ reaction is different mechanistically, however,
from the Pd(0)-catalyzed reactions described in the next section. These stoi-
chiometric and ‘catalytic’ reactions are treated in Chapter 3.

Cutalytic Reactions Mainly with Pd(0) Complexes 15

Pailadation of aromatics

Pd-OAc OAc pa(0)
i | + Pd(OAc), T @ _— ©/ +

AcOH 25

Transmetallation

H
Hg-X Pd-X . ,R H R
©/ + PdXp j > @ — Pd-X
HX

HgX» 26
R

©/—f HPdX —— Pd(©) + HX

3 Catalytic Reactions Mainly with Pd(0) Complexes

The reactions of the second class are carried out by the reaction of “oxidizgd’
forms[1] of alkenes and aromatic compounds (typically their hallc'ies? w1th
Pd(0) complexes, and the reactions proceed catalytically. The ‘oxidative’ addi-
tion of alkenyl and aryl halides to Pd(0) generates Pd(I)—C o-bonds (27 and
28), which undergo several further transformations.

Oxidative addition and insertion

R __ co R _ + Pd(0)
t\ + Pd(Q) — \Pd-x COX l

X 1 27

X pd-x R __ "
@ + Pd(0) __.© T @/—“ « Pd(O)
l 28 X

Formation of a m-allylpalladium complex 29 takes place by the oxidative
addition of allylic compounds, typically allylic esters. to Pd(0). The rr.-allylpal-
ladium complex is a resonance form of s-allylpalladium and a coordinated -
bond. m-Allylpalladium complex formation involves inversion of stergochemls-
try, and the attack of the soft carbon nucleophile on the w-allylpalladlpm com-
plex is also inversion, resulting in overall retention of the stereqchemxstry. On
the other hand, the attack of hard carbon nucleophiles is retention. and hpnce
overall inversion takes place by the reaction of the hard carbon nucleophiles.
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n-Allyl complex formation and its reaction with a nucleophile

R\ _~__R? Inversion R\~ R?
\/\r + Pd(O) \} s I
OA d,
¢ OAc

R‘W“ NuH Inversion Rt\/Ygz

Pd
‘OAc AcOH
29

+ Pd(0)

"

Nu

The ‘oxidative’ coupling of two molecules of butadiene with Pd(0) forms the
bis-m-allylpalladium complex 31, which is the resonance form of 2,5-divinyl-
palladacyclopentane (30) formed by ‘oxidative’ cyclization.

Oxidative cyclization of butadlene and trapping with a nucleophile

All these intermediate complexes undergo various transformations such as
insertion, transmetallation, and trapping with nucleophiles, and Pd(0) is regen-
erated at the end in every case. The regenerated Pd(0) starts the catalytic cycle
again, making the whole process catalytic. These reactions catalyzed by Pd(0)
are treated in Chapter 4.

Another type of catalytic reaction involving simple alkenes and alkynes
proceeds with Pd(0) in the presence of acids (H—X). The oxidative addition
of HCI or HI and even AcOH generates H—Pd—X 32. Carbonylation of
alkenes is explained by the insertion of an alkene and CO to form an acylpal-
ladium complex 33 which reacts with alcohol to form an ester and regenerates
the catalytic species 32. Alkyne insertion into 32, followed by alkene insertion
generates an alkylpalladium intermediate 34, which undergoes elimination of
B-hydrogen to give a diene 35 and regenerates 32. In this way, these reactions
can be carried out catalytically in the presence of acids.

4 The Characteristic Features of Pd—C Bonds

The most characteristic feature of the Pd—C bonds in these intermediates of
both the stoichiometric and catalytic reactions is their reaction with nucleo-
philes, and Pd(0) is generated by accepting two electrons from the nucleophiles
as exemplified for the first time by the reactions of m-allylpalladium chloride[2]
or PdCl,-CODI[3] complex with malonate and acetoacetate. It should be noted
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l

H-Pd-x
| 32

A= R co ° :
>_ ROH
— - —_— ] -Pd-
33 32

H-X ; H-Cl, AcO-H etc

H-X + Pd(0)

A—= R R_ R R\ __
- >:\ — R_(R - \-M + H-Pd-x
H  PdX PdX R 32
34 35
that metal-carbon bonds in many organometallic compounds of other metals
such as Mg, Al, Zn, and even Ni are attacked by electrophiles, and two-elec-
tron oxidation of these metals takes place, generating Mg(II), Ni(Il), etc. In
other words, the Grignard reaction starts with Mg(0) and ends as Mg(II) by
reacting with electrophiles. Mg, Zn, etc., are base metals and Mg(II) is more

stable than Mg(0)
R-Pd-X + Nu-H — R-Nu + HX + Pd(0)

R-M-X + ELFY —— REl + Y-M()Y

M = Mg, Zn, Ni, Fe, etc
Nu = nucleophile, El = electrophile

-m-Allylpalladium chloride (36) reacts with the nucleophiles. generating Pd(0),
whereas m-allylnickel chloride (37) and allylmagnesium bromide (38) reacts with
electrophiles (carbonyl), generating Ni(I1) and Mg(II). Therefore, it is under-
standable that the Grignard reaction cannot be carried out with a catalytic
amount of Mg, whereas the catalytic reaction is possible with the regeneration
of an active Pd(0) catalyst. Pd is a noble metal and Pd(0) is more stable than
PA(II). The carbon—metal bonds of some transition metals such as Ni and Co
react with nucleophiles and their reactions can be carried out catalytically, but
not always. In this respect, Pd is very unique.

Another feature of the Pd—C bonds is the excellent functional group toler-
ance. They are inert to many functional groups, except alkenes and alkynes and
iodides and bromides attached to sp? carbons, and not sensitive to H-O, ROH,
and even RCO;H. In this sense, they are very different from Grignard reagents,
which react with carbonyl groups and are easily protonated.
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/’l\\ x COM
e
pag_ *+ TH(COMe), — =, Pd(0)
c COMe
36
/I,\\ OH
Ny CHICHO o A+ Nill)
37
MaB OH
gbr >= —
P * ° /\/'\ + Mg(lh)
38

Rgactions of another class are catalyzed by Pd(II) compounds which act as
Lewis acids, and are treated in Chapter 5 and partly in Chapter 4. From the
above-mentioned explanation, the reactions catalyzed by Pd(0) and Pd(II) are
clearly different mechanistically. In this book the stoichiometric and catalytic
react.ions are classified further according to reacting substrates. However, this
cla'smﬁcation has some problems, viz. it leads to separate treatment of ;ome
unit reactions in different chapters. The carbonylation of alkenes is an exam-
ple. Oxidative carbonylation of alkenes is treated in Chapter 3 and hydrocar-
bonylation in Chapter 4.
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Chapter 3
Oxidative Reactions with Pd(IT) Compounds

1 Introduction

As with Pb(IV) or Hg(II) compounds, two-electron oxidation is possible with
Pd(II) compounds, but there are many unique oxidation reactions
(dehydrogenation) specific to Pd(I). After the oxidation is completed,
Pd(1l) is reduced to Pd(0). If a stoichiometric amount of expensive Pd(II)
compounds is consumed, the reaction cannot be a truly useful synthetic
method. The Wacker process, in which acetaldehyde is produced from ethy-
lene, is the first example of the oxidation of an organic compound with
Pd(I). The essence of the great success of the Wacker process is the invention
of an ingenious catalytic cycle, in which the reduced Pd(0) is reoxidized in situ
to Pd(II) with CuCl,, and in turn CuCl is easily reoxidized to CuCl, with
oxygen. Consequently, ethylene (or other organic compounds) is oxidized
(dehydrogenated) indirectly with oxygen without consuming PdCl; and
CuCl, by the combination of these redox reactions. The catalytic oxidation
of organic compounds with PdCl, and CuCl, can be summarized as

shown[1i].

PdCl; + AH + BH — = A-B + Pd(0) + 2HC!
Pd(0) + 2 CuCl; ———— PdCl; + 2 CuCl

2CuCl + 2HCl + 120, ———— 2CuCl, + H0

AH + BH + 120, — A-B + H0

In addition to CuCl,, some other compounds such as Cu(OAc),, Cu(NO3)a,
FeCl,, dichromate, HNOs, potassium peroxodisulfate, and MnO, are used as
oxidants of Pd(0). Also heteropoly acid salts comtaining P, Mo, V, Si, and Ge
are used with PdSOy as the redox system([2]. Organic oxidants such as benzo-
quinone (BQ), hydrogen peroxide and some organic peroxides are used for
oxidation. Alkyl nitrites are unique oxidants which are used in some industrial

19
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processes[3]. Efficient reoxidation of Pd(0) in some oxidation reactions with Q,
alone without other reoxidants is possible in DMSO{4,5]. It should be pointed
out that the in situ reoxidation of Pd(0) is not always easy. The Pd(0) state is
the more stable state than Pd(II). Pd metal is called a noble metal because it is
not easily oxidized, whereas Cu is a base metal, because it is easily oxidized,
Therefore, the oxidation of Pd(0) with base metal salts such as CuCl, and
FeCl; seems to be rather abnormal and unexpected[6]. The very small equili-
brium constant calculated for the oxidation reaction of meiallic Pd with free
Cu(Il) ion suggests the difficulty of oxidizing Pd(0) with Cu(Il) salts. The
reaction becomes easier in the presence of chicride ion, which stabilizes
Pd(II) and Cu(l) states by the complex formation [7].

K
Pdpeta + 2CuU(ll) ————= Pd(ll) + 2 Cu(})
K = 10-28.2

Plmetat + 2 Cu(ll) + 8 CI K [PACL]2 + 2 [CuCl,]"

K50 = 7.9 x 105, K'jop = 7.9 X 105

In the Wacker process, the reaction is actually carried out in dilute HCl at a
high concentration of chloride ion and an elevated temperature. The high
concentration of CuCl; shifts the equilibrium further to the right.

The oxidation of Pd(0) should not be treated as an easy process, and the
proper solvents, reaction conditions and reoxidants should be selected to carry
out smooth catalytic reactions. In many cases, the catalytic cycle cannot be
achieved. In this case, the reduced Pd must be recovered and then reused after
oxidation with a suitable strong oxidizing agent such as HNOs. The procedure
for the recovery and reoxidation of Pd(0) is tedious and time consuming.
Hence, the stoichiometric process is tolerable only for the synthesis of rather
expensive organic compounds in limited quantities. This is a serious limitation
in the application of oxidation reactions involving Pd(IT). One important
method for the oxidation reaction with Pd(Il) is a gas-phase reaction using a
solid Pd catalyst supported on active carbon or alumina. The supported Pd
catalyst behaves similarly to the Pd(II)-Cu(II) redox syst€m in the oxidation
reactions[8,9]. Actually industrial production of vinyl acetate is carried out in
the gas-phase by using a supported Pd catalyst{10]. Much expertise in connec-
tion with the preparation of supported Pd catalysts has been published, espe-
cially in patents. The patent literature is difficult to summarize. Also, the gas-
phase reaction is a rather different technique. Therefore, mainly liquid-phase
reactions by Pd(II) compounds are treated in this chapter. Oxidation of various
organic compounds is possible with Pd(IT), and it is surveyed by further sub-
divisions based on substrates.

Reactions of Alkenes 2]
2 Reactions of Alkenes
2.1 Introduction

Pd(II) compounds coordinate to alkenes to form w-complexes. Roughly, a
decrease in the electron density of alkenes by coordination to electrophilic
Pd(IT) permits attack by various nucleophiles on the coordinated alkenes. In
contrast, electrophilic attack is commonly observed with uncomplexed alkenes.
The attack of nucleophiles with concomitant formation of a carbon-palladium
o-bond 1 is called the palladation of alkenes. This reaction is similar to the
mercuration reaction. However, unlike the mercuration products, which are
stable and isolable, the product 1 of the palladation is usually unstable and
undergoes rapid decomposition. The palladation reaction is followed by two
reactions. The elimination of H—Pd—Cl from 1 to form vinyl compounds 2 is
one reaction path, resulting in nucleophilic substitution of the olefinic proton.
When the displacement of the Pd in 1 with another nucleophile takes place, the
nucleophilic addition of alkenes occurs to give 3. Depending on the reactants
and conditions, either nucleophilic substitution of alkenes or nucleophilic addi-
tion to alkenes takes place.

Pallad 6 o
R alladation X X
=/ XH + P _ and _

PP e T CPY TH M crpg) W
1

1

Nucleophilc »
substitution Nucleophilic YH
addition
|
R R
:<x + Pd(0) + HCI " 4 Pd(0) + HCI
Y X

2 3

XH, YH = nucleophiles, H,O, ROH, RCO,H, RNH,, CH,E;

Typical nucleophiles known to react with coordinated alkenes are water,
alcohols, carboxylic acids, ammonia, amines, enamines, and active methylene
compounds[11,12]. The intramolecular version is particularly useful for synth-
eses of various heterocyclic compounds[13,14]. CO and aromatics also react
with alkenes. The oxidation reactions of alkenes can be classified further based
on these attacking species. Under certain conditions, especially in the presence
of bases, the m-alkene complex 4 is converted into the w-allylic complex 5.
Various stoichiometric reactions of alkenes via m-allylic complex § are treated
in Section 4.
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R
R\/% + PdCl, — R\/)\\ — \/|A + HCI
Pd
PdCl, | cl- ™
4 5

2.2 Reaction with Water

Formation of acetaldehyde and metallic Pd by passing ethylene into an aqu-
eous solution of PdCl, was reported by Phillips in 1894{15] and used for the
quantitative analysis of Pd(I[)[16]. The reaction was highlighted after the
industrial process for acetaldehyde production from ethylene based on this
reaction had been developed[1,17,18]. The Wacker process (or reaction)
involves the three unit reactions shown. The unique feature in the Wacker
process is the invention of the in situ redox system of PdCl,—CuCl,.

CH;=CH, + H20 + PdCl, CH;CHO + 2 HCI + Pd(0)

Pd(0) + 2 CuCl,
2CuCl + 2HCI + 120,

——————= PdCl; + 2CuCl

——— 2CuCly + H20

CH,=CH, + 120, — CH,CHO

Extensive studies on the Wacker process have been carried out in industrial
laboratories. Also, many papers on mechanistic and kinetic studies have been
published[17-22]. Several interesting observations have been made in the oxi-
dation of ethylene. Most important, it has been established that no incorpora-
tion of deuterium takes place by the reaction carried out in D,0, indicating
that the hydride shift takes place and vinyl alcohol is not an intermediate[1,17].
The reaction is explained by oxypalladation of ethylene, S-elimination to give
the vinyl alcohol 6, which complexes to H-PdCl, reinsertion of the coordinated
vinyl alcohol with opposite regiochemistry to give 7, and aldehyde formation
by the elimination of Pd—H.

CH;=CH, + D0 + PdCl, — CH;CHO + Pd(0) + 2 DCI

CH,=CH, + H,0 + PdCl, ——

OH H

| _OH 1
Cin—;_Q-H—>CH2Tc\H —>CHy—C-0;H[—=CH;CHO + Pd(0) + HCI
pay H Pd, Pd.
¢l Cl 6 H ; [Ny

The attack of OH obeys the Markovnikov rule. Higher alkenes are oxidized
to ketones and this unique oxidation of alkenes has extensive synthetic appli-
cations{23]. The oxidation of propylene atfords acetone. Propionaldehyde is
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not obtained. This means that the oxidation of terminal alkenes affords methyl
ketones, which have widespread uses in organic synthesis. Based on this reac-
tion, the terminal alkenes can be regarded as masked methyl ketones[24,25].
The reaction is sometimes called the Wacker—Tsuji reaction.

PdCl, o]
T— o+ Hzo —
R CuCl, R

The Wacker process is carried out in dilute HCI solution and low-boiling
acetaldehyde is removed continuously by distillation. On the other hand, the
oxidation of higher alkenes is carried out in organic solvents which can mix
both alkenes and water. DMF is widely used for this purpose(26]. 3-
Methylsulfolane and NMP give better results than DMF in the oxidation of
3,3-dimethyl-1-butene[27]. The oxidation proceeds faster in alcohols, but
double bond isomerization also occurs extensively in alcohols[28].
Polyethylene glycol (PEG 400) is a good solvent for the oxidation of terminal
and internal alkenes[29]. 1-Octene, nonene, and decene are oxidized selectively
without attacking lower or higher alkenes in the presence of a-cyclodex-
trin[30,31]. The oxidation of ethylene proceeds even in agueous ammonia to
afford two pyridine derivatives (8 and 9) selectively via acetaldehyde{32].

PdCl, N SN

— || + |

CuCh, N7 Me N Me
8 9

nCHy=CH, + NH; + 0,

In addition to CuCl,, several other oxidizing agents are used in the oxidation
of alkenes. Sometimes chlorination of carbonyl compounds is observed with
the use of CuCl,. The use of CuCl, after facile preoxidation to Cu(Il) with
oxygen. is recommended because no chlorination takes place with

‘CuCl[24,25,33]. A typical oxidation procedure of 1-decene gives a 68-73%

yield[34]. Also, catalytic amounts of Cu(NO;), and Cu(OAc), are
used|28.35]. FeCl;, HNO;, and MnO, can oxidize Pd(0), but stoichiometric
amounts are necessary. Oxidation of cyclopentene is carried out with a
catalytic system of PdCl,—Fe(ClO4); combined with electrochemical oxida-
tion[36]. Nitro cobalt[37] and nitroso and nitro complexes such as
[PACINO][MeCN][38-41] and ([PdCI(NO:)(MeCN)], in the presence of
amides[42] oxidize alkenes without reoxidants under oxygen, and the reaction
is mechanistically different from the Wacker-type redox system[43]. Water-
soluble heteropoly acids are used as co-catalysts[44-46]. Some organic com-
pounds are used as oxidants in stoichiometric amounts. Benzoquinone is most
widely used[47]. The oxidation can be carried out using a catalytic amount of
benzoquinone by the combination of clectrochemical oxidation as shown [48],
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or with iron phthalocyanin[49,50]. Electrochemical Wacker oxidation was car-
ried out using Pd(IT) and tri(4-bromophenyl)amine[51]. Peroxides such as

H,0,[52,53] and #-butyl hydroperoxid [54,55] are other oxidants,

OH
R Pd2+ © ?
7
7
X Ly
o) /
i Z

R /u\ Pd° ' ganode

o

The oxidation of higher alkenes in organic solvents proceeds under almost
neutral conditions, and hence many functional groups such as ester or lac-
tone[26,56-59], sulfonate[60], aldehyde[61-63), acetal[60], MOM ether[64], car-
bobenzoxy[65], t-allylic alcohol[66], bromide[67,68], tertiary amine[69], and
phenylselenide[70] can be tolerated. Partial hydrolysis of THP ether[71] and
silyl ethers under certain conditions was reported. Alcohols are oxidized with
Pd(II)[72-74] but the oxidation is slower than the oxidation of terminal alkenes
and gives no problem when alcohols are used as solvents[75,76].

Higher terminal alkenes are oxidized to methyl ketones and this unique
oxidation of alkenes has extensive synthetic applications[23]. The terminal
alkenes can be regarded as masked methyl ketones, which are stable to
acids, bases, and nucleophiles[24]. The oxidation of terminal alkenes to
methyl ketones has been extensively applied to syntheses of many natural
products[77].

Several 1,4-dicarbonyl compounds are prepared based on this oxidation.
Typically, the 14-diketone 10 or the 1.4-keto aldehyde 12 can be prepared
by the allylation of a ketone[24] or aldehyde[61,62], followed by oxidation.
The reaction is a good annulation method for cyclopentenones (11 and 13).
Syntheses of pentalenene[78], laurenene[67], descarboxyquadrone[79], muscone
(14 R = Me)[80]) and the coriolin intermediate 15[71] have been carried out by
using allyl group as the masked methyl ketone (facing page).

Conjugate addition of vinyllithium or a vinyl Grignard reagent to enones
and subsequent oxidation afford the 1.4-diketone 16[25]. 4-Oxopentanals are
synthesized from allylic alcohols by [3.3]sigmatropic rearrangement of their
vinyl ethers and subsequent oxidation of the terminal double bond.
Dihydrojasmone (18) was synthesized from allyl 2-octenyl ether (17) based
on Claisen rearrangement and oxidation[25)] (page 26).
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Q ALy \/I:‘ PdCly, CuCl, O,
—
MF, 68%
o 0 H,0, DI
o base :CO
—» 0
85%

10 1

S—cHo + \0H _TsOH

o}
o)
PdCl,, CuCl, 0, KOH
/\>( - > CHO 82%
“ CHO 1,0, DMF, 78% o
12 13
o
PN PACly, H,0
DMF, CuCl, 72%
CO,Et o
o)
R
0 base o —
—_—
o)
CO,Et
R =Me,H
14

(e} —— )
\ ° 15

1,5-diketone 19 is prepared by 3-butenylation of a ketone. followed by Pd-
catalyzed oxidation, and is used for annulation to form the cyclohexenone
20[24]). In this method, the 3-butenyl group is a masked methyl vinyl ketone.
Lewis acid-promoted Michael addition of allylsilane to the «, d-unsaturated
ketone 21 followed by Pd-catalyzed oxidation affords the 1.5-diketone 22[81].
The 1.6-diketone 24 was prepared from 1,7-diene 23 and used for cycliza-
tion[82].
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o) (o]
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S H20, 0Oz, 83%
16 O
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CHO CHO o]
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o
2
X o 0
N PdCl,, CuCl NaOH
e e . ——————-
(\ o 0,, DMF, 77% 0 78% o
o o o]
24

23

The S-oxohexanal 27 is prepared by the following three-step procedure: 1)
1,2-addition of allylmagnesium bromide to an @, S-unsaturated aldehyde to
give the 3-hydroxy-1,5-diene 25, (2) oxy-Cope rearrangement of 25 to give 26,
and (3) palladium catalyzed oxidation to afford 27. The method was applied to
the synthesis of A>*2-octalone (28). which is difficult to prepare by the
Robinson annulation[25].
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CHO  pyct, cuc

OH
CHO
O/ O/i oxy Cope
- Xy -ope _ [| ——
Z 0, 68%
CHO 25 26
O, — O
0 [o]
28

27
In some cases where there is a neighboring group participation effect, alde-

hydes are formed. The a-vinyl group in the S-lactam 29 is mainly oxidized to
aldehyde 30[83].

(o]
Ph
/j;‘/" " paci, ouc/j/—-l/ /Ujr_{Ph
e — e e . -+~
N. N
0 N\Ph CuCl, 0, o Ph o ~Ph
29 30 65% 5%

Oxidative rearrangement takes place in the oxidation of the 1-vinyl-1-cyclo-
butanol 31, yielding the cyclopentenone derivative 32{84]. Ring contraction to
cyclopropyl methyl ketone (34) is observed by the oxidation of I-methylcyclo-
butene (33)[85], and ring expansion to cyclopentanone takes place by the reac-
tion of the methylenecyclobutane 35. [86,87]

HO [ H70,
X PACL(PhCN), L PdCl
—_— — o
BQ,THF, 67%

31 32
[c:Pd)
E(+ PdCl; + H,0 — &H - Aﬂ/
33 o 34 o
Pd
(Pact 0
PdCl,, CuCl, (7
+HO — — . O-H!| —
AcOEY, 82% \Z
35 NC

The methyl enol ether 37 is oxidized to the o,f-unsaturated aldehyde 39 via
hemiacetal 38. Unsaturated aldehyde 39, elongated one carbon from the alde-
hyde 36, is prepared by the Wittig reaction of 36 to give 37, and application of
this reaction[ 88,
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Pth-CHOMe . _OMe
NN
ph NN CHO ———— o o
36 37
AcOPd
Pd(OAc),, Cu(OAc),
- Ph OMe ~ bh WCHO
H20, NaHCO;, 92% OH
38 39

The oxidation of simple internal alkenes is very slow. The clean selective
oxidation of a terminal double bond in 40, even in the presence of an internaj
double bond, is possible under normal conditions[89,90]. The oxidation of
cyclic alkenes is difficult, but can be carried out under selected conditions,
Addition of strong mineral acids such as HCIO,, H,S50,, and HBF, accelerates
the oxidation of cyclohexene and cyclopentene[d8,91]. A catalyst system of
PdSO4—~H3:PMogW404p [92] or PACl,—CuCl, in EtOH is used for the oxidation
of cyclopentene and cyclohexene[93].

——
WOAC 70 - 83% OAc

@ PdCI, °
HCIO, Cﬁ

In the presence of some functional groups at an appropriate position, inter-
nal alkenes can be oxidized by their participation. In addition, the oxidation is
highly regioselective. The «,3-unsaturated ester 41 and ketone 43 are hardly
oxidized in DMF, but they can be oxidized regioselectively in 50% AcOH, i-
PrOH or NMP to give g-keto ester 42 or 1,3-diketone 44 by use of Na-PdCl,
and ¢-butyl hydroperoxide[54]. «.3-Unsaturated ester 45 is oxidized more
easily when a 6- or 7-hydroxy group is present[94]. 3.v-Unsaturated esters
and ketones such as 46 are converted into the m-allylpalladium complex 47
in DMF without being oxidized[95]. but they are oxidized in aqueous dioxane
or THF to give the y-keto ester 48 or a 1.4-diketone[96]. Cyclic 7,5-unsaturated
ketones 49 and 51 are oxidized regioselectively to 1,4-diketones 50 and 52.
which are used for annulation[97,98).

Allyllic ether 53 is oxidized regioselectively to the 3-alkoxy ketone 54, which
is converted into the o, #-unsaturated ketone 55 and used for annulation[99].
The ester of homoallylic alcohol 56 is oxidized mainly to the ~v-acctoxy ketone
57199].
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.In contrast to oxidation in water, it has been found that l-alkenes are
directly oxidized with molecular oxygen in anhydrous, aprotic solvents, whep
a catalyst system of PdCl(MeCN), and CuCl is used together with HMPA . Ip,
the absence of HMPA, no reaction takes place[100]. In the oxidation of |.
decene, the O, uptake correlates with the amount of 2-decanone formed, anq
up to 0.5 mol of O, is consumed for the production of 1 mol of the ketone. Thjs
result shows that both O atoms of molecular oxygen are incorporated into the
product, and a bimetallic Pd(II) hydroperoxide coupled with a Cu salt jg
involved in oxidation of this type, and that the well known redox catalysis
of PdX, and CuX, is not always operative[101]. The oxidation under anhy-
drous conditions is unique in terms of the regioselective formation of aldehyde
59 from N-allyl-N-methylbenzamide (58), whereas tne use of aqueous DME
results in the predominant formation of the methyl ketone 60. Similar results
are obtained with allylic acetates and allylic carbonates[102]. The complete
reversal of the regioselectivity in PdCl,-catalyzed oxidation of alkenes is
remarkable.

PdCly(MeCN),, CuCl, HMPA

\/\/\/\/\+02
8}

CICH,CH,CI, 50°, 50%

\/\/\/\)k

(o]
PdCly(MeCN),, CuCl
Ph/u\N/\/CHO
o 02, HMPA Me
Ph’u\N/\/ — 59
Me fe)
PdCl, CuCli
58 2, 2 _
H,0. O Ph/U\N
20, 0, DME M
e
(e]

60

Chlorohydrin 61 is formed by the nucleophilic addition to ethylene with
Pd?lz and CuCl,[103,104]. Regioselective chlorohydroxylation of the allylic
arne 62 is possible by the participation of the heteroatom to give chlorohy-
drin 63. Allylic sulfides behave similarly[105].

PdCl; H,C—CH,
———— i 1

CH,=CH, + 2CuCl, + H,0
2 2 2 2 HO & * 2 CuCl + Hcl
61
Mi/g Li,PdCl4,CucCl, Me Cl
Ph_+_N T ——————> Ph N\></O
¥ *HO e, ss% Y s :

62 :
76.5% de
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2.3 Reactions with Alcohols, Phenols, and Other Hydroxy Compounds

Oxidation of ethylene in alcohol with PdCl, in the presence of a base gives an
acetal and vinyl ether[106,107]. The reaction of alkenes with alcohols mediated
by PdCl; affords acetals 64 as major products and vinyl ethers 65 as minor
products. No deuterium incorporation was observed in the acetal formed from
ethylene and MeOD, indicating that hydride shift takes place and the acetal is
not formed by the addition of methanol to methyl vinyl ether{108]. The reac-
tion can be carried out catalytically using CuCl, under oxygen[28].

oR'
RO
RZ +2ROH + PdCl, —> R—— ==+ Pd(0) + 2HCI
OR'
64 65

CH,=CH, + PdCl; + 2 MeOD —— CH;3CH(OMe), + 2DC! + Pd

The syntheses of brevicomin (67)[109,110] and frontalin[111] have been
achieved as an elegant application of the intramolecular acetal formation
with the diol 66 in dry DME. Optically active frontalin (68) has been synthe-
sized by this cyclization in triglyme[112].

OH O
/\/\)\(\ PdCly, CuCl, %bo/\
/ —_—

DME, 45%
66 OH 67

0

~OH_ PdCly, CuCl, 0, ""'-f%.o
/\/\>\/°H

triglyme, 76%

68 92%ee

The oxidation of terminal alkenes with an EWG in alcohols or ethylene
glycol affords acetals of aldehydes chemoselectively. Acrylonitrile is converted
into 1,3-dioxolan-2-ylacetonitrile (69) in ethylene glycol and to 3.3-dimethoxy-
propionitrile (70) in methanol[28]. 3,3-Dimethoxypropionitrile (70) is produced
commercially in MeOH from acrylonitrile by use of methyl nitrite (71) as a
unique reoxidant of Pd(0). Methyl nitrite (71) is regenerated by the oxidation
of NO with oxygen in MeOH. Methyl nitrite is a gas, which can be separated
easily from water formed in the oxidation[3].

Efficient acetalization of alkenes bearing various EWG with an optically
active 1.3-diol 72 proceeds smoothly utilizing PdCl,, CuCl. and O, in DME
to give the 1.3-dioxane 73[113]. Methacrylamide bearing 4-t-butyloxazolidin-2-
one 74 as a chiral auxiliary reacts with MeOH in the presence of PdCls catalyst
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l PdCIZICuCIz
e OH
OH Me
0 MeO
E )-CHzCN 7\
o MeO CN
70
69
Pdcl,  MeO
=\_ . +2MeONO —— +2NO
CN MeO  CN
71 70

————= 2MeONO + H,0
71

2NO + 2MeOH + 120,

to give the corresponding acetal 75 in a high yield and with a high chiral
induction{114]. Selective terminal acetalization takes place with a-cyanoallyl
acetate in MeOH and HMPA[115]. Both acetalization to give 77 and Michael
addition to give 78 take place with the vinyl ketone 76. Regioselective aceta-
lization takes place in the presence of Na,HPO,[113]. The Pd-catalyzed dia-
stereoselective acetalization of methyl (25,35)-2-allyl-3-hydroxybutyrate (79)
in MeOH gives (2R.4S,55)-2,5-dimethyl-2-methoxy-4-methoxycarbonyltetra-
hydrofuran (80) in 88% de[116]. The methoxy group in 80 can be displaced
with allylsilane or hydrosilane with high stereoselectivity.

HO
PdCl,, CuCl, O
Ph_ . T, PULL Qs
HO DMF 79% :

72
O 0 OMe
)J\ )Y PdCl,, CuCl, DME /U\ J\(ko
+ MeOH Me
03, 89%, 95% de \_< Me’
t-Bu t-Bu
74 75
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(o] HO o} :
Ph)v i Hoiz T F’h)J\/[c;j\+ P"/u\/\° OH

76 72 77 78
Na,HPO, 75% 0
none 41% 33%
Me0C = PACI(MeCN),, Cuct  MeQ2C
+ MeOH Me
Me OH Oy, 71%, 88% de Me o 'b,OMe
79 80

The 4-hydroxy-1-alkene (homoallylic alcohol) 81 is oxidized to the hemi-
acetal 82 of the aldehyde by the participation of the OH group when there is
a substituent at C3. In the absence of the substituent, a ketone is obtained. The
hemiacetal is converted into butyrolactone 83{117]. When Pd nitro complex is
used as a catalyst in -BuOH under oxygen, acetals are obtained from homo-
allylic alcohols even in the absence of a substituent at C-3[118]. +-Allylamine is
oxidized to the acetal 84 of the aldehyde selectively by participation of the

amino group[119].
OH
/><\ PdCl, CoHis pcc_ Y CeHia
= CGH13 BQ 62% \(7Z q

81
Bn. Li,PdCly Bn.
SN, + MeOH ——m N oMme
Bn S CuCly n \/\<0Me
84

-Oxypalladation of a vinyl ether followed by alkene insertion is an interesting
synthetic method for functionalized cyclic ethers. The attack of the allylic
alcohol 85 to vinyl ethers (oxypalladation of vinyl ether) to give 86 is followed
by an intramolecular alkene insertion, forming the tetrahydrofuran 87 in a one-
pot reaction{120]. Similarly, in the following prostaglandin synthesis, the oxy-
palladation of ethyl vinyl ether with monoprotected cyclopentenediol 88. the
intramolecular and intermolecular alkene insertions and g-elimination take
place in a one-pot reaction at room temperature, giving the final product 90
in 72% yield[121]. The stereochemistry of the product shows that cis-alkene
insertion takes place. It should be noted that the elimination of g-hydrogen
from the intermediate 89 is not possible, because there is no 3-hydrogen cis to
the Pd. Tandem intramolecular oxypalladation of the 5-hydroxyalkene 91 and
insertion of acrylate proceed to give the tetrahydrofuran 92 with a catalytic
amount of Pd(OAc)- and a stoichiometric amount of CuCl under oxygen[122].
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The oxidation of the cyclic enol ether 93 in MeOH affords the methyl ester
9§ by hydrolysis of the ketene acetal 94 formed initially by regioselective attack
of the methoxy group at the anomeric carbon, rather than the a-alkoxy
ketone[35). Similarly, the double bond of the furan part in khellin (96) is
converted ino the ester 98 via the ketene acetal 97[123].

[COzMe
AcO——H

OAc OAc
O Li,PdCl,, MeOH 0
é/) y OAc OMe H —OAc
o CU(NO:!)ZI 02 / H——0OH
AcO
—OAc
93 94 95

Ac

Reactions of Alkenes 35
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4 | meo— W |
0 o 0z, MeOH o ) HO o
OMe 73% OMe OMe
96 97 98

The ~, é-unsaturated alcohol 99 is cyclized to 2-vinyl-5-phenyltetrahydro-
furan (100) by exo cyclization in aqueous alcohol[124]. On the other hand,
the dihydropyran 101 is formed by endo cyclization from a v, §-unsaturated
alcohol substituted by two methyl groups at the é-position. The direction of
elimination of J-hydrogen to give either enol ethers or allylic ethers can be
controlled by using DMSO as a solvent and utilized in the synthesis of the
tetronomycin precursor 102[125]. The oxidation of the optically active 3-
alkene-1,2-diol 103 affords the 2,5-dihydrofuran 104 in high ee. It should
be noted that 3-OH is eliminated rather than 3-H at the end of the reac-
tion[126].

Pd(OAc), Do TN
_— . H  H
DMSO, 72%
OTBDMS
102

OH
PACIx{MeCN), =

H'\/\/OB“ z moau
t-BuO,H, 62%, 86%ee o}

OH 103 104

Phenolic oxygen participates in facile oxypalladation. The intramolecular
reaction of 2-hydroxychalcone (105) produces the flavone 106[127]. The ben-
zofuran 107 is formed from 2-allylphenol by exo cyclization with Pd(OAc),,
but benzopyran 108 is obtained by endo cyclization with PdCL,[128]. Normal
cyclization takes place to form the furan 109 from 2-(I1-phenylethenyl)phe-
nol{129]. Benzofuran formation by this method has been utilized in the synth-
esis of aklavinione (110)[130].
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O OH O NaOMe, MeCN 0 O
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Unexpectedly, a completely different reaction took place in idati
2-(l-propenyl)phenol (111) with PdCl,. Carpanone (111)2) was ;h;t;iled; [ilr?rér(;ef
step in 62%' crude yield. This remarkable reaction is explained by the forma-
.tlon of o-quinone, followed by the radical coupling of the side-chain. Then the
intramolecular cycloaddition takes place to form zarpanone[Bl] ‘

/0:@'/ PdCl, 0

< <

o on 52%* | o
111

The furo- and pyranobenzopyranones 114 and 115 are
reaction of 0-.enolate of J-keto lactone 113[132]. The isoxazollc)rlef‘;f:(:)b?;,ir:gj
by the oxidation of the oxime 116 of @, B- or 3, y-unsaturated ketones with
PQClg and Na,CO; in dichloromethane[133], but the pyridine 118 is fi d
with PdCL(PhsP), and sodium phenoxide[134]. e
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2.4 Reactions with Carboxylic Acids

Soon after the invention of the Wacker process, the formation of vinyl acetate
by the reaction of ethylene with PdCl, in AcOH in the presence of sodium
acetate was reported[106,107]. No reaction takes place in the absence of base.
The reaction of Pd(OAc), with ethylene forms vinyl acetate.

CH,=CH, + PdCl; + 2AcONa —> =\0A + 2 NaCl + Pd(0) + 2 AcOH
c

CH;=CH; + Pd(OAc); ——> ——ﬂo Ac + Pd(0) + AcOH
C

Extensive studies on both the stoichiometric and catalytic formation of vinyl
acetate using the Pd(II)-Cu(Il) redox system under oxygen have been carried
out[135-137]. In the catalytic reaction, considerable amounts of acetaidehyde
and ethylidene diacetate are formed in addition to vinyl acetate. Also, acetic
anhydride is formed in an amount equimolar with aldehyde. No deuterium
incorporation in ethylidene diacetate was observed in the reaction in
AcODI[108]. It was found that PdCl, catalyzes the reaction of AcOH and
vinyl acetate to give acetic anhydride and acctaldehyde{138]. Industrial produc-
tion of vinyl acetate from ethylene and AcOH has been developed by Imperial
Chemical Industries, initially in the liquid phase[139]. However. owing to
operational problems, mainly due to corrosion, the liquid-phase process was
abandoned and a gas-phase process using a supported Pd catalyst was devel-
oped[140.141]. At present, vinyl acetate is produced commercially based on this
reaction in the gas phase using the Pd supported on carbon or silica as a
catalyst[10].
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Pd(in), Cu(il
CH;=CH, + AcOH + g, _ ol Cull) _

T Noac * CHiCHO + (Ac)0 + CH;CH(OAC),

Pdc!
AcOH + == _ —2 4+ (Ac)0 + CHyCHO
c

Pd/Cu

CH;=CH, + ACOH + 1120, ————= ~—“gp. + H:0

With higher alkenes, three kinds of products, namely alkenyl acetates, allylic

acetates and dioxygenated products are obtained[142]. The reaction of propy-
lene gives two propenyl acetates (119 and 120) and ally! acetate ( 121) by the
nucleophilic substitution and allylic oxidation. The chemoselective formation
of allyl acetate takes place by the gas-phase reaction with the supported Pd(II)
and Cu(Il) catalyst. Allyl acetate (121) is produced commercially by this
method[143]. Methallyl acetate (122) and 2-methylene-1,3-diacetoxypropane
(123) are obtained in good yields by the gas-phase oxidation of isobutylene
with the supported Pd catalyst[144],

Pd(OAc
T\ + AcOH #LACO>= + %OAC + =/\0Ac

119 120 121
=\ + AcoH Fa(OAck =" 0Ac
CU(OAC)Z 121

Pd(OAc o
==+ AcOH (“)iz(o"c + =< QAc

~—O0Ac
122 123

The oxidation of cycloalkenes to cyclic ketones with PdCl, is difficult, but
their allylic oxidation (acetoxylation) proceeds smoothly. Reaction of cyclo-
hexene with Pd(OAc), gives 3-acetoxycyclohexene[145-150]. Allylic acetoxyla-
tion of cyclohexene to give 3-acetoxycyclohexene (124) can be carried out with
Pd(OAc), (5 mol%) and Fe(NO,), (5 mol%) using oxygen as final oxi-
dant[151]. In the oxidation of cyclohexene, I-acetoxycyclohexene is not formed
because no S-hydrogen syn to Pd is available on the acetoxy-bearing carbon,
and syn-elimination of 3-hydrogen yields allylic acetate (3-acetoxycyclohexene)
(124). The allylic oxidation of various alkenes is carried out smoothly with
palladium trifluoroacetate and benzoquinone. Cycloheptene is oxidized to 3-
acetoxycycloheptene (125) with Pd(OAc),, MnO; and benzoquinone[152]. One
of the two double bonds of geranylacetone (126) was oxidized to give 127 and
128. o-Methoxyacetophenone is used as a ligand[153]. Regioselective acetoxy-
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lation of 3,v-unsaturated ketone and esters such as 129 proceeds to gi‘{e an -
acetoxy-(E)-a,B-unsaturated ketone and ester, e.g. 131, using alkyl nltrlte.as
a reoxidant via the w-allylpalladium complex 130. Yields are lower w!th
other reoxidants[154]. The oxidative cyclization of the 1,5-diene 132 with
Pd(OAc), affords the 1-methylene-3-acetoxycyclopentane 133[155,156]. 2,6-
Diacetoxybicyclo[3.3.0Joctane (134) is obtained by the transannular reaction
of 1,5-COD with PdCl, and Pb(OAc), in AcOH[157].

H OAc
O Pd(OAc),, Fe(NO3)s AcOPd C
A —
0,, AcOH, 92%
2 3 AcO”:
H 124
OAc
Pd(DAc),, MnO;
AcOH, BQ,73%
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o Pd(CF3C0,);, AcOH, BQ
W o-methoxyacetophenone, rt., 2 days, 85%
126 o o
+ N
ACOW w
127 1.94 : 1 OAc 128

OA
OAc PdCly, AcOK ¢ oMo
)\/\/\/COZME /K/\/N 2
“ CsH11ONO, 50% |
129 130 Pd.x
OAc
/K/\(\/COZMe
OAc 131
H H OAc
X Pd(OAc), BQ
———— -
Z  MnOy, 70%
H H
132 133
AcO
O + PdCl, + Pb(OAc)y —»
134 OAc
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1,2-Dioxygenation by nucleophilic addition to alkenes takes place in the
presence of nitrate anion. The reaction of ethylene with Pd(OAc); in the pre-
sence of LiNO; affords ethylene glycol monoacetate (135)[158-160]. Propylene
glycol monoacetates 136 and 137 are formed from propylene in the presence of
LiNOs[161,162]. These reactions attract attention as potentially useful for the
commercial production of ethylene glycol and propylene glycol.

Pd(OAc
CH,=CH, + AcOH o0k /—’ — /‘—
LiNO3,0, HoO
135
PA(OAC),0, OAc GH OH
TN 4 ACOH ————— - — —
LiNO;, LiICl o *Aco HO
136 137

Acetoxylchlorination of norbornene (138) proceeds with skeletal rearrange-
ment in the presence of an excess of CuCl, to give exo-2-chloro-syn- 7-acetoxy-
norbornane (139). This is a good synthetic method for syn-7- norbornenol[163].
Similarly, a brendane derivative (tricyclo[4.2.1.0* 7]nonane) 141 was prepared in
one step by the oxidative acetoxychlorination of commercially available vinyl-
norbornene (140) using PdCl,-CuCl, as catalyst[164]. Bicyclo[3.2.1.Jocta-2,7-
diene was converted into exo-6-acetoxytricyclo [3.2.1.0%7}-3-octene (142) in a
good yield[165].

PdCI2 OAc
+ AcONa + CuCl, lg

0,
138 ACOH, 84% d C|

- L& —
PdCl,, CuCly, LiCl, 0,

@ N 4
AcONa, AcOH, 69 ~ 77%

140
AcO
CuClg

PdCl 141 €I

{s Pd(OAc)z AcO

+

142
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The intramolecular rcaction of alkenes with various O and N functional
groups offers useful synthetic methods for heterocycles[13,14,166]. The reac-
tion of unsaturated carboxylic acids affords lactones by either exo- or endo-
cyclization depending on the positions of the double bond. The reaction of
sodium salts of the 3-alkenoic acid 143 and 4-alkenoic acid 144 with Li,PdCl,
affords mostly five-membered lactones in 30-40% yieids[167]. Both 5-hexe-
noic acid (145) and 4-hexenoic acid (146) are converted to five- or six-mem-
bered lactones depending on the solvents and bases[168]. Conjugated 2,4-
pentadienoic acid (147) is cyclized with Li,PdCly to give 2-pyrone (148) in

water[169].
Na,CO \
SANCOH L Lpdel, ———— O
143 H,0, 32%

0
ASCoH + LigPdCly ———— 4 )
144 Na,CO3, 38%
o}
o}
Na,C03, DMSO \)Ob
R S
Mco?H 70% \
145 PdCly(MeCN), o)
MCOgH AcONa, MeCN [o}
e
146 90% NS
Na,CO. A
N NCoH + LpPdCly ———— ||
H20, 72% 0 o
147 148

The isocoumarin 151 is prepared by the intramolecular reaction of 2-(2-
propenylibenzoic acid (149) with one equivalent of PdCl,(MeCN)..
However, the (Z)-phthalide 150 is obtained from the same acid with a catalytic
amount of Pd(OAc), under | atm of O, in DMSO. O, alone is remarkably
efficient in reoxidizing Pd(0) in DMSOQ. The isocoumarin 151 is obtained by the
reaction of 2-(1-propenyl)benzoic acid (152) under the same conditions{4]. 2-
Vinylbenzoic acid (153) is also converted into the isocoumarin 154, but not to
the five-membered lactone[167,170].

Although it is not a reaction of alkenes, oxidation of some alkanes with
Pd(I) is cited here. l-Adamantyl trifluoroacetate (155) was obtained 1n
above 50% yield by the reaction of adamantane with Pd(OAc) in trifluoroa-
cetic acid at 80°C[171].
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50%

2.5 Reactions with Amines

155

Formation of enamines is expected by the oxidative reaction of amines with
alkenes using Pd(II) salts via the aminopalladation, but it is not easy to achieve
the enamine synthesis. Aliphatic amines are strong ligands to electrophilic
Pd(Il), and the aminopalladation is possible only in a special case. Amide
nitrogen reacts more easily than amines, because amidation of amines reduces
the complexing ability of the amines. Tertiary amines 156 are obtained by the
reaction of alkene-PdCl; complexes with secondary amines at -50 °C, followed
by the reduction of the aminopalladation products with hydrogen or hydride
reagents. Terminal alkenes are converted into amines in high yields[172,173]. It
has been confirmed that the aminopalladation is a trams addition. The (G-
acetoxyalkyl)amines 157 are obtained by the oxidation of the aminopallada-
tion product with Pb(OAc),[174). For example, 2-dimethylamino-1-butanol
was obtained from I-butene and dimethylamine in 84% yield after hydrolysis.
The stereospecific cis diamination of alkenes takes place to give the 1,2-diami-
noalkanes 158 by the in situ oxidation of the aminopalladation products in the
presence of amines. MCPBA is suitable for this oxidation. Bromine and NBS
are also used. From 1-hexene, 1,2-bis(dimethylamino)hexane (159) was
obtained in 56% yield[175)].
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Furthermore, treatment of the aminopalladation product with bromine
affords aziridines[176]. The aziridine 160 was obtained stereoselectively from
methylamine and 1-decene in 43% yield. The aminopalladation of PdCl, com-
plexes of ethylene, propylene, and 1-butene with diethylamine affords the
unstable o-aikylpalladium complex 161, which is converted into the stable
chelated acylpalladium complex 162 by treatment with CO[177].

Me
CsgHyz  PdCI !
CoHyz ~ ——~C.H N
\— + MeNH; + PdC|2 43% MeNH 81117 /)
160
Et
-50° [Et,N —PdCl N cI
CHz=CH2 4 Et,NH + PdCI,(PhCN), 2 _CLE‘<pd
0, B
%[ NHEt,
o)
162

Unlike the intermolecular reaction, the intramolecular aminopalladation
proceeds more easily[13,14,166]. Methylindole (164) is obtained by the intra-
molecular exo amination of 2-allylaniline (163). If there is another olefinic
bond in the same molecuie, the aminopalladation product 165 undergoes intra-
molecular alkene insertion to give the tricyclic compound 166[178]. 2.2-
Dimethyl-1,2-dihydroquinoline (168) is obtained by endo cyclization of 2-
(3,3-dimethylallyl)aniline (167). The oxidative amination proceeds smoothly
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with aromatic amines which are less basic than aliphatic amines, whereas it js
difficult to use aliphatic amines for the cyclization under similar conditions,
The successful oxidative amination is possible with tosylated aliphatic amineg
169 to give 170. The tosylation of amines also reduces the strong complexing
ability of aliphatic amines. This is the reason why amides or tosylamides are
used for smooth reaction with alkenes[179].

Pdclz(MecN)z A
|| +Pdely, ——————
BQ, 60~90% N
NH, N
163 164
LY — | rox ,
N N; N
—
H\n/\ 0/\/
° 165 166 °

@\)\ PdCI,(MeCN), @
—_——
0
NH, BQ, 54% N
167 168 H
<:(\/ PACI,(MeCN), A
—_——
(]
NHTs BQ, 85% N
169

170 Ts

The usefulness of the Pd-catalyzed reactions was amply demonstrated in the
total synthesis of clavicipitic acid{180]. The first step is the intramolecular
aminopalladation of the 2-vinyltosylamide 171 with Pd(IT) to give the indole
172. Then stepwise Heck reactions of the iodide and bromide of 173 with
different alkenes in the presence and absence of a phosphine ligand are carried
out to give 174. In the last step of the synthesis, the intramolecular aminopal-
ladation of 174 is carried out with a catalytic amount of Pd(IT) to give the
cyclized product 176. It should be noted that aminopalladation is a stoichio-
metric reaction by nature. However, in this case. instead of the elimination of
B-hydrogen, HO—PdCI, a Pd(I) species, is the elimination product, as shown
by 175, and reoxidation of Pd(0) to PA(II) is not necessary, hence the reaction is
catalytic without a reoxidant. As another example of the catalytic version, the
optically active [-amino(or hydroxy)-3-en-2-0l 177 undergoes diastereoselec-
tive cyclization by aminopalladation and elimination of the hydroxy group as
HO—PdCI to give 178 and Pd(I1), and the reaction proceeds catalytically with
30 mol% of Pd(ID)[181]. :

Reactions of Alkenes 45

Br Br Br
|
PdCl(MeCN
Sl ——NewkNewt
NHTs BQ,80% N N
171

172 Ts 173 Ts

AcHN,_ _CO,Me
NHAc

Br I e
CO.Me = %H

PO(OAC),, EtsN, 60% Xx~~\~ Pd(OAC),, (0-tol)sP, Et;N

Ts
[ Ho 7
PdC I(MeCN),  |eipg N \COzMe
—————————
MeCN, 95%
1 Pd(in
s N i
175 Ts
OH
OPMB PdCl(MeCN), =
0, 'Oy
NHMe 67%, 97%ee N

177 Me 178

Intramolecular aminopalladation has been applied to the» total synthesis of
the complex skeleton of bukittinggine (179). For this reaction, Pd(CF;COz?z
(10 mol%) and benzoquinone (L.l equiv.) are used..It is 1mportam. to use
freshly recrystallized benzoquinone for successful cyc‘hza'tlon. For.matlon of a
n-allyipalladium species as an intermediate in tl'li.s amination reagtlon has begn
suggested[182]. The amino group in o-bromoaniline reacts first with aprylate in
the presence of PdCl, to give 180, and then intramolecular Heck reaction of the
resulting alkene 180 with Pd(0) catalyst affords indolecarboxylate 181[183].

BnoO BnO
PO(CF;CO,),
N
HN BQ, 65 ~ 74%
179

Br
Br — PdCl; (MeCN),, COLEL
+ COEt ——M8M——— .y
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Ip contrast to the difficult intermolecular reaction of amines with alkenes
amides react more easily. Ethylene-PdCl, complex reacts with pyrrolidone or’
capr'olacFam to give N-vinylpyrrolidone and N-vinylcaprolactam[184]. The cat-
alytic ox.xdative amidation of acrylates using lactams proceeds smoothly under
oxygen in the presence of PdCl,(MeCN), (5 moi%) and CuCl (5 mol%) in
DME at 60°C to give 182[185]. Cyclic carbamates are more reactive. As an
1ptramolecular version, the 2-pyridone 184 is obtained by the oxidative cycliza-
tion of the 2,4-alkadienamide 183 with PdCl,[186]. Similarly, the hydrazide of
o, fB-unsaturated acid 185 was cyclized to form the 3-pyrazolone 186 [187]
Even the acylurea derivative of an unsaturated acid can be cyclized with PdC]z‘
to pyrimidinedione. An interesting application is the synthesis of uracil (188) in
42% yield by the reaction of acryloylurea (187)[188]. Furthermore, 3-methyl-v
N-methylisoquinolone (189) is prepared from 2-allyl-N-methylbenzamide with
PdCl, and NaH[170,189].

o 0

NH =~ PdCIo(MeCN),, CuCl A COMe
COzMe N
0,, DME, 60°, 85%

182
, MeCN, Et;N X
NN con, tlPdC, —— 1 o ]
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184
0
. Et;N, MeCN
NP CoNHNH, * LizPdCls R et /[,(:nH
40% N
185 H
186
0
Na2C03
é\n/NHCONH? + LippdCl, ———af| M
H20, 42% A
187 N° -0
H
188
—
| + PdCl, + NaH —— [
NHMe 91% NMe
o 189 ©
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The intermediate 190 of the intramolecular aminopalladation of an allenic
bond with N-tosylcarbamate undergoes insertion of allylic chloride. Subsequent
elimination of PdCl, occurs to afford the 1, 4-diene system 191. The regenera-
tion of Pd(II) species makes the reaction catalytic without using a reoxidant[190].

l—/ PACL(PhCN), y—])L PACI |\ '_’)H/\
——- OTNTS _— O\n/NTs + PdCl;
o
190

O\n/NHTs 76%
0o o]
191

2.6 Reactions with Carbon Nucleophiles

Alkenes coordinated by Pd(II) are attacked by carbon nucleophiles, and car-
bon—carbon bond formation takes place. The reaction of alkenes with carbon
nucleophiles via w-allylpalladium complexes is treated in Section 3.1.

Facile reaction of a carbon nucleophile with an olefinic bond of COD is the
first example of carbon—carbon bond formation by means of Pd. COD forms a
stable complex with PdCl,;. When this complex 192 is treated with malonate or
acetoacetate in ether under heterogenecous conditions at room temperature in
the presence of NayCOs, a facile carbopalladation takes place to give the new
complex 193, formed by the introduction of malonate to COD. The complex
has 7-olefin and o-Pd bonds. By the treatment of the new complex 193 with a
base. the malonate carbanion attacks the o-Pd—C bond, affording the bicy-
clo[6.1.0]-nonane 194. The complex also reacts with another molecule of mal-
onate which attacks the m-olefin bond to give the bicyclo[3.3.0Joctane 195 by a
transannulation reaction[12.191]. The formation of 194 involves the novel
cyclopropanation reaction of aikenes by nucleophilic attack of two carbanions.

X
X N32C03 CHCOzR
+ CHyC I
CO.R r
Pd bd
¢’ ¢l X-COMe, COR o’ ™ 2
192 193
C(CO2R)2
‘)- CO,R
D ————
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r;‘:g) 194
CH(CO2R), cl’
l\ \ CH(CO4R), H(CORR)2
Pd () [ —
ct (RO,CHCH  \r N
193 ‘Pd) 195 CH(CO3R).

G/
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y nllrrl,lgo;;(r:;;toi the fz;cﬂg reaction qf COD, the reaction of malonate with
aenes Es r;Jot acile and opt}mum yields were obtained by using 2
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e » which 1s converted into the S-lactam 200[193]. In a similar fashij 0

gamycin (203) has been prepared. The carbopalladation of the Al
active N-vinyl _cyclic carbamate 201 with malonate at —78 °C follOptlcallly
the carbonylation and trapping the acylpalladium with a virglyltino‘::;dgez

afforded the ketone 202 in 95% de[194). 2,3-Dihydrofuran reacts with a car.

gimfﬁn bto afford the 5.-a]kylated 4,5-dihydrofuran 204 regioselectively. Th

tioﬁ c; ho(rild 1somferlzat10n takes place after the alkylation by the syn elir.ninae
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( : minat

reaction of acetylacetone with styrene promoted by PdCl, and Culg?[ix?SA]. 1(;he

affords the nucleophilc addition products 205 and 206[196] : “oH
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COzBn co z
—— Coan — COzMe
CiPd - NH
NHCO,Bn MeO.C o
NHCO,Bn
198 199 200
Ph. Ph
\/NYO + PdCly(MeCN), + NaCH(CO,Et)(CO,t-Bu) _EtN
o -78°
201
Me;Sn PhIo
€O, -30°, \:< 0
Ph N)= 0
68 ~ 77%, 95%de EtO,C P —_—
COxt-By 202
O NH, OH
SN-N i NH,
HO,C—" N

203
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NHAc
o pdCl(MecN), © CO,Me
( /] + NaC(NHAc)COMe)y ——————— \ CO,Me
EtN, -78°, 73%
204
[o) (o]
O O pdch Ph
Ph * )J\/u\ / * /
CuCl, o o” “Ph
205 206

The phenylation of styrene with phenyl Grignard reagents as a hard carbon
nucleophile proceeds in 75% yieid in the presence of PdCl,, LiCl, and K,CO;
at room temperature to give stilbene (207). Selection of the solvent is crucial
and the best results are obtained in MeCN. The reaction can be made catalytic
by the use of CuCly{197]. Methyllithium reacts with styrene in the presence of
Pd(acac), or Pd(OAc), to give F-methylstyrene (208) in 90% yield[198].

PdCly, LiCl Ph
N

PRMgBr + PPa—
MeCN, KoCO3, 75% a7 N

Pd(acac) Pl
Pho o+ Meli — o | PPe

90% 208

The silyl enol ethers 209 and 212 are considered to be sources of carbanions.
and their transmetallation with Pd(OAc), forms the Pd enolate 210. or oxy-7-
allylpalladium. which undergoes the intramolecular alkene insertion and 3-
elimination to give 3-methylcyclopentenone (211) and a bicyclic system
213[199]. Five- and six-membered rings can be prepared by this reaction{200].
Use of benzoquinone makes the reaction catalytic. The reaction has been used
for syntheses of skeletons of natural products, such as the phvllocladine inter-
mediate 214[201], capnellene[202], the stemodin intermediate 215[203] and hir-

sutene [204].

/
/\/Y+ PA(OAC): /\/\H/\PdOAc . PdOAc
Me;SiO 87%
o
o]

209 210
o]
211
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CO.Me
OSiMes + Pd(OAc), CO,Me
53%
PdOAc
212
* I/ +
; é o
° CO,Me CC,Me
213 1:8
TBDMSO o

+ Pd(OAc), ——

= 78%
214
MOMO MOMOG.
OMOM
LDA Pd(OAc),
Me I Me
Me;SiCl A 56%
Me3Sio o

215

In the prostaglandin synthesis shown, silyl enol ether 216, after transmetal-
lation with Pd(II), undergoes tandem intramolecular and intermolecular alkene
Insertions to yield 217[205]. It should be noted that a different mechanism
(palladation of the alkene, rather than palladium enolate formation) has
been proposed for this reaction, because the corresponding alkyl enol ethers,
instead of the silyl ethers, undergo a similar cyclization[201].

2.7 Oxidative Carbonylation

As a unique reaction of Pd(I), the oxidative carbonylation of alkenes is pos-
sible with Pd(1l) salts. Oxidative carbonylation is mechanistically different
from the hydrocarboxylation of alkenes catalyzed by Pd(0), which is treated
in Chapter 4, Section 7.1. The oxidative carbonylation in alcohol can be under-
stood in the following way. The reaction starts by the formation of the alkoxy-
carbonylpalladium 218. Carbopalladation of alkenc (alkene insertion) with 218
gives 219. Then elimination of B-hydrogen of this intermediate 219 proceeds to
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o
meo,c. _
Q A A, Pd{OAc)
R () = () e
_
b+ St &y =
HO

OTMS

TBOMSO 546

0 0
s_‘< o _“‘-{
62% S

TBOMSO™

",
%

BDMSO’  "PdOAc I
217

yield the o, B-unsaturated ester 220. The formation of 220 is .regarfied as the
nucleophilic substitution of alkenes with CO;R. Further. CQ insertion in 219
gives the acylpalladium intermediate 221 and its alcoholysis y}glds the 'suc?mate
derivative 223. The 3-alkoxy ester 222 is formed by nucleophilic substitution of
219 with alkoxide. Formation of the esters 222 and 223 can be regarded as
nucleophilic addition to alkenes promoted by Pd(II).

PdX; + CO + ROH —— X-Pd-CO,R + HX

218
RM—:
R
R R coO

—_ ——— >—5 —_— H
220 219 X-Pd 221

RO~ RO

R R
noj ‘co,r* PO Roc CO,R + Pd(0)
222 223

The first report of oxidative carbonylation is the reaction of alkenes with CO
in benzene in the presence of PdCl, to afford the ﬁ-chlorolacyl chloride
224[12,206]. The oxidative carbonylation of alkene in aicohol gives the a, 3-
unsaturated ester 225 and $-alkoxy ester 226 by monocarbonylation, and suc-
cinate 227 by dicarbonylation depending on the reactiop conditions[?07—209].
The scope of the reaction has been studied[210]. Succinate formation takes
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place at room temperature and 1 atm of CO using Pd on carbon as a catalyst ip
the presence of an excess of CuCl,, although the reaction is slow (100% con-
version after 9 days)[211].

R
~=— + CO + PdCl, —_— >\ + Pd
Ci 224 cocCl

R

R PdCl, - R __ R R
= +CO0 +ROH —2 = TN + W/\COeR + COR
CO.R
CuCl, OR COR

225 226 227

The synthesis of acrylic acid or its ester (228) from ethylene has been inves-
tigated in AcOH from the standpoint of its practical production[212]. The
carbonylation of styrene is a promising commercial process for cinnamate
(229) production[207,213,214]. Asymmetric carbonylation of styrene with
Pd(acac), and benzoquinone in the presence of TsOH using 2,2’-dimethoxy-
6, 6'-bis(diphenylphosphino)biphenyl (231) as a chiral ligand gave dimethyl
phenylsuccinate 230 in 93% ee, although the yield was not satisfactory, show-
ing that phosphine coordination influences the stereochemical course of the
oxidative carbonylation with Pd(II) salt[215].

PdCl,
CH;=CH, +CO + ROH +0, —— > =~ g
CUC'z 2
228
Pdclg, CuCIz Ph
<= +CO +MeOH ——— > ~=—_
Ph Lic! 229 CO:Me
Ph Pd(acac),, TsOH,BQ  Ph_,
\=+2C0 + MeOH CO;Me
O CO,Me
MeO PPh, 230
48% conv.

MeO Pth
O 93% ce
231

The dicarboxylation of cyclic alkenes is a useful reaction. All-exo-methyl-7-
oxabicyclo[Z.?_.1]heptane-2,3,5,6-tetracarboxylate (233) was prepared from the
cyclic alkene 232 using Pd on carbon and CuCl; in MeOH at room tempera-
ture with high diastereoselectivity[216]. The dicarbonylation of cyclopentene
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takes place to form ¢is-1,2- and -1,3-diesters 234 and 236 in a ratio of 68 : 27.
The latter is formed by the elimination of Pd—H to form 235 and its read-
dition[217]. The dicarbonylation of isobutylene in the presence of a base
affords the diester 237 via rearrangement. The alkyl nitrite 238 is a unique
reoxidant of Pd(0) and is used for efficient oxidative carbonylation of alkenes
to produce succinate derivatives 239[218]. The oxidative carbonylation with
nitrites is different mechanistically from PdCl,-CuCl,-catalyzed carbonyla-

tion[219].

0
Pd/C, CuCl, Me0,C COMe

0O +CO+MeOH —m—
AcONa, 1, 71% oo c CO,Me

232 © 233
PdCl, COMe €O
@ + CO + MeOH ——— 2 — COMe
CuCly, 60% MeOH

Pd-Cl 234 CO;Me

QCOZM& co Q/cozm CO,Me
-0 -
MeOH

MeO,C C-pd
2 H H-Pd-ci

236
235
234 : 236= 68 : 27

PdCl, COMe
>: + 2CO + 2 MeOH —»—C
CO,Me

237

PdCl, Tcozm NG
_ +
= + 2CO + 2MeONO COMe
238 239

NO + MeOH + 1/20, — MeONO + H,0

The carbonylation of COD-PdCl, complex in aqueous sodium acetate pro-
duces frans-2-hydroxy-5-cyclooctenecarboxylic acid g-lactone (240). The lac-
tone is obtained in 79% yield directly by the carbonylation of the COD
complex in aqueous sodium acetate solution[220]. 3-Propiolactone (241) is
obtained in 72% yield by the reaction of the PdCl, complex of ethylene with
CO and water in MeCN at —20 °C. 3-Propiolactone synthesis can be carried out
with a catalytic amount of PdCl, and a stoichiometric amount of CuCl-[221].
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The carbonylation of alkene in AcOH-acetic anhydride in the presence of Na(j
affords the S-acetoxycarboxylic anhydride 242 in good yields and the method
offers a good synthetic method for S-hydroxycarboxylic acid 243[222).

[0}
AcONa
+CO + HO —m
- 79% o

Pd
c” ol 240
MeCN 0
CHy=CH, + PdCl, + H,0 + CO —_— + 2HCI + Pq
72% o
241

PdCI2, CuCIz, NaCl

NN+ CO + A0 + 120, —
AcGH, 80°, 1 atm., 84%

/\/\(\COQAC ﬂ’ Wcozﬂ

247 OAcC 243 OH

The intramolecular oxidative carbonylation has wide synthetic application.
The ~y-lactone 247 is prepared by intramolecular oxycarbonylation of the alke-
nediol 244 with a stoichiometric amount of Pd(OAc), under atmospheric pres-
sure[223]. The intermediate 245 is formed by oxypalladation, and subsequent
CO insertion gives the acylpalladium 246. The oxycarbonylation of alkenols
and alkanediols can be carried out with a catalytic amount of PdCl; and a
stoichiometric amount of CuCl,, and has been applied to the synthesis of
frenolicin[224] and frendicin B (249) from 248[225]. The carbonylation of the
4-penten-1,3-diol 250, catalyzed by PdCl, and CuCl,, afforded in the cis-3-
hydroxytetrahydrofuran-2-acetic acid lactone 251[226]. The cyclic acetal 253
is prepared from the dienone 252 in the presence of trimethyl orthoformate as
an accepter of water formed by the oxidative reaction[227].

OH THF o co o
—- >
N + Pd(OAc), 68% PdX 1 atm.
OH
245

OH OH 9:0
244 246 PdX
[e]
—————i—
[0}
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MeO O Pr MeO O Pr
Pd(il) (o}
OO o O‘ coM
N o "».,/ 02 e
o [0}
248 249 trans /cis=3/1
Ph
Ph
PdCl;, CuCl,
+CO — 2772 ° 6
= AcONa, 79% o
HO OH
250 251

PdCl,, CuCl, m
e .
| o l + €O + MeOH HC(OMe);, 85%  MeOyC COzMe

253
252

Aminopalladation and subsequent carbonylation are also facile reactions.
The carbonylation of substituted 3-hydroxy-4-pentenylamine as a carbamate
(254) proceeds smoothly via the aminopalladation product 255 in AcOH to
give 256[228]. The protection of the amino group of the carbamate as tosyl
amide is important in the carbonylation of 257 to give 258[229].

OH OH PdCl (o]

yZ Pdclg, CuCIz co
+ CO -
NHCO,Me AcOH, AcONa, 95% N NCO,Me
254 CO:Me 256
255
PdCly, CuCl, COzMe
+CO + MeOH ——m NTs
Ph o\[rNHTs AcONa, 100% Ph ojf
o 0
257 258

2.8 Reactions with Aromatic Compounds

Similarly to mercuration reactions, Pd(OAc), undergoes facile palladation of
aromatic compounds. On the other hand, no reaction of aromatic compounds
takes place with PdCl,. PdCl, reacts only in the presence of bases. The aro-
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matic palladation product is 4
when stabilized by chelation.
intermediate undergoes three

N unstable intermediate. It can be isolated onjy
The palladation product of Aromatics as the
reuctions. The first is the homocoupling o
form biaryls and the second i acetoxylation of aromatic rings. These reactiong
are treated in Section 5. As the third reaction, it reacts with alkenes to form
styrene derivatives. This rcaction is treated in this section.

The Pd(II)-mediated reactio

n of benzene with alkenes affords styrene deri-
vatives 259[230,231].

R

/:/
A
© + TNy + pacy, AOK_ O + Pd + 2HCI

259

In addition to benzene and naphthalene derivatives, heteroaromatic com-
pounds such as ferrocene[232), furan, thiophene, selenophene[233,234], and
cyclobutadiene iron carbonyl complex[235] react with alkenes to give vinyl
heterocycles. The ease of the reaction of styrene with substituted benzenes to
give stilbene derivatives 260 increases in the order benzene < naphthalene <
ferrocene < furan. The effect of substituents in this reaction is similar to that
in the electrophilic aromatic substitution reactions[236].

Q:+ ) —

ortho meta para
% % % 7/ =R
Me 17 24 33 —
Et 1 23 31
OMe 30 5 48 260
NO, 4 29 4
Cl 12 20 30

Mechanistic studies show that the arylation of alkenes proceeds via the
palladation of aromatic compounds to form a c-aryl-Pd bond (261), into
which insertion of alkene takes place to form 262. The final step is J-elimina-
tion to form the arylated alkenes 250 and Pd(0).

Indene derivatives 264a and 264b
of 3-methyl-3-phenyl-1-butene (26
[237]. Two phenyl groups are intro.
ene 265 to form the [B-substituted
step[238]. Allyl acetate reacts wit
(269) by acyl—O bond fission.
trace amount{239].

are formed by the intramolecular reaction
3a) and 3,3,3-triphenylpropylene (263b)
duced into the G-substituted [B-methylstyr-
B-diphenylmethylstyrene 267 via 266 in one
h benzene to give 3-phenylcinnamaidehyde
The primary product 268 was obtained in a
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R
PdoAc A\ __ PdOAc
+ Pd(OAC), ©/ —_—
-AcOH
261 262
___R
- ©/_/ + Pd(0) + AcOH
259
R.__R R __nm
@ + PdOAc), —
263a R = Me 264a, b
263b R = Ph
Ph Ph
Ph Pd(OAc); |Ph ol - Ph%: PhH_ Ph—g=\
= PAH —————— 2
N0: 62% PN pgoAc O:N O.N Ph
265 266 267
Pd(CFiCO2),, BQ |Ph Ph
e - —
PRH + =""0Ac CF2COZH, 47% ‘CHO Ph”—"CHo
268 269

Pd-catalyzed intramolecular allylation of the amine 270 gives the 1r‘1doll§ 317{1(;
Further intramolecular reaction of 271 with a double l?ond has l*?eer;l app el:ence
ibogamine synthesis using PAClL,(MeCN), and AgBF, in MeCl:;I int :.eprreactive
of Et;N. Palladium tetrafluoroborate is fqrmed an(_i seems to equth e
than PdCl,. The o-alkyl-Pd species as an mtefmedla/le is redﬁuce \;Vl o tmai
to give the saturated cyclized product 272 in 45% yield[240]. 'n e o
synthesis of (+)-paraherquamide B, the heptacycle 274 was Lg)re(;:clrfal RN
yield by the cyclization of 273 using PdCl; and AgBF, and hydrogenoly

241). . _
N?T]illjar[egio]selective arylation of enol ethers jn glycals is pf)ss1lble‘. dA: gl;relntyci
group was introduced into the enone 275 derl_veq f'rom. glycilii dn a . nl on 10
the 8-phenylenone 276, which is formed .by anti elimination of lAyl.rc[)ﬁ ;Oduct
phenyl ketone 277 a Michael-type addition ( or hydrophen:v atio ) ;::limma:
was obtained by insertion and hydroger‘lolyms, rather thap .m'l tz imine
tion[242]. Phenylation of the glycal 278 foliowed by syn eliminatio
hydrogen afforded the expected allylic ether 279[243].
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N
OAc \H S \N
N /\;@ Pd(Pth)4 N Lb\
H H y
270 271

MeCN, 45%

N
1.PAC1,(MeCN),, AgBF 4, Et;N LEZ\
2. NaBHy, 45% l

272

=z -

TBDMSO
TBDMSO BOC

0
BOC PdCl,, AgBF, S
—————
NaBH,, 80% 0 ) 10

N
274 [o)
o]
OAc OAc OAc
o Pd(OAc), Q Q
/ + PhRH ——— Ph +
AcO 70% Y
c AcO AcO Ph
o o 0
275 276 1 : 1 277
OAc¢ OAc
o o]
Pd(OAc
AcO AcO Ph
278 AcO 579

Heteroaromatics such as furan, thiophene, and even the 2-pyridone 280 react
with acrylate to form 281[244-246). Benzene and heteroaromatic rings are
introduced into naphthoquinone (282) as an alkene component[247]. The pyr-
role ring is more reactive than the benzene ring in indole.

x MeO,C
Q * T com oAk - [
N"So 2V€  AcOH, 86% :
Me l:l [0}
Me
280 281
0 0
L) - Iy =0y )
N 60%

o $0,Ph

1
282 N
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Although several attempts have been made to achieve the catalytic arylation
of alkenes under an oxygen atmosphere or in the presence of other reoxidants,
the catalytic turnovers observed so far are not high[248,249]. An efficient reox-
idant is +-butyl perbenzoate. The reaction of acrylate with 2-methyl-furan (283)
using Pd(OCOPh), (1 mol%) and ¢-butyl perbenzoate (100 mol%) in AcOH
gave the coupled product 284 in 67% yield[250]. A catalytic reaction of benzene
with acrylate was carried out with montmorillonite ethylsilyldiphenylpho-
sphine-palladium chloride as a heterogenized homogeneous catalyst[251].

PA(OCOPh),, ACOH
.= FaOR
o CO2Et phoo,-t-Bu, 100°, 67% ) CO.E!

283 284

2.9 Reactions with Hydrogen Cyanide and Chloride

Unsaturated nitriles are formed by the reaction of ethylene or propylene with
Pd(CN),[252]. The synthesis of unsaturated nitriles by a gas-phase reaction of
alkenes. HCN, and oxygen was carried out by use of a Pd catalyst supported
on active carbon. Acrylonitrile is formed from ethylene. Methacrylonitrile and
crotononitrile are obtained from propylene[253]. Vinyl chloride is obtained in a
high yield from ethylene and PdCl, using highly polar solvents such as DMF.
The reaction can be made catalytic by the use of chioranil[254].

=>en * “ToN
7%

= Pd(CN
CHz CH2 + (C )2 51%

DMF -
CH2=CH2 + Pdclg —_— Cl

2.10 Oxidative Coupling Reactions

The oxidative coupling of alkenes which have two substituents at the 2-posi-
tion, such as isobutylene, styrene, 2-phenylpropene, 1,1-diphenylethylene, and
methyl methacrylate, takes place to give the 1,1,4.4-tetrasubstituted butadienes
285 by the action of Pd(OAc), or PACl, in the presence of sodium acetate[255—
257). Oxidation of styrene with Pd(OAc), produces 1.4-diphenylbutadiene
(285, R = H) as a main product and a- and B-acetoxystyrenes as minor pro-
ducts[258]. Prolonged oxidation of the primary coupling product 285
(R = Me) of 2-phenylpropene with an excess of Pd(OAc)- leads slowly to p-
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terphenyl (28.6)[256]. The oxidative coupling of viny! acetate using Pd(OAc),
atf"folrdls4l,4_-d1acetoxy-l,3-butadiene (287). In addition, considerable amountg
or 1,1,4-trnacetoxy-2-butene (288) and 1,1,4,4-tetracetoxybutane (2

formed[259]. ’ ¢ O e

Ph

Ph
2 R>-= + Pd(OAc), ——Ph\%\/\n + Pd + 2 AcOH
R 285
l (R =Me)
286
o Ac * PdOAc)y ——
OAc
AcO o~ ~
NN N0 . ACOWOAC + ACOY\)\OAC
287 288 OAc OAc 289

The crpss-coupling of two alkenes also takes place. Alkenes such as acrylate
rf:act regioselectively with 1,3-dimethyluracil (290) to afford 5-(1-alkenyl)ura-
cils such as 291 in a high yield[260].

(o] o}
Me . Me
N Pd(OAc) S COyMe
)\)j + ZCoMe _ . i | h
0™ N MeCN, 92% 07 N
I 1
Me Me
290 291
2.11 Reactions with Alkynes

The co-trimerization of diphenylacetylene with ethylene pro
PdCI,(PhCN), afforded trans,trans-3.4-diphenylhexa-2.4-)(,1iene (F2)92r)nionte2d~6 ?
but 3-ethyl-1-methyl-2-phenylindenc (293) and l-ethyl-3-methyl—2—phenylin:
dene (294) were formed in 24 h[261]. Other terminal alkenesTeact similarly[262].
On the other hand. mono- and disubstituted alkynes react with styrene by use of
PdCl, and LiCl in AcOH at room temperature to give the chlorodiene 295.
Unde’r oxygen, the reaction proceeds catalytically. The reaction can be
fexplal'ned by the chloropalladation of the triple bond. followed by the alkene
insertion. The final step is the elimination of Pd—H to give the diene[263].
When allyl chloride is used as an alkene component, PdCl, is regenerated in
thelfinall step and the reaction proceeds catalytically without ;)xygenA The intra-
molecular reaction of o-(2-phenylethynyl)(2-phenvivir 1
PdCIy(PhCN), affords the indenojr/]e 29y7['26)4(¥]. premivinsbbenzenc (296) with
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PdCl
h 2 | 292
S O Ph + O Ph
204

= PdCI,(PhCN), Ph
©/\_/ 2. NaOH, H,0, 54% OO Ph
x 0

26 " 297

3 Stoichiometric Reactions of m-Allyl Complexes

3.1 Stoichiometric and Catalytic m-Allylpalladium Chemistry

m-Allylpalladium chloride reacts with a soft carbon nucleophile such as mal-
onate and acetoacetate in DMSOQ as a coordinating solvent, and facile carbon—
carbon bond formation takes place[12,265]. This reaction constitutes the basis
of both stoichiometric and catalytic 7-allylpalladium chemistry. Depending on
the way in which #-allylpalladium complexes are prepared. the reaction
becomes stoichiometric or catalytic. Preparation of the m-allylpalladium com-
plexes 298 by the oxidative addition of Pd(0) to various allylic compounds
(ésters, carbonates etc.), and their reactions with nucleophiles, are catalytic,
because Pd(0) is regenerated after the reaction with the nucleophile, and reacts
again with allylic compounds. These catalytic reactions are treated in Chapter
4, Section 2. On the other hand, the preparation of the w-allyl complexes 299
from alkenes requires Pd(II) salts. The subsequent reaction with the nucleo-
phile forms Pd(0). The whole process consumes Pd(IT), and ends as a stoichio-
metric process. because the in situ reoxidation of Pd(0) is hardly attainable.
These stoichiometric reactions are treated in this section.

DMSO CO.Et
cl CO,Et
<<_Pa v < 2 ____..N - /\/<cozst + Pd + HC!
CO,Et a
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RAX 4 pa() — A LAY+ pag)

Pd
X = OAc 298 X ’
0CO,Me, etc '

n -
H\/\ + PdCl; —— \/\/‘I\ L»R\/\/Y + Pd(0)
Pd
) 299

~

Cl

3.2 Preparation of m-Allylpalladium Complexes from Alkenes and Their
Reactions with Carbon Nucleophiles

m-Allylpalladium complexes are prepared by the reaction of alkenes with Pd(i,
under basic conditions. Efficient complex formation takes place in DMF in the
presence of bases[266-268]. Efficient complex formation takes place in AcOH in
the presence of CuCl, and sodium acetate. It is well known that r-atlylpalla-
dium complexes react with soft carbon nucleophiles[265]. Combination of thege
two reactions permits the allylic alkylation of alkenes with carbon nucleophiles
via m-allylpalladium complexes as a stoichiometric reaction, This reaction offers
a method for the oxidative functionalization of alkenes. The reaction of #-
allylpalladium complexes prepared from alkenes has been applied to the synth-
eses of a number of natural products[269-271]. Functionalization of pinene was
carried out by the reaction of the w-allylpalladium 300 derived from pinene with
a phenylsulfinyl group, followed by oxidative elimination of the phenylsulfinyl
group to give the pinene derivative 301[272]. In the synthesis of vitamin A (305),
the m-allylpalladium complex 303 was prepared using CuCl, from prenyl acetate
(302) without attacking the allylic acetate moiety[273]. The reaction of the
carbon nucleophile 304 is carried out in DMSO in the presence of an excess
of Ph;P. Functionalization of geranylacetone[274] and carbon chain extension
of farnesoate (306) via regioselective formation of the n-allylpalladium complex
307 to give geranylgeraniol (309) using methyl 4-methyl-2-phenylsulfonyl-3-
pentenoate (308) as a nucleophile arc other examples[275].

7-Allyl complex formation takes place particularly easily from the a, - or A,
7Y-unsaturated carbonyl compound 310, because the elimination of a- or v-
hydrogen is facilitated by their high acidity[276]. The reaction of the complex
311 with a carbon nucleophile to lead to 312 constitutes y-alkylation of a, 3-
unsaturated ketones or esters[277). The facile formation of the w-allylpalladium
complex 313 from a, S-unsaturated keto steroids (cholest-4-en-3-one, testos-
terone, and progesterone) takes place[278], and malonate is introduced regio-
selectively at the 68-position (v-alkylation of the ketone) to give 314
stereoselectively by the reaction of the complex 313 in DMSO in the absence
of Ph3P. The 63-product 314 initially formed is isomerized to the more stable
6a-epimer{279].

c
' Pd <co,Me SOPh
e
J N soph [N HMPA
> Pnop, DMSO | > 75°, 89%
300
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CO,Me

, _CO,Me _
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71%
302 Pd.. 303

CuC)
oo |
/K/\OAC + PdCl, 71 QAc
NaH, Ph,P

DMSO, 52%

\/\\

SO0,Ph
304

AN N or P VL N
C
| — 1 I 305

N - COsMe
WCOzMe ?gﬂ, )r\\/\)\/\/k/

40%
306 o Pd o 397

/VSOZPh
X co, Me S0P

308 x N \ ~_COMe —
——————————————————

80% COMe

OAc

NS N XD X OH
309

(o} 0 (o}
CHx(CO.Me),
)K/\+ PdCl, -—->~/LK/\/-|\ —ﬁaH—"/u\é\/CH(cone)z

110 311 Pd\cl 312

R \\ <602Me | \
PdCl, COyMe
— —_ =
NaH, DMSO
o | ° CO,Me
0o Pd

313‘CI 314 COzMe

The enamine 315 as a carbon nucleophile reacts with w-allylpalladium com-
plexes to give allyl ketones after hydrolysis[265],

Interestingly, some nucleophiles attack the central carbon' o.f th.e w-gllyl
system to form a palladacyclobutane 316 and its reductive elimination gives
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cyclopropanes: Li enolates of carboxylic acids are such nucleophiles for the
cyclo.propanatlon[280,281]: Li enolate of ketone 317, isobutyryloxazolidinone
and isopropyl phenyl sulfones react with w-allylpalladium to afford the a:

cyclopropyl ketone 318 and the corresponding cyclopropanes in the presence

of TMEDA under a CO atmosphere[282].

Nu’"‘<\:gd'm — Nu{:Pd —_— Nu—<1 + Pd(0)

316
o o)
.Gl LDA, TMEDA
+ <€Pd ——
€O, 65%
317 318

Hard carbon nucleophiles of organometallic compounds react with m-allyl-
palladium complexes. A steroidal side-chain is introduced regio- and stereo-
selectively by the reaction of the steroidal -allylpalladium complex 319 with
the alkenylzirconium compound 320[283].

I kpd'CI /=/_<
PdCl, CpyZrC! 320
78%
° 319

N

3.3 Carbonylation, Elimination, and Oxidation Reactions

Treatment of w-allylpalladium chloride with CO in EtOH affords ethyl 3-
butenoate (321)[284]. 3, v-Unsaturated esters. obtained by the carbonylation
of m-allylpailadium complexes. are reactive compounds for m-allyl complex
formation and undergo further facile transformation via m-allylpalladium com-
plex formation. For example, ethyl 3-butenoate (321) is eusily‘converted into 1-
gurboethoxy-n—allylpalladium chloride (322) by the treatment with Na,PdCl,
in ethanol. Then the repeated carbonylation of the complex 322 gives e;hyl 2-
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pentenedioate (323), which can be converted further into the 1,3-dicar-
boethoxy—m-altylpalladium complex (324)[285].

a Na,PdCl, CO,E
<pd’ + CO + EtOH /\/CozEt - epd
321 CO,Et Cl
322
co Na,PdCI
™ 2 4 Pd
~on E10,C7 " C0,Et — = e
CO,Et
323 324

Elimination of H—Pd—Cl from m-allylpalladium generates conjugated
dienes[286-288]. The conjugated 4,6-dienone 326 can be prepared from a ster-
oidal enone via the m-allylpalladium complex 325 with KCN[289]. Catalytic
oxidative dehydrogenation of ethyl 3-butenedicarboxylate (327) to butadiene-
dicarboxylate (muconate) (329) proceeds in a high yield using PdCl; and CuCl,
under an oxygen atmosphere in AcOH containing sodium acetate[290]. The
reaction proceeds via the w-allylpalladium complex 328 and the subsequent

elimination of H—Pd—Cl.

> KCN >
— - + Pd + HCI
0P AR EtOH
Pdm 326

325
PdCl,, CuCl, EtO-C
Et0,C NIRRT
2 \N\C02Et ——o——> gd\ COzEt | —
327 0o, 78% Ct 308

Etozc\N\cozEt
329

Oxidation of m-allylpalladium complexes with hydroperoxide or peracids
produces allylic alcohols regioselectively with retention of the configuration.
A steroidal a-oriented 7-allylpalladium complex is converted into the 4a-allylic
alcohol 330, and the corresponding B-oriented complex is oxidized to the 643-
aliylic alcohol regioselectively[291,292). The n-allylpalladium complex 331 sub-
stituted with an EWG is oxidized regioselectively with molecular oxygen under
irradiation to give the o, S-unsaturated ketone 332[293]. The «. F-unsaturated
ketone 332 is also obtained by the oxidation of the allylsilane 333 substituted
by the EWG under irradiation using a catalytic amount of Pd(OCO.CF3)

[204].
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\-\ PdCl, (iél/ MCPBA \
——— . ——

66%

Pd
X OH
c 330

\/\/SOJOI

%
89%
502T0|
W
Pd(OCOCF,), 332
v\r SO,Tol 0,, UV

95%
333 TMS

Isomerization of double bonds in vitamin D analogs such as calciferol by
oxidation and reduction has been carried out via the formation of the s-
allylpalladium complex 334 with PdCL,(PhCN), in 70% vyield, followed by
hydride reduction to afford 335[295].

_PdClAPhCN), LIAIH(OBu);
% \<
“Pdci

4 Reactions of Conjugated Dienes

When butadiene is treated with PACl,, the 1-chloromethyl-r-allylpalladium
complex 336 (X = Cl) is formed by the chloropalladation. In the presence
of nucleophiles, the substituted m-methallylpalladium complex 336 X =
nucleophile) is formed[296-299]. In this way, the nucleophile can be introduced
at the terminal carbon of conjugated diene systems. For example, a methoxy
group is introduced at the terminal carbon of 3,7-dimethyl-1,3,6-octatriene to
give 337 as expected, whereas myrcene (338) is converted into the m-allyl com-
plex 339 after the cyclization[288].

The m-allylpalladium complexes formed from conjugated dienes are reactive
and react further with a nucleophile to give the 1,4-difunctionalized products
340. Based on this reaction, various nucleophiles are introduced into conju-
gated dienes to form 1,4-difunctionalized 2-alkenes. Acetoxy, alkoxy, halo, and
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X

PF + POl + X —— ((Pd Oy

‘c1
336 X=Cl, OR, DAc

NayPdCl MeOH — M\
A~ + napaci s andi

337 PdCl
- —
ZT | fga®
3 ~al
W + Na,PdC!y + MeOH — ) —_—
338 I
OMe
( 339
L. “OMe -

amino groups, carbon nucleophiles, and CO are introduced into dienes. This is
the basis of the synthetic application of the Pd(II)-promoted oxidative difunc-
tionalization of conjugated dienes[300]. The reaction itself is stoichiometric
with respect to Pd(IT) salts, but it can be made catalytic by the use of the
reoxidants of Pd(0). The first example of the 1,4-difunctionalization is carbo-
nylation. Treatment of the isoprene complex 341 with CO in ethanol at room
temperature affords ethyl 5-ethoxy-3-methyl-3-pentenoate (342) as a major
product and 4-methyl-3-hexenedioate (343) at 100 °C[301].

X
é—Pd Y — XNY
‘Cl 340

: .
OBt E‘o\/\r\cog&
)\/ + PdCl + EIOH —=___pg 342

- EtOH £10,C
100°
341 343

CO,Et

1,4-Difunctionalization with similar or different nucleophiles has wide syn-
thetic applications. The oxidative diacetoxylation of butadiene with Pd(OAc),
affords 1,4-diacetoxy-2-butene (344) and 1,2-diacetoxy-3-butene (345). The
latter can be isomerized to the former. An industrial process has been devel-
oped based on this reaction. The commercial process for 14-diacetoxy-2-
butene (344) has been developed using the supported Pd catalyst containing
Te in AcOH. .1,4-Butanediol and THF are produced commercially from 1,4-

diacetoxy-2-butene (344)[302].
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NF  + AcOH —1—= Aco/\/\/OAc———'- HO/\/\/OH
344
L L~ [ )
345 OAc o

1, 4-Diacetoxylation of various conjugated dienes including cyclic dienes has
peen eyftensively studied. 1,3-Cyclohexadiene was converted into a mixture of
isomeric 1,4-diacetoxy-2-cyclohexenes of unknown stereochemistry[303]. The
stcreosdective Pd-catalyzed 1,4-diacetoxylation of dienes is carried out in
AcOH in the presence of LiOAc and /or LiCl and benzoquinone[304,305). In
the presence of acetate ion and in the absence of chloride ion, tran.s'-diace£ox-
ylation occurs, whereas addition of a catalytic amount of LiCl changes the
stereochemistry to cis addition. The coordination of a chloride ion to Pd makes
the cis migration of the acetate from Pd impossible. From 1,3-cyclohexadiene
trans- and cis-1,4-diacetoxy-2-cyclohexenes (346 and 347) can be prepare(i
stereose'lectively. For the 6-substituted 1,3-cycloheptadiene 348, a high diaster-
eoselectivity is observed. The stereoselective cis-diacetoxylation of 5-carbo-
methoxy-1,3-cyclohexadiene (349) has been applied to the synthesis of di-
shikimic acid (350).

PA(OACc)y, LiOAC
_~""Mn0,, BQ, AcOH, 53% - Aco""QOAc
@ 346
PA(OAC),, LIOAC, LICI
MnO, BQ, AcOH, 86% A;f,’,’@‘ Ohe

QAc
wQAC ——— mOAc
78%
348 OAc
co,M e
e
©/ 2V€ pd(0AC),, LiCl COoMe  -HO.,, COH
.
BQ, LiOAc, 59% —
349 HO
OAc 0 Ac 350

The dla.cctoxylation of (E,E)- and (F,Z)-2.4-hexadiene (351 and 353) is
§tereospe01ﬁc, and 2,5-dimethylfurans (352 and 354) of different stereochem-
istry have been prepared from the isomers. Two different carboxylates are
introduced with high cis selectivity by the reaction of 1,3-cyclohexadiene and
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1,3-cycloheptadiene (355) in AcOH in the presence of CF;CO,H, CF;CO,Li.
MnQ,, and benzoquinone[306]. The product 356 is synthetically useful,
because the trifluoroacetate group can be selectively replaced in the Pd-cata-
lyzed nucleophilic substitution without affecting the acetoxy group, of hydro-
lyzed selectively to give the monoacetate 357.

OAc
e
V/‘\/\ ———— Z - - I>\
1 40% 0
35 OAc 352
cis /trans = 83 /17

OAc
\%\/ —_— )\/\/ — D ‘oo,
51% o -
353 OAc 354

cis/trans=12/88

ACOH, CF3002H ~
CF3CO, OAc 8—();/r-Ho OAc
C
356 357

BQ, MnOz, 96% cis
355

MnO.
2, OQOAC
83%

It is possible to prepare 1-acetoxy-4-chloro-2-alkenes from conjugated dienes
with high selectivity. In the presence of stoichiometric amounts of LiOAc and
LiCl, 1-acetoxy-4-chloro-2-butene (358) is obtained from butadiene[307]. and
cis-1-acetoxy-4-chloro-2-cyclohexene (360) is obtained from 1.3-cyclohexa-
diene with 99% selectivity[308]. Neither the 1.4-dichloride nor 1 4-diacetate
is formed. Good stereocontrol is also observed with acyclic dienes{309]. The
chloride and acetoxy groups have different reactivities. The Pd-catalyzed selec-
tive displacement of the chloride in 358 with diethylamine gives 359 without
attacking allylic acetate, and the chloride in 360 is displaced with malonate
with retention of the stercochemistry to give 361, while the uncatalyzed reac-
tion affords the inversion product 362.

Pd(OAc)g, AcOH AcO
— \/\/\m
BQ, 25°, 81% 358

AN+ LGl + LiOAC

Et,NH, PA(PhaP)s A
NN
25°, 73% 359
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OAc
Pd(OAc);, LiCl
+ LIiCl 4+ 2AcOH —mF——» + AcOLi
BQ, LiOAc, 75%
OAc Cl
360
NaCH(CO.M
NaCH(COMe), 98% cis
Pd(OAc),, PhsP 361
25°,91% CH(CO,Me),
OAc
NaCH(CO.Me
—#—i» 98% trans
MeCN, 80°, 90% 362
no catalyst H
CH(C02M9)2

The meso-diacetate 363 can be transformed into either enantiomer of the 4-
substituted 2-cyclohexen-1-ol 364 via the enzymatic hydrolysis. By changing
the relative reactivity of the allylic leaving groups (acetate and the more reac-
tive carbonate), either enantiomer of 4-substituted cyclohexenyl acetate is
accessible by choice. Then the enantioselective synthesis of (R)- and (S)-5-
substituted 1,3-cyclohexadienes 365 and 367 can be achieved. The Pd(II)-cat-
alyzed acetoxylactonization of the diene acids affords the lactones 366 and 368
of different stereochemistryf310]. The tropane alkaloid skeletons 370 and 371
have been constructed based on this chemoselective Pd-catalyzed reactions of
6-benzyloxy-1,3-cycloheptadiene (369)[311].

An intramolecular version offers useful synthetic methods for heterocycles.
The total syntheses of a- and y-lycoranes (373 and 374) have been carried out
by applying the intramolecular aminochlorination of the carbamate of 5-(2-
aminoethyl)-1,3-cyclohexadiene (372) as a key reaction[312,313]. Interestingly,
the 4,6- and 5,7-diene amides 375 and 377 undergo the intramolecular amina-
tion twice via 7-allylpalladium to form alkaloid skeletons of pyrrolizidine (376)
and indolizidine (378), showing that amide group is reactive[314].

In MeOH, 1,4-dimethoxy-2-cyclohexene (379) is obtained from 1,3-cyclo-
hexadiene[315]. Acetoxylation and the intramolecular alkoxylation took
place in the synthesis of the naturally occurring tetrahydrofuran derivative
380 and is another example of the selective introduction of different nucleo-
philes[316]. In intramolecular 1,4-oxyacetoxylation to form the fused tetrahy-
drofurans and tetrahydropyrans 381, cis addition takes place in the presence of
a catalytic amount of LiCl, whereas the trans product is obtained in its
absence[317]. The stereocontrolled oxaspirocyclization proceeds to afford the
trans product 382 in the presence of Li;COj; and the cis product in the presence
of LiCl[ 318,319].
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OAc OAc
enzyme
98%ee
OAc OH

meso-363 364
OAc CH(CO.Me), CH(COzMe)z
NaCH(CO,Me); 1.Pd(0)
Pd(OAc),, Ph3P, 82% 2. H,0
OH OH OAc
364 CH,COH
AcO -
Pd(OAc); >= o
BQ, 75% g
(R) 366
365
OAc OAc
CH,(CO,3Me); Pd(OAc),
- — -
Pd(OAc)z, PhsP BQ, 75%
AcO.,
CH(CO,Me); CHCO.H
Ocone ( (S) o
367 (o]
368
Cl
Pd(OAc),, LiCl
0Bn — w0OBn
BQ, LiOAc, AcOH
369 OAc
NHTs
TsN
 NaNWTs TN e T 5
Pd(Ph3P),, 63% —_ HO
OH 370
NHTs
s —= IsN
| Nanwts @....OB., = P on
———
an
OAc



72

Pd(OAc),, LiCl, AcOH
HOJ BQ, 84%, 98% cis AcO
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o
o <°UMQB' on PA(OAC), LI,CO, ’>
©/> Pd(QAc),, BQ m 0 BQ, 86%, 96%trans
Clcles% N T a2
372 Coan COZBI‘I L|2CuCl4

In order to make these oxidative reactions of 1,3-dienes catalytic, several
reoxidants are used. In general, a stoichiometric amount of benzoquinone is
used. Furthermore, Fe-phthalocyanine complex or Co-salen complex is used

9 ¢o o . : ,
2Bn to reoxidize hydroquinone to benzoquinone. Also, it was found that the reac-
tion is faster and stereoselectivity is higher when (phenylsulfinyl)benzoquinone
\’ (383) is used owing to coordination of the sulfinyl group to Pd. Thus the

reaction can be carried out using catalytic amounts of Pd(OAc), and
(arylsulfinyl)benzoquinone in the presence of the Fe or Co compiex under an
oxygen atmosphere[320]. Oxidative dicyanation of butadiene takes place to

[o]
W\)LNH PA(OAC), Pdm y give 1,4-dicyano-2-butene(384) (40%) and 1,2-dicyano-3-butene (385)[321].
HN

CuCl,, 0, 90% N
375 0 376 O OAc
o) Pd(OAc),, O, Co(salen)
Pd(OAc),, CuCl, + AcOH
/\%\/\)LNHZ 4 O 0 &% :
O2, THF, 85% N S<pp OAc
7 !
877 378 O 346
Q
OMe 95% trans
Pd(OAc),, BQ 383
+ MeOH —~— o
CH3S03H, 63%
_~NF  + 2HCN —E-dcl»NC\/\/\ +
OMe & XeN /Y\CN
379 384 385 CN

>=/=/\(\o|-| M AcO P Aryl- or alkenylpalladium complexes can be generated in siru by the trans-
BQ, 74% : metallation of the aryl- or alkenylmercury compounds 386 or 389 with Pd(II)
o]

- (see Section 6). These species react with 1,3-cyclohexadiene via the formation

Pd(dba),, dppe / : of the m-allylpalladium intermediate 387, which is attacked intramolecularly by
Bu,N, 84% > the amide or carboxylate group, and the 1.2-difunctionalization takes place to
3| O give 388 and 390{322]. Similarly, the ortho-thallation of benzoic acid followed

by transmetallation with Pd(IT) forms the arylpalladium complex, which reacts
with butadiene to afford the isocoumarin 391, achieving the 1.2-difunctionali-
zation of butadiene[323].

Ty T
o

381
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QOMe
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H HgCl % /
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COzH COyH =
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5 Reactions of Aromatic Compounds

Three oxidative reactions of benzene with Pd(OAc), via reactive o-aryl-Pd
complexes are known. The insertion of alkenes and elimination afford arylalk-
enes. The oxidative functionalization of alkenes with aromatics is treated in
Section 2.8. Two other reactions, oxidative homocoupling{324,325] and the
acetoxylation[326], are treated in this section. The palladation of aromatic
compounds is possible only with Pd(OAc),. No reaction takes place with

PdCl,.
OAc
O oo — 0 - O

5.1 Homocoupling Reaction

The oxidative homocoupling of benzene with Pd(OAc),, generated in situ from
PdCl; and AcONa, affords biphenyl in 81% yield. In the absence of AcONa,
no reaction took place. Pd(OAc), itself is a good reagent for the coupling[324-
326]. The scope of the reaction has been studied[327,328].
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2 @ + Pd(OAc); ——n + Pd + 2 AcOH

In the reaction of aromatic compounds with Pd(OAc), in AcOH, addition of
HCIO, shows a profound effect, shortening the reaction time at 100 °C from 16
h to 5 min, and the reaction at lower temperature eliminates the acetoxyla-
tionf325]. Electron-donating groups increase the rate, whereas the opposite
holds for EWGs[324]. A mixture of isomers is obtained with substituted ben-
zenes. For example, the following isomer distribution was observed in the
reaction of toluene with Pd(OAc); in AcOH containing HCIO4[325]:

22" 23 24" 33 34 44

50°C,90min 0.7 4.6 11.4 69 342 422
100°C, 60 min 0.5 48 94 98 382 373

Under oxygen pressure, the reaction proceeds catalytically to some extent. The
oxygen pressure favors homocoupling and inhibits ring acetoxylation[325]. The
reaction is made catalytic by using various oxidants such as Cu(Il) saits,
HNO:;, peroxides[329], sodium peroxyodisulfate[330], and thallium trifluoroa-
cetate[331]. The reaction is applied to the industrial production of the biphe-
nyltetracarboxylates 392 by oxidative coupling of dimethyl phthalate using
Pd(OAc); and Cu(OAc),. Addition of phenanthroline is important for the
regioselective formation of the most important 3,4,3'4’-isomer{332].

CoR RO,C CO.R
O %o o
2 2R
co,n  CulOAc)
392

The cyclized products 393 can be prepared by the intramolecular coupling of
diphenyl ether or diphenylamine[333,334]. The reaction has been applied to the
synthesis of an alkaloid 394[335]. The intramolecular coupling of benzoyl-N-
methylindole affords 5-methyl-5,10-dihydroindenol[1,2-blindol-10-one (395) in
60% vield in AcOH[336]. Staurosporine aglycone (396) was prepared by the
intramolecular coupling of an indole ring[337].

The oxidative coupling of thiophene, furan[338] and pyrrole[339,340] is also
possible. The following order of reactivity was observed in the coupling of
substituted furans{338]: R = H > Me > CHO > CO;Me > CH(OAc), >
CO,H. The cross-coupling of furans and thiophenes with arene is possible, and
4-phenylifurfural (397) is the main product of the cross-coupling of furfural and
benzene[341].
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X=O,NH 393

MeO MeQ,
O N. Li,PdC! O O
MeO Q\/) Bu — > ——>Me0 Neg
0 NaOAc, 87% ] u
o]
MeO MeO
o] o 394
o 0
Pd{OAc), ] m
——
60% N

Pd(OAc),
—_———
75%

RPN n W

R” Yo R o o” R
7\
T + o7 ~CHO
o~ CHO 23%

48% 397 -

ﬂ\ Pd(OAc),
o” ~CHO + g

5.2 Oxidative Substitution Reactions

Acetoxybenzene is prepared by the reaction of benzene with
Pd(OAC),[325,342-345).  This reaction is regarded as a potentially useful
method for phenol production from benzene. if carried out with only a cata-
lytic amount of Pd(OAc).. Extensive studies have been carried out on this
reaction in order to achieve a high catalytic turnover. In addition to oxygen
and Cu(II) salts, other oxidants, such as HNOs. nitrate[346,347], potassium
peroxodisulfate[348], and heteropoly acids(349,350), are used. HNO; is said to
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be a good reoxidant of Pd(0) for the efficient catalytic reaction. Further reac-
tion of acetoxybenzene produces diacetoxybenzene. When HNO, is used as the
reoxidant, the reaction is accompanied by the formation of explosive polyni-
trated products as byproducts. The direct oxidation of benzene to phenol with
Pd(OAc), is carried out under oxygen and CO in the presence of phenanthro-
line (phen)[351].

OAc
© + Pd(OAc), —*> @ + AcOH + Pd

OAc OAc
OAc ——— +
© Pd(OAc); © OAc dne
HNO, OAc
AN
— |l
\(Noz)n

OH
Pd(oAC)z, 02
—— e
CO, phen

Meta-Acetoxylation takes place mainly with aromatic compounds substi-
tuted by an electron-donating group, whereas ortho- and para-acetoxylations
are observed with aromatics substituted with an EWG. The isomer distribution
In the acetoxylation shows an opposite trend to the ordinary electrophilic
aromatic substitution. The orthe . meta : para ratio of the acetoxylation of
chlorobenzene with Pd(OAc), in AcOH under oxygen atmosphere has been
found to be 3 : 88 : 9[352]. With toluene, the ratio was 20 : 50 : 30, In addition.
toluene undergoes two other reactions with Pd(OAc)-. namely the homocou-
pling and the acetoxylation of the methyl group. Selective acetoxylation of the
methyl group in toluene is a promising preparative method for benzyl acetate
(398)[325.326,343,352.356] and addition of excess AcONu, AcOK. or Sn(OAc)-
and active carbon has profound effects on the selective formation of benzyl
acetate[353]. The heterogeneous catalyst prepared by supporting Pd(OAc)s.
Sn(AcO),, and AcOK on carbon is used for the smooth preparation of benzyl
acetate[354]. Naphthalene is acetoxylated equally at the a- and g-positions
with Pd{OAc)A[355].
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Nitration of aromatic rings is possible by use of Pd(NO;),[356], Pd(OAc),-
NaNO,[357], Pd(OAc),-NO,[358], and Pd(0)-NO,[359]. The nitration can be
carried out fully catalytically by Pd(OAc),~NO, and oxygen. This reaction
offers a promising new method of nitration without using mixed acids of
HNO3 and H2804.

@ Pd(OAc),, NO,, O,

Benzoic acid and naphthoic acid are formed by the oxidative carbonylation
by use of Pd(OAc), in AcOH. ¢-BuO,H and allyl chloride are used as reox-
idants. Addition of phenanthroline gives a favorable effect[360]. Furan and
thiophene are also carbonylated selectively at the 2-position[361,362]. Indole-
3-carboxylic acid is prepared by the carboxylation of I-acetylindole using
Pd(OAc); and peroxodisulfate (Na,S.04)[362a]. Benzoic acid derivatives are
obtained by the reaction of benzene derivatives with sodium palladium mal-
onate in refluxing AcOH[363].

NO,
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Pd CO.H
@ . co (OAc), t-BuO,H ©/
A0 1 am, 750

1300% [based on Pd(Il)]
6 Synthetic Reactions by Transmetallation of
Organometallic Compounds

The transmetallation of various organometallic compounds (Hg, Tl, Sn, B, Si,
etc.) with Pd(Il) generates the reactive o-aryl, alkenyl, and alkyl Pd com-
pounds. These carbopalladation products can be used without isolation for
further reactions. Pd(II) and Hg(II) salts have similar reactivity toward alkenes
and aromatic compounds, but Hg(II) salts form stable mercuration products
with alkenes and aromatic rings. The mercuration products are isolated and
handled easily. On the other hand, the corresponding palladation products are
too reactive to be isolated. The stable mercuration products can be used for
various reactions based on facile transmetallation with Pd(II) salts to generate
the very reactive palladation products 399 and 400 in sir364,365].

HgX PdX
& @ et @ .

HaX, — 399
R R
= Pd(ll R
h ()
X Hgx X PdX
400

In connection with mechanistic studies on the Wacker reaction, the trans-
metallation of §-ethoxy- and S-hydroxyethylmercury(ll) chloride with PdCl,
has been carried out, giving ethyl vinyl ether and acetaldehyde[366]. The reac-
tion proceeds by the formation of B-ethoxy- and F-hydroxyethylpalladium
chlorides (401), which decompose as soon as they are formed.

R =Et EtO

ro”~HICl 4+ PdCl, -——»[ ro- - Pdc!
201 a‘cmcno

Palladation products formed from arylmercurials, carboalkoxymercurials,
and alkylmercurials, which have no $8-hydrogen, are used in situ for the reac-
tion of alkenes[367]. Particularly, the arylation of alkenes is synthetically use-
ful. Styrene derivatives 402 and 403 are formed by the reaction of a
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phenylmercury compound, Pd(OAc),, and alkenes. Extensive studies have beep
carried out with various alkenes and mercury compounds[368-370]. The reac.
tion of arylmercury(Il) chloride, alkenes, CuCl,, and a catalytic amount of
PdCl, affords the B-arylalkyl chlorides 404[367].

lR\= R\ R
— [Ph-Pd-X] ——»

PhHgX + PdX, .
Ph pd-x X-Pd Ph

R R
— = 4+ == + Pd + X
Ph Ph
402 403

PdCl, Ph A

R +cCuCl, — =~

PhHgC! +
404 ©

The isoflavone 406 is prepared by the indirect a-phenylation of a ketone by
reaction of phenylmercury(Il) chloride with the enol acetate 405, prepared
from 4-chromanone[371]. A simple synthesis of pterocarpin (409) has been
achieved based on the oxypalladation of the ortho-mercurated phenol deriva-
tive 408 with the cyclic alkene 407[372,373].

o Pd(OAc), o o

+ PhHQCI ——°—> —_—
P 75% P Ph Ph
OAc OAc 406 O

405
CH R MeO 0
e0 o 9 Li,PdCl,
+ —2 -, | P R
Z HO R 8% I
407 408 fe)
R

Carbopalladation products of norbornene have no possibility of syn elim-
ination of G-hydrogen, and hence they undergo further transformations, such
as insertions of alkene, alkyne, and CO, and anion trapping. The prostaglandin
endoperoxide analog 411 was prepared by the transmetallation of ethyl
(acetoxymercurio)acetate (410) with PdCl,, followed by carbopalladation of
norbornene and insertion of 1-octen-3-one[374]. Trapping the carbopallada-
tion product 412 with an alkenyltin reagent to give 413 is another exam-
ple[375].

The Pd-mediated coupling involving organomercury and alkenes is useful
for the synthesis of C-5 substituted 2'-deoxyribonucleosides[376]. The ethylur-
idine 415 is prepared by the reaction of the 5-chloromercuriuridine 414 with
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Hiy
AcOHgCHchZEt + LigPdCly + Lb /\rcs "o

M/‘K/\/\
COEt 411

ngPdCl4
Cng CO;Me 78 %

PdX 412

OSiEt; T

\
Bu,;Sn S CO.Me
=

413 OSiEt,

ethylene and PdCl,, followed by hydrogenolysis[377]. (1,3-Dimethyl-2,4-pyri-
midinedion-5-ylmercury(I) acetate (416) reacts with dihyrofuran or 3,4-dihy-
dropyran to give the coupled product 417[378].

N“~o N“~o
R R
414 415

0
/lLNMe

)
MeNJ\NMe O, Pd(OAc), P
+ ———-
o)\% \/_J/ MeCN, 86%
HgOAc
416

The reaction of alkenyl mercurials with alkenes forms 7-allylpalladium inter-
mediates by the rearrangement of Pd via the elimination of H—Pd—Cl and its
reverse readdition. Further transformations such as trapping with nucleophiles
or elimination form conjugated dienes[379]. The m-allyipalladium intermediate
418 formed from 3-butenoic acid reacts intramolecularly with carboxylic acid
to yield the y-vinyl-y-lactone 419{380]. The [y-unsaturated amide 421 15
obtained by the reaction of 4-vinyl-2-azetidinone (420) with an organomercur-
ial. Similarly homoallylic alcohols arc obtained from vinylic oxetanes[381].
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R
N + =_COH ., pdci(MeCN
HgCl 2(MeCN)2
R Re—
CO2H CI,Pd CO.H
418 419
ZN—NH CuCl, Ph
PhHgCI + /\E& + LgPdCly  —ggo—— "o,

420 (o]

Addition of several organomercury compounds (methyl, aryl, a
conjugated dienes in the presence of Pd(II) salts ge(neratgs ’thgyé-aﬁglszﬁgil') .
complex 42.2, which is subjected to further transformations. A secondary a rine
reacts to give the tertiary allylic amine 423 in a modest yield along witsil :111 e
424 and refiuced product 425[382,383]. Even the unconjugated diene 4221{6
converted. into the w-allyllic palladium complex 427 by the reactio le
PhHgCl via the elimination and reverse readdition of H—Pd—CI{383] e

PhHgCl + /\K + LigPdCly — Ph/\J\\ H@

Pd_
422 Ci
Ph oY * Pn
423, 30% 424, 43% 425, 13%
PdClI
PhHgC! + M + LipPdCl, —»liphM :
426
_ H-Pd-Cl
o H-Pd-Cl
e T FPh oo Ph\/\)\
100% 2N
PdCl azr P

The oxidative coupling of toluene usin i
: g Pd(OAc), via p-tolylmercury(Il
Z;:le:itate (428) forms bitolyl{384]. The aryl-aryl coupling proceeds with co;(pm)"
and a ((;atalytlc amognt of PdCl, in pyridine[385]. Conjugated dienes are
ained by the coupling of alkenylmercury(II) chlorides[386].
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Me——Q—HgOAc + Pd(OAc), —™ MeMe + Hg(OAc), +Pd

428

Pd(Il) salts promote the carbonylation of organomercury compounds.
Reaction of phenylmercury chioride and PdCl, under CO pressure affords
penzophenone (429)[387]. Both esters and ketones are obtained by the carbo-
npylation of furylmercury(II) chioride in alcohol[388]. Although the yields are
not satisfactory, esters are obtained by the carbonylation of aryl- and
alkylmercury(II) chlorides[389,390]. One-pot catalytic carbonylation of thio-
phene, furan, and pyrrole (430) takes place at the 2-position via mercuration
and transmetallation by the use of PdCl,, Hg(NO3), and CuCl,[391].

Ph h
2 PhHgCl! + PdCl; + CO _— \n/P

o
429

PdCl,

EtHgC! + CO + ROH ——— EtCO,R

> Q\coga

PdCl,, Hg(NO
I\ +co + RoH » Ho(NOs),
CuCly

z Z=0,S,NH
430

The stereo-defined enol ester 432 is prepared by the reaction of the vinyl-
mercurial 431, obtained by acetoxymercuration of 2-butyne, with mercury(11)
carboxylates using a catalytic amount of Pd(OACc),[392].

— NaCl AcO Me Hg(OCOPh), AcO Me
Me———Me + Hg(OAc)y — — -—Pd—a-\—_—> >__< Ph
Me Hgel PA(OAC: e 0~
431 432 (o]

Thallation of aromatic compounds with thallium tris(trifluoroacetate) pro-
ceeds more easily than mercuration. Transmetallation of organothallium com-
pounds with Pd(II) is used for synthetic purposes. The reaction of alkenes with
arylthallium compounds in the presence of Pd(II) salt gives styrene derivatives
(433). The reaction can be made catalytic by use of CuCl5[393,394]. The aryla-
tion of methyl vinyl ketone was carried out with the arylthallium compound
434[395]. The p-alkoxythallium compound 435, obtained by oxythallation of
styrene, is converted into acetophenone by the treatment with PdC15{396].
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R Ph R
PhTIXzor PhaTIX + \=x  + LiPdCl, — =
" A

433
PhTI(O,CCF3); + /\n/ + LigpdCl, ——FINF
98%

434 o o
Ph AcONa  Ph

pamt epicl, ——— X +pd. TI(m)
RO TH{OAc), MeOH 0]

435

ortho-Thallation takes place mainly when coordinating functional groups are
present. The ortho-thallation of benzoic acid, followed by the transmetallation
with Pd(II), forms an arylpalladium complex, which reacts with allyl chloride
to afford the isocoumarin 436[323]. A similar reaction of arylacetic acids and
benzyl alcohols produces seven-membered lactones and six-membered ethers.
Esters and lactones are prepared by the carbonylation of organothallium com-
pounds. Arylthallium compounds are carbonylated to give esters in alco-
hol[397]. The anhydride 437 is obtained by the carbonylation of phenylacetic
acid in the presence of TI(III). The carbonylation proceeds with a catalytic
amount of PdCly; TI(ITI) behaves as the reoxidant of Pd(0)[398].

©/C°2H TI{CF3CO,); QCOZH Li,PdCl,
—_—
cl
TI(O2CCF3)2 /\/ ,65%

(o]
CO,H
@:/\ - ' 1
R g2
436
TI(CF5CO. o
COH o (CF3CO2); |
—_—
PdCly, LiCl 56% (o]

437 ©

Organoboranes undergo transmetallation. 1-Hexenylboronic acid (438)
reacts with methyl acrylate via the transmetallation with Pd(OAc),, giving
methyl 2,4-nonadienoate (439)[399]. The (£)-alkenylboranes 440, prepared by
the hydroboration of terminal alkynes, are converted into the alkylated
(E)-alkenes 441 by treatment with an equivalent amount of Pd(OAc), and
triethylamine[400]. The (E)-octenylborane 442 reacts with CO in MeOH in the
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presence of benzoquinone and a catalytic amount of PdCl; to give met}_xyl 2-
nonenoate (443)[401]. However, it was reported that the carbo'nylat.wn is gllghtly
catalytic with Pd(Ph3P)4[402]. The coupling of alkenylboronic acid to give the
conjugated dienes also proceeds with a catalytic amount of PdCl, and LiCl[403].

Arylstannanes are coupled with the olefinic bond of the dihydrofuran 444 or
Bu,_ __

Bus= = + PA(OAC); —— > N —
BOH), = COMe 82% ~CoxMe
438 439
R Pd(OACc);
R—= + R BH = \— —_
BR' EtaN R‘
440 2 441
i CsH
H PdCl,, BQ, LiC! i3
Callia _ +CO + MeOH ——— o
B(Sia), AcONa, rt., 73% s o
442 .

2,3-dihydropyran[404]. The alkenylstannane of benzoquinone 445 is coupled
using PdCl, and benzoquinone[405]. The homocoupling of the alkenyl.stannane
446 using Pd(OAc), and -BuO,H as a reoxidant gives a |,3-diene[406].
However, the coupling of the alkenylstannane 447 using a catalytic amount
of PdCl(MeCN), in HMPA without the reoxidant has beer} reported[40.7].
Homocoupling of the alkenylstannane 448 was carried out with
PACl{(MeCN), and CuCl, after conversion to the alkenyllithium 449[408].

OMe

\0/\0 o Pd(OAc),
) —
’ R;Si0 66%
3
Bu;;Sn (o] O

444
(e]
\O/\
0
PdCIz(PhCN),, Cul
SnBu, NMP, BQ, 80%

445
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Ph. Pd(OAc),
NS Ph o~~~
SnEts " ’BuO,H, 80% Ph
446
PdCl 1°
2(MeCN), /W)\/o
— —_N—— Ph
Bu,SanPh e T

SnBu, CuCIg, 60%

Alkenylmercury compounds are coupled to give conjugated dienes by the
transmetallation with Pd(II). A mixture of (£)- and (Z)-dibenzylidenesuccinic
acids (451 and 452) was obtained by the transmetallation of 2-chloromercurio-
3-phenylacrylic acid (450) with Li,PdCl, in the presence of CuCl»[409,410].

nie-6

Ph>_<—— Hgcl + LiPdCly —-—>u >—$Cf_2: >—Scizz
CO,H
HO,C Hozc
450 451

+ HgCl; + Pd + 2LiCl

Conjugated dienes and diaryls are formed by the coupling of alkenylsilanes
453[411] and alkenyl and arylstannanes. The reaction of styrene with tetraphe-
nylsilane and Li;,PdCl; produces stilbene (454)[412). Alkenyl- and phenylpen-
tafluorosilicates 455 undergo facile transmetallation with Pd(II) salts. The
organopalladium compounds 456 thus formed in situ are used for homocou-
pling, alkene insertion, and cross-coupling with alkenyl halides. Esters are
formed by the carbonylation[413]. For example, the (E)-a,d-unsaturated
ester 458 is obtained in a high yield by the carbonylation of the (E)-alkenyl-
pentafluorosilicate 457 at room temperature and 1 atm of CO using PdCl,,

Ph pacl, P\
2, .
siM83
453 Ph
. Ph Ph
Ph,Si + \— + PdCl; ——» ==+ PhsSiC! + HCi
454 Ph
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/ ReA
\ “CO,Me

R —

COMe

Ko[RSiFs] + PdCl, ——= [R—PdcCI]
455 456

CO [ MeOH

RCO,Me

91%
457 458

PACl; CeH
sH13 ~— 2 CeHia
Kzr Rsu=5] +CO+ MeOH — =" NN

Organotellurium(II and IV) compounds undergo transmetallation with
Pd(I)[414]. The carbonylation of the alkenylphenyltellurium(II) 459 gives
the o, B-unsaturated ester 460 and benzoate, 460 being the main product{415].
Reductive coupling of diaryl, dialkyl, and aryl alkylteliurides 461 to give 462
proceeds by treatment with Pd(OAc),[416,417).

Ph.__ _TePh . GO + MeOH PdCl, _Ph — CO:Me , phco,Me
459 CuCl 460
Pd(OAC);
PhCH,CH,TeCH,Ph Ph(CH,);Ph
461 462

Biphenyl formation by the ligand coupling of triphenylbismuth is promoted
by Pd(OAc).[418].

7 Synthetic Reactions Based on the Chelation of
Heteroatoms

7.1 ortho-Palladation of Aromatic Compounds

Aromatic compounds which have substituents containing heteroatoms such as
N, P, S. and O at a position suitable for mainly five-membered or sometimes
six-membered chelating rings undergo cyclopalladation at an ortho-position to
form a o-arylpalladium bond by virtue of the stabilization due to the chelation
of these heteroatoms. The ortho-palladation products are stable and can be
isolated{419,420]. After the first report on the preparation of the azobenzene
and N,N-dimethylbenzylmaine complexes 463 and 466 of PdCl,[421], numer-
ous complexes have been prepared. Some representative ortho-palladation pro-
ducts are shown (463—477)[421-433]. The amide carbonyl of acetanilide 1s
capable of forming a six-membered chelate ring 477[431]. In addition to sp”
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aromatic carbons, even an sp® carbon of the methyl group of 8-methy|quinoline
(475)[426,432] and 0-N,N-dimethylaminotoluene (476)[433] form o-bond
between the Pd and sp® carbons. :

( l Cl ( 1 J
Pd PdC’ paC! Q\P 4C
Nay, HCy

N N R N / HC \N /
463421) 464432) 465423) 466421)
P

pgCl i pgCl @Pd-m
~ N/ O N/ /!
N
~ | S | 1 Fe Cl

]
)
@ 469427) 470428)

__O

s

N
¥
d

467429 468425)

e Ph
o N-M —
o % e —0 P—Ph
k pd~N Pd. ,ﬁ% NH ' *
s”  Me X =0 W=( PdX
1 / !
Me Ph Me P Ph3
471 438) 472429) 473430) 474425)
H
o oy
/ o
N pa*
. Me, x”
475426,432) 476433) 477431)

The asymmetric cyclopalladation of dimethylaminomethylferrocene takes
place in the presence of an optically active carboxylic acid (e.g, N-acetylvaline),
giving the cyclopalladation product 478 in 78% ee, from which optically active
ferrocene derivatives were prepared{434].

. The c-arylpalladium bonds in these complexes are reactive and undergo
insertion and substitution reactions, and the reactions offer useful methods
for the regiospecific functionalization of the aromatic rings, although the reac-
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[j\NMez (X\’Nl\nez &\NMez
q) N-acetylvaline (P Pd . 1.CO q) CO.H

Fe + NapPdCly o pe Fe
@ 78%ee @ 2. Na/Hg @

478 [cr]p 37.5°

tions are difficult to make catalytic in most cases. The first example is the
insertion of styrene into the N,N-dimethylbenzylamine complex 466 to form
a stilbene derivative 479, which takes place smoothly at room temperature in
AcOH[12]. A similar insertion of acrylate and enones takes place[435-437).
Alkenes can be introduced to the ortho-palladated ferrocene complex 478 in
20-59% yields in the presence of Et;N[438]. The reaction has been extended to
the functionalization of the dopamine analogue (N,N-dimethyl-2-arylethyla-
mine) 480 via the six-membered ortho-palladated complex [439].

/Pd‘c' e T @\;ph + Pd + HC!

N
N. s
Me, Me>
466 479

(Y\N,Me (P NMep
N
CP pq Me = —= Fe ™=

R

Fe ‘Cl + -] é
@ O R = Ph, CO;R,CN
478
Meom MeQ NMe;
I S e
MeO Crpd NMe, 0 65% MeO =
(o]

480

Two moles of diphenylacetylene insert into the benzyl methyl sulfide com-
plex 481 to afford the eight-membered heterocycle 482[440]. The cinnolinium
salt 483 is prepared by the insertion of alkynes into the azobenzene com-
plex[441].

The facile insertion of CO takes place. The 2-aryl-3-indazolone 484 is
obtained in high yields from the azobenzene complex 463 in alcohol or
water[442]. For unsymmetrically substituted 4-methyl, 4-chloro-, and 4-meth-
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Ph Ph
= _Ph
PdOAc + Ph—=——pPh — » | | PdOAc
/ N /
$ §7 " ph 100°
Me AcO" Me
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PdOAc 2 .

@\ Ph .
Ne /PdBF4L2 + Ph————Ph | + PdL, @\
N >

87%  Na
° N7 “Ph

O <k

483
oxyazobenzenes, o-bond formation with the Pd was found to take place mainly

cQ, 100°
50/0

9
O
B

with the substituted benzene ring, because the cobalt-catalyzed carbonylation MeOH H o
of 484 and subsequent hydrolysis afford aniline and 5-methylanthranilic acid L0 MeO, "
(485). The results show that the o-bond formation is an electrophilic substitu- PhsP %

MGOQC o]

tion of PdCl, on the benzene ring[442,443]. The carbonylation of the Pd acetate
complex of azobenzene (486) gives the indazolone 487 and lactone 488 by
dicarbonylation in a lower yield. The Schiff base complex 489 affords 3-acet-

oxy-3-phenyiphthalimidine (490){444]. The chromanone oxime 491 is carbony-
lated in the aromatic ring via the oxime-stabilized palladated complex 492[445].
The acetanilide complex 493 undergoes carbonylation and alkene insertion.
The results show that the amide carbonyl is effective for the chelation to

489
1
N\OH
491
NHCOMe
__co,2atm. @:
EtOH, rt., 79% CO,Et

Pd[431]. Similarly, an ester group can be introduced into the phenyl ring in

ACO EtsN
the phenyloxazole 494 via its chelation complex[446]. Isocyanide is isoelectro- 493 __N NHCOMe

nic with CO and behaves similarly. The 3-imino-2-phenylimidazoline 495 was ,
obtained by the insertion of isocyanide into the azobenzene 463[447]. o —_

©\PdCI £o, EtoH Qc /©;]/Y Z co(tatm)
Ne 7 8% HN ./ C°z(C°)a + Pd(OAc), — _pd<. MeOH, 0°C

N N / \
COgMe
494

NH;
+ I \
Me” : :cozu : No
485

463 484
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Q\Pdm ©\0=NR
Ny ” +  R-NZC HN.N/
463 495

The alkylation at the ortho carbon is possible by the reaction of chelate

complexes with Grignard reagents or organolithium reagents in the presence

of Ph;P Benzaldehyde is ortho-methylated via the Schiff base complex 464 and
its reaction with MeLi[448,449]. Methylation of 1-phenylazonaphthalene at
peri and ortho positions is possible with MeLi after its cyclopalladation,
Treatment of the tetramethylated product 496 with a catalytic amount of
Na,PdCly affords the 2-arylbenzo[glindazole 497 via cyclopalladation of the
methyl group, insertion of an N =N bond, and elimination[450].

1. PhNH,
2. Pd(OAc); X PdCl MeLi X Me 4.0
X ———————> HC: V4 HC.+ =,
N X Me
i CHO
46

3. NaCl N Ph3P, 90%
4
OMe
M e/@\m MeLi, PhaP MeQ Me NagPdCl,
Me

CHO

N 72% NG N 76%

Me Me
99 T w
B OMe oMe | OMe
Me/©\Me Me Me Me Me
> ClPd .

\/N N

Me N°N\Pd-c| Me “n Me N~
<0
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ortho-Alkylation is possible even with alkyl halides. The treatment of acet-
anilide (498) with three equivalents of Pd(OAc), and an excess of Mel affords
2,6-dimethylacetanilide (499) by stepwise ortho-palladation and methylation
twice[451]. However, treatment of the Schiff base complex 500 with trifluor-
oacetic acid and alkyl iodide produces 2.6-dialkylbenzaldehyde 501 after
hydrolysis. The reaction is semicatalytic[452]. Reaction of the benzylamine
complex with acetyl chloride produces the acetophenone derivative

502[453,454].

:j'/ ” ACO-P:OY

H
N
Y o —ICQLY 5 O
MeCN
498 Pd¥

(3 equiv.)
oA e
Me arr OR¢
Mel NHCOMe
—————
Me
499
CeHya
_Ph
@;N CF5COH H,0 @ECHO
~Pd CeHaal 84%
AcO o 0 CeHrz
500 501
MeO MeO
\©\/\,NM"2 + MecOCl ——= | NMe: . pdcy,
~Pd 88% Me
cl
sz ©

Chlorination of the azobenzene complex 463 with chlorine produces mono-
chloroazobenzene with regeneration of PdCl,. Then complex formation takes
place again with the chlorinated azobenzene. By this sequence, finally tetra-
chioroazobenzene (503) is obtained using a catalytic amount of PdCl-. The
reaction. carried out by passing chlorine gas into an aqueous dioxane solution
of azobenzene and PdCl, for 16 h, gives a mixture of polychlorinated azoben-
zenes[455].

Oxygenation takes place with peracids. The cyclopaliadated benzylamine
complex 466 is converted into the salicylaidamine complex 504 by the treat-
ment with MCPBA[456] or -BuQ-H[457]. Similarly, azobenzene is “oxidized
with MCPBA at the ortho position[458].
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e
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466 504

The chelated complex of the benzylamine derivative 505 underwent a
remarkable oxidative transformation by treatment with thallium trifluoroace-
tate to give narwedine (506) in one step by biomimetic oxidation[459].

OH

1. TI(OCOCF,),
s —————

OH
MeO.
MeO
e Li,PdCI, OK)\ X
eSO N L o-Pa—N 2. PhyP
505 Me Me
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7.2 Reactions of Allylic and Homoallylic Amines and Sulfides

The facile cyclopalladation of allylamine proceeds due to a chelating effect of
the nitrogen. In MeOH, methoxypalladation takes place to give the five-mem-
bered chelating complex 507[460]. The CO insertion takes place readily in
EtOH, giving ethyl 3-methoxy-4-dimethylaminobutyrate (508) in 50%
yield[461]. The insertion of alkenes also proceeds smoothly, giving the ami-
noalkenes 509{462].

Cl
A~ NMez 4 MeOH + PdCl,  ——> Meo‘{\}?“

NMe»
507
€0 ~"EtoH A= w
50% \_\f
0
OMe R
MeN_A_ COEL Y Y NMe,
O R OMe
508 509

The carbopalladation of allylamine with malonate affords the chelating
complex 510, which undergoes insertion of methyl vinyl ketone to form the
amino enone 511[463). The allylic sulfide 512 has the same chelating effect to
give the five-membered complex 513 by carbopalladation[463.464].

CO,Me N
COoMe COMe

NMe 2 PdC) Cl—Pd 2 o]

A 2+ <002Me + PdCly i N RSN
N 519

. COsMe Me,

MC%Me
[o]
MeyN 511

( COglVle . coilwe
+ + Li;PdCl, e Gl P Cc
/f\\/s < COLM 12 4 \/Sj-< 02Me

512 : 513
A

An ingenious application of the facile palladation by the chelating effect of
allylic amines is the synthesis of a prostaglandin derivative starting from 3-
(dimethylamino)cyclopentene (514)[465]. The key steps in this synthesis are the
facile and stereoselective introductions of a carbanion and an oxy anion into
the cyclopentene ring by virtue of the stabilizing chelating effect of the amino
group. and the alkene insertion to the Pd—C o-bond. The first step is the



9 . .
6 Oxidative Reacrions with Pd(1I) Compounds

stereo- . .
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TrThte carbopalladaFion is extended to homoallylic amines and sulfides[466]
angaLrpent of 4-dimethylamino-1-butene (518) with diethyl malonaté
complgdes(il; 1r;l ]('iHF at room temperature leads to the oily carbopalladated
, hydrogenation of which affords diethyl 4-(di i
butylmalonate (520) in an overall yi milarly e mine
yield of 91%. Similarly, is
sulfide (521) is carbopalladated with o
1 methyl cyclopentan
Li,PdCl,. Reduction of the com 1 be Al oA an
la. : plex affords the alkylated ket i
96;/0 yield. Thus functionalization of alkenes is possible by this ?n:ts}::i e
o O;)i:;r:;ct}vl?eteed me[th)./llgroup can be functionalized by the cyclopalla&ation
4 . quatorial methyl of geminal methyls in steroi
anosides is selectively acetoxyls on o alladasion soapy
: xylated by the reaction of the palladati
523 of the 3-oxime with lead tetraacetate[467,468]. palladation complex
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8 Reactions of Alkynes

Alkynes undergo stoichiometric oxidative reactions with Pd(ID. A useful
reaction is oxidative carbonylation. Two types of the oxidative carbonyla-
tion of alkynes are known. The first is a synthesis of the alkynic carbox-
ylates 524 by oxidative carbonylation of terminal alkynes using PdCl, and
CuCl, in the presence of a base[469]. Dropwise addition of alkynes is recom-
mended as a preparative-scale procedure of this reation in order to minimize
the oxidative dimerization of alkynes as a competitive reaction[470]. Also
efficient carbonylation of terminal alkynes using PdCla. CuC! and LiCl
under CO-0- (1 : 1) was reported[471]. The reaction has been applied to
the synthesis of the carbapenem intermediate 525[472]. The steroidal acety-
lenic ester 526 formed by this reaction undergoes the hydroarylation of the
triple bond (see Chapter 4. Section 1) with aryl iodide and formic acid to

give the lactone 527[473].
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PdCl,, CuCl, Ph—==—CO,Me

AcONa, 74% 524

Ph—== ;+ CO + MeOH

RsSi0 R,Si0

PdCl,, CuCl,
\\ + CO + MeOH e —.

N 9 N o.M
[o) \Al’ MeOH, 66% \Ar sMe

V4

R3Si0

MeO

F@—l , HCO3H, BusN Q.

Pd(OAc),, (o-tol)sP

S 527

As the second type, the oxidative dicarbonylation of acetylene with PdCl, in
benzene produces chlorides of maleic, fumaric. and muconic acids 528[474].
Methyl muconate is obtained in MeOH containing thiourea by passing acet-
ylene and oxygen using a catalytic amount of PdCL,[475]. Intramolecular oxi-
dative cyclization-carbonylation of the dipropargylamine 529 produces the
dimethylpyrrole-3,4-diacetate 530 after isomerization of the initially produced
muconate derivative[476], and the naphthofuranoneacetate 532 is produced by
the oxidative carbonylation of 1,2-di(1-hydroxy-2-propynyl)benzene (531)
using a thiourea complex[477]. The maleate and fumarate derivatives 533
and 534 are obtained as the main products at room temperature by the cata-
lysis of PdCl,, CuCl,, and HCI under an oxygen atmosphere in alcohol[478].

CH=CH + CO + PdCl,

COCI
_ cloc_
cioc, __ coci ~ + NN coa

cio€ 528
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= PdIC, Oy, Ki

AcN + CO + MeOH -
o DMSO, Et;N, 82%

529 CO,Me
acN, 7 COMel N 2
X COzMe = CO,Me

530
OH COMe
=
H [Pd(T U)4]|2
M o J N
+ CO + Me 5% §
HO  CO,Me
e
———
0
532 o
Pdclz, CuCIg, HCI .
Coly —= + CO + Me 0, tt., 1 atm., 100%
CgH7 CgH7 _ COzMe
— +
MeO,C CO,Me Me0,C
533
78% 22%

Aconitate was obtained as a minor product in the c;}rb<)n)'lation Qf propar-
gyl alcohol[479). However. in the two-step synthesis ?t methyl. aconitate (4536)
from propargyl alcchol in 70% overall yield, the first s.tep is the Qxldaéxve
carbonylation under CO and air using Pdl, and KI to give dxmetllyl.hy ;‘101 .
xymethylbutenedioate (535), which is carbonylated further to give trimetiy
aconitate (536) by usc of [Pd(Tu)y]l; as a catalyst[480}.

OH
oH Pdl,, Kl, air —
=/ + 2CO + 2MeOH 20°C, 90% Me0,C CO,Me

535
CO,MeOH  MeO:C, COMe
- e —
[Pd(tu)a]lz, 73% CO.Me

536 )

Oxidative carbonylation can sometimes be achieved even in the absence of
any oxidizing agent. As an example, unexpectedly d1pheny1‘cr.otonolactonc
(537) was obtained as a major product by the carbonylation of diphenylacety-
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lene in EtOH together with diethyl diphenyimaleate (538) using PdCl, and

HCL In this oxidative carbonylation, apparently reduction takes place to
form the lactone[481].

_ PdCl
Ph—==—Ph +CO + EtOH ——0 2 .

100°, 100 atm.

Ph Ph
— Ph Ph
. —
0%~g Et0,C CO.Et
537 538
66% 26%

As an application of maleate formation, the carbonylation of silylated 3-
buty.n-l-ol. affords the vy-butyrolactone 539[482]. Oxidative carbonyilation 1S
possible via mercuration of alkynes and subsequent transmetallation with
Pd(IT) under a CO atmosphere. For example, chloromercuration of propargyl
alcohol and treatment with PdCl, (I equiv.) under 1 atm of CO in TH}II:
produced the 3-chlorobutenolide 540 in 96% yield[483]. Dimethyl phenylmale-

ate is obtained by the reaction of phenylacetylene, CO, PdCl,, : i
MeOH][484,485]. ylene, CO, PdCl,, and HgCl in

COzMe
TMS —== Pdclz, CuClg —
AN OH + CO [0}
MeC(CEt); MeOH L/ TMS
539
cl H i
—== & HgCl, — _>=< _LhPdCl,
HO HO HgCl CO, 96%
cl R
z'——>: R,Culi =
0 —» o]
o] o
540

?ipl_lenylacetylene is converted in to c¢is- and trans-dimethy'lstilbenes (541) in
65% yield by treatment with MeMgBr and 3 equivalents of PdCl,(PhCN), in
THF at —60 °C, or PdCl, and LiCl in HMPA[486.487). * i

N Ph Ph
h—=—Ph + 2MeMgBr + PdCl, —» }=< + Pd + 2 MgBrCl
Me' Me

541
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Propargyl esters 542 undergo an interesting oxidative rearrangement using a
catalytic amount of PdBr, under an oxygen atmosphere to form a-acyloxy-
a,f3-unsaturated aldehydes 543. Interestingly, reoxidation of Pd(0) takes place
smoothly under oxygen without using other reoxidants. [488, 488a] The reac-
tion offers a very useful synthetic method for corticosteroids 545 from 17-keto
steroids 544[489].

542 543

Q
0 i-Prr—C-0_ CHO
i-Pr—-C-0 |

o}
544 OCQi-Pr
(o}

base

——
95%

o

545

The oxidative coupling of alkynes to 1,3-diynes is possible with Pd(II) salts.
Terminal arylalkynes are dimerized smoothly with Pd(0) and Cul in the pre-
sence of chloroacetone as a reoxidant[490]. The reaction of aliphatic alkynes
gives diynes and the 3-alkyl-4-(1-alkynyl)hexa-1,5-diyn-3-enes 546. The oxida-
tive homocoupling of 3-hydroxy-4-benzyloxybutyne (547) proceeds smoothly
with PdCl; and Cul as catalysts under an oxygen atmosphere[491]. The cross-
coupling of two terminal alkynes is carried out using 3 equiv. of one alkyne by
the same catalyst[492].

Pd(Ph3P)g, Cul, Et3N
Ph——= Ph———=—"—Ph

CICH,COMe, 94%
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R
R—= R—=—=—-R + D>— R =i-Pr
50% # AN
28%
HO PdCI,(PhsP),, Cul HO __ _ #7OBn
"= EtN, 0,, DMF, 85% e 1
BnO H o ’ Bn(l) H OH

547
9 Reactions of Allenes

Two mopomen’c and dimeric 2-substituted 7-allylic complexes (548 and 549)
are obtained by treatment of allene with PdCI(PhCN),. They are formed by
the nucleophilic attack at the central carbon of allene[493, 494].

Cl Cl
== 4+ pdol, —= c1—<(-Pd . _>_<(_pd
c
549

548

Oxidative cleavage of the complex 549 with CuCl, affords 2,3-bis(chloro-
me.:th'yl)—l,B-butadiene (550) and regenerates PdCl». Thus the preparation of
this interesting dimerization product 550 can be carried out with a catalytic
amount of PdCl, and two equivalents of CuCl, in MeCNj495). Similarly
treatment of allene with PdBr, affords the dimeric complex 551. Treatmen{
of th1§ complex with 2 equiv. of bromine yields the dibromide 552. The tetra-
bromide 553 is obtained by the reaction of an excess of bromine[496]. Similarly,

Cl
===+ PdCl, —>—<(—Pd CuCl, _>—< + PdCly
67% |g) cl cl

T 549 850

==+ PdBrPhCN); —= _>_<(_Pd,Br Br,
Br
551

92%
—— Br Br + P dBry

552

Br Br
>=< + PdBr;
Br Br

553
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2,3-bis(acetoxyomethyl)-1,3-butadiene was obtained with other products by
the reaction of allene with Pd(OAc),{497].

Carbonylation of the complex 548 proceeds in ethanol gives ethyl 3-chloro-
3-butenoate (554). The lactone 555 and the two esters 556 and 557 are obtained
by carbonylation of the dimeric complex 549. The oxidative carbonylation of
allene in ethanol with PdCl, gives ethyl itacoante (558), although the yield is
low[498].

cl ct
c1—<—Pd + CO + EtOH ————
( =&COZEt
548

554

cl
an—Pd + CO + EtOH —0 =
549
\ CO,Et Et0,C CO,Et
5= =G
CO,Et CO,Et
o

555, 24% 556, 20% 557, 10%
CO,Et
—————
=== 4+ CO + EtOH + PdCl :<—cozEt
558

The catalytic oxidative carbonylation of allene with PdCl, and CuCi, in
MeOH affords methyl a-methoxymethacrylate (559){499]. The intramolecular
oxidative aminocarbonylation of the 6-aminoallene 560 affords the unsatu-
rated 3-amino ester 561. The rcaction has been applied to the enantioselective
synthesis of pumiliotoxin (562)[500]. A similar intramolecular oxycarbonyla-
tion of 6-hydroxyallenes affords 2-(2-tetrahydrofuranyl)acrylates[501].

PdCl,, CuCl, OMe
—=— + CO + MeOH - >
Oy, HCI, 85% COMe
559
HO
H
F\ o0 + ueon "9 Q"\( — N
+ + Me A —— >
hH cuch, 80% L _ come —= ]
A Ph
Ph
560 561 562
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10 Enone Formation from Ketones, and Oxidation of
Alcohols

Carbonyl com_pounds are dehydrogenated to give a,S-unsaturated carbony]
compounds with PdCl,. Ketones are converted into «,3-unsaturated ketong
by the treatment with PdCl,[502,503]. However, the reaction is not efﬁcientS
The useful enone formation from ketones is carried out via the silyl enol ether .
The transmetallation of the silyl enol ether 563 with Pd(OAc), gives the oxo- iy
allylpalladium complex 564 (palladium enolate) (see Sections- 2 and 6) whicnh-
u'ndergoes the elimination of 3-hydrogen to give the enone 565. As an a’ppliCa
tion, the 1,4-addition of Me,CuLi to cyclohexenone and trapping the resultin ,
enolate .with Me;SiCl form the silyl enol ether 566. Treatment of this silyl enogl
ether with a catalytic amount of Pd(OAc), and benzoquinone as a reoxidant
affords 3-methyl-2-cyclohexenone (567) in 91% yield[504]. The enone formz-
tion has been applied to a number of natural product syntheses such as aphi-
dicolin[505), helenalin[506), and diosphenols[507]. Application to the synthesis
of .the clavulone precursor 568 is shown as an example[508). The dehydrosily-
lation of sil'yl enol ethers and even eno! acetates to form unsaturated ketongs
can be carried out in DMF solution using a Pd catalyst supported on silica
under an oxygen atmosphere{509]. Oxidative desilylation also proceeds
smgothly under anhydrous conditions, involving a PA—OOH as a catalyticall
a.ctlve species[100]. Similarly, the enone 569 was converted into the conjugateg
dienone 570 via silyl dienol ether[510].

BQ
. A
OSiMe, O-PdOAc 0
3
+ Pd(OAc), —= — + Pd(0) + AcOH
H
563 564 565
o OSiMe; o
Me,CulLi Pd(OAc),
—_—— _— T .
MeasiCI BQ, 91%
566 567
o Me;Sio

OH 0SiMe,
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(o]
OSiMe;
Pd(OAc), — > _ Clavulone
MeCN, 63% 568

o]

OTMS
é . 0, _PdSio, é + Me3SiOH
90%

Pd(OAc Ph
/\/\/\n,Pr_l___> /\/\/\rph TE;_T;;_» /\/\Ar
o OSiR, 2 U7 o}
569 570

Alcohols are oxidized slowly with PdCl,. Oxidation of secondary alcohols to
ketones is carried out with a catalytic amount of PdCl; under an oxvgen atmo-
sphere[73.74]. Also, selective oxidation of the allylic alcohol 571 without
attacking saturated alcohols is possible with a stoichiometric amount of

PA(OAC): in aqueous DMF (1% H,0)[511].
H H
~
R+0H + PACl, —»{n%o—mc:
R R

OH

OH
HO/—0  pd(OAc), AcONa HO,—0

oH )
aq. DMF, rt., 95% Y

571 0
11 Oxidative Carbonylation Reactions

Oxidative carbonylation of alcohols with PdCl, affords the carbonate 5§72 and
oxalate 573[512-514]. The sclectivity of the mono- and dicarbonylation
depends on the CO pressure and reaction conditions. In order to make the
reaction catalytic, Cu(ll) and Fe(III) salts are used. Under these conditions,
water is formed and orthoformate is added in order to trap the water. Di-r-
butyl peroxide is also used for catalytic oxidative carbonylation to give carbo-
nates and oxalates in the presence of 2,6-dimethylpyridine[S15].

R
—>R>=O + Pd + HX
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.OR

CO + 2ROH + PdCl; — 0=CLog *+ Pd + 2HCI
572
0.R

2C0 + 2ROH + PdCl, — SO | by, 2hcr
CO.R
573

An industrial process for oxalate production from CO, alcohol, and oxygen
catalyzed by Pd has been developed[516]. The most ingenious point in this
process is use of an alkyl nitrite 574 as a reoxidant of Pd(0). The reaction
can be expressed by the equations shown. Although the mechanism of the
reaction is not completely clear, formally Pd(0) is oxidized to Pd(II) easily
with the alkyl nitrite and then oxidative carbonylation proceeds to give oxalate
and Pd(0). NO gas is generated from alkyl nitrite. In turn, NO is reconverted
into the alkyl nitrite by reaction of oxygen and alcohol. Most importantly from
the standpoint of the commercial process, the water, formed by the oxidation,
can be separated easily from alkyl nitrite. Dialkyl carbonates are produced
under a lower pressure of CO. The industrial production of dimethyl carbonate
by oxidative carbonylation has been developed by the same company using an
alkyl nitrite or CuCl, as the reoxidant. Another promising reaction is the
preparation of commercially important diphenyl carbonate (575) by oxidative
carbonylation of phenol[517].

2RONO + 260 —— $OR _ 5o
574 CozR

2NO + 2ROH +120, ——— 2RONO + H0

OH 9
©/ + CO + PdCl; ——» @—o—c—o@ + Pd + 2 HCl
5

75

The alkylurea 576 and oxamide 577 are formed by oxidative carbonylation
of amines under CO pressure using Pd/C as a catalyst[518). The urea formation
proceeds under atmospheric pressure using PdCl, and CuCl,{519]. The mono-
and double carbonylations of S-aminoethanol (578 and 579) afford the cyclic
carbamate (oxazolidinones) 580 and oxamide (morpholinediones) 581
[520,521].

Carbamates are produced by the oxidative carbonylation of amines in alco-
hol, and active research on the commercial production of carbamates as a
precursor of isoyanates based on this reaction has been carried out. As an
example, ethyl phenylcarbamate (582) is produced in a high yield (95%) with
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PAIC
CO + RNH, — = RNHCONHR + GONHR
CONHR
576 577
/N
— . co _PdClCuClo, TN\
HO  NHEt rt., 80 atm., 86%
578 o0 o
) o, .0
R'NH PACly, CuCl; M <
OH . .
(™ vco ——— . AN 0 4+ RN D
2 AcONa
R ‘-(Rz - '<R2
579 580 581

a selectivity higher than 97% by the reaction of aniline with CO in EtOH at
150 °C and 50 atm. Pd on carbon is the catalyst and KI is added as a promo-
ter[522]. The reaction proceeds even at room temperature and 1 atm of

CO[523].

Pd/C
PhNH, + CO + EtOH + 1/20,  —— = PhNHCO.Et + H,0
Ki 582

As an extension of the oxidative carbonylation with alkyl nitrites, malonate
can be prepared by the oxidative carbonylation of ketene (583)[524]. .Al.so.
the acetonedicarboxylate 585 is prepared by the Pd-catalyzed, alkyl nitrite-
mediated oxidative carbonylation of diketene (584){525).

PAIC  coun
2/
=c= o + 2NO
CH,=C=0 + CO + 2 RON o
583
PdCl, 0
+ €0 + 2RON0  —— RO,C._J_coRr 4 2n0
o:k
o
584 585

Although turnover of the catalyst is low, even unreactive cyclohexane[52§]
and its derivatives are oxidatively carbonylated to cyclohexanecarboxylig acid
using K,8,0g as a reoxidant in 565% yield based on Pd(II)[527]. Similarly.
methane and propane are converted into acetic acid in 1520% vield based on
Pd(II) and butyric acid in 5500% yield [528].
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O Pd(OACc),, K2S,05 Ucozn
CF4,CO,H, 80°, 30 atm.
PA{OAC)y, Cu(OACc),, 5,0 T
L7 +co COH

CF3;CO,H, 20 atm., 565%
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Chapter 4
Catalytic Reactions with Pd(0) and Pd(1l )»

Several Pd(0) complexes are effective catalysts of a variety of reactions, and
these catalytic reactions are particularly useful because they are catalytic with-
out adding other oxidants and proceed with catalytic amounts of expensive Pd
compounds. These reactions are trcated in this chapter. Among many sub-
strates used for the catalytic reactions, organic halides and allylic esters are
two of the most widely used, and they undergo facile oxidative additions to
Pd(0) to form complexes which have o-Pd—C bonds. These intermediate com-
plexes undergo several different transformations. Regeneration of Pd(0) species
in the final step makes the reaction catalytic. These reactions of organic halides
except allylic halides are treated in Section 1 and the reactions of various allylic
compounds are surveyed in Section 2. Catalytic reactions of dienes, alkynes.
and alkenes are treated in other sections. These reactions offer unique methods
for carbon-carbon bond formation, which are impossible by other means.

1 Reactions of Organic Halides and Pseudo-Halides
Catalyzed by Pd(0)

In Grignard reactions, Mg(0) metal reacts with organic halides of sp* carbons
(alkyl halides) more easily than halides of sp> carbons (aryl and alkenyl
halides). On the other hand. Pd(0) complexes react more easily with halides
of sp° carbons. In other words, alkenyl and aryl halides undergo facile oxida-
tive additions to Pd(0) to form complexes 1 which have a Pd—C o-bond as an
initial step. Then mainly two transformations of these intermediate complexes
are possible: insertion and transmetallation. Unsaturated compounds such as
alkenes, conjugated dienes, alkynes, and CO insert into the Pd—C bond. The
final step of the reactions is reductive elimination or elimination of 3-hydro-
gen. At the same time, the Pd(0) catalytic species is regenerated to start a new
catalytic cycle. The transmetallation takes place with organometallic com-
pounds of Li, Mg. Zn, B, Al Sn, Si, Hg, etc., and the reaction terminates by
reductive elimination.

Facile oxidative addition is possible with iodides and bromides. The reac-
tions of iodides can be carried out even in the absence of a phosphine ligand.
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Oxidative addition

R-X + Pd(O) R-Pd-X ————»

1

B-Elimination
Arylalkene, diene

Insertion of alkene

Tandem insertion .
te——  — —« Polycyclic

: Tandem i
Insertion of alkyne insertion _  potyeyclic

Terminal aikyne Coupling

Arylalkyne, enyne

Insertion of CO Nnucleophile

Ester, ketone, aldehyde

Transmetailation Reductive elimination R-R' Ar-Ar' 1,3.diene
arylalkene

Miscellaneous

Ar-Ar'

R-X X=
Ar-X Br
alkenyl-X oTf
Ar-NoX (s3]
Arco-Cl
ArS0x-Cl
(alkyl-X)

and Pdj(dba);, Pd(OAc), or even Pd on carbon can be used as catalysts. The
reactions of bromides generally require phosphine ligands. A phosphonium salt
is formed to some extent by the reaction of Ph;P with iodides and bromides. In
this case, the use of hindered tri(o-tolyl)phosphine is recommended[1].
Chiorides are inert under normal reaction conditions. They react by use of
more electron-donating bidentate ligands such as dppp under fairly severe
conditions. Chlorobenzene undergoes palladium-catalyzed reactions by the
coordination of Cr(CO)s. which activates the CI-—C bond by its strongly elec-
tron-attracting property(2,3]. In order to neutralize HX formed by the reac-
tions, bases such as tertiary amines, sodium or potassium acetate and
carbonate are added.

In addition to halides, the pseudo-halides R—X = AfCO—CI, ArSO—Cl,
Ar—N,;"X",  R—OP(O}OR),, R—OSO-CF, (OTH), R~O§02Rr
{R¢=perfluoroalkyl) R—OSO-F, R—OSO-CH; and Ar—Arl™ are good
leaving groups and undergo oxidative addition to Pd(0) to form aryl or alkenyl
palladium complexes as intermediates. It should be noted that these leaving
groups have different reactivities toward Pd(0). Some of them react only under
special conditions with special reactants.

The most useful pseudo-halides are aryl triflates (trifluoromethylsulfonates)
of phenols and enol triflates derived from carbonyl compounds[4,5.6].
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Aromatic acyl halides and sulfonyl halides undergo oxidative addition, fol-
lowed by facile elimination of CO and SO, to form arylpalladium complexes.
Benzenediazonium salts are the most reactive source of arylpalladium com-
plexes.

Oxidative addition of alkyl halides to Pd(0) is slow. Furthermore, alkyl-Pd
complexes, formed by the oxidative addition of alkyl halides, undergo facile
elimination of B-hydrogen and the reaction stops at this stage without under-
going insertion or transmetallation. Although not many examples are avail-
able, alkynyl iodides react with Pd(0) to form alkynylpalladium complexes.

1.1 Aryl, Alkenyl, Benzyl, and Alkynyl Halides, and Their Pseudo-
Halides
1.1.1 Reactions with Alkenes, and 1,2-, 1,3-, and 1,4-Dienes

1.1.1.1 Intermolecular reactions with alkenes. Organopalladium halides.
formed by oxidative addition and lacking 3-sp*-bonded hydrogens, react
with unhindered alkenes to form new alkenes in which an original vinyl hydro-
gen is replaced by the organic group of the intermediate Pd complexes. This
transformation discussed in this section involves three elemental reactions: (1)
oxidative addition of an organic halide to form 1, (2) insertion of an alkene to
form 2 (or carbopalladation of alkene), and (3) syn elimination of 3-hydrogen
to give an arylalkene or conjugated diene. When two g-hydrogens are present,
generally svn elimination takes place to lead to (E)-alkenes. Since strong acids
are formed. the reaction must be carried out in the presence of bases. Alkali
metal carbonates. acetates, and secondary or tertiary amines are usually used.
After being discovered by two groups[7.8], this reaction. which is now calied
the Heck reaction. has been used extensively in organic synthesis. [9.10] This
very useful transformation is possible only with Pd; other transition metals are
almost ineffective in giving similar products in acceptable yields.

H
R

; N— Pd-X

ArX + Pd(o) Oxidative | 5 oy x Ar)\r

1 addition 1 Insertion R

2
Ar.
Pd(0) + g P X §-Elimination

Success of the reactions depends considerably on the substrates and reaction
conditions. Rate enhancement in the coupling reaction was observed under
high pressure (10 kbar){11]. The oxidative addition of aryl halides to Pd(0) is
a highly distavored step when powerful electron donors such as OH and NH,
reside on aromatic rings. Todides react smoothly even in the absence of a
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ligand, and bromides in the presence of a phosphine ligand. The reaction of
bromoiodobenzene (3) with two different alkenes can be carried out stepwise ip
the absence and then in the presence of a phosphine to afford the dialkenyi.

benzene 4[12].

i

— Pd(OAc), _/_</:\>_g,
Y T coMe MeO,c—7 —
Et;N, 68%
Br
3
E
et avay,
Me0,C—~
Pd(OAc),, (o-tol);P, 63% 4

Stereochemical features in the oxidative addition and the elimination of g-
hydrogen of cyclic and acyclic alkenes are different. The insertion (palladation)
is syn addition. The syn addition (carbopalladation) of R—Pd—X to an acyclic
alkene is followed by the syn elimination of 3-hydrogen to give the trans-alkene
6, because free rotation of 5 is possible with the acyclic alkene. On the other
hand, no rotation of the intermediate 7 is possible with a cyclic alkene and the
syn elimination of (-hydrogen gives the allylic compound 8 rather than a
substituted alkene.

R"\\—- R Pd-X H Pd-X
— 1] = . = Rl
Rotation J—
ey ten RN
H R H R R"

5 H-Pd-x 6
R'-Pd-X —
X-Pdﬁ syn-Elimination :
H Pd-X
7 8

Chlorides are inert. However, the reaction of p-chlorobenzophenone (9) with
a styrene derivative proceeds satisfactorily at 150 °C by using dippb [1,4-bis(-
diisopropylphosphino)butane] as a ligand to give the stilbene derivative 10.
However, dippp [1,3-bis(diisopropylphosphino)propane] is an ineffective
ligand[13]. On the other hand. the coupling of chlorobenzenc with styrene
proceeds in the presence of Zn under base-free conditions to afford the c¢is-
stilbene 11 as a main product with evolution of H.. As the ligand, dippp is
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active and dippb is ineffective. Zn is a reducing agent of (dippp)PdCl., formed
by the coupling reaction, to generate (dippp)Pd(0)[14]. Aryl chlorides are acti-
vated by the coordination of the strongly electron-withdrawing Cr(CO}); 12,
and react with an alkene. Deprotection with iodine affords the coupled product

13(2.3].

PhCO—@—CI + //_Q" OMe
9

Pd(OAc),, dippb, AcONa

DMF, 150°,24hr, 97%

PhCO O N\ O oMe

10
c PA(OAC):, dippp
+ =\ + 1/22Zn
Ph DMF, 140°

Pho__ PR Ph__ L imznch, + 12H
\1_1_./ + th 2 2
81% %
CHCO) /\n/ 1. PACh(PhaP)2, EtN 4@_/—\<
2.1, 58%
cl
12 13

Chlorobenzene reacts with alkenes with bimetallic catalyses of Ni and Pd.
Chlorobenzene is converted in situ into iodobenzene (14) by the Ni-catalyzed
reaction of Nal at 140 °C. NiBr», rather than the Ni(0) complex, is found to be
a good catalyst. Then the Pd-catalyzed reaction of the iodobenzene with acry-
late takes place[l5].

__ CO,Et

¢l NiBry If __ COEY p,(dba),
+ Nal| ————— -
140°,4 h (o-tol)sP, Et3N, 64%

14

For insertion, alkenes bearing EWGs (electron-withdrawing groups) are
most reactive. Extensive studies have been carried out to find the optimum
conditions of the insertion. The reaction of triflates and alkenes bearing an
EWG proceeds smoothly using bidentate nitrogen ligands, such as bipyridyl
and phenanthroline{16]. The reaction proceeds smoothly by the addition of
KHCO; and BuyNCl in DMF at room temperature[17,18]. Ag salts accelerate
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the reaction, possibly by removing halide ions strongly attached to Pd from a
coordination sphere and replacing them with weak ligands such as acetate ion,
making the insertion easier{19,20]. Ag,CO; is used to avoid double bond iso-
merization. Thallium salts also accelerate the reaction[21,22] and suppress the
double bond isomerization|23]. Also, addition of some alkali metal halides
such as LiCl and KBr has a favorable effect on the reaction. DMF, MeCN,
and other polar solvents are preferred solvents. Evidence has been accumulated
to show that water is a good solvent in the presence of NaHCQ; or K;COs as a
base and in the absence of a phosphine ligand for some aryl iodides such as o-
iodobenzoic acid (15). Reaction of acrylic acid with o- or m-icdobenzoic acids

catalyzed by Pd(OAc); is carried out smoothly in water as a sole solvent to give |

cinnamic acid derivatives in high yields. The reaction of acrylonitrile proceeds
as a slurry in water to give the substituted cinnamnitrile 16 in 94% yield[24].
The addition of K,CO;5 and quaternary ammonium salts (BusNCI, Bu,NBr,
Buy,NHSO,) is important for increasing the rate of the reaction in aqueous
solution (MeCN-H,0, 10 : 1), and the reaction of water-insoluble substrates
can be carried out even in pure water by the addition of these salts[25]. The
reaction of iodides of nitrogen heterocycles with 2,3-dihydrofuran proceeds
only in aqueous DMF or EtOH (1:1); no reaction takes place in pure DMF
or EtOH[26]. The reaction can also be carried out in an aqueous solution by
use of a water-soluble sulfonated phosphine (TMSPP)[27].

H
@("02 PA(OAC),, NaHCO, COH
+ ..___.\
1 COH  k.cO,,H,0, 89% —

15 COH

HOAQX\CN

16, trans:cis = 4:1

Pd(OAc),, H,0

HO—@—I + N
CN  K,co;, 90°, 94%

The reaction of iodobenzene with acrylate is a good synthetic method for the
cinnamate 17[7). In the competitive reaction of acrylate with a mixture of o-
and p-iodoanisoles (18 and 19), the o-methoxycinnamate 20 was obtained
selectively owing to the molecular recognition by interlamellar montmorillonite
ethylsilyldiphenyiphosphine (L) as a heterogenized homogeneous catalyst used
as a ligand{28].

In the reaction of o-dibromobenzene, disubstitution is faster than monosub-
stitution, and the disubstituted product is obtained as a major product.
Similarly, 1,2,4,5-tetrabromobenzene reacts with styrene to give the tetrasub-
stituted product[29]. The bridged, annulated [2,2]paracyclophanediene 22 was
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. ___COMe
—_ PdCl,, AcONa
+ = “coMe
2 MeOH, 97%

17
MeO MeQ CO,Me
[‘:rn v PACI,L, (j_/ !
+ /©/ + T NcoMe + /©/
MeO BugN MeO
18 19 20 19
100 : 95

prepared based on the facile reaction of the tetrabromide 21 with styr-
ene[30,31]. Furthermore, complete substitution of all bromines in hexabromo-
benzene with styrene took place in good yields to give 23 and 24[10].

Br O Br Pd(OAC),, BusNBr
= —_——
Ph K,COj;, DMF, 50%
e

21
h Ph O Ph
P“/\P—*Pd'c 949=90
55%
P O A pn ®  Ph Ph
22
Br =
ar Br Pd(OAc),, LiCl, DMF
.
Br Br K,CO3, BugNBr, 56 ~ 79%
Br
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The coupling of 1.8-diiodonaphthalene (25) with acenaphthylene (26)
a_ffords acenaphth[1,2-aJacenaphthylene (27). It should be noted that the reac.
tion involves unusual irans elimination of H—Pd—I[32]. This tetrasubstituteq
double bond in 27 reacts further with iodobenzene to give the [4, 3
3]propeliane 28 in 72%. This unusual reacticn may be accelerated by straiyi

activation, although it took 14 days[33].
Pd(OAc),, BusNBr, DMF i!
K,COs, 24 h, 42% .
27

28

SeRYse

[
© , Pd(OAc)z, BuyNBr

K,COj3, DMF, 14 days, 72%

2,4-Diene carboxylates can be prepared by the reaction of alkenyl halides
with acrylates[34]. For example, pellitorine (30) is prepared by the reaction of
I-heptenyl iodide (29) with an acrylate[35]. Enol triflates are reactive pscudo-
halides derived from carbonyl compounds, and are utilized extensively for novel
transformations. The 3,5-dien-3-ol triflate 31 derived from a 4,5-unsaturated 3-
keto steroid is converted into the triene 32 by the reaction of methyl acrylate[36].

— Pd(OAc),, K,CO
— =\ 3
M] + CO,Me — € -

29 BuyNBr, nt.

% . N
CO,Me CONHBu

30, 63% from 29

OAc OAc
. :\002Me , Pd(OAc),
L;@j PhyP, EtsN, 60°, DMF, 82%
o TO

OAc

MeO.C™ X
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A mixture of E and Z forms is obtained by the reaction of the (Z)-alkenyl
bromide 33. Z to E isomerization takes place. However, the reaction is remark-
ably accelerated by using K,COs; instead of KHCO5[17} and BusNCl in DMF,
and the reaction of the (Z)-iodide 34 proceeds rapidly at room temperature
without isomerization[37].

Br =\ Pd(OAc)z, PhaP
NN + CO,Me

5 Et;N
— NN
M/cone + cone
— PA(OAC);, K,CO3, DMF =
cHy, 1t Y T “cHo = °4"'9/_\—ﬂ
y Bu,NCl, 18°, 5 h, 90% CHO

Cyclic alkenes give different regioisomers depending on the reaction condi-
tions owing to double bond isomerization caused by svn elimination of Pd—H
species and its readdition. The following three reaction conditions were tested
for the reaction of cycloheptene (35)[18,38]:

Procedure A: 2.5% Pd(OAc),, n-BuyNCl, 3 AcOK
Procedure B: 3% Pd(OAc),, 9% Ph3P, 2 Ag,CO;
Procedure C: 2.5% Pd(OAc),, 2.5% Ph;P, n-BuyNCl, 3 AcOK.

Addition of Ag,CO; cleanly suppresses the double bond isomerization[20].
Thus, with procedure B, no isomerization of double bond is observed.
Addition of TIOAc also suppresses the doubie bond isomerization[23].

Procedure A PhO
99%
Ph—1 + —
Procedure B Ph
35 99%

On the other hand. in the stepwise reaction of 2,3-dihydrofuran (36) with
two different aryl iodides by procedure C, complete isomerization of the dou-
ble bond around the ring takes place. The reaction was applied to the synthesis
of an inhibitor of a blood platelet-activating factor 37[39]. The asymmetric
arylation of 2.3-dihydrofuran (36) with phenyl triflate using BINAP as a chiral
ligand gave 2-phenyl-2.3-dihydrofuran (39) as a major product in 96% ee in the
presence of 1.8-bis(dimethylamino)naphthalene (38) as a base[40,41]. The cou-
pling of the 7-heteroatom norbornadiene derivative 40 with an aryl iodide
proceeds with C—O bond cleavage rather than elimination of J-hydrogen to
afford 41, generating Pd(II), which is reduced to Pd(0) with Zn[42].
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T
( /7 Procedure B, 939,

OMe OMe 1
MeO
Qg S
! 36
OMe

MeO

(Do L

a7
Ph-OTf + /\_)\ Pd(OAc); base D . F:)\
fo) (R)}-BINAP, CgHg o~ "Ph o~ "Ph
36
39 M
Me:N  NMe, * %

RN e®
OMe OH
PdCIg(Phap)z 0
+ +2Zn ——m
Et;N
40 i

41 95%
1 Pd(0) S, R Pa(ll)
O OMe /

IRy

3-Butenoic acid and 4-pentenoic acid (42) react with alkenyl halides or tri-
flates to afford ~-alkenyl-y-lactones and the d-alkenyl-6-valerolactone 44 via
the m-allylpalladium intermediate 43 formed by the elimination of Pd—H and
lits [readdition in opposite regiochemistry using a phosphine-free Pd cata-
yst{43].

Pdi

n-Bu Pd(OAc),, Buy,NCI
\=— Lt TN""com 2T
42 #7  PrNEt, DMF
Pdl -0,C nBu__~_ _O__0O
mBuA/’\/\ =, n-Bu\/\(/\) e
COH >, N 61%
|-Pd 4
43
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By the reaction of bromotoluene with ethylene under pressure, p-methylsty-
rene and stilbene (45) are obtained[44,45]. A polymer 47 is obtained by the
reaction of p-bromostyrene (46) with ethylene. The reaction has been applied
to polymer synthesis[46]. One example is the reaction of 1,4-divinylbenzene
(48) with 9,10-dibromoanthracene to give the oligo(arylenevinylene)s 49{47].

Br  pd(0Ac), (o-tol)yP /@ _ O
/©/ ¥ T 7 MeCN,20psi * O
4 <:> B = A(—/—Q%
a7

46
(R)-96%ee  (S)-67%ee
O Pd(OAC),, O
se sl * o
OMe a8 O O 49 n

For the clean synthesis of styrene derivatives, vinyltrimethylsilane (50) is
used. Vinyltrimethylsilane (50) reacts with aryl and alkeny! iodides[48] and
arenediazonium tetrafluorobotrates[49] to give a 1.4-diene and the styrene 51
by the elimination of the silyl group under the usual conditions. This is a better
synthetic method for styrene derivatives than the reaction of ethylene itself. On
the other hand. alkenylsilanes are obtained by the reaction of vinyltrimethylsi-
lane (50) in the presence of AgINO;[50]. The alkenylsilane 52 is aiso obtained by
the reaction of vinylsilane bearing electronegative substituents on Si without
using AgNQO;[51]. (Z)-Trimethyl(2-phenylvinyl)silane (55) is obtained stereo-
selectively by the phenylation of (E)-1,2-bis(trimethylsilyDethylene (53)[52].
The regioselectivity and stereochemistry of this reaction are explained by the
svn desilylpalladation of the intermediate complex 54.

Pd(OAc),, PhaP

I
+ —/ \.. —_— - -
/@/ SiMe; Et;N, DMF, 60% /@ﬁ
MeO 50 MeO

51
Br PACI,{PhsP), X SiMeCl,
+ 7 giMeCl, ——————>
2 ERN, 76%

52
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Phei +M(-!;,Si _ Pd(OAc), Megii ~ Pg'l
SiMe, EtaN, 43% P’ 'siMe;| PP SiMe,
53 54 55

In the reaction of o,3-unsaturated ketones and esters. someti i

}I:mchael-type a.ddmon (inserti(_)n and hydrogenoiysis, or };ydr?:rt)llﬁiisorslm;pl;
‘ydroalkeny]atlon) of alkenes is observed[53,54]. For example, a simpl : dn'
tion product .56.to methyl vinyl ketone was obtained by the ’reactiorzxeo?‘ (1111-
_hctergarom'anf: iodide 55[55]. The corresponding bromide affords the -
msemon—ehmmation product. Saturated ketones are obtained cleanlusial
hydroe}rylatlon of a,f-unsaturated ketones with aryl halides in the rey ;
of sodium formate, which hydrogenolyses the R—Pd—I intermediatep [053106
Pd—H[56]. Intramolecular hydroarylation is a useful reaction. The diiodid 57
reac;ts smoothly with sodium formate to give a model compo'und for thé eﬂ57
toxin 58.'(see Section 1.1.6)[57]. Use of triethylammonium form: and
Bu,NCl gives better results. prmate and

om
¢ OMe o}

X! Pd(OAc),, P

aJ A PdOAc) PhaP J\\
MeS™ "N” "Me o EtsN, 120°,83% P

55 MeS N Me
56
BnO

I
— PdCl,(MeCN
/£’—>=° + HCO,Na 2 ) >
0" "o
7

P
hSO,0 | Bu,NCI, DMF, 71%
5
BnO Pd-H BnO
O wat
PhS0,0 0”0 PhS0,0 0”0
Pd 58
H

_The reactivity of alkenes with electron-donating groups is lower than th
xg?l i}YlGS. The 1reaction of alkenes with electron-donating groups suchOZ‘s3
ers, vinyl esters, enamides, and enami i i01s
depending on the substrates and reaction concililtIilcl)rrllis[SSgl;;]s ;‘;J]Z (fsgtiglbt(')tmerj
products 59, 60, and 61 seem to be common products, v;hic}l can be cofnl/ u:ed
into ketones by hydrolysis[60-64]. Triflates are the best leaving grou ef ed
nearly complete a-selectivity is observed by use of bidentate lig%lrlgds sﬁck;l rzlxs
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dppe, dppp, and dppb, among which, dppp is the best. With this ligand,
complete a-substitution is observed even with allyl alcohol. PhsP gives a
jower a-selectivity. The reaction is slower with aryl iodides and bromides,
and can be accelerated by the addition of AgNO3, AgOTE, and TIOAc. The
high a-regioselectivity with aryl triflates is explained in the following way. The
oxidative addition of aryl triflate affords a cationic complex and an electronic
effect of substituted alkene is more important than a steric effect in the sub-
sequent insertion step, and hence the a-substitution becomes a main path. On
the other hand. aryl iodides are more reactive than triflates toward electron-
withdrawing alkenes such as acrylate or acrylonitrile. In this case, both steric
and electronic effects favor S3-substitution[64]. 3,4-Dihydro-2H-pyran (62)
reacts smoothly with aryl iodides, and the aryl group is introduced at o regio-
selectively to give 63 after double bond migration using Pd(OAc), and
Ph;P[65].
OEt
ott Pd(OAC),, DMSO
+ =\ —_—
OEt Ei3N, 65°,97%

59

/:\
Prs;_sopen.

—_—
—_—

0
oTf o8y
H,0
Pd(OAc), .
* 7 “oBu O‘ 48%
Meo NEt; MeO
6

MeO
0
OBu
Br
0Bu “gppp, 91% -
61
o
©,| . O PA(OAc)K(PhsPYy @.{J}

NEt, 63%

62

63
Under certain conditions, the g-substitution products are obtained as major
products{66]. Methyl vinyl ether reacts with bromonitrobenzene to give the 3-
methoxystyrene 64 in good yield in toluene at 120 °C by using Pd on carbon as




138 Catalytic Reactions with Pd(0) and Pd(II)

a catalyst without a phosphine ligand. This reaction is used for the preparatiop
of metoprolol, which is an important 3-blocker[67].

Br ~ "OMe OMa
— Pd/C, NEt,
* OMe “Phme, 120°, 81% ——
NO, NO, OH
64

—— Metoproiol

Vinyl acetate reacts with the alkenyl triflate 65 at the F-carbon to give the 1-
acetoxy-1,3-diene 66[68]. However, the reaction of vinyl acetate with 5-iodo-
pyrimidine affords 5-vinylpyrimidine with elimination of the acetoxy
group[69]. Also stiibene (67) was obtained by the reaction of an excess of
vinyl acetate with iodobenzene when interlamellar montmorillonite ethylsilyl-
diphenylphosphine (L) palladium chloride was used as an active catalyst{70].
Commonly used PdCl,(PhsP), does not give stilbene.

OAc
oTf P

Pd(OAc),, Ph;P
OAc Et,N, DMF, 60%

AcO \\
65 66

+ =\

PdClsz. Bl.lgN O
— —_— —
* OAc  100°, 85%
67

Methyl a-acetamidoacrylate (68) reacts with aryl or alkenyl halides and
triflates to give g-aryl or alkeny! dehydroamino acid analogs, which are hydro-
genated to give the a-amino acids 69[71-73]. Arylation and alkenylation of
methyl a-methoxyacrylate (70) offers a good synthetic method for B-aryl- or 8-
alkenyl-a-keto esters 71 after coupling and hydrolysis{74). Reaction of N-vinyl
amides with aryl halides proceeds smoothly to give a mixture of two regio-
isomers[75]. The reaction of the N-vinyloxazolone 72 with iodobenzene and
subsequent hydrogenation of the product offer a synthetic method for B-phe-
nethylamine (73)[75a].
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Br

= . CO,Me Pd,(dba),, (o-tol)3P
*N NHAc MeCN, EuN, 64%
&8 NHAc NHAc
@/:<002Me __H _~ I CO,Me
N Rh(DIPAMP) (o2 o oo oo
69
Phl ___<0Me Pd(OAc),, Bu,NC!  pp c<OMe . Ph\jkcozwle
7gOzMe NaHCO,, DMF, 67% CO,Me -1

\ 0
i A

|
@, . O/U\N/% Pd(OAc);, NaHCO,

= BuyNCl, 66% Ph Ph

Ph “Ph
H, @/\/N”z
e ——r-
73

72
An a-arylaikanoate is prepared by the reaction of aryl halide or triflate with
the ketene silyl acetal 74 as an alkene component. However, the reaction is
explained by transmetallation of Ph —Pd—Br with 74 to generate the Pd eno-
late 75, which gives the a-arylalkanoate by reductive elimination{76].

©/Br Et OMe  (n-C,H;PdOAc), ’-©,PdCHstc02Me
vo=(
H OSiMe; TI(OAc), 80% [

74 75

Et
— c02ME
|

Benzy! chloride reacts with alkenes bearing an EWG[8]. The reaction with
acrylate proceeds smoothly to give y-phenylcrotonate (76) in the presence of
Bu;3N without a ligand. No reaction takes place with Pd(Ph;P)[77].

R Pd(OAc), ~
. = ———— pp =
P c COEt gy,N, 65% 76 COE!
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Trifluoroacetimidoyl iodide 77 can be used as a ketone synthon and reacts

smoothly with acrylate to give 78, which is hydrolyzed to give :
Ketome 79(78] X y yzed to give an unsaturated

| COzME COzMe
Aor t T couMe i Ho 7
CF;” “NPh 2 K2CO3 94% —_—
77 ' CF3 NPh CF3 o
78 79

Norbprnene (80) and related cyclic alkenes are reactive alkenes and under,;
sequential reactions specific to these systems with ary! halides to give polycyclgi(;
compounds. After the first insertion, further reactions to form varieties of
product.s take place depending on the reaction conditions, because there is
no possibility of the syn elimination of 3-hydrogen in 81. As examples, reactio
.Of an.alkenyl halide in the presence of formic acid gives 82 by intern,‘lolecula‘;
insertion and hydrogenolysis, and the cyclopropane 83 by subsequent intra-
molecular insertion and hydrogenolysis[79,80]. The four-membered ring com-
poun.d 84 and the polycycle 85 and other products were obtained by the
reaction of aryl halides in anisole using Pd(Ph;P), and -BuOK][81.82].

PA(OAC),,
Lb s BINNpy 4 oo L OOA%)k PhaP M"h

80 BusN PdBr
81
— A pen
82 59% 83 10%
Br
Lb * @ - - +
H-Pld 7
Br
Lb )
etc
85
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Under different conditions [Pd(OAc),, K,CO3, BuyNBr, NMP), the I : 3
coupling product 86 with 4-aryl-9,10-dihydrophenanthrene units was obtained.
The product 86 was transformed into a variety of polycyclic aromatic com-
pounds such as 87 and 88[83]. The polycyclic heteroarene-annulated cyclopen-
tadicne 99 is prepared by the coupling of 3-iodopyridine and dicyclopentadiene
(89), followed by retro-Diels-Alder reaction on thermolysis[84).

| [~
ﬂb @ PA(DAC),, K,CO4 .
+ —_—
Bu,NBr, 83% O O
80
86

e LD - OO
_— —_—
I, 83% O 69%
-
87

DDQ lBS%
el
GoEag

X b . (E/I Pd(OAc),, PhiP
6 N BusNBr, KzCOa, 45%

N

89

Three-component coupling with vinylstannane, norbornene (80). and bro-
mobenzene affords the product 91 via oxidative addition, insertion, transme-
tallation, and reductive eliminationf85]. Asymmetric multipoint control in the
formation of 94 and 95 in a ratio of 10 : I was achieved by diastereo-ditter-
entiative assembly of norbornene (80), the (S)-(Z2)-3-siloxyvinyl iodide 92 and
the alkyne 93, showing that the control of four chiralities in 94 is possible by
use of the single chirality of the iodide 92. The double bond in 92 should be Z;
no selectivity was observed with E form[86].
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Lb ony » Bussn__ PACRPL ;&i”
+ r + Ne= 87% AN
80 9
OTBDMS
I\j Pd(OAC)z, Phgp, Cul
+ — + ==
CsHys " “oAc  BugNCl, 82%
80 (s) 92 83
Ac OTBDMS
V7
7" oteoms . =/ "CsHu
e == “0Ac
o4 sH11 95
10 : 1

When allylic alcohols are used as an alkene component in the reaction with
aryl halides, elimination of 3-hydrogen takes place from the oxygen- bearing
carbon, and aldehydes or ketones are obtained, rather than v-arylated allylic
alcohols[87,88]. The reaction of allyl alcohol with bromobenzene affords
dihydrocinnamaldehyde. The reaction of methallyl alcohol (96) with aryl
halides is a good synthetic method for dihydro-2-methylcinnamaldehyde (97).

OH Pd(OAC)z, Ph3P —
Qar * —ﬂ/— EtsN, MeCN, 82% OH
96
97

The reaction of allylic alcohols with alkeny! halides is complicated by the
elimination of Pd—H and its readdition in the reverse direction to form a
sufficiently stable 7-allylpalladium complex. The reactiorrof an alkenyl halide
with a primary allylic alcohol to give the 4-enal 98 cleanly can be achieved in
MeCN in the presence of Ag,CO;. Buy,NHSO,, and a catalytic amount of
Pd(OACc),[89]. On the other hand, the conjugated dienol 99, rather than the
4-enal, is obtained when the alkeny! halide is treated with allylic alcohol in the
presence of AgOAc, or Ag,CO; and Pd(OAc), in DMF[90]. The conjugated
dienol 100 was obtained with high selectivity by the reaction of primary and
secondary allylic alcohols with enol triflates by using of Pd(OAc),_ tri(e-tolyl)-
phosphine, and Et;N in DMF[91].
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CeHi /—\/\cno
a8

CsHé_\:\/OH
99

Pd(OAc)z, Ag2CO3
BusNHSO,, MeCN, 54%

CGH1/3 Yo =N OH

Pd(OAc),, AgOAC

/N ==__OH
CeH 1 * T N\~

DMF, 61%
CgHq7
on _Pd(OAc),, (o-tol)sP
7 EtsN, KGO, DMF, 74% Cattrr

TiO

HO

100

The prochiral meso form of 2-cyclopenten-1,4-diol (101) reacts with the (2)-
alkenyl iodide 102 to give the 3-substituted cyclopentanone 103 with nearl'y
complete diastereoselectivity (98 : 2)[92]. The reaction is used for the synthesis
of prostaglandin. The alkenyl iodide 102 must be in the Z form in order to
obtain the high diastereoselectivity. The selectivity is low when the correspond-
ing (E)-alkenyl iodide is used[93].

CH

Ho"@ Na,CO3
I OTBDMS TBDMS 83%
. Pd(OAc) |1 o
- LJ\CSH“ &J\/\/\
H_ OTBDMS
o' N\=""
103

The reaction of a halide with 2-butene-1,4-diol (104) affords the aldehyde
105, which is converted into the 4-substituted 2-hydroxytetrahydrofuran 106,
and oxidized to the 3-aryl-y-butyrolactone 107[94]. Asymmetric arylation of
the cyclic acetal 108 with phenyl triflate[95] using Pd-BINAP atforded 109,
which was converted into the 3-phenyllactone 110 in 72% ¢¢[96). Addition of a
molecular sieve (MS3A) shows a favorable effect on this arylation. The reac-
tion of the 3-siloxycyclopentene 111 with an alkenyl iodide affords the silyl
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enol ether 112 regioselectively[97). Similarly, an enol ether is obtained as
main product from 3-methoxycyclohexene[98].

I
Pd(OAc),, BnEt;NBr

+ HO/\=/\OH
104 AcCK, 89%

OMe

OMe MeO MeO
Cr03
HO —_— —_—
o 70% b
OHC
105 106 OH 107 o

Ph on
= Pd(OAck (s)}BINAP _ ; y
m + PhOT! — J\—g
° o

o_ MS3A, K,CO3, 84%  o__0 o
108 109 110, 72%ee
OTBDMS OTBDMS

1 Pd(OAc),
— e e
* N\=""othp K»CO3, 83%

111 112 OTHP

In addition to allylic alcohols. other unsaturated alcohols react with halides
to give carbonyl compounds. For example, although the reaction is slow 3
days), 10-undecenyl alcohol (113) reacts with iodobenzene to give 1l-phenyl-
undecanat (117). The migration of the Pd by the elimination of H—Pd—I to
generate 114 and its readdition to the double bond with different regiochem-
istry to give 115 are repeated until the Pd reaches to the terminal position 116,
forming the aldehyde 117 irreversibly[99]. The surprisingly efficient and
repeated elimination of H—Pd—I and its readdition clearly show that ‘H—
Pd—T’ is a living species.

As expected, the formation of a carbonyl group is not possible with rerr-
allylic alcohols. Although the aromatic ring bears electron-donating groups,
the 2,2-disubstituted chromene 119 was formed smoothly with the rerr-allylic
alcohol 118[100].
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Pd{OAc),, BusNCl, LiOAg, LiCl

H ol
Arl + NS0

DMF, 50°, 3 days. 91%

113
Pd-1
[Ar\)vvaOHﬂAerOH
114 + H-Pd-I
—_——
Ar OH = Al SN OH
- H-Pd-
Pdd 115 +
Pd-i
“'\"\/\/\/\/\)\/0H HPd_ Ar\/\/\/\/\/\/OHJ
116
> CHO
Ar\/\/\/\/\/\CHO + Ar\(\/\/\/\/
17
88 H 12
MeO MeO
| Pd(0Ac)z, DMF N
+ %\K —_—
on NaHCOs, 95% oHe o
OHC OH 118 118

Aryl or alkenyl halides attack the central carbon of the allene system in the
2,3-butadien-1-ol 120 to form the w-allyl intermediate 121, which undergoes
el’imination reaction to afford the «,F-unsaturated ketone 122 or aldehyde. The
reaction proceeds smoothly in DMSO using dppe as a ligand[101].

Ph
Ph
Ac),, dppe —
==th + Ph— —_____..Pd(o €l dpp A OH 940/, — Ph
NMP, DMSO o
OH Br M TS Ph 122 0
Br
121

Allylic amines are coupled to halides giving either allylic amines or enzimiges
depending on the reaction condition. Reaction of steroidal dienyl triflate w1th
Boc-diprotected allylamine affords allylamine. Use of AcOK as a b?se 18
crucial for the clean coupling[102]. The terz-allylic amine 123 reacts with an
aryl halide to give the enamine 125 in DMF and allylic amine 124 in nonpolar

solvents[103].
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PACI,(PhsP),
Phl + )\/N > ——3———
chOQ
123

PhMe
e Ph\J\/N: >

85%
Love I Ve L

72%
125

The alkenyloxirane 126 in excess reacts with aryl and alkenyl halides or
triflates in the presence of sodium formate to afford the allylic alcohol
127[104]. Similarly, the reaction of the alkenyloxetane 128 gives the homo-
allylic alcohol 130{105]. These reactions can be explained by insertion of the
double bond in the Ar—Pd bond, followed by ring opening (or S-elimination)
to form the allylic or homoallylic alkoxypalladium 129, which is converted into
the allylic 127 or homoallylic aicohol 130 by the reaction of formate. The 3-
alkenamide 132 was obtained by the reaction of the 4-alkenyl-2-azetizinone 131
with aryl iodide and sodium formate [106].

Pd(OAc);, BuNCI

0  CiHo
& + —_+ HCONa
/><‘ N z i-ProNE, 91%

Hng\OH

126 127
Me
o Pd(OAc), BugNCI
/X) + + HCO,Na __(_..22___4_>
128 i-Pr,NEY, LiCl, 70%
I
.
Ar\/LXo) Ar\/ﬁ/\/OPdl HCO,Na | Me
N OH
129 130
E/Z = 56/44
Me _
N Pd(OAC), ¢
<)z,
NFO + + HCO,Na __PdOAck,
BuyNCl, 99% X NH;
131
i 132 0
E/Z=66/34

The unconjugated alkenyl oxirane 133 reacts with aryl halides to afford the
arylated allylic alcohol 134. The reaction is explained by the migration of the
Pd via the elimination and readdition of H—Pd—I[107].
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o] Pd(OAc),, BugNCI, LiCt
Phl + N ~-\0> + HCOL
DMF, i-Pr,NEt, 1.5 day, 62%
133
OH
Ph\/\/\/=/_
E/z=76/24 %

An efficient carboannulation proceeds by the reaction of vinylcyclopropane
(135) or vinylcyclobutane with aryl halides. The multi-step reaction is
explained by insertion of alkene, ring opening, diene formation, formation of
the m-allylpalladium 136 by the readdition of H—Pd—I, and its intramolecular
reaction with the nucleophile to give the cyclized product 137[108].

CO;Me

coMe , Pd(OAc)z, PhsP

| 135 BuyNCl, DMF, 80%

E E E E
E
E E E
Pdl .
X Pdl N N N
136 Pdl

MeO,C

COMe
x

137

The arylpalladium halide complex 139 is an intermediate of the decarbony-
lation of aroyl halides (sce Section 1.2)[109] and it undergoes facile alkene
insertion. Therefore, similarly to aryl halides, acyl halides can be used for
the alkene insertion[110]. Addition of a tertiary amines having a pK value in
the range 7.5-11, such as tributylamine and benzyldimethylamine, as a base is
crucial. The reaction is carried out without a phosphine ligand, because PhsP
was found to inhibit the reaction. Since aroyl chlorides are more reactive than
aryl iodides, the following chemoselective reaction is possible. The aroyl chlor-
ide moiety in p-bromobenzoyl chloride (138) is converted into the arylpalla-
dium 139. which reacts first with methyl acrylate using Pd(OA), as a catalyst to
give methyl p-bromocinnamate (140). Then acrylonitrile can be introduced at
the para-position to give 141 when tri(o-tolyl)phosphine is added. Similarly,
chlorides of «.3-unsaturated acids undergo decarbonylation-insertion. The
reaction of acrylate with fumaroyl! dichloride (142) affords the octatriendioate
143{111].
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COCl
Br BnMezN Br
138 139

CO;Me COMe
=\ 2 2
CO,Me (o.t°|)3p /_-/©/J
0,
79% Br

140 NaOAc. §7%
0
AN s = copte B a0, A A
2Me o N, 53% COzMe
142 O 143

Oxidative addition of the sulfonyl chlorides 144 is followed by facile genera-
tion of SO, to form arylpalladium complexes which undergo alkene inser-
tion[112,113].

S0,CI Pd-Cl
PdClz(PhCN)z,choaﬁ _\cozsu ___ COgBu
(C5H17)3BI1NC|, 140° 90%

Cl Cl ci

144

The diazonium saits 145 are another source of arylpalladium com-
plexes[114]. They are the most reactive source of arylpalladium species and
the reaction can be carried out at room temperature. In addition, they can
be used for alkene insertion in the absence of a phosphine ligand using
Pd,(dba); as a catalyst. This reaction consists of the indirect substitution reac-
tion of an aromatic nitro group with an alkene. The use of diazonium salts is
more convenient and synthetically useful than the use of aryl halides, because
many aryl halides are prepared from diazonium salts. Diazotization of the
aniline derivative 146 in aqueous solution and subsequent insertion of acrylate
catalyzed by Pd(OAc), by the addition of MeOH are carried out as a one-pot
reaction, affording the cinnamate 147 in good yield[115]. The N-nitroso-N-
arylacetamide 148 is prepared from acetanilides and used as another precursor
of arylpalladium intermediate. It is more reactive than aryl iodides and
bromides and reacts with alkenes at 40 °C without addition of a phosphine
ligand[116].
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Ph Pdj(dba); Ph __
PhN,BF, 4+ \— - \-——\Ph
145 aqg. MeCN, 94%
NH,
HBF;  'CO,Et, Pd(OAc)
+ HNO, MeO N
H,0 MeOH, 68% CO,Et
147
OMe
146
NHAC N(NO)Ac
_N2O3 Pd(dba), ___Ph
N ————
MeCN, 68% /@ﬂ
Br
Broy48

A U-ary1~Pd bond is formed by the transfer of an aryl group even from
arylphosphines to Pd and alkene insertion takes place{117-119]. This reaction
is slow and it is not a serious problem when triarylphosphine is used as a
ligand. The cinnamate 149 is obtained by the reaction of Ph;P with acrylate
in the presence of Pd(OAc), in AcOH.

Pd(OAc),  Ph

PhaP + Ne—

-
CO,Me CO,Me
149

The alkynyl iodide 150 undergoes the oxidative addition to form an alky-
nylpalladium iodide, and subsequent insertion of an alkene gives the conju-
gated enyne 151 under phase-transfer conditions[120].

Pd(OAC)z, K,CO3; N _ =
CgHyz —1 + =\ »CgH13 - CO,Me
CO:Me gy,NCI, DMF, 55%
150 151

The alkenyl moiety, rather than the aryl moiety, in the aryl(alkenyl)iodo-
nium salt 152 reacts smoothly with alkenes under mild conditions[121].

Ph Pd(OAc),, DMF Ph __
} \+ + T cogMe - =

ors VPh NaHCO;, rt., 75% CO,Me
152

1.1.1.2 Intramolecular reactions with alkenes. While the intermolecular reac-
tion is limited to unhindered alkenes, the intramolecular version permits the
participation of even hindered substituted alkenes, and various cyclic com-
pounds are prepared by the intramolecular Heck reaction. Particularly the
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tandem insertion reaction of double bonds of halo polyenes lacking S-spi.
bonded hydrogens produces polycyclic compounds. Extensive studies have
been carried out on this useful cyclization reaction. In early studies, indoles,
the indoleacetate 153, and the indolohydroquinones 154a and 154b were pro.
duced[122-124].

COsMe
B'J/ _Pd(OAc); PhsP @E\g\ CO M2
an 43% N
H
153
llkc OAc II\c OAc ;I\c OAc
\/N \/N
I+
\ Me r;l Me r;l
OAc Ac OAc Ac OAc Ac
154a 76% 154b  21%

The stereospecific synthesis of an A ring synthon of la-hydroxyvitamin D
has been carried out. The (E)-alkene is cyclized to give the (E)-exo-diene 155,
and the (2)-alkene affords the (Z)-exo-diene 156 stereospecifically{125,126].
These results can be understood by the cis addition and syr elimination
mechanism.

CO,Et Et0,C
I
Br Pd(OAc)z, PhsP
- K2C03, MeCN, 86% o
TBDMSO" OTBDMS TBOMSO' OTBDMS
155
Et0,C CO,Et
l I
Br Pd(OAc)s, PhsP
KoCO3, MeCN, 90°
TBDMSO' oTeDMs <2C0x MeCN, 90%

TBOMSO™ OTBDMS
156

Various bicyclic and polycyclic compounds are produced by intramolecular
reactions[127]. In the syntheses of the decalin systems 157 [38} and 158 [128], cis
ring junctions are selectively generated. In the formation of 158, allylic silyl
ether remains intact. A bridged bicyclo[3.3.1]nonane ring 159 was constructed
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in a good yield[129]. Cyclization to form the seven-membered ring 160[130] and
eight-membered ring 161[131} with an exo-methylene group proceeds with high
yields. In the latter case, oxidation of alcohol to ketone takes place during the

cyclization.
CN CN
Pd(OAc)2, DMF

N\ BuyNCl, KOAc, 79%
H
157

08n BnO O
Pd(dppb), AcOK

ot ————
TBDMSO DMAC, 68% ‘
O OTBGM
158

CO,Me CO;Me

Q Pd(PhyP)s, EtsN "
I MeCN, 81% O
159

MeO Pd(OAC); PhsP, AcOK €0
NCOCF; | NCOCF,
PruNBr, DMF, 92%
eO | MeO
P 160

7
o

(7]

1 H o}
6 Pd(OAc),, KoCO3 6
O 80°, 46 h., 80% O
0 o ¢
/ko /ko 161

The intramolecular version for synthesizing cyclic and polycyclic compounds
offers a powerful synthetic method for naturally occurring macrocyclic and
polycyclic compounds, and novel total syntheses of many naturally occurring
complex molecules have been achieved by synthetic designs based on this
methodology. Cyclization by the coupling of an enone and alkenyl iodide
has been applied to the synthesis of a model compound of 16-membered car-
bomycin B 162 in 55% yield. A stoichiometric amount of the ‘catalyst’ was
used because the reaction was carried out under high dilution conditions[132].
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Synthesis of camptothecin (163) is another example[133]. The iboga alkalojq
fdnalgg 164 has been synthesized smoothly by the intramolecular couplin If
iodoindole and unsaturated ester to form an eight-membered ring. N—Me%ho
protection of the indole is important for a smooth reaction[134]. An efﬁcieyl
construction of the multifunctionalized skeleton 165 of congencrs of F I{9004§1 X
has been achieved[135]. 2

o}
f
| PACI,(MeCN),
0
MeCN, 25°, 9.75h, 55%
0
o}
HOw
Pd(OAc),, AcOK
N Br |l BusNCI, DMF, 59%
~ N [o}
o
COsMe
)\ CO,Me
I N =
©[—/( d&om Pd(OAC);, BusNCI N
—_— OMe
OMe  80°, 899 I
N , B9% N L OMe
Me CO,Me Y
164 Me CO,Me
Me@ = MeO
1 i_OMe
/@( 3 Pd(PhsP)s, EtsN OMe
——————i
Me0,C n-O JN-COMe mecn, 90% Me0,C IN,o N-CO,Me

165
Tbe cyclization to form very congested quaternary carbon centers involving
the intramolecular insertion of di-, tri-, and tetrasubstituted alkenes is parti-
cularly useful for natural products synthesis[136-138]. In the total synthesis
of gelsemine, the cyclization of 166 has been carried out, in which very
severe steric hindrance is expected. Interestingly. one stereoisomer 167
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was obtained in 95% yield with high stereoselectivity when Pd,(dba); with-
out added phosphine ligand was used. On the other hand, the other isomer
168 was obtained almost exclusively when Ag;POs was added. This high
stereoselectivty is due to the coordination of the angular vinyl group dur-
ing the insertion step, which is enhanced by the dissociation of bromide
anion from Pd by the added Ag salt. The importance of the vinyl group is
demonstrated by the fact that an equimolar mixture of the cyclized pro-
ducts corresponding to 167 and 168 is obtained when the vinyl group 1
displaced with an ethyl group. Addition of phosphine ligands such as dppe
or dppf also gives poor stereoselection[139].

10-20% Pd,(dba);

PhMe, 110°,1 hr.
95%
167 /168 =89/ 11
N ;
1
R

N
B
77%
10~20%Pdy(dba), Z AN
. *Pd
AgsPO,, THF, 66°, 37h. N

N
MeO,C”
Br' 167

168
167 /168 =3/97

N
MGOQC/
Br

Total syntheses of tazettine and 6a-epi-pretazettine have been carried out by
application of the Pd-catalyzed cyclization of 169, in which a single pentacyclic
product 170 was obtained, establishing a preference for an eclipsed orientation
of the Pd-—C o-bond and alkene #-bond in the key intramolecular insertion
step[140].

In the synthesis of morphine, bis-cyclization of the octahydroisoquinoline
precursor 171 by the intramolecular Heck reaction proceeds using palladium
trifluoroacetate and 1,2,2,6,6-pentamethylipiperidine (PMP). The insertion of
the diene system forms the m-allylpalladium intermediate 172, which attacks
the phenol intramolecularly to form the benzofuran ring (see Section 1.1.1.3).
Based on this method, elegant total syntheses of (—)- and ( +)-dihydrocodei-
none and (~)- and (+ )-morphine (173) have been achieved[141].
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173 Morphine

Asymmetric cyclization using chiral ligands has been studied. After early
attempts[142-144], satisfactory optical yields have been obtained. The hexahy-
dropyrrolo[2,3-Alindole 176 has been constructed by the intramolecular Heck
reaction and hydroarylation[145]. The asymmetric cyclization of the enamide
174 using (S)-BINAP affords predominantly (98 : 2) the (E)-enoxysilane stereo-
isomer of the oxindole product, hydrolysis of which provides the (S)-oxindole
aldehyde 175 in 84% yield and 95% e¢. and total synthesis of (~)-physostig-
mine (176) has been achieved[146].
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OTIPS 1. Pd,(dba)s, (S)- or (R)-

@ 0 BINAP, PMP, DMAC, 100°

~Z
2. 3N HCI, 23°, 84%, 95%ee
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0 S ScHo MeNHCO,
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I 0 e I NMe
N N

175 Me 176 Me

MeQ,
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e

Me!

Synthesis of a cis-decalin system by the asymmetric cyclization[38] has been
carried out with high enantioselectivity[142,143,147,148]. Using BINAP as a
chiral ligand, 91% ee was achieved in the asymmetric cyclization of 177 to give
178. In order to achieve an efficient asymmetric cyclization, selection of the
reaction conditions is crucial, and sometimes added Ag salts play an important
role[148]. A catalytic asymmetric cyclization of 179 to prepare the key inter-
mediate enone 180 for vernolepin synthesis has been carried out[149]. Highly
efficient asymmetric cyclization of 181 to give the tetralin system 182 has been
applied to the synthesis of (-)-eptazocine (183)[150]. Hydrindans are synthe-
sized in 86% ee[151].

CO,Me CO.Me
Pd(OAc)a, (R)BINAP, K,CO,
A PhMe, 54%, 91%ee
oTf
o 178
OPv
Pd,(dba);, (R)-BINAP AN NG
. / o, 0, m H
HO™ P KoCOy, 76%, 86%ee ) &
179 180 1
I Pd(OAc),, (R)-BINAP
MeO oTf K2COj3, 87%, 93%ee MeO Sz
181 OTBDPS Me Me OTBOPS
N 182
@@
——
—
HO 3
183 Me

Asymmetric Heck reaction of the conjugated diene 184 and subsequent
acetate anion capture of the m-allylpalladium intermediate afforded 185 in
80% ee. which was converted into the key intermediate 186 for the capnelle-
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nols. The choice of solvents is crucial in these asymmetric cyclizations. In this
case, DMSO gives the best results{152). An indolizidine derivative 188 was
prepared in 86% ee by the asymmetric cyclization of the enamide 187 using
(R,S)-BPPFOH in the presence of Ag-exchanged zeolite[147,153].

CO,Et

H OAc

oTt Pd{OAc),, (S)-BINAP, Bus;NOAc
. )
m DMSO, 89%, 80%ee “H
Me 185 Me 186

1

84
@j Pda(dba)s, (R)(S)-BPPFOH @ . @
N DMSO, 94% N N 188
0 86%ee

O 187 (o]

In these cyclizations, the reaction can be terminated in other ways than
elimination of 3-hydrogen. Typically the reaction ends by an anion capture
process[154]. The following anion transfer agents are known: H™, OA¢™, CN~.
SO,Ph, CH(CO;R),, NHR;, CO/ROH, and RM [M = Sn(IV), B(III), Zn(ID)].
Trapping with an amine after alkene insertion to give 189 and 190 is an
example. N-Acetyl protection is important in this reaction[155].

Br  ac Pd(OAc), AcN ) NN AcN N
)\/ N * " K) + |
o N~ (p-talsP
H 189 38% 190 38%

In the presence of a carbon nucleophile in an alkene, the alkylpalladium,
formed by the insertion, attacks the nucleophile intramolecularly without
undergoing elimination of g-hydrogen to give the cyclized product. In this
way, a new cyclopentanation of alkenes is possible by trapping with carbon
nucleophiles. This reaction is understood also as intramolecular carbopallada-
tion of alkene with o-arylpalladium species as shown by 191, followed by
reductive elimination to give the cyclopentane derivative 192[156]. This reac-
tion involves the alkylative cyclization of malonate. As a Eompletely intramo-
lecular version of this strategy, the tricyclic triquinane skeleton 195 was
constructed in one step from 193 by the intramolecular carbopalladation of
the substituted cyclopentene with o-alkenylpalladium as shown by 194. A total
synthesis of capnellene has been achieved based on this bis-cyclization reac-
tion[157]. The cyclization of the cyclopentene even without a C-3-methyl group
in 193 proceeds satisfactorily by trapping with the cyanoacetate instead of the
malonate without undergoing elimination of B-hydrogen. thus offering a gen-
eral solution to the synthesis of triquinanes[158]. As another possibility, cycli-
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zation-carbonylation proceeds smoothly at | atm in the presence of thallium(I)
acetate[159]. Furthermore, the 2-iodoaniline derivative 196 undergoes inser-
tion, carbonylation and trapping with carbon nucleophile to give the spirocycle
197. Addition of rate-accelerating thallium(I) acetate enables this cascade pro-
cess to proceed under mild conditions (1 atm, 80 “O)[160].

CO,Me  Pd(dppe) —

Ane~< Py
Phl + =~ CO,Me -BuOK, 82% Ph-lpd ........ I)

Ph (i
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[EE—— CO;Me
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Co,Me  Pd(OAc),, dppe N CO,Me
- R &
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1
CO,Me .
“H CO,Me . e
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195 Capnellene

CO,E!

Pd(OAc),, PhyP, TIOAC
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QN MeCN, 80°, 1 atm., 50%

196 SO.Ph

CO,EL
CO,Et Et0,C  co,Et

77 pax
| (o}
N
1
SO,Ph 497 SOgPh

The alkylpalladium intermediate 198 cyclizes on to an aromatic ring, rather
than forming a three-membered ring by alkene insertion[161]. Spirocyelic com-
pounds are easily prepared[162]. Various spiroindolines such as 200 were pre-
pared. In this synthesis, the second ring formation involves attack of an
alkylpalladium species 199 on an aromatic ring, including electron-rich or
-poor heteroaromatic rings[163).
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A interesting and useful reaction is the intramolecular polycyclization reac-
tion of polyalkenes by tandem or domino insertions of alkenes to give poly-
cyclic compounds{138]. In the tandem cyclization. an intermediate in many
cases is a neopentylpalladium formed by the insertion of 1,1-disubstituted
alkenes, which has no possibility of S-elimination. The key step in the total
synthesis of scopadulcic acid is the Pd-catalyzed construction of the tricyclic
system 202 containing the bicyclo[3.2.1]octane substructure. The single tricyclic
product 202 was obtained in 82% yield from 201[20,164). The benzyl chloride
203 undergoes oxidative addition and alkene insertion. Formation of the spiro
compound 204 by the intramolecular double insertion of alkenes is an exam-
ple[165].

In some cases, cyclopropanation is observed. Halodienes of the following
types undergo the cyclopropanation. In case A, straightforward cyclopropana-
tion of the first insertion product 205 generates 206 as a final product. In case
B, the neopentylpalladium 207 is generated and undergoes alkene insertion to
give the cyclopropane 208, or trapped with nucleophile as another possibility.
The intermediate 208 undergoes cyclopropylcarbinyl-homoallyl rearrangement
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———— -
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W Pd(Ph3P)4, NEt, w
e —_—
MeCN, 5 h., 57%
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PdCI

— XY
204

from 208 to 210 and 3-elimination to give the ring-expanded product 211[166].
Intermolecular insertion of an alkene into the neopentylpalladium 208 to give
209 may also take place. As examples of case A. the strained three-membered
ring compounds 213 and 215 are formed in the bicyclization reactions of 212
and 214[161].

The product 211 may be formed directly by the endo-trig cyclization of the
halodiene. The fact that the product 211 is formed by the cyclopropylcarbinyl-
homoallyl rearrangement of 208, not by direct endo-trig cyclization. is sup-
ported by the following observation. The reaction of the 3-indolyl triflate
216 with 1.4-pentadien-3-ol (217) afforded the aldehyde 221 as an unexpected
product formed by skeletal change[167]. The reaction is explained by the
formation of the cyclopropane 218 by alkene insertion. followed by the
above-mentioned rearrangement to generate 219, which is converted into the
w-allyl intermediate 220 via the dienol. The origin of £ stereochemistry of the
double bond in the product 221 is understood by the more stable syn form of
the m-allylpalladium intermediate 220.
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Ry Ry fl M In an efficient diastereo-differentiative assembly of three components of

A C: —— Ct\de (;b —_— @ norbornene, cis-alkenyl iodide, and KCN, the isomerization of the cis to the
F RPdX R, R, R trans double bond takes place to give the coupled product 224. The isomer-

2 205 PdX 206 2 ization is explaincd by the formation of the cyclopropane 222, its rearrange-

ment to give a trans double bond in 223, and trapping with CN anion to give

Ry Ry R
a ! A R 224[168].
. (:%/Pd-x — Pd-X % ==
A

Pd(OAC)z, Ph3P
+ KCN
1 95%

. /I 2 PdCly(PhyP), . 292 H
ZZ Et3N, 73%
212
pa €N
CL Az e A | ey
gy _Pd(OAc), PhyP, MeCN X-"“g "R NGy
ZV K2CO3, Et4NCI, 67% 223 2
214
E = CO,Me Furthermore, the cyclization of the iododiene 225 affords the six-membered
oH product 228. In this case too, complete inv‘ersion of the alkene stereochemistry
OTf PACI,(PhyP);, DMF Is o'bse§ved. The (Z)-allyhc_ alcohol 229 is not the product. Therefore. the
@j + F N Sl T ' cyclization cannot be explained by a simple endo mode cyclization to form
N OH (i-Pr),EN, 82% N Pd 229. This cyclization is explained by a sequence of (i) exo-mode carbopallada-
s'ozph & X tion to form the intermediate 226, (ii) cyclopropanation to form 227, and (iii)
216 217 cyclopropylcarbinyl to homoallyl rearrangement to afford the (E)-allylic alco-
OH hol 228[166). (For further examples of cyclopropanation and endo versus exo
OH H _ cyclization. see Section 1.1.2.2.)
— I J) —_— WNX A concise synthesis of the strychnos alkaloid (dehydrotubifoline) skeleton
N Pax N x> - has been carried out. The skeleton 231 was constructed in a good yield by the
R A intramolecular Heck reaction of 230 as a key reaction[169]. However, the
218 219 cyclization of the indoline carbamate 232, instead of the unprotected 230,

OH ot afforded un unexpected product, 235. In this case, the o-alkylpalladium inter-

P 2 CcHO mediate 233 does not undergo elimination of B-hydrogen, owing to stabiliza-

i >de — W — T l tion by the chelating effect of the carbamate group. Instead. in this case also.

N XX N PdXx N the cyclopropane 234 is formed, followed by 120° rotation and rearrangement
R A S0,ph to give the unexpected product 235[170].

220 291
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In the synthesis of benzoprostacyclin analogue, the first step is the reaction

P of the ene oxide 237 with the phenol 236 (see Section 2. 2.1 .2). Then inter- and
1 dCla(PhsP), | Pa Pdl intramolecular tandem insertions of two alkenes take place to give 240. The
| Et;N, 69% Pl | important aspect is that syn elimination of f-hydrogen from the Pd-alkyl
OH CH
226 227 HO

225 (exo mode) intermediate 238, formed by the intramolecular insertion of the alkene, is
impossible, because there is no hydrogen of the same stereochemistry (a-
oriented) as the Pd at the S-positions of Pd, and hence the intermolecular

l insertion of 1-octen-3-one (239) proceeds smoothly[171]. As another example,
a neopentylpalladium is trapped with organo tin, boron, and zinc reagents.
Phenylation of the neopentylpalladium 241 with sodium tetraphenylborate

OH

‘Ji( (endo mode)

Pdi
l afforded 242[172]. Hydrogenolysis takes place by use of formic acid.
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N @ j/\N_SOZPh Pd(0Ac),, PhyP, anisole
MeO,C 232 . N Kﬂ/

110°, Et4NCI, 42%
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|
SO,Ph
N ?OzPh
—N
l W/
/T ' Pdi |
Pdi N
Me0 N\ ' )
P
0 233 S02Ph 242 SO2Ph
> | — 1.1.1.3 Reactions with 1.2, 13-, and [ 4-dienes. The reaction of conjugated
N dienes with aryl and alkenyl halides can be explained by the following mechan-
MeO,C H ism. Insertion of a conjugated 1,3-diene into an aryl or alkenylpalladium bond

gives the m-allylpalladium complex 243 as an intermediate, which reacts further
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in two ways. As expected, nucleophiles such as carbon nucleophiles, amines,
and alcohols attack the r-allylpalladium intermediate to form the 1,4-addition
product 244. In the absence of the nucleophiles, the elimination of f3-hydrogen
takes place to give the substituted 1,3-diene 245. In some cases, the substituted
1,3-diene 245 reacts again with the aryl halide to form the m-allylpalladium 246
Subsequent elimination affords the 1,4-diarylated 1,3-diene 247.

AN
Ak o o PO [Ar/\/\ — ATV }

Pd.
Pd 243 X
Nu
NuH - Ar/\/\/ X
244 Pd
Elimination N ArX [
- AT AANAT
Insertion |Ar
245 246
Elimination
HX
Ar
ATM
247

In the reaction of aryl and alkenyl halides with 1,3-pentadiene (248), amine
and alcohol capture the r-allylpalladium intermediate to form 249. In the
reactions of o-iodoaniline (250) and o-iodobenzyl alcohol (253) with 1,3-dienes,
the amine and benzyl alcohol capture the r-allylpalladium intermediates 251
and 254 to give 252 and 255[173-175]. The reaction of o-iodoaniline (250) with
1,4-pentadiene (256) affords the cyclized product 260 via arylpalladium forma-
tion, addition to the diene 256 to form 257. palladium migration (elimination
of Pd—H and readdition to give 258) to form the w-allylpaliadium 259, and
intramolecular displacement of -allylpalladium with the amine to form
260[176). o-Iodophenol reacts similarly.

H
N
A e (Y e
o-tol)sP, 55%
248 o7 (otohs 249 ENj
o]

Inewe

H

+ — -
NH, Et3N, 70% NH, \'<P
250 251 252
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OH Pd(OAc OH 0
©:\ + ey o (D:\/\ »©\A/‘\/\
I AcOK, 56% V'Y ary
Pd!

NH, PA(OAC);, BugNCI
N
1 Na,CO;, 3.5 days, 65%

250 256 y
NH, A NH, NH N
X X )
257 258 PdI 259 Pdi 260

The m-allylpalladium complexes formed as intermediates in the reaction
of 1,3-dienes are trapped by soft carbon nucleophiles such as malonate,
cyanoacctate, and malononitrile[177-179]. The reaction of (o-iodophenyl-
methyl) malonate (261) with 1,4-cyclohexadiene is terminated by the capture
of malonate via Pd migration to form 262. The intramolecular reaction of 263
generates w-allylpalladium, which is trapped by malononitrile to give 264. o-
lodophenylmalonate (265) adds to 1,4-cyclohexadiene to form a w-allylpalla-
dium intermediate via elimination of H—Pd—X and its readdition. which is
trapped intramolecularly with malonate to form 266(176].

CO,Et CO,Et

coEt | © Pd(OAc), PhyP O‘ COqEt
| BusNCI, DMF, 85% ‘
262

NC
Jij NC
éb\' + CHCN), —» /?
60% Ez]
b 1o
264 Bn

263

261

CO,Et
EtO,C CO,Et

@Ikcozet Pd(OAc),, BusNCI, AcONa O‘
+
X I DMF, 5 days, 64% J

265 266
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In the absence of nucleophiles, the elimination of S-hydrogen from m-allyl-
palladium intermediates to give the (£, E)-1-aryl-1,3-dienes 267 and 268 takes
placef173,180]. 1-Aryl-1,3,5-hexatriene 269 reacts with an aryl bromide to give
the 1,6-diaryl-1,3,5-hexatriene 270. The best results are obtained with aryl
halides having EWGs in the para-position[181].

Br Pd(OAc),, Et3N
(o] 2 Bl
L : + Mcone _———
o (o-tol);P, 60%
/ CO;Me
/
4
0 267

___ CeHya

Pd(OAc),, PhyP

I
JO RIS
cl CeHys THOAC), DMF, 80% ¢ 263

Br
/@/W\ Pd(OAc),, (o-tol)sP
+
NO, 269 EtsN, 56%
NH.

NH,
PPN O
‘ 270

When allene derivatives are treated with aryl halides in the presence of Pd(0).
the aryl group is introduced to the central carbon by insertion of one of the
allenic bonds to form the w-allylpalladium intermediate 271, which is attacked
further by amine to give the allylic amine 272. A good ligand for the reaction is
dppe[182]. Intramolecular reaction of the y-aminoallene 273 affords the pyr-
rolidine derivative 274[183].

Ph Ph
— +ph|+< SMH\/BU*—’-//T\K/BU
Bu N~ dppe, 82% I3 Pd
H - ™

271
— O N
N\A/Bu

NO,

zE=3n 72
Pd(PhsP
P L B W
NH K,CO3, 76% Bn Ph

8n
273 274
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The reaction of the o-iodophenol 275 with an alkylallene affords the benzo-
furan derivative 276[184]. Similarly, the reactions of the 6-hydroxyallenes 277
and 279 with iodobenzene afford the tetrahydrofurans 278 and 280. Under a
CO atmosphere, CO insertion takes place before the insertion of the allenyl
bond, and a benzoyl group, rather than a phenyl group, attacks the allene
carbon to give 280. Reaction of iodobenzene with 4,5-hexadienoic acid (281)
affords the furanone derivative 282[185].

OH Pd(OAC)z, PhyP 0
+ ==/C3H17 | CgHy7
| KoCO3, 100°, 71%
0
276

0
275
HO Pd(Ph;P)s KzCO
:\_7/\»,%—: (PPl KaCOs )\(_7/\
77 DMF, 71%
HO Pd(Ph3P)s KoCOy Ph
==\_7/+ Ph—I + CO
DMF, 1 atm., 64%
279
Pd(PhaPls, K2CO;
==\ FOOH + Ph—i — o
DMF, 74%
281

Allenes also react with aryl and alkenyl halides, or triflates, and the w-allyl-
pailadium intermediates are trapped with carbon nucleophiles. The formation
of 283 with malonate is an example[186]. The steroid skeleton 287 has been
constructed by two-step reactions of allene with the enol triflate 284, followed
by trapping with 2-methyl-1,3-cyclopentanedione (285) to give 286{187]. The
inter- and intramolecular reactions of dimethyl 2, 3-butenylmalonate (288) with
iodobenzene afford the 3-cyclopentenedicarboxylate 289 as a main pro-
duct[188].

The reaction of 1,2-heptadiene with iodobenzene in the absence of nucleo-
philes affords 2-phenyl-1,3-heptadiene (290) by g-elimination of the w-allylpal-
ladium intermediate[182].
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1.1.2 Reactions with Alkvnes

1.1.2.1 Termmal alkynes to form alkenyl- and arvialkynes. Direct introduc-
tion of sp? carbon into alkynes is very difficult. but it can be done easily by
using Pd catalysts. Terminal alkynes undergo two Pd-catalyzed reactions
with organic halides. One reaction is the substitution of alkynic hydrogen
to form disubstituted alkynes in the presence of Cul as a co-catalyst.
Another is insertion to form alkenyl compounds in the absence of Cul
(see Section 1.1.2.2). Facile palladium-catalyzed coupling of aryl and alkenyl
halides with terminal alkynes is used extensively for the construction of aryl
alkyne or enyne systems[189]. Two methods of coupling are known, the
direct coupling of terminal alkynes and the coupling of metal acetylides.
The direct coupling reaction is catalyzed by Pd phosphine catalyst in the
presence of amines[190.191]. The addition of Cul as a co-catalyst gives better
results[192,193]. Cul activates alkynes by forming a copper acetylide
291[194], which undergoes transmetallation with arylpalladium halide to
form the alkynylarylpalladium species 292, and reductive elimination is the
final step. Pd on carbon and PhsP is also an active catalyst[195]. However,
the coupling proceeds smoothly without Cul when the water-soluble TMSPP
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is used as a ligand in aqueous solution[27]. Coupling without Cul also gives
the arylalkynes or enynes 293 in high yields when the reaction is carried out
in piperidine or pyrrolidine. Use of these amines is crucial, and poor results
are obtained without Cul when Et;N, PruNH, Et,NH, and morpholine are
used[196]. Interestingly, the Pd-catalyzed reaction of terminal alkynes with
alkenyl chlorides, which are inert in many other Pd-catalyzed reactions,
proceeds smoothly without special activation of the chlorides. In addition,
it should be mentioned that the coupling of halides with some terminal
alkynes (294) proceeds smoothly using Cul (5 mol%) and Ph;P (10 mol%)
as catalysts and K,CO; as a base in DMF or DMSO without using Pd
catalyst[197].

Pd(Ph;P _pd.
Ph-X + R—= _ (PhaPhs Re——cu PRPIX L ogon
X =1, Br, Cl R3N, Cul a0t o —
- Ph~——"o—R
. — f—— Y/ —R
HX + R——== R—/—
- CsHyy
! Pd(PhgP) 4, pyrrolidine «
/=/ s = OH : N
CsHhy 25°, 15 min., 93%

293 OH

Cul, Ph3P, K>CO3
Phl + Ph—= Ph—=——Ph
< 0,
294 DMF, 120°, 98%

Numerous applications have been reported. A derivative of the (alkyn-1-
yhnucleosides 295, which have anticancer and antiviral activities. has been
synthesized by this reaction. They are also used as chain-terminating nucleo-
sides for DNA sequencing[198,199]. In this reaction, use of DMF as the solvent
is most important for successful operation[200]. Only the alkenyl bromide
moiety in 2-bromo-3-acetoxycycloheptene (296) reacts with alkynes without
attacking the allylic acetate moiety[201].

NH; NHCOCF,
A
N7 |
N
A NHCOCF, Pd(PhgP)s, Cul 0)\N
= —_—

RO o o N = Et;N, DMF, 87% “Ow
U 295
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Monosubstitution of acetylene itself is not easy. Therefore, trimethylsilyl-
acetylene (297) 202-206] is used as a protected acetylene. The coupling reac-
tion of trimethylsilylacetylene (297) proceeds most efticiently in piperidine as a

solvent[207]. After the coupling, the silyl group is removed by treatment with

fluoride anion. Hexabromobenzene undergoes complete hexasubstitution with
trimethylsilylacetylene to form hexaethynylbenzene (298) after desilyiation in
total yield of 28% for the six reactions[208,209]. The product was converted
into tris(benzocyclobutadieno)benzene (299). Similarly, hexabutadiynylben-
zene was prepared[210].

Br

X Z
Br Br PACI,(PhsP), ke =
+ 6 =—SiMes
Cul, EtsN
Br Br 297 : B% = N
Br I I
298
CpCo(CO), R = SiMe;
R——R
39%

Acetylene is also protected as propargyl alcohol (300)[214], which is depro-
tected by hydrolysis with a base, or oxidation with MnO, and alkaline hydro-
lysis. Sometimes, propargyl alcohols are isomerized to enals. Propargyl alcohol
(300) reacts with 3-chloropyridazine (301) and Et-NH to give 3-diethylami-
noindolizine (303) in one step via the enal 302{212]. Similarly, propargyl alco-
hol reacts with 2-halopyridines and secondary amines. 2-Methyl-3-butyn-2-ol
(304) is another masked acetylene, and is unmasked by treatment with KOH or
NaOH in butanol[205,206,213-215) or in situ with a phase-transfer cata-
lyst[216].
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OH Pd(Ph3P),, Cul
+ = NO» ——
200 EtsN, 77% CH
NO,
MnO,, KOH
———————> NO,; —1
PhH, 84%

¢ PACly(PhyP
[+ =—" « EtNn 2 ):'
N 200 Et,NH, Cul, 49%
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X CHO e
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PdCl,(PhsP), | __ /=
HO = +Br COMe HO =\ / CO,Me
Cul, EtsN, 98% |
304
NaOH / BuOH
:—< >—C02K

In addition to coupling via Cu acetylides generated in situ mentioned
above, the coupling of terminal alkynes has been carried out smoothly
using actylides of Zn and other mctals as an alternative method of arylation
and alkenylation of alkynes[217.218]. Sn[219,219a], Zn[220.221]. and Mg[222]
acetylides are used frequently as activated alkynes rather than alkynes them-
selves, and their reactions with halides proceed without using Cul. Coupling
with the tin acetylide 305 proceeds smoothly and competes with the Cul-
catalyzed direct coupling method. However, sometimes the coupling takes
place only with tin acetylides. The highly strained neocarzinostatin frame-
work can be constructed by the intramolecular reaction of alkenyl bromide
with alkynes[223]. In this case. the tributyitin acetylide 306 must be used. No
cyclization takes place with the terminal alkyne itself. However, this is not
always true, and in some cases free alkynes give better results than the
corresponding tin acetylides[224].

reflux 10 min., 98.5%
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/A PdCl;(MeCN), _—-—=—=—{CHy)1p0Ac
I + MesSn—==—(CH,);o-OAc
0
105 DMF, 86%
P SnBujy
7 —
Br Pd(PhsP),
e .
HO — 86h, 50°, 72% HO =
0SiR, OSiR,
306

The neocarzinostatin chromophore is prepared by two-step reactions of thei

1,1-diiodoalkene 307 with three different alkynes based on interesting differ-
ences in chemoselectivity. The first step is the oxidative addition of Pd(0) to the
less reactive (Z)-iodide in the absence of Cul, followed by the favored intra-
molecular insertion (or carbopalladation) of the terminal triple bond to gen-
erate alkenylpalladium. Then the coupling of the tin acetylide with the
alkenylpalladium iodide takes place to give 308. Finally, the intermolecular
alkyne coupling of another alkyne 309 takes place using Cul catalyst to give
310. On the other hand, it was reported that no intermolecular coupling of a
simple 1,1-diiodoalkene with terminal alkynes takes place[225,226].

=~ OsiR,
Z, ba |
+ BuSn—=—  _"oPMPl !
HOT PN OSiR; 70 ~ 80% .
307 HO 308
__ _OEt i
= -
309 OFt ] !
=" “OEt

Pd(Ph3P),, Cul, Et;NH, 70 ~ 75%

HO 310
Zinc acetylides, prepared in situ by the treatment of lithium acetylides with
ZnCly, are widely used. The zinc acetylide 311, prepared in situ, reacts with (2)-

3-iodo-2-buten-1-o0l (312) with nearly complete retention of stereochemistry to
afford an important intermediate 313 for carotenoid synthesis[227].

ZnCi

N

= Z — s
2 4. cusos Z l>;12\OZnCI
OH — . OH
2. MeLi Pd(Ph;P),, 68%

ZnCIz
311 313
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Both cis- and trans- 1,2-dibromoethylenes react with metal acetylides, but
with different reactivity. For the competitive reaction of cis- and trans-1,2-
dibromoethylenes with the zinc acetylide 314 shows that the trans isomer is
more reactive than the cis isomer[228,229]. It was also found by a competitive
reaction with the zinc acetylide 317 that the rrans vinyl monobromide 315 is
more reactive than the cis isomer 316[230].

Br / SIM83
\ Pd(PhyP) 7 Br Br
B 34 — \N—/
"+ MesSi—=—2znc! ~ +
o r, THF, 87%
e/ 314 Me;Si
Megsi
—_— Me:;si
315 g, Pd(PhsP)y Me;si, _ Br
= \—/
. + Cizn CsHit ThF, 78% Xt
Me;Si Br
\N—/ 317 CsHqq
316

The terminal diyne 320 is prepared by coupling of the zinc acetylide 318 with
irans-1-iodo-2-chloroethylenc (319), followed by elimination of HCl with
sodium amide[231]. Similarly. terminal di- and triynes are prepared by using
cis-1.2-dichloroethylene[232]. The l-alkeny! or l-aryl-2-(perefluoroalkyl)
acetylene 321 is prepared by the reaction of a zinc acetylide with halides[233].

CHue = 7nci I Pd(PhsP), P
g3 ———4n + — 613 ——
AN
318 319 ¢ T3% “
1. NaNH;
sHiy ——=—=
0,
2. H*, 68% 320
I —
. Pd(PhyP), —C4Fy
C4Fg ——2ZnC! + —_—
THF, 96%
321
OMe OMe

Mg acetylides can be used for the coupling. As an example, the thiopheny-
lenyne 322 was prepared by repeating the coupling of Mg acetylides with
halides[222].

The coupling reaction has widespread use in the construction of enediyne
systems present in naturally occurring anticancer antibiotics[234]. The Pd-Cul
catalyzed coupling reaction of the alkenyl bromides 323 and 326 with the
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terminal alkynes 324 and 325, followed by hydrogenation of the tripie bonds to
cis double bonds, is extremely useful for the synthesis of the polyene structures
of the lipoxins 327 and related eicosanoids[235]. The extensive applications of
the coupling reaction are summarized in reviews[236].

BrM\/+/

1. Pd(PhyP)y, Cul
i ZA PSR
a3 OSiRs 324 “SiMe, 2 AgNOs, KCN

OSiR,
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CO,Me OH
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DA X7
3 OH
0SIR; 327
total yield 62%

The novel intramolecular reaction of the alkenyl bromide with the terminal
al.kyne in 328, followed by intramolecular Diels—Alder reaction, afforded the
highly strained dynemicin A structure 329 in one step[237].

MeO

>¢O
N
Pd(PhP), /
Cul ., 25% o 6
\ OMe
0\
329

_ Interestingly, 1,2-dichloroethylene can be used for coupling without activa-
tion of the chlorides. The reaction of cis-1.2-dichloroethylene (331) has wide
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synthetic applications, particularly for the synthesis of an enediyne struc-
ture[238]. Typically, this reaction is useful for the construction of the highly
strained enediyne structure 333 present in naturally occurring anticancer anti-
biotics such as espermicin and calichemicin. As shown, both the chlorines in
(Z)-1,2-dichloroethylene (331) are displaced stepwise with two different term-
inal alkynes, 330 and 332{239-244]. Both chlorines in trans-1,2-dichloroethy-
lene (334) react smoothly[245]. The polyene structure of lipoxin B was
constructed by the stepwise coupling of (£)-1,2-dichloroethylene (334) with
the alkenylstannane 336 and terminal alkyne 335 to generate the trieneyne
337, followed by hydrogenation of the alkyne to the cis -alkene[246-248].
Alkenyl monochiorides are less reactive than 1,2-dichloroethylene, but the
trans-chloroalkene 338 reacts rapidly with a terminal alkyne to afford the
enyne 339 in the presence of piperidine using PACIl,(PhCN),, which is more
active than PdCl,(Ph1P),. Other amines such as Et;N give poor yields[249].

ol ¢l
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BuMe,SiO 331 BuMe,Si0— 332 OMe
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N
BuMEZSiO R COZ(CC))al—n-hep'aﬂ» BuMezsio = L
: ., 2h. DABCO
I[O/ il| osir,
= oMe < OMe
-7 X AG=Co(CO)s
Co(CO)
MesNO / MeOH R,Si0 a
———————
333
OSiRy — e, 1 PAPNPL, Cul
x COMe + =—SiMey ——— - .
I e % "2. AgNO3, KCN 0SiRy
COzMe
=
335
OH
a1 4 Bugsn A~~~ PAPNP)
- ——— OH
334 :
OH cl\/\M/\/\ —
336 “ :
OH
OSiR;
o N COo,Me Pd(PhsP),
Lipoxin B -— H OH .~
P cul, 61%
37 Gy
PACI{(PhCN), Cul  CsHiy ~ 7
CsHu\/\c' + =—CgsHyy ———————————2( CN)z, Cu s R
. H
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Both chlorines of 1,1-dichloroethylene (340) react stepwise with different
terminal alkynes to form the unsymmetrical enediyne 341{250]. The coupling
of the dichloroimine 342 with tin acetylide followed by hydrolysis affords the
dialkynyl ketone 343[251]. The phenylthioimidoyl chloride 344 undergoes step-
wise reactions with two different tin acetylides to give the dialkynylimine
345[252].

CSH“ CsHﬁ
e Pd(PhsP), Y cp—= Vi
= +CHy —= —— > S A,
Cl Cul, 81% cl 75%
340 o 31 N\
CaHy
C4Hg
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™S
Ph Cl PdCIz(dppf)
N=( + BusSn—=——TMS Ph //
SPh 93% N
344 SPh
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BusSn—=——Bu Ph_ //
—— e N_
Pd(PhyP)y, 87% \\

345 Bu

Chlorobenzenes activated by coordination of Cr(CO); react with terminal
alkynes[253]. The 1-bromo-1,2-alkadiene 346 reacts with a terminal alkyne to
afford the alka-1,2-dien-4-yne 347[254]. Enol triflates are used for the coupling
with terminal alkynes. Formation of 348 in the syntheses of ginkgolide[255]
and of vitamin D are examples{256]. Aryl and alkenyl flucrides are inert. Only
bromide or iodide is attacked when the fluoroiodoalkene 349 or fluoroiodoar-
ene is subjected to the Pd-catalyzed coupling with alkynes[257-259].

Cs3Hy H — H Pd(Ph3P)4, Cul CaHy_ H
xr==—=x_" + =—C¢Hy3 x
H Et;NH, 73% H \\

Br
346
347 CeHqs
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Alkynes with EWGs are poor substrates for the coupling with halides.
Therefore, instead of the inactive propynoate, triethyl orthopropynoate
(350) is used for the coupling with aryl halides to prepare the arylpropynoate
351. The coupling product 353 of 3,3-diethoxy-1-propyne (352) with an aryl
halide is the precursor of an alkynai[260]. The coupling of ethoxy(tributylstan-
nyl)acetylene (354) with aryl halides is a good synthetic method for the aryl-
acetate 355[261].
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The formation of disubstituted alkynes by coupling of terminal alkynes,
followed by intramolecular attack of an alcohol or amine, is used for the
preparation of benzofurans and indoles. The benzofb}furan 356 can be pre-
pared easily by the reaction of o-iodophenol with a terminal alkyne[262]. The
2-substituted indole 358 is prepared by the coupling of 2-ethynylaniline (357)
with aryl and alkenyl halides or triflates, followed by Pd(II)-catalyzed cycliza-

tion[263].
I
C[ , —_pn _ PA(OACKPNP), N
OH piperidine,Cul, 80% o

356

_ )
@(/ “ Pd(PhsP)s # O Pd(iD)
+ Ol‘ - - —_—
NH Cul O 64%

The alkynyl iodide 359 undergoes cross-coupling with a terminal alkyne to
give the 1,3-diyne 360[264]. No homocoupling product is formed. This reac-
tion offers a good synthetic method for unsymmetrical 1,3-diynes.

PACIy(PhsP), Cul .
C7H15 — 4+ == %7”15 — —
OH rt., THF, 73% OH
359 360

1.1.2.2 Internal alkynes (including reactions with terminal alkynes by insertion
mechanism). Internal alkynes insert to some Pd—C bonds to generate the
alkenyl-Pd bonds (syn addition of organopalladium species to alkynes, or
carbopalladation of alkynes). The tandem insertion of internal alkynes has
been proposed for the first time in the cyclotrimerization of internal alkynes.
[265] Whereas alkene insertion is followed by facile—dehydropalladation
(elimination of 3-hydrogen., whenever there is a 3-hydrogen). and generation
of Pd(0) catalytic species, alkyne insertion produces the thermally stable alk-
enylpalladium species 361, and further transformations are required for the
regeneration of Pd(0) species for catalytic recycling. In other words, the gen-
erated alkenylpalladium species 361 cannot undergo B-elimination (formation
of alkynes or allenes) even in the presence of a J-hydrogen. In other words, the
alkyne insertion is a ‘living’ process. Thus the alkenylpalladium species 361 are
capable of undergoing further insertion or anion capture before termination.
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Terminal alkynes undergo the above-mentioned substitution reaction with
aryl and alkenyl groups to form arylalkynes and enynes in the presence of Cul
as described in Section 1.1.2.1. In addition, the insertion of terminal alkynes
also takes place in the absence of Cul, and the o-alkenylpalladium complex 362
is formed as an intermediate, which cannot terminate by itself and must
undergo further reactions such as alkene insertion or anion capture. These
reactions of terminal alkynes are also treated in this section.

=P T

R2 \
362

2 —
Rf—= R

R-X + Pd(0Q) ———

The alkenylpalladium intermediate 364, formed by the intramolecular inser-
tion of 363, is terminated by hydrogenolysis with formic acid to give the
terminal alkene 365[266]. The intramolecular insertion of 366 is terminated
by the reaction of the alkynylstannane 367 to afford the conjugated dienyne
system 368[267].

IPd

1
Pd(OAc), HCO,H
NMe  ph,p NMe 70% NMe
o]

0 0
363 364 365
=
Z Pd(Ph3P),
Br + BusSn—=— OTEDMS
OB OTBDMS  86% %
TBOMSO” N7 “ Z
366 367 |
OBu
TBDMSO 368
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The alkenyl iodide or triflate 369 reacts in the absence of Cul with two moleg
of terminal alkyne 370 to form the substituted fulvene 371. The reaction can be
explained by the intermolecular insertion of the alkyne twice, followed by the
intramolecular insertion of the alkene, and S-elimination to form the fulvene
371[268].

oTt

i
ot PACHL(MeCN), [ Pd ) =—1ms
+  =—TMS —
Et3N, 49% L
268 370
™S
. X@@ . X@@

In the alkylative cyclization of the 1,6-enyne 372 with vinyl bromide, forma-
tion of both the five-membered ring 373 by exo mode carbopalladation and
isomerization of the double bonds and the six-membered ring 374 by endo
mode carbopalladation are observed[269]. Their ratio depends on the catalytic
species. Also, the cyclization of the 1,6-enyne 375 with -bromostyrene (376)
affords the endo product 377. The exo mode cyclization is commonly observed
in many cases, and there are two possible mechanistic explanations for that
observed in these examples. One is direct endo mode carbopalladation. The
other is the exo mode carbopalladation to give 378 followed by cyclopropana-
tion to form 379, and the subsequent cyclopropylcarbinyi-homoallyl rearran-
gement affords the six-membered ring 380. Careful determination of the £ or Z

structure of the double bond in the cyclized product 380 is crucial for the
mechanistic discussion.

Pd(OAc)z, Ph3P
Et3N

373: 374=23:1

372 Br 373(exo) 374(endo)

sz(dba)g‘ Ph,yP
Et;N

373:374=1:2
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E = Pdy(dba),, PhsP E AN pp
+ Ph\/\Br - ——»E
E — Et;N, 67%
375 376

= O @é
. Q“ _.Qﬁ

The reaction of the 1,6-enyne 375 with the alkenyl bromide 381 gives the
vitamin D skeleton 383. The six-membered ring 383 is claimed to be the pro-
duct of direct 6-endo-trig cyclization of 382, based on the reported stereochem-
istry of the triene 383. However, the exo mode cyclization, followed by
rearrangement to give the six-membered ring with a different stereochemistry.
may be another possibility. In the construction of the conjugated triene system
in vitamin D, the alkenylpalladium formed from 385 undergoes intermolecular
insertion into the terminal triple bond of the 1,7-enyne 384 first to form the
alkenylpalladium 386, which then undergoes further intramolecular insertion
of the double bond, yielding the triene system 387 in 76% yield[270].

Many examples of insertions of internal alkynes are known. Internal alkynes
react with aryl halides in the presence of formalte to afford the trisubstituted
alkenes[271,272]. In the reaction of the terminal alkyne 388 with two molecules
of iodobenzene. the first step is the formation of the phenylacetylene 389. Then
the internal alkyne bond, thus produced, inserts into the phenyi-Pd bond to
give 390. Finally. hvdrogenolysis with formic acid yields the trisubstituted
alkene 391[273.274). This sequence of reactions is a good preparative method
for trisubstituted alkenes from terminal alkynes.

Intramolecular reaction can be used for polycyclization reaction[275]. In the
so-called Pd-catalyzed cascade carbopalladation of the polyalkenyne 392, the
first step is the oxidative addition to alkenyl iodide. Then the intramolecular
alkyne insertion takes place twice, followed by the alkene insertion twice. The
last step is the elimination ol 8-hydrogen. In this way, the steroid skeleton 393
is constructed from the linear diynetriene 392[276].

The dienyne 394 undergoes facile polycyclization. Since the neopentylpalla-
dium 395 is formed which has no hydrogen 3 to the Pd after the insertion of the
disubstituted terminal alkene, the cyclopropanation takes place to form the -
allylpalladium intermediate 396, which is terminated by elimination to form
the diene 397[275]. The dienyne 398 undergoes remarkable tandem 6-exo-dig.
5-exo-trig. and 3-exo-rrig cyclizations to give the tetracycle 399 exclu-
sively[277].
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R R
E =
+
E — Pd,(dba)s, PhyP ! |
375 ! '
Et3N, 68%
B~ 381 PdX
E E
E u E
382 383

Pd(dba);, PhyP
—_——
EBN, 120°, 76%

/
Z =
. +
TBDMSO™ OTBDMS

“,

TBSDMO™ OTBDMS i TBSOMO™
386 387
E J—: + 2phy TUOAC), PhaP
OH Et3N, Cul, 66%
l , Ph Pdl Oe_< HCOzH H Ph
on Ph
389 391
E
PA(PhyP), NEt,
e .
MeCN, 76% E 303
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397

BrPd
Pd(OAC),, PhyP / BrPd
— —_—
)g MeCN, AngOa, 62%
o} o] o

399

The o-alkenylpaliadium 400, formed as an intermediate, is converted into the
benzene derivative 401 by the intermolecular insertion of acrylate{278]. A for-
mal [2 + 2 + 2] cycloaddition takes place by the reaction of 2-iodonitroben-
zene with the 1,6-enyne 402. The neopentylpalladium intermediate 403
undergoes 6-endo-trig cyclization on to the aromatic ring to give 404[279].

8rPd
E —_—
Br]| Pd(DAc),, PhyP, MeCN ’V P E
Ag,CO4, K,CO,, 56%
o o]
E = CO,Et 400 OBz
E E E
) E ; i ;
o] 0 (o]
o8z a01 982

' g =— Pd(OAc),, Ph,P
* EX % TIOAc, 60%
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The naphthalene ring compounds 405 and 406 are formed by the inter-
molecular reaction of m-iodoanisole with diphenylacetylene[280].

Ph Ph
! Pd(OAc), PhiP Ph Ph
+ 2Ph—=—Ph +
EI,N, CH;NO, Ph MeO
MeO MeO Ph h
a05 13% a0 1%

The benzene derivative 409 is synthesized by the Pd-catalyzed reaction of the
haloenyne 407 with alkynes. The intramolecular insertion of the internal
alkyne, followed by the intermolecular coupling of the terminal alkyne using
Pd(OAc),, PhsP, and Cul, affords the dienyne system 408, which cyclizes to the
aromatic ring 409[281]. A similar cyclization of 410 with the terminal alkyne
411 to form benzene derivatives 412 and 413 without using Cul is explained by
the successive intermolecular and intramolecuar insertions of the two triple
bonds and the double bond[282]. The angularly bisannulated benzene deriva-
tive 415 is formed in one step by a totally intramolecular version of polycycli-
zation of bromoenediyne 414{283,284].

—=—C.Hs Pd(OAc),, PhyP
BnN Br 4 =—4-O0OH ————
Cul, ELN, 81%
407
Cz”s C,Hs C.H;

—— BrN

OH oH
408 409
E ==—TMS PdCl3(Ph3P)z (5%)
Br +* ___ csH13
E Buli (10%), Et;N
411
410
T™S T™S
=—C¢ty3
Pdx 411 _E 2 |
E
H
Pd-X 6 Pd-X CGH13
™S
E E
- *E
CeHia CeHia
47% a47%
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0 o]
MeO. _
Pd(OAc),, Phyp  |BFY

Br[ I OMe| —
K2CO3, MeCN, 75%

OMe

E E
E = CO,Et 415
414

The insertion of internal alkynes is terminated by anion capture. In the
reaction of 416, the final step is the capture by organotin or zinc reagents to
give 417[285,286]. This reaction is overall c¢is addition to the triple bond.
Comparative studies with various metal reagents in the tandem cyclic carbo-
palladation and cross-coupling reaction of o-iodo-3-pentynylbenzene (418)
have been carried out[287]. The carbometallation to give 419 is competitive
with the direct cross-coupling to afford 420. The direct cross-coupling takes
place with the Zn reagent to give 420. However, Zr, Sn, Al, and B reagents
undergo initial cyclic carbopalladation, followed by cross-coupling to give 419
as desired, but their reactivity is different depending on the organic parts. Zr
seems to be most effective for introducing alkenyl groups, but not for aryl and
alkynyl groups. Sn is good for introduction of alkenyl and alkynyl groups. but
not for aryl groups. Al is most effective for cyclization—arylation.

Me I-Pd CH,=CH-Pd

1l pacoAc), —Me @j)—m
@N Ph,P, 60% BUganH CH,
1
Ac c
416
—————

= M Pd(Ph P)s
+
| c.H,
418 [: I :——‘
CaHy
HiC¢ 219 420

2nCl  THF, r.t, 68
Cp22rCl THF, refl. 84 3
SnMe; THF-MMPA, refl. 69 2
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Interesting formation of the fulvene 422 takes place by the reaction of the
alkenyl bromide 421 with a disubstituted alkyne[288]. The indenone 425 is
prepe'ired by the reaction of g-iodobenzaldehyde (423) with internal alkyne
The intermediate 424 is formed by oxidative addition of the C—H bond of
the aldehyde and its reductive elimination affords the enone 425[289,290].

OEt
I CHO
— Pd(OAc), Ph Ph Ph Ph
s’ ‘OEt + Ph——=—Ph — —_—
P{o-tol) \. 55%
421 ® Ph,,,Ph Ph Ph
0
CHO PA(OA H
@[ + Ph—=—ph—O(OAC); NaOAc P
Bu,NCI, 84% 2
| 4 ] Ph
423 424 Ph

(o)
L
425 Ph

The N-methylbenzo[de]quinoline 426 was prepared by trapping the insertion
product of an internal alkyne with a tertiary dimethylamine. One methyl group
is eliminated. The dimethylaminonaphthalene—Pd complex 427 is an active
catalyst and other Pd compounds are inactive[290a).

N\Mez Me
NMe, Pd-l N_ _Ph
O I+ ph—== 427 O [
== _ph
O 87%

. Pyrrole derivatives are prepared by the coupling and annulation of ¢-iodoa-
nilines with internal alkynes[291]. The 4-amino-5-icdopyrimidine 428 reacts
with the TMS-substituted propargyl alcohol 429 to form the heterocondensed
pyrrole 430, and the TMS is removed[292]. Similarly, the tryptophane 434 is
obtained by the reaction of 0-iodoaniline (431) with the internal alkyne 432 and
deprotection of the coupled product 433[293]. As an alternative method, the
2,3-disubstituted indole 436 is obtained directly by the coupling of the o-z;lky-
nyltrifluoroacetanilide 435 with aryl and alkenyl halides or triﬁates[294].
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Me Me
I
N Pd{OAc),, PhsP N7 OH
/EJI + IMS——— > = - /k\ l N ™S
Me” N NH, OH EN, BugNCl, 51% N :
428 429 430
! TBOMS = \poe PA(OAS) PhaP
+ = ——
NH, =Y DMF, BuyNCl, 62%
431 a2 CO:H
NHBOC NH,
N” ~TBDMS N
H H
433 434
" .
Z O Pd(PhyP), O |
+ -
NHCOCF, K2C0q,74% N” “Ph
H
435 436

The reactions discussed above afford the cis addition products to triple
bonds. On the other hand, the frans addition of aryl or alkenyl groups and
soft nucleophiles to terminal and internal alkynes is known. In this reaction.
aryl or alkenylpalladium intermediates activate the triple bond to induce addi-
tion of an oxygen or a soft carbon nucleophile from the rear side to form the
trans adducts. This reaction can be understood as oxypalladation or carbopal-
ladation of alkynes with o-aryl or o-alkenyl palladium species. The reaction of
the 4-alkynoic acid 437 with aryl, alkenyl[295]. and alkynyl halides 439[296]
produces the ~-alkylidene butyrolactones 438 and 440. The reuction of 4-
pentyn-1-ol or o-(2-propynyl)phenol (441) with aryl halides affords 2-alkyli-
denedihydrobenzofuran 442 and the benzofuran 443[297]. Similarly, 2.3.5-tri-
substituted furans are obtained by the reaction of 2-propargyl-1.3-dicarbonyl
compounds[298]. The reaction of a nitrogen analogue 444 affords pyrrolidine
derivative 445[299]. The stereodefined benzylidenecyclopentane 447 1s obtained
by the rrans addition of an aryl group and carbanion to the terminal alkyne
446[3001.
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/ Pd(oAc)z, Phap, EtaN
NI e oig}\/\/%

BuNCI, MeCN, 74%

437 o
o
HO,C. J . Bu_—_p, Pe(0). TFP, t-BuOK mo
DMSO, rt., 84% Bu
437 439 440

OH BuLl
/ \ 1. Bu
@E/// * Q\I 2. PdCl,, PhyP, 75%
441

442
1. Bull Ph
C(\\\ + Phi mﬂ
2. Pd(OAg)z, PhyP, B5% N
NHTs (OAc), Pha ° 1
444 445
= CO,Me Pdj(dba)s, dppe
= NN + Phi
446 CO,Me -BuOK, DMSO, 88%
L'\ i
pheF N Ph
JH c02Me CO,Me | CO,Me
—-
c02Me CO,Me CO,Me
447

1.1.3 Carbonylation

1.1.3.1 Formation of carboxylic acids and their derivatives. Aryl and alkenyl
halides undergo Pd-catalyzed carbonylation under mild conditions, offering
useful synthetic methods for carbonyl compounds. The facile CO insertion
into aryl- or alkenylpalladium complexes, followed by the nucleophilic
attack of alcohol or water affords esters or carboxylic acids. Aromatic and

a,B-unsaturated carboxylic acids or esters are prepared by the carbonylation of

aryl and alkenyl halides in water or alcohols[301-305].
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0 i
Pd(0) + ArX —» Ar-Pd-X —= Ar—C—Pd-X

(o] o]
H
T Pe(0) + Ar—C-X ROH _ Ar—C-OR + HNRyX
NR3
X CO.H
©/ + CO + HLO —— ©/

R R
t_\ + CO + ROH —» =
X

CO.R

In the total synthesis of zearalenone (451), the ester 450 was prepared by the
carbonylation of the crowded aryl iodide 448. The alkyl iodide moiety in the
alcohol molecule 449 is not attacked[306]. Methyl trifluoromethacrylate (453)
was prepared by the carbonylation of 3,3,3-trifluoro-2-bromopropylene (452).
The carbonylation in the presence of alkylurea affords 454, which 1s converted
iuto the trifluoromethyluracil 455[307].

OMe
! R
OH o_.,0 PACly K,CO3, PhH
+ CO + )\/\X/\/\l
MeO 120°, 12 atm., 70%
448 gpp 449
OMe O OMe O
y\/E/\J/
MeO o]
451
F3C PdCl,(PhsP), 100°C F;C
S==+ CO +MeNHCONHMe 2 S
Br' 4so Et3N, 40 atm, 70% RO,C
453
0 0
Me CFs Me. CF3
J\ - = N I
.
Me
454 Mess5
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Usually, iodides and bromides are used for the carbonylation, and chlorides
are inert. However, oxidative addition of aryl chlorides can be facilitated by use
of bidentate phosphine, which forms a six-membered chelate structure and
increases the electron density of Pd. For example, benzoate is prepared by
the carhonylation of chlorobenzene using bis(diisopropylphosphino)propane
(dippp) (456) as a ligand at 150 °C[308]. The use of tricyclohexylphosphine
for the carhonylation of neat aryl chlorides in aqueous KOH under biphasic
conditions is also recommended[309,310].

(o] CO,Bu \(
Pd(OAc),, dippp, AcONa .
+ CO + n-BuOH dippp; P
150°, 70psi, 89%

P

A

456

The benzoic acid derivative 457 is formed by the carbonylation of iodoben-
zene in aqueous DMF (1 : 1) without using a phosphine ligand at room tem-
perature and 1atm[311]. As optimum conditions for the technical synthesis of
the anthranilic acid derivative 458, it has been found that N-acetyl protection,
which has a chelating effect, is important[312]. Phase-transfer catalysis is com-
bined with the Pd-catalyzed carbonylation of halides[313]. Carbonylation of
1,1-dibromoalkenes in the presence of a phase-transfer catalyst gives the gem-
inal dicarboxylic acid 459. Use of a polar solvent is important[314].
Interestingly, addition of trimethylsilyl chloride (2 equiv.) increased yield of
the lactone 460 remarkably[315]. Formate esters as a CO source and NaOR are
used for the carbonylation of aryl iodides under a nitrogen atmosphere without
using CO[316]. Chlorobenzene coordinated by Cr(CO)s is carbonylated with
ethyl formate[317].

: CO.H
PA(OAc);, K,CO3, DMF
+ CO + H0
1 atm,, rt., 92%
cl
c 457
NHCOMe PdCl,(PhaP)y(0.1 wt%), PhsP
+ CO + H,0
Br BusN, 120°, 3 atm., 85%
NHCOMe
COLH
458
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Br Pd, dppe, BnNE;C| CO,H

/W/:<Bf *+ €O AMOH, NaGH, 82% /\(_{cow

Pd(OAc),, PhsP,PhMe
Me3SICl, 100%

| CO,Me
©/ + HCO;Me + MeONa M@ + MeOH
CH,Cly, 40°, 98%

Carbonylation of benzyl chloride affords phenylacetate[318]. Preparation of
phenylacetic acid (461) in a high vield by the carbonylation of benzyl chioride
in two-phase solvents (water and heptane) using water-soluble sulfonated
phosphine (DPMSPP) as a ligand has been carried out[313.319-321]. t-Butyl
phenylacetate is prepared at 1 atm using triethylbenzylammonium chloride as a
phase-transfer catalyst[322]. Carbonylation of benzyl halides can also be car-
ried out under neutral conditions using molecular sieves or tetramethyl-
urea[323]. In the total synthesis of the macrolide curvularin (464). the Pd-
catalyzed carbonylation of the benzyl chloride 462 to give the ester 463 has
been applied[324]. Although benzyl acetate cannot be carbonylated. chiral 1-
and 2(1-acetoxymethyl)naphthalenes (465) undergo the formate-mediated car-
bonylation to give free carboxylic acids 466 and 467 with extensive racemiza-
tion in the presence of sodium formate using dppp. The corresponding 1-
naphthylethyl formate is also carbonylated[325].

PdCl,L, NaOH
¢ Lcos H,0 —————— COM
hepane, 89%
461
L; PhP

503N8

cl PdCly(Ph3P), PhsP, BnEL;NCI
©/\ + CO + t-BuOK 2(PhsPz: Phs 3 - COxt-Bu
AcONa, 1 atm., 70°, 60%
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c HO
e0,
. PACl(PhsP), AcONa
r° 100°, 10 atm., 70%
0.0

MeO O
464

463 Ph

OAc PdCly, dppp
+ CO
HCO,Na, 120°, 57%
465
cozH COzH
+

466 467
84 : 16

The phenylacetic acid derivative 469 is produced by the carbonylation of the
aromatic aldehyde 468 having electron-donating groups[326]. The reaction
proceeds at 110 °C under 50-100 atm of CO with the catalytic system Pd-
Ph3P-HCI. The reaction is explained by the successive dicarbonylation of the
benzylic chlorides 470 and 471 formed in situ by the addition of HCI to alde-
hyde to form the malonate 472, followed by decarboxylation. As supporting
evidence, mandelic acid is converted into phenylacetic acid under the same
reaction conditions[327].

HO PdCl, Php MO
+2C0 + EIOH ———— o
MeO CHO HCL73%  Meo CH,CO,Et

468 469
H H Hel
ArCHO + HCI — > Ar-—’—CI —— Ar—coR — =
OH
470
Ar—CHCO,R ——= Ar—CHCOR ——= ArCH,COR + CO;
al COH
471 472
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Triflates of phenols are carbonylated to form aromatic esters by using
Ph;P[328]. The reaction is 500 times faster if dppp is used[329]. This reaction
is a good preparative method for benzoates from phenols and naphthoates
(473) from naphthols. Carbonylation of the bis-triflate of axially chiral 1,1'-
binaphthyl-2,2’-diol (474) using dppp was claimed to give the monocarboxy-
late 475[330]. However, the optically pure dicarboxylate 476 is obtained under
similar conditions[331]. The use of 4.4 equiv. of a hindered amine
(ethyldiisopropylamine) is crucial for the dicarbonylation. The use of more
or less than 4.4 equiv. of the amine gives the monoester 475.

ott PA(OAC), PhsP CO,Me
OO + CO + MeOH
EtsN, 60°, 1 atm.,78%

473

QAL
©© Pd(OAc), ©© o

OTt &+ CO + MeOH
dppp 475

: : oTt
83%, 100% COzMe
474 %, 100%ee COaMe

(R) 476

47%

Carbonylation of enol triflates derived from ketones and aldehydes affords
a,f-unsaturated esters{332]. Steroidal esters are produced via their aryl and
enol triflates[328]. The enol triflate in 477 is more reactive than the aryl triflate
and the carbonylation proceeds stepwise. First, carbonylation of the enol tri-
flate affords the amide 478 and then the ester 479 is obtained in DMSO using

dppp[333]).
oTt

‘ Pd(OAc); (PhaP);
+CO + i-PNH ———

C‘ 60°, 1 atm., 59%
CONPrz

CONPr,
€0, MeOH
Pd(OAc)g dppp,DMSO,
Me0,C
TfO

TfO

Et3N, 70°, 1 atm., 73% 7
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Carboxylic acids are produced in water. Selection of solvents is crucial and
the carbonylation of the enol triflate 480 can be carried out in aqueous DMF
and that of the aryl triflate 481 in aqueous DMSO using dppf as a,
ligand([328,334]. The carbonylation of the enol triflate 482 to form the Q, f3-
unsaturated acid 483 using dppf as a ligand in aqueous DMF has been applied
in the total synthesis of multifunctionalized glycinoeclepin[335].

oTt COzH
Pd(OAc), (Ph3P),, AcOK
DMF, rt., 1 atm., 82%

+ CO + H,0

480
ot Pd(OAC),, dppt, DMSO COH
+ CO + H,0
60°, 1 atm., 95%

481

Pd(OAc),, dppf

DMF, 1 atm., 82%

Carboxylic acids are obtained from aryl iodides by the reaction of chloro-
form under basic conditions without using CO[336].

©/I CHCl, + sKkOH  —oc(PhaP), coK
+ CHCl3 + _— = . +3KCl + KI
PhH, 69% + K30

Other pseudo-halides are used for carbonylation. Phenyl fluorosulfonate
(484) can be carbonylated to give benzoate[337]. Aryl(aryl)iodonium
salts[338}, aryl(alkenyl)iodonium salts (485)[339], and aryl(alkynyDiodonium
salts (486)[340] are reactive compounds and undergo carbonylation under
mild conditions (room temperature, 1 atm) to give aryl, alkenyl, and alkynyl
esters. lodoxybenzene (487) is carbonylated under mild conditions in
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water[341]. Benzoic acid derivatives are prepared by the carbonylation of arene-
diazonium salts under mild conditions{342]. For example, the acid anhydride
489 is prepared by the carbonylaiion of the benzenediazonium salt 488 in acetic
acid. By this method, nitrobenzene can be converted into benzoic acid indir-
ectly[343]. In the presence of tetraalkylstannane, ketones are obtained[344].

OM
0SO.F Pd(OAc)z, dppp, DMSO COMe
+ CO + MeOH -

EtsN, 1 atm., 60°, 88%

484
Phi* BFy CO:Me
Pd(OAc),, BusN
+ CO + MeOH ——— >
rt., t atm,, 84%
485

‘- Pd(OAC) 2, BusN _
Bu—==—1IPh OTs + CO + MeOH (OAc)z Busl o, — co,me
r.t., 1 atm., 64%

486
Na,PdCly Na;CO3
PhIO; + CO + H,0 PhCO,Na
187 1 atm., 40°, 71%
0
Pd(OAc), ph—<
PhN,BF; + CO + MeCONa —— o 0
488 rt., 83% Me
489 0

The carbonylation of aryi halides under mild conditions in the presence of
CsF affords the acid fluoride 490 in good yields. Unlike acyl chlorides. acyl

fluorides are inert toward Pd(0) catalyst[345]. Benzenesulfonyl chloride (491)

undergoes desulfonylation—carbonylation to give the benzoate 492 in the pre-
sence of titanium tetralkoxide at 160 “C[346].

PdCly(Ph;P)2
Ci | + CO + CsF a0 CI—Q—COF

91% conversion 490
80% selectivity
S0,Cl Pd(PhyP), 160° CO2--Pr
+ CO + Ti(o-iPr)4 -
10 atm., 66%

491 492
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Heteroaromatic esters such as 493 and amides are produced by the carbo-
nylation of heterocyclic bromides{347,348]. Even dichloropyrazine (494) and
chloropyridine are carbonylated under somewhat severe conditions (120 °C, 40
atm)[349]. The carbonylation of trifluoroacetimidoyl iodide (495) proceeds
under mild conditions, and can be used for the synthesis of the trifluoromethyl.
glycine derivatives 496 and 497[350].

N PdCl2(Ph;P)2 N
7\ A\
Br +CO + EOH ———————» [/
k} L};‘cozﬂ

EtgN, 100°, 95%

a N Pdy(dba)s, Ph;p  EtO:C CO,Et
\[ ]/ +CO +MeOH —0 — — & \[ ]/
N 120°, 66%
494

/]\ Pdy(dba),, KoCO4 )C\OzEl Zn CO,Et
+CO + IOH —— _—
CR SN * . 1atm, 96%  CFs~ °N T64%  CFy” “NH,
Tol Tol 496
495 eLi
65% CO,Et
c
Fa” aNH;

497

Carbonylation of halides in the presence of primary and secondary amines at
1 atm affords amides{351]. The intramolecular carbonylation of an aryl bro-
mide which has amino group affords a lactam and has been used for the
synthesis of the isoquinoline alkaloid 498[352]. The naturally occurring
seven-membered lactam 499 (tomaymycin, neothramycin) is prepared by this
method[353]. The a-methylene-g-lactam 500 is formed by the intramolecular
carbonylation of 2-bromo-3-alkylamino-1-propene[354].

MeO MeO
NH Pd, PhyP
+ 0 ———— | N
EtO Br 34.5% EtO
o]

498

OMe
OMe

o]
/j o

/Oj [e]
TsO "JKO_OR Pd(PhgP) Bu;N T8O N
L e |
tO Br H 110°, 68% EtO N

409 O
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O Ph Pd(OAc)s, PhP, Et:N ' o_-Ph
co I}

+
80°, 4 atm., 62.7% (o}

CO>"pn CO2pp
500

Br N

The carbonylation of o-diiodobenzene with a primary amine affords the
phthalimide 501{355,356]. Carbonylation of iodobenzene in the presence of
o-diaminobenzene (502) and DBU or 2,6-lutidine affords 2-phenylbenzimida-
zole (503)[357]. The carbonylation of aryl iodides in the presence of pentafluor-
oaniline affords 2-arylbenzoxazoles directly. 2-Arylbenzoxazole is prepared
indirectly by the carbonylation of o-aminophenol[358]. The optically active
aryl or alkenyl oxazoline 505 is prepared by the carbonylation of the aryl or
enol triflates in the presence of the opticaly active amino alcohol 504, followed
by treatment with thionyl chloride[359].

o]

1 PdCly(Ph3P)
+ PhNH; + CO —_— - N—-Ph
| DBU, 63%

s01 ©
NHz PdCly(Ph3P),, DBU N,
NH, 145°, DMA, 95% N
502 H
503

oTt Pd(dba),, dppp, EtsN
/©/ +CO +
1 atm., 70°, 62%
socl \3""'-
)\< sot o A
e
505

Alkenyl chiorides are generally not very reactive, but vinyl chloride is excep-
tionally reactive and its carbonylation with NHj at 100 °C gave the Michael
adduct of acrylamide 506 in high yields[360].

PdCly(PhsP),
=\. +CO+NHy — CONH,
cl 100° '{\5/06 %
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Under certain conditions, doubie carbonylation takes place to give deriya-
tives of a-keto carboxylic acids. It is competitive with monocarbonylation. The
carbonylation of iodobenzene in water using Ca(OH), as a base and alkylpho-
sphine as a ligand gives the a-keto acid (phenylglyoxylic acid) 507[361]. In
aqueous isopropyl alcohol in the presence of Ca(OH),, double carbonylation
and reduction proceed to afford mandelic acid (508) using MesP as 3
ligand[362]. The a-keto amide 509 is formed with high chemoselectivity by
use of secondary amines and alkylphosphines or bidentate phosphines such
as dppb(363,364]. The product of the double carbonylation of o-iodoacetanj-
lide is converted into isatin (510) and the quinoline 511]365]. Chlorobenzene
(512), coordinated by Cr(CO);, undergoes double carbonylation using
PdCl,(MePh,P), to give a-keto amide and benzamide. Cr(CO); is decoordi-
nated during the reaction[366].

PAC1,(EtyP),,Ca(OH),
PhCOCO,H  + PhCO.H

t-BuOH, 150 atm,100°C 547 779, 1%

Ph—1 + 2C0O + H,0

PdCly(MesP)y, >‘°“ Py oo

Ca(OH),, 150 atm, 67% OH
508

Ph—i + 2CO + H,0

Pdc|2(MePh2P)2
—_—

Ph-l + CO + Et;NH PhCOCONEt, + PhCONEt,

100°, 95% 509
86 : 14
! PACly(MePh,P), COCONE,
+ CO + EtNH ——m—
NHAc NHAc
1. NaOH
%%
2. MeCOMe
N 89% | )
~
N Me B N
511 510 H
PN PACI(MePhsP), COCONE, CONE,
gl +coO+ EttNH ——m8— +
/ Ph,Me, 100°
Cr(COh, 51.7% 46.6%

Reactions of Organic Halides and Pseudo-Halides 199

The a-keto ester 513 is formed from a bulky secondary alcohol using tricy-
clohexylphosphine or triarylphosphine, but the selectivity is low[367-369].
Alkenyl bromides are less reactive than aryl halides for double carbonyla-
tion[367]. a-Keto amides are obtained from aryl and alkenyl bromides, but
a-keto esters are not obtained by their carbonylation in alcohol[370]. A
mechanism for the double carbonylation was proposed[371,372].
_PaClPCy): PhCOCO,Bu + PhCO,Bu
Et3N, 91%conv. 513

Phl + CO + sec-BuOH

64 : 36

1.1.3.2 Formation of aldehydes. Aldehydes can be prepared by the carbonyla-
tion of halides in the presence of various hydride sources. The carbonylation of
aryl and alkenyl iodides and bromides with CO and H- (1:1) in aprotic solvents
in the presence of tertiary amines affords aldehydes[373,374]. Aryl chlorides, as
tricarbonylchromium derivatives, are converted into aldehydes at 130 "C[366].
Sodium formate can be used as a hydride source to afford aldehydes.
Chlorobenzene (514) was carbonylated at 150 °C to give benzaldehyde with
CO and sodium formate by using dippp as a ligand[373,376].

PdCIy(PhyP), CHO

1
\/=</ +CO +H —m—m——— v=</
Et3N, 75%

cl Pd(OAc)z, dippp CHO
+ CO + HCO3Na _— + NaC! + CO;
150°, 20 h., 90%

514

Aldehydes can also be prepared by the carbonylation of aryl and alkenyi
halides and triflate, and benzyl and allyl chlorides using tin hvdride as a
hydride source and Pd(Ph;P), as a catalyst[377]. Hydrosilanes arc used as
another hydride source[378]. The arenediazonium tetratluoroborate 515 is con-
verted into a benzaldehyde derivative rapidly in a good vield by using Et;SiH
or PHMS as the hydride source[379].

ort Pd(Ph3P)s, THF CHO
+CO + BusStH —— ——— >
3 atm,, 98%
N,BF, CHO

Pd(OAc),, MeCN, Et,0
+ CO + Et3SiH
rt., 10 atm., 10 min., 79%

515
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1.1.3.3 Formation of ketones. Ketones can be prepared by the carbonylation
of halides and pseudo-halides in the presence of various organometallic com-
pounds of Zn, B, Al, Sn, Si, and Hg, and other carbon nucleophiles, which
attack acylpalladium intermediates (transmetallation and reductive elimina-
tion).

The carbonylation of aryl iodides in the presence of alkyl iodides and Zn-Cy
couple affords aryl alkyl ketones via the formation of alkylzinc species from
alkyl iodides followed by transmetallation and reductive elimination[380]. The
Pd-catalyzed carbonylation of the diaryliodonium salts 516 under mild condi-
tions in the presence of Zn affords ketones 517 via phenylzinc. The a-diketone
518 is formed as a byproduct[381].

Pd(Ph;P),
————> Ph—-COPd-1 — 0

1 atm,
| P /u\/\ + ZnCl,

A ey — AL [93% PR

Ph—1 + CO

Pd(OAc)y, Zn
2[ph-—|—ph]c| +CO0 — = PhCOPh + PhCOCOPh
1 atm., acetone 7 518

516 56% 24%

Organoboranes can be used for ketone synthesis under basic conditions. The
aryl ethyl ketone 519 is obtained by the carbonylation of aryl iodide with
triethylborane in the presence of Zn(acac), as a base[382]. The cyclic ketone
521 is prepared from the iododiene 520 by hydroboration of the terminal
double bond, followed by carbonylation[383]. The phenylboronic acid 522
can be used for aryl ketone formation. Carbonylation of benzyl bromide
with 522 afforded the ketone 523, which was converted into the flavone
524[384]. Isonitrile can be used for ketone formation instead of CO. The cou-
pling reaction of aryl iodide, s-butyl isonitrile and 9-alkyl-9-BBN affords aryl
alkyl ketones after hydrolysis of the product 525. Use of 9-alkyl-9-BBN is
crucial{385]. Interestingly, the dialkyl ketone 526 can be prepared by the car-
bonylative coupling of alkyl iodides and alkylboranes (typically 9-alkyl-9-
BBN) without elimination of B-hydrogen. Irradiation with visible light is
important to achieve satisfactory yields[386]. Although this is not the carbo-
nylation of aryl or alkenyl halides, this ketone formation from alkyl halides is
treated here for convenience and a better understanding (see Section 1.3).

PACI,(Ph,P), 0

Phl + CO + Ef;B
Zn(acac),, HMPA, 82% Pth/
519
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OMOM OMOM
F PACI(PhsP),
+ 9-BBN + CO
I K3POy4, PhH, 74%
520 521 O
PdCly(PhsP)y, K,CO,
B(OH), + CO + PhCH,Br
1 atm., 78%
OMOM
522
0 o)
Ph Ph
—l ||
OMOM 79% o
523 524
Pd(Ph3P),
Phi + t-BuNC + 9-CgH;,-9-BBN
K3PO,
NBu o
J\/\/\/\/ 0 /Lk/\/\/\/
Ph Ph
525 97%

Pd(Ph;P)4, K3PO,

9-CgHy7-9-BBN + CO + CgHyal "
e e dioxane, 67% CoHiz ™ "Cotrg
526

Organoaluminum compounds such as triphenylaluminum (527) are used for
ketone synthesis{387]. On the other hand, the reaction of i-BuzAl affords the
corresponding alcohol 528 by reductive carbonylation[388].

OMe 0
PdCIy(PhCN),
PhsAl + +C0 ————— >
DMSO, 98% MeO

527

PdCl;(PhsP).  Ph ,
Phl + CO + (>/7“AI —_— Y\r
3 DME, 95% OH 528

Organotin compounds such as aryl-, alkenyl-, and alkynylstannanes are
useful for the ketone synthesis by transmetallation of acylpalladium 529 and
reductive elimination of 530 as shown[389-393]. Acetophenone (531) is
obtained by the carbonylation of iodobenzene with MeySn. Diaryl ketones
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can be prepared at room temperature under | atm of CO by the reaction of aryl
halides with phenyltrimethyltin using r-allylpalladium chloride as a catalyst
and HMPA as a solvent[394]. The aryl triflates 532 are shown to be excellent
substrates, and ketones are obtained in good yields under 1 atm of CO at 70 °C
by use of dppf as a ligand and LiCl as a promoter. The acylpalladium 533,
formed by the insertions of CO, aikene, and CO, is converted into the alkenyl-
1,4-diketone 534 by being trapped with a vinyltin compound[395]. Reaction of
the arenediazonium salt 535 with Me,Sn is used for the synthesis of aryl methyl
ketones[396].

Pd(0) BuzSn
Ar-l + CO ——— ArcO-Pd-X ——

529

[Arcoms‘ _]—> arco’ * BusSAX 4 Pd(0)

530
I COCH
PhP 3
©/ + CO + MeySn d(PhaPle + MesSni
HMPA, 120°, 85%
531
oTf
iMe. PdCly(d
@/\*' co . EuasnA/SIMeg 2(dppf)
N LiCl, 50 ~ 60%
532 0 0
r—————
)
533 534 ©
Pd(OAc),, MeCN
Cl N,BF, + CO + Me,Sn rCI—Q—COMe
9 atm., rt., 90%

535

The reaction of alkenyl iodides or triflates, alkenylstannanes, and CO
affords divinyl ketones[397,398]. Thus the capnellene skeleton 538 has been
synthesized by the carbonylation of the cyclopentenyl triflate 536 with the
alkenyltin 537[392]. The macrocyclic divinyl ketone 540 has been prepared in
a moderate yield by the carbonylative cyclization of 539{399].

omt
PA(PhyP),, LiCI

+ Megsn  NTMS | oo TA(PRaP |
THF, 1 atm., 86%

537
536 538 ™S
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o O,

Pdclz(MeCN)z
DMF, LiCl, 53%

oMt gnBu,

539
The aryl- and heteroarylfluorosilanes 541 can be used for the preparation of

the unsymmetrical ketones 542[400]. Carbonylation of aryl triflate with the
siloxycyclopropane 543 affords the «y-keto ester 545. In this reaction, transme-
tallation of the siloxycyclopropane 543 with acyipalladium and ring opening
generate Pd homoenolate as an intermediate 544 without undergoing elimina-
tion of 3-hydrogen[401].

I CHO__
ﬂ\ . co . 1-CyH5PdCI, KF, DMI )
s” “SIELF 100°, 1 atm., 72% S CHO

O 540

541 0 542
OoTf
Et0_ OSiMe, Pd(Ph4P),
+ * —————————
HMPA, 87%
543
o]
pg” ™~ COE CO,Et
544 545
o) (o)

Alkyi- and arylmercury(Il) halides are used for the ketone formation[402].

When active methylene compounds such as 3-keto esters or malonates are
used instead of alcohols, acylated 3-keto esters and malonates 546 are pro-
duced. For this reaction, dppfis a good ligand[403]. The intramolecular version
of the reaction proceeds by trapping the acylpalladium intermediate with eno-
late to give five- and six-membered rings smoothly. Formation of 547 by
intramolecular trapping with malonate is an example[404].

(o]

I
@/ v cos COEt _ PdO) dppt ©)\<°°’E'
CO.Et  EoN, 120°, 75% CO.Et

546
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1 100°, EtsN, 90% COMe
547 0O
When an enolizable carbonyl group is present, competition between C and 0
trappings takes place. Generally, O trapping is favored over C trapping in the
cyclization of the same ring size[405]. The carbonylative cyclization of o-bro-
mophenyl butyl ketone (548) gives the enol lactone 549 by O-enolate trapping,
The carbonylation in the presence of Ti isocyanate complex, prepared in sity
from TiCls, No, and Mg, affords the lactam 530[406]. The intermolecular O-
enolate trapping and cyclization take place by the carbonylation of an alkenyl
iodide with 1,3-cyclohexanedione to give the enol lactone 551{407].

o ' Pr
Pr
co _PalPhIPle, KsCOs o
B * NMP, 100°, 1 atm., 87%
548 549 O

CO, Pd(Ph;P),

Pr l
I THF, Mg,Cl,0, TINCO
| NH
(TiClg, Mg, N2)

KoCO3 70% s50 ©
o]

Ph PACH(PhsP),
% +CO +
] o Eth 56%
? [o M o

551

In the presence of a double bond at a suitable position, the CO insertion is
followed by alkene insertion. In the intramolecular reaction of 552, different
products, 553 and 554, are obtained by the use of different catalytic spe-
cies[408,409]. Pd(dba), in the absence of Ph;P affords 554. PdCly(Ph;P), affords
the spiro (-keto ester 553. The carbonylation of o-methallylbenzyl chloride
(555) produced the benzoannulated enol lactone 556 by CO, alkene, and CO
insertions. In addition, the cyclobutanone derivative 558 was obtained as a
byproduct via the cycloaddition of the ketene intermediate 557[410]. Another
type of intramolecular enone formation is used for the formation of the hetero-
cyclic compounds 559[411]. The carbonylation of the 1-iodo-1,4-diene 560 pro-
duces the cyclopentenone 561 by CO. alkene, and CO insertions[409, 412].
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O CO,Me
PdCIPh,yP),
| Et;N, MeOH, 84% o 553
JUSICE :
Pd(dba),, Et;N
L ———= "3
o MeCN, 93% O“
552
0 554
Cl

PdCIy(PhyP), PaCi
et »
+ €0 TEIN, MeCN 0
100°, 600 psi
0 pyci ‘ 0
——— -
sa% o

556
o
e e i
557 558
9 9
B
'/li//( _Pd(OAc)y, PhaP o
TK,COs DMF N
120°, 12 atm., 87% H 559
0
! PACIy(PhyP), COzMe
)1/\\« CO + MeOH ——— ">
Cetha N s0% CeHis
560 561

The reaction of o-iodophenol, norbornadiene and CO proceeds via alkene
and CO insertions to afford the lactone 562, which is converted into coumarin
(563) by the retro-Diels-Alder reaction. In this coumarin synthesis, norbona-
diene behaves as a masked acetylene[413].

Carbonylation of halides in the presence of terminal and internal alkynes
produces a variety of products. The substituted indenone 564 is formed by the
reaction of o-diiodobenzene, alkyne, and CO in the presence of Zn[414].

The carbonylation of aryl iodides in the presence of terminal alkynes affords
the acyl alkynes 565. Bidentate ligands such as dppt give good results. When
Ph3P is used, phenylacetylene is converted into diphenylacetylene as a main
product[4135]. Triflates react similarly to give the alkynyl ketones 566[416]. In
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the presence of Zn—-Cu couple as a reducing agent, aryl alkenyl ketones 567 are
obtained by co-catalysis of Pd and Cp,TiCl,{417].

! Pd(Ph3P)4, anisole
+ /4 + CO
OH 1 atm., 80°, 90%
150° =
| | = . @
(o M ¢ (o 2 ¢}
562 563
| Pd(PhaP)4 Zn
+ Et——tEt + CO CO Et
I EtOH, 63%

PdCly(dppf), EtsN

Ph-] +CO+ =— PhCO——=—ph
20 atm., 120°, 86%
565
(o}
Pd(OAc),, dppe, Et;N =
— + CO + TfO—@—Ph =
DMF, 1 atm., 75% Ph
Ph
566
PdClx{PhgP)s, Cp,TiCl 9
Phi + CO + Bu—= Sl Ph/U\/\B
Zn/Cu, 1 atm., 92% u
567

The alkynyl ketones formed by the carbonylation react further intramolecu-
larly with nucleophiles. Methyl o-iodophenylacetate reacts with terminal
alkynes and CO to produce the alkynyl ketone 568, which undergoes Pd(II)-
catalyzed intramolecular carbopalladation to atford the 3-substituted 2-benzy-
lidene-2,3-dihydro-1H-inden-1-one (569) in a one-pot reaction. Pd(II) species is
generated in situ in some way[418]. The carbonylation of o-iodophenol (570)
with phenylacetylene in anisole using AcOK as a base and Pd(Ph;P), gives (Z)-
aurone (571) in 82% yield[413]. On the other hand, carbonylation under pres-
sure (20 atm) in Et;NH using dppf affords the flavone 572[419]. The chemos-
electivity for the formation of either 571 or 572 is dependent on the substituents
in both reactants and the reaction conditions[413,420]. Similarly, the 2-substi-
tuted 1,4-dihydro-4-oxoquinoline 573 is prepared from iodoaniline[421,422]. In
the presence of Et;NH, a 2-aryl-4-dialkylaminoquinoline is formed[423]. 6-
Phenyl-4-pyridone-3-carboxylate (575) was obtained by the carbonylative cou-
pling of the bromoenamine 574 with phenylacetylene[424].
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0
1
Pd(PhyP)s, AcOK
+ =—Ph +CO (PhsP)s T X
80°, 1 atm, 74% Ph
co:ME CO,Me
0 568
Pd(ll) __.Ph
——
569 CO,Me
V1-63 o
Pd{PhyP),, anisole —
143 i kil
| AcOK, 82% Lo P
©E+Pn:+co——— 5711 0
OH PdClx(dppt), Et,NH m
570 e
o ., 81%
120°, 20 atm. 0" ~pn
572
0

! PACI,{PhsP), \\
+ =—Ph +CO ————— o
NH, 20 atm., 120°, 92% NH, o
—Cr)
N~ “Ph

573 H
o]
C3H/HN Br PdCl(dppf
N ¢ + ==ph 4 co _oCkdeel) _ P CO;Me
CO,Me 40atm., 86% 4 P

574 o P:l

C3H7

The 2-substituted 3-acylindoles 579 are prepared by carbonylative cycliza-
tion of the 2-alkynyltrifluoroacetanilides 576 with aryl halides or alkenyl tri-
flates. The reaction can be understood by the aminopalladation of the alkyne
with the acylpalladium intermediate as shown by 577 to generate 578, followed
by reductive elimination to give 579[425].

The carbonylation of iodobenzene with the benzylacetylene 580 affords the
(E)-3-arylidenebutenolide 582 by carbonylation of the benzoyl alkyne formed
as a primary product{426]. The vinylpalladium 581 is formed by the addition of
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@( Pd(PhsP)s, K2CO3
+ CO +
NHCOCF3 MeCN, 83%
Me OMe
MeO—@—COPd- PdCOAr Q
A\ [ole]
Bu I Bu
N — | D—8u
COCF, N
) COCF,
NHCOCF,
- 577 578 = 579

Pd hydride. Subsequent enolate formation, double bond isomerization, and
carbonylation give the butenolide 582.

Pd(OAc),, PhsP

Ph-! + +C0 —4m78Mm—
Ef;N, 120°, 55%
OMe
580 OMe
HO Pd (o}
581 582

The reaction of iodobenzene and the substituted propargyl alcohol 583
under CO (10 atm) and CO, (10 atm) affords the 3(2H)-furanone 586[427].
The carbonate 585 is formed by thc addition of CO, to the acylalkynyl alcohol
584, and its decarboxylative rearrangement affords the 3(24)-furanone 586.

Pd(PhyP)y —
Phi+ =—10H + €O +CO, (PhaPle

1]

Et3N, 100°, 79%

Phe_,
Cco, Ph o
3G \QK
HO b g o
0

584 585 586

B (]
Y4
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In the presence of KCN, cyanocarbonylation of iodobenzene takes place to
form benzoyl cyanide (587)[428].

! PhPA(PhyP)al, THF cocn
+ CO + KCN
20 atm.,100°, 91%

587

1.1.4 Reactions with Organometallic Compounds of the Main Group
Metals via Transmetallation

Aryl- or alkenylpalladium halide complexes formed by the oxidative addition
undergo transmetallation with alkyl, aryl, alkenyl, allyl, and benzyl com-
pounds of main group elements, and then carbon—carbon bond formation
takes place by reductive elimination as a final step. This process offers powerful
methods for cross-coupling and is very useful in organic synthesis[429,430].
Depending on the metals and the reaction conditions, the homocoupling pro-
ducts are obtained as byproducts. The reactions of alkynyl metal compounds
with halides are treated in Section 1.1.2. Li and Mg reagents are widely used in
organic synthesis, but neither tolerates a wide variety of functional groups on
either coupling partner, and often homocoupling of the organic halides is
observed. Organometallic reagents containing metals of intermediate electro-
positive character generally lead to higher yields of the coupled products and
fewer side-reactions. In addition, these organometallic reagents tolerate a wide
range of functional groups in either or both of the coupling partners. From
these standpoints, organozinc, -tin, and -boron compounds are particularly
useful. Easy preparation of stereo- and regiodefined alkyl- and alkenylmetals
via hydrometallation or carbometallation of alkenes and alkynes enhances the
usefulness of the coupling.

MR
ArX + Pd(0) —Ar-Pd-X — ar-Pd-R — Ar—R + Pd(0) + (Ar-Ar + R-R)
]

Another important reaction via transmetallation is carbon-metal bond for-
mation by reaction with bimetallic reagents. This is a useful synthetic method
for various main group organometallic reagents.

RM-M'R'
Ar-X + Pd(0) —> Ar-Pd-x ——— Ar-Pd-MR + XM'R'

Pd{0) + Ar-MR

1.1.4.1 Organolithium and -magnesium compounds. Compared with extensive
studies carried out on the Ni-catalyzed transmetallation reaction of Grignard
reagents[431.432], few examples of the Pd-catalyzed reactions of Mg are
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known. Li and Mg reagents are used mainly for the preparation of other metaj
compounds such as Sn, Zn, and B compounds.

The Li compound 588 formed by the ortho-lithiation of N,N-dimethylaniline
reacts with vinyl bromide to give the styrene derivative 589[433]. The 2-phe-
nylindole 591 is formed by the coupling of 1-methyl-2-indolylmagnesium
formed in situ from the indolyllithium 590 and MgBr,, with iodobenzene
using dppb[434]. 2-Furyl- and 2-thienyllithium in the presence of MgBr,
react with alkenyl halides[435]. The arylallenes 592 and 1,2,4-alkatrienes are
prepared by the coupling reaction of the allenyllithium with aryl or alkenyl
halides[436].

NMe, NMe,
Li Ph Br PdCl,, PhaP —
+ = -~———— Ph
MeLli, 67%
588 589
! PACl(dppb
@—Li + \© + MgBr; 2—pp)> @-Ph
N THF, 79% N
Me A
590 sg1 Me
U\ = PAPRPY T Ph
o~ Li * 8 ph T =
i 0
PdCl,, PhyP
>==\Ll + Phi : Ph
i-Bu,AlH, 90%
591 2 ° 592

The coupling of Grignard reagents with aryl and alkenyl iodides and bro-
mides is catalyzed by Pd[437-439]. The Pd-catalyzed coupling of alkenyl
halides with alkenylmagnesium affords the conjugated diene 593[440). A strik-
ing difference in reactivity between the (£)- and (Z)-alkenyl bromides 594 and
595 is observed. The E-isomer 594 is more reactive than the Z-isomer 595[441].
The coupling of aryl Grignard reagents with aryl iodides offers a good method
for biphenyl formation[442]. In the coupling of p-iodophenol with aryl
Grignard reagent, 2-3 equiv. of the Grignard reagent are used without the
protection of the phenol[443].

CeHua __ xMg_  Mme _ OPRsPl G __
+ \—/ —_— Me
] 87% 593 —
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8 PdCl,(dppf)
——m e
U P gt BB + AN MgBr 7%
594 595 Bu. 2 _
NN
(E) 98.5%

Pd(Ph3P)4
80%

The coupling of n-alkyl Grignard reagents proceeds smoothly with
Pd(Ph;P),[444]. Branched Grignard reagents such as isobutylmagnesium bro-
mide (396) can be coupled satisfactorily by using of dppf as a ligand[445]. Poor
results are obtained with PhsP. The coupling of bromostyrene (597) with s-
butylmagnesium without isomerization took place with dppf as a ligand, and
isomerization was observed when PhsP was used[446]. The selective monoalk-
ylation or arylation of p-dichlorobenzene with Grignard reagents to give 598
takes place using dppf or dppb as a ligand[447]. The coupling of 1,1-dichloro-2-
phenylethylene with phenylmagnesium bromide proceeds stercoselectively to
give (Z)-1-chloro-1,2-diphenylethylene (599). Then 599 reacts with another
Grignard reagent to give a triarylethylene[448].

Pd, dppf, E,O
PhBr + MgBr T —— Ph
506 rt., THF, 95%
Ph\/\Br + \(\——»Ph\/Y\ + A~~~
597 MgCl
PACIy(dppf) 97% 100 : 0
Pd(PhsP); 69% 48 : 52
Cl Cl
Pd(acac),
+ n-CaHyMgCl W
ppe, 80% 598
cl CsHy

o
H Ph MeO

H ¢l PdCly(dppf)
>=< + PhMgBr ———— )=
Ph Ct 98% Ph o] 75%

599 H Ph

Ph
OMe
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The coupling of alkyl Grignard reagents with alkyl iodides to afford aikanes
by use of dppf as a ligand has been reported[449], but re-examination of the
reaction has shown that only reduction takes place, and no coupling was
observed[450].

1.1.4.2 Organozinc compounds. Cross-coupling of organozinc reagents with
alkenyl and aryl halides proceeds generally with high yields and tolerates a
wide range of functionality. Organozinc reagents are prepared most conveni-
ently in situ by the reactions of organolithium, magnesium, or aluminum com-
pounds with ZnCl, and used for the coupling with alkenyl and aryl
halides[451]. The reaction of reactive halides with Zn-Cu couple is another
method. Organozincs are useful reagents for selective carbon—carbon bond
formation[430,452]. In order to clarify the scope of the Pd-catalyzed cross-
coupling with respect to metals in the organometallic reagents, the reactions
of various (E)-octenylmetals 600 with (£)-1-hexenyl iodide using Pd(Ph;P), as
a catalyst have been carried out [453]. Zn, Cd, Al, and Zr gave the desired
cross-coupling product 601 in higher than 70% yields within 1-6 h at room
temperature, whereas Li, Mg, Hg, B, Si, Sn, Ti, and Ce did not. Furthermore,
Zn reagents are far more efficient than those containing Al and Zr. Unreactive
a-(phenylthio)alkenylstannane is converted into the zinc reagent and then used
for coupling[454]. However, it should be noted that each metal reagent has its
own optimum conditions, and different results may be obtained by sclecting
different conditions. This is particularly true for B and Sn compounds. Alkyl
groups can be introduced without S-elimination by use of alkyl zinc reagents.
Organozinc reagents are inert to ketones and esters, and used without their
protection. These features are another advantage of organozinc reagents. A
variety of zinc reagents, such as #-alkyl, benzyl, 2-phenylethyl, homoallyl, and
homopropargylzinc reagents, have been shown to couple with alkenyl halides
satisfactorily using PdCL;(Ph;P), + DIBAL, or Pd(Ph3P)4 as a catalyst[455-
457).

CgHy3 1 - Pd(Ph3P)y
— + ——
600 M C4Hg r.t., THF
CeHys CeH1a - CsHg
—_ . . + —
601  CiHg CeHia CsHo
M= ZnCl 95 3 3
MgCl 32 7 8
Al(-Bu), 75 7 6
CpaZrCl 93 trace trace
B(Sla)(+ base) 65 5 1
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The couplings of aryl- and alkenylzinc reagents with various halides have
widespread uses for the cross-coupling of aromatic rings{430,458-460]. The
reaction tolerates the presence of some functional groups such as amino and
cyano groups[461]. The reaction of zinc derivatives of aromatic and heteroaro-
matic compounds with aryl and heterocyclic halides has wide synthetic appli-
cations in the cross-coupling of these rings{462]. The coupling of the
imidazolylzinc chloride 602 and 2-bromopyridine (603) is one example[463].
For aryl-aryl coupling, Zn seems to be among the most satisfactory

metals{460].
@ Pd(Pth)4 (&O
N® “Br 93%

603

N
\
CN)\an
1
Me
602

Me
_Pd(PhsP)s
ZnCl + Br—@— O O NO;,
THF, 78%

Stereospecific alkenyl-alkenyl coupling to form conjugated dienes is possible
by the Zn method. The cross-coupling of the alkenylaluminum 604, prepared
by the hydroalumination of terminal alkynes, with aryl and alkenyl halides to
give aryl alkenes and dienes proceeds with a Pd catalyst in the presence of
ZnCl,. The reaction proceeds via double transmetallation from Al to Zn and
then to Pd. The reaction of alkenyl halides with alkenylaluminums is stereo-
specific and useful for diene synthesis with definite £ and Z structuresf451].
The method has been applied to stereoselective syntheses of pheromones[464].
The sex pheromone(8Z.102)-8,10-dodecadienyl acetate (605) has been pre-
pared in a 97% isomerically pure form by stereospecific alkenyl-aikenyl
coupling[465]. Disubstituted alkenylaluminums are prepared by the hydroalu-
mination of internal alkynes or carboalumination of terminal alkynes. The
coupling of these alkenylaluminums with halides proceeds smoothly with Pd
catalysts in the presence of ZnCl»[466]. The coupling of the alkenylcuprates 606
with aryl and alkenyl halides is also carried out in the presence of ZnBr-[467].

Pd(Ph;3P)4 CaHg
CoHer A AN(-BU) ZnCly + |. CaHo ————-—-»csse/ 3H17\/\/
604
Pd(Ph3P)4 H*, Ac,O
ZnBr 3 '
=" NN Notwe T e0%

Aco/\/\/\/\-:/:z\

605



214 Catalytic Reactions with Pd(0) and Pd(1])

Al + 2n Pd(Ph3P)s
+ Al + ZnBr;, —— /N
(n‘ ’\ CuLi 70 ~ 80% R Ar

Regiocontrolled a- or f-alkenylation and arylation of cyclic enones are
possible without protection of the ketone by applying the coupling reaction
of the a- or f-halo enones 607 and 608 with aryl and alkenylzinc

reagents{468,469].
9 Bu
ij/ ( Bu) Pd(PhsP)s —
2 DMF 88%

0
ﬁ ZnBr PA(PheP)y
+
; O e
608

Triflates are used for the reaction{470]. The S-phenyltropone 609 is prepared
by coupling of the triflate with phenylzinc chloride[471]. Instead of the expen-
sive triflate, phenyl fluoroalkanesulfonate as a triflate equivalent is used for
coupling{472]. Phenyl! fluorosulfonate (610) is another reagent used for cou-
pling[473].

(o]

(o]
Pd(Ph3P)4
+ PhZznCl ——
TIO OMe ’ THF, rt.,,87% Ph OMe

609
L/_\>\ O Pd(PhaP)4 M
o ZnCi LiCl, 83% o

In the reaction of the 1,l-dichloro-1-alkene 611 with phenylzin¢ chloride,
only monoarylation takes place regioselectively to give the (Z)-1-chloro-1-phe-
nylalkene 612[468.474].

PdCl,
NP +PhZnCl ——— Ph___
CO,Me dppb, 91% COMe

cl 619 612
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The reaction of aryl and alkenyl halides and triflates with the Reformatsky
reagent 613 in polar solvents affords the a-aryl carboxylic esters 614[475,476].
Facile elimination of f-hydrogen takes place with c-alkylated Reformatsky
reagents. [odides of N-heterocyclic compounds such as pyridine, quinoline,
and pyrimidine react smoothly with Reformatsky reagents. The position of
jodine with respect to the ring nitrogen determincs the ratio of the cross-
and homocoupling products. The cross-coupling of 613 takes place smoothly
with 4-iodo-2,6-dimethyl- and 2-iodo-4,6-dimethylpyrimidine (615), but no
reaction takes place with 5-iodo-2,4-dimethylpyrimidine[477).

PhPd(Ph;P)al
BrZnCHiCOE + Phi _PhPd(PhsPlal _ phcH,CO.Et + ZnBrl

613 HMPA, 90% 614
Me
2N PA(PhsP)s
- BrZnCH,CO,Et /L
Sy
Me” SNl 613 Tew CH,CO,Et
615

Interestingly, alkylzinc reagents which have 3-hydrogens undergo coupling
smoothly without the elimination of 3-hydrogen to give alkylarenes or alky-
lalkenes. 1.5-Dienes and 1,5-enynes are prepared by the coupling of homo-
allylic and homopropargylic organozincs with alkenyl halides(456]. This
means that reductive elimination is faster than the elimination of 3-hydrogen.
The zinc homoenolate 616 reacts with aryl and other halides without 3-elim-
ination to give the 3-arylpropionate 617[478]. Tri(o-tolyl)phosphine and dppf
are good ligands. The zinc homoenolate 619 is generated by the reaction of 1-
alkoxy-1-siloxycyclopropane 618 with ZnCl,, and react with halides[479].
Furthermore. the 3-, 4-, 5-, 6-, and 7-iodozincalkvl ketones 620 react smoothly
with various halides and triflates[470]. Alkyl-alkenyl coupling provides a start-
ing compound for the sex pheromone, (2E.13Z)-2.13-octadecadienyl acetate
621[480]. The Pd-catalyzed coupling of the (dialkoxyboryl)methylzinc reagent
622 with alkenyl iodide or bromide affords synthetically useful stereo-defined
allylic boronate, which reacts without isolation intran olecularly with aldehyde
to give a spiro compound[431].

Br /\/c02Et Pdclz(O'tolgp)z
* kZn 90% 617
616

Br
EtO OTMS /é\/COZEt) O 79% CO,Et
X e zcy — 2 S
PdCI5(0-tol3P)y

618 619

CO,Et
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Pd(Ph3P),, PhH Bu
PhCO S~ Buﬁ (Ph3P)a, NN
620 Tto HMPA, 74%
Pd(Ph,P
CiHo__ 1 + Brzn(CH)O-tBU ——— > " CHy __ _ (CHa)y0-1-Bu
7%
J— CHchc
T/ . Gl _(cHy
621
Br
m PA(PhaP), /7 B(OR),
+ = —————
oHO (RO)B-CHpZnl  — o —
622 CHO

OH

Alkylzinc reagents are prepared in situ from organolithium or magnesium
and ZnCl, in the presence of a catalyst and halides. Preparation from alkyl
halides and Zn gives lower yields[457,482—484]. Alkylzinc formation from alkyl
iodides and ZnEt, proceeds more efficiently by the catalysis of Pd, and intra-
molecular carbozincation of the alkene 623, followed by coupling with alkenyl
iodide, is catalyzed by PdCl>(dppf)[485]. Perfluoroalkylzinc iodide generated in
situ from the iodide 624 and Zn powder under ultrasound irradiation couples
with alkenyl bromides[486].

Ph Ph i Ph
= PACIy(dppf) | 7ni ij\ 80% A 0
+ ZnEty ——— T ] .
| CuCN, 2Licl
623

Pd(PhsP)4
P + n-C4Fyl + Zn —_— > P
Br 624 THF, 67% CdFo

93% ee was obtained by the cross-coupling of the Grignard reagent 625 with
vinyl bromide in the presence of ZnCl, using the ferrocenylphosphine BPPFA
as a chiral ligand[487]. The bromide in (2-bromoethenyl)diisopropoxyborane
(626) reacts with alkenylzinc reagent first under neutral conditions, then the
produced alkenylborane 627, without isolation. is attacked by iodobenzene by
the addition of LiOH to afford the 1.4-disubstituted diene 628 in a high
yield[488).
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Me_, Pd, BPPFA =
>—MgCl + ZnCl + —~ —— Me—*
Ph Br  93%ee Ph
625
] PACI,(PhsP),
Se— + Br/\/a(l P"O)z —_9_2¢:/O_> —_\.__
ZnCl 626 627 B(i-Pro),

PhI
—- —

LiOH >_%
628

The optically active 1-bromoallene 629 reacts with diphenylzinc to give the
phenylallene 630 in a high ee by the inversion of the configuration[489]. Allenyl
halides react with organozinc reagents to give substituted allenes[490]. The
reaction of the optically active 1-bromoallene 631 proceeds with a high degree
of inversion of the configuration around the allenyl moiety, but retention was
observed with the allenyl iodide{489, 491,492]. Various allenyl metals (Mg, Cu,
Li, Zn) react with halides to give allenyl derivatives[493]. Marasin (nona-6,8-
diyne-3,4-dienol) (634) has been synthesized by the coupling of the alkynyl
bromide 632 with the allenylzinc reagent 633[494].

Ph

Ph, Br Pd(PhP)s  Ph, _____Ph
H = + Phydn " Ry H
t-Bu, H Pd(PhsP); tBu, Ph
PhZnCl + e =
H Br H H
(R)-631 (S) 67% ee
Et0. .0 \/\/\ Zncl _ Pd(PhsP)s
™MS———==—"Br + T 633 759,

632

T S

634
OEt

Diketene (635) is converted into 3-phenyl-3-butenoic acid (636) by the reac-
tion of phenylzinc, magnesium, and aluminum reagents via C—O bond clea-
vage[495].

Pd Ph
PdCI2(Ph3P)2 N
] °| + PhZnCl ————— H — )\,cogﬂ
DIBAH o | ¥%
o] 636

635
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1.14.3 Organoboron compounds. The coupling of organoboron compounds
with aryl, alkenyl, and alkynyl halides is one of the most useful couplmg
reactions. These cross-coupling reactions are called the Suzuki reactions or
Suzuki~Miyaura coupling. The reaction proceeds via transmetallation in the
presence of bases[496-499]. No reaction takes place under neutral conditions,
This is a characteristic feature of boron chemistry, which is different from that
of other organometallic reagents. The role of the base is explained by activa-
tion of either Pd or boranes. Most likely, the formation of Ar—Pd--QOR
(OR = base) from Ar—Pd—X facilitates the transmetallation with organo-
boranes[500]. Various aryl, alkenyl, and even alkylborane reagents of different
reactivity can be used for the coupling with aryl, alkenyl, alkynyl, and some
alkyl halides, offering very useful synthetic methods.

Ar-Pd-X NaOR Ar-Pd-OR' —= Ar-Pd-R + R'OB<

R—?—

The coupling reaction of the aryl and heteroarylboronic acids 637 and 638
with aryl and heterocyclic halides and triflates is a very useful method for the
cross-coupling of various aromatic and heteroaromatic rings. Numerous exam-
ples are known{501-505d]. The coupling of arylboronic acids can be carried
out smoothly in water or aqueous DMF as a solvent using Pd(OAc), without
PhsP. The reaction is slower with the addition of a ligand[506]. Similar cou-
pling can be carried out using Pd on charcoal as a catalyst in EtOH in the
presence of Na,CO; without a ligand to give coupling products in good
yields[507]. The reaction has been successfully applied to large-scale produc-
tions of medicinal compounds such as the 4-arylphenylalanine 640 by the
coupling of tyrosine triflate (639) in toluene in the presence of K-CO; under
heterogeneous conditions[508]. Similarly. the substituted 3-lactam 641 is pro-
duced on a large scale by the coupling of an enol triflate[509]. Boron com-
pounds after the reactions can be handled and disposed more easily than Zn
and Sn compounds used for similar cross-coupling. For this reason, the boron
method is superior to Zn and Sn methods in coupling on a commercial scale.
Chlorobenzene is activated by coordination of Cr(CO),. The activated chlorine
in 642, aithough it is deactivated by an electron-donating methoxy group, is
more reactive than aryl bromide and reacts with p-bromophenylboronic acid.
The bromide remains intact[510].

B(OH), Br
S Pd(Ph3P), B
+ | 53R —M | +r
= base =
637
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— Pd(OAc),, Na;CO3 — NH
B(OH B N 2
Q_ (Ol * '_Q_ "2 " omF, Hyo, s3% \Y

637

OHC._ o
(HO)B

i —
Br b Pd(Ph3P)s 7 —— I RN o
—_—
OHC NaHCO;3 -
N02 NO, N
/@/B(o“h Pd(PhP)s, K2CO4 O
PhMe, 93% O

BOCN™ ~COMe
840
BOCN” “CO,Me
H
H H CN
F _@ Pda(dba);, aq. KOH
oTt HO),8
N/ + (HOp THF, CH,Cly, 95%
CO,PNB
2 TESO CN
N/
° 641 CO:PNB
OMe
(HO),B Pd(PhP)s,Na,CO4
(CO)Cr- +
cl g, MeCN, 120, 60%
r

642
OMe

(Co)Cr” I D
Br

Polyphenylene polymers can be prepared by this coupling. For example. the
preparation of poly(p-quaterphenylenc-2,2'-dicarboxylic acid) (643) was car-
ried out using aqueous NaHCO; and a water-soluble phosphine ligand
(DPMSPP)[511]. Branched polyphenylene was also prepared[512].

Poor yields are obtained in the coupling of orrio-substituted arylboronic
acids[506]. Ba(OH), as a base gives good results for the coupling of these
sterically hindered compounds[513], but unsatisfactory results are observed
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CO.H
(o] [o]
Wy Vet
Cr <]
HOC CO.H
e K
NaHCO;, 85°, 10 h. n
HO,C

L = P(Ph)y(m-CsHSO;Na) 643
with unhindered arylboronic acids. Good yields are obtained in the coupling of
arylboronic acids with sterically hindered methyl 5-bromo-4,6-dimethylnicoti-
nate (644) only with the use of tri{p-tolyl)phosphine. Arylboronate dianion is
the reactive intermediate, and the use of boronic acid free from diphenyllboro-
nic acid and triphenylboron is important{506]. The coupling of arylboronic
acids with the monocyclic heteroaryl chlorides 645 proceeds smoothly using
Pd(dppb)Cl, as a catalyst, whereas Pd(Ph;P), is a good catalyst for the cou-
pling of chloroquinoline derivatives[514,515]. The reaction is useful for the
introduction of an aryl group into tropone to yield 646[516]. Protonolysis of
arylboronic acids is observed in some cases, particularly by ortho-substitution
with methoxy or Cl, but it can be avoided by converting the boronic acids into
the corresponding esters of 1,3-propanediol 647 and using K3PO,4 or Cs,CO5 in
anhydrous DMF[513].

Br B(ol-l)2
Pd(OAc), (p-toi}sP ~ MeO20.

Et;N, 87% ’ P’
N

MeO,C

644
B(OH),

/NYCI Pro Pd(dppb)Cl, Ny
SEinel--—Neg.
S Na,CO; 98% zN  OPr
OMe
B(OH), O

Pd(PhsP), O
0
N32003 76%

645 OMe
:> Pd(Ph3P)s, Cs,C0O;
DMF, 98% Me
0 [Cprome

CHO
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The coupling of alkenylboranes with alkenyl halides is particularly useful for
the stereoselective synthesis of conjugated dienes of the four possible double
bond isomers[499]. The £ and Z forms of vinylboron compounds can be pre-
pared by hydroboration of alkynes and haloalkynes, and their reaction with
(E) or (Z)-vinyl iodides or bromides proceeds without isomerization, and the
conjugated dienes of four possible isomeric forms can be prepared in high

purity.

X H
L —
H — (E, E)
VAL TU N PO HooR
H BY, base >=<H R H
L —{ m
H = (E 2)
H H
H R
>=< H R'
H (ZE)
R BY, Pd(0) H H H H
H) (H base >='< H H
X R R —
= R (Z2)
H H

However, in the reaction of 1-alkenylboranes with aryl- or 1-alkenyl iodides.
2-aryl-1-alkenes 648 are obtained as the main products. When Pd metal pro-
duced from Pd(OAc)- as a catalyst and Et;N as a weak base are used. abnor-
mal products are formed. On the other hand, normal products 649 are
obtained by using NaOH[517].

Cy4Hg

=0 Pdblack CeHia CeHys
B, + PRl ——— | = 4 =
o 648 649 Ph

base: Et3N 96 : 4 (94%)
NaOH 44 : 56 (86%)

This method of dicne formation with definite £ and Z structures has wide
synthetic applications [518], particularly for the syntheses of natural products
with conjugated polyene structures. Bombykol and its isomers (650 and 651)
have been prepared by this method[519]. The synthesis of chlorothricolide is
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another example[520]. The (Z, E, E)-triene parts of the leukotriene 652 and
DIiHETE were constructed by coupling of (Z, E)-dienylborane with an (£)-
alkenyl iodide[236,521,522].

CqHo
-\ Io PdC|2(Ph3P)2 C4H9 _
Br. PA —m8Mm > Ph
B\0 FN= EtONa, 82% =
He NBOH: & A DA NaORt
PhH, 66%
HO A~ S e
650
Ho\/\/\/\/\/\ . /\/\
Br B(Sia),
Pd(Ph;P)s, NaOEt  HO .
_—
PhH, 69% 651 «
QTBDMS
COzMe l Pd(Pthh
I/ i i ="~ LiOH, 76%
B(Sial: OTBDMS
OTBDMS
COzMe BuJNF
I — LTB,
N _
652  OTBDMS

In the total synthesis of the naturally occurring big molecule of palytoxin,
which has numerous labile functional groups. this coupling is the most uscful
for the creation of F, Z-conjugated diene part 633. In this case. thallium
hydroxide as a base accelerates the reaction 1000 times more than
KOH[523]. Even TI,CO; can be used instead of a strong base in other
cases[524].

Triflates are sensitive to bases, but they can be applied to cross-coupling
using K3POy in dioxane[525]. The primary alkylboranes 654 derived by the
hydroboration of terminal alkenes with 9-BBN are coupled with aryl and
alkenyl halides and triflates under properly selected conditions. The reaction
proceeds smoothly without elimination of jJ-hydrogen using PdCl,(dppf) or
Pd(Ph;P), and K3;PO, in dioxane or DMF[526]. The alkenyl sulfide 655 was
prepared by this method[527]. Instead of 9-BBN, the stable oxygenated deri-
vative of trimethylsilylmethyl-9-BBN (656) can be used for the preparation of
the allylic silane 657 by coupling with alkeny! bromide. Benzyl- and propargyl-
trimethyisilanes are prepared similarly[528].

X0  OX
L0X Pd(Ph;yP)y
+ n ——
o
ox TIOH, 94%
“OX  (HO)B
OMe
X = SiMe,t-Bu

[0}
Pd(PhyP)s, K3POa

(o}
af g
CsHyq B
+ X N _——
Y\/ 0 dioxane, 93% Z CsHys

OTf OTBDMS
OTBDMS
PdCly(dppf)
B \/\/\/\/\ fulaini v i sl SN
ph X-BT 4 D " -
aOH, 85%
LN e e VA Y
SPh
9-BBN =" , Pd(PhaP)4

aq. NaOH, PhH, 89%

,
",

AcO™

Aco™
/\SiMeg O‘B/\SiMeg
MegNO

e ———

656
0-B " giMe

* Br Pd(PhyP)s, NaOH >__=/—SiMe3

. >._/
H,0, THF, 96% 657

656
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The intramolecular cross-coupling of alkenyl triflate with alkylborane, pre-
pared by in situ hydroboration of the double bond in 658 with 9-BBN, is
applied to the annulation reaction to give 659 using K;POy4 as a base[525].
Sodium tetraphenyiborate (660) is used for the cross-coupling with aryl and
alkenyl halides and triflates. Under basic conditions, two phenyl groups of
tetraphenylborate are utilized for the coupling[529,530]. The stereo-defined
conjugated enyne 662 is prepared by the coupling of alkynyl bromide 661
with alkenylborane{499].

oTt ) 1.9-BBN ®:>
2. Pd(PhsP)s, K;PO4 ome

COMe 76%
658 oxane, o 659
Ph
ott Pd(Ph;P),, Et;N
+ NaBPh4 —————
o 0,
Ph 660 DMF, 60°, 73% Ph
— C4Hg Pd(Ph3P)s CsHg
CeHig —=—Br + = —_— _\\%cﬁﬂ,3

NaOMe, 100%
661 B(Sia);

662

Organoborons react only in the presence of bases. In the following reactions,
butylzinc reacts with the alkenyl bromide, obtained by bromoboration of 1-
octyne, under neutral conditions to give 663 without attacking the organo-
boron part, which then reacts with aryl halide by the addition of a base to
give a styrene derivative[531]. Similarly. o, J-unsaturated ketones are prepared
by two step reactions of the a-methoxyvinylzinc reagent 664 as a methyl ketone
precursor under neutral conditions and organoborane moiety under basic con-
ditions[532]. When both alkylborane and alkyltin functions are present in the
same molecule, the borane moiety reacts sclectively under basic conditions
[533]. Under basic conditions, organoborane is more reactive and reacts che-
moselectively with halides to afford 665 without attacking the organotin moi-
ety in the same molecule. Similarly 666 was prepared chemoselectively.

CeH — BBr: — Br. 8Br; BuZnCt
e —/— + 3 —
CeHE, PAC1y(Ph3P),, 65%
Bu _ BBr;| Pphd Bu
—_— . Ph

C5H13 663 MeOLI CSH13
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MeO Lo, _PACHPNPY _ | MeD
= | = e e e
Agne * o RO N\B(O-i-Pr)z

ZnCl
B ——aa
ANF  coMe

664
Br\/Lco,lwe

MeOLi

o

0
é/ o PA(PhsP)s &/
A SiMeg —————
X - Cs

K3BO,, 82% \/\/\/\SnMeg

665
o)
o)
o~ 1.9-BBN 2. Br , PdCly(dppf) ij:/\/
= SnMe, KaPOs, DMF, 88% SnMe,
666

The thioboration of terminal alkynes with 9-(alkylthio)-9-borabicyclo[3.3.1]-
nonanes (9-RS-9-BBN) proceeds regio- and stereoselectively by catalysis of
Pd(Ph;P); to produce the 9-[(Z)-2-(alkylthio)-1-alkenyl]-9-BBN derivative
667 in high yields. The protonation of the product 667 with MeOH affords
the Markownikov adduct 668 of thiol to 1-alkyne. One-pot synthesis of alkenyl
sulfide derivatives 669 via the Pd-catalyzed thioboration—cross-coupling
sequence is also possible. Another preparative method for alkenyl sulfides is
the Pd-catalyzed cross-coupling of 9-alkyl-9-BBN with 1-bromo-1-phe-
nylthioethene or 2-bromo- 1-phenylthio-1-alkene[534].

Pd(PhzP)s CeHir =
. BBN
styrene PDS/\

667
0
Phi, 95% 80% | MeOH
KaPO4

\/\ Ph CgHy7

PhS 669 PhS' 668

+
PhS K3P04, 81%

CgHyy —== + PhS—BBN

CgHi7
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Benzyl halides can be used for the coupling with organoboranes. The Pg.
catalyzed reaction of the organoboroxine 670 with o-bis(bromomethyl)benzene
(671) produced the cross-coupled product 673 and corresponding bifuran 676
These unusual reactions are explained by the following mechanism. The oxida:
.tive addition and transmetallation generate the complex 672. The reductive elim-
ination and intramolecular coupling of the benzylpalladium with the furan give
673. Also, 672 undergoes oxidative addition and transmetallation of another
benzyl bromide to give the bis(organopalladium) complex 674. Although no
example is known, the disproportionation of 674 may give the difuryipalladium
complex 675, reductive elimination of which affords difuran 676[535].

N32C03

q _PAPhP):
@< o
\(_S R = SiMe;

U0 — O

nJBr 1 PdBr 3
JB' | 0
S

o

=]

PdBr / \
j o~ 675

R o
408
o 5% I\ R 40%
673 (o]

The most igterestiqg and difficult cross-coupling is alkyl-alkyl coupling,
bgcause oxld'atl've gddmon of alky! halides having -hydrogen is slow. In addi-
tion, easy elimination of g-hydrogen is expected after the oxidative addition.

D
NS
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Although this is not a reaction of aryl or alkenyl halides, the alkyl-alkyl
coupling of alkyl halides with alkylboranes is treated here for convenience
and better understanding (also treated in Section 1.3) Successful alkyl-alkyl
coupling has been achieved only by using alkylboranes. Hexyl iodide reacts
with 9-octyl-9-BBN smoothly in the presence of K;PO, in dioxane to give
tetradecane in 64% yield[536,537). It is remarkable that hexyl iodide undergoes
smooth oxidative addition and transmetallation without 3-elimination.

9-CgH17-9-BBN + SN Pd(Ph3P)s, K3PO4
: dioxane, 64%

P Ve Ve e e Ve vd

1.1.4.4 Organoaluminum and -zirconium compounds. Coupling of alkenyl-
alanes with alkenyl halides to give E, E- and E, Z-conjugated dienes is an
early example of the Pd-catalyzed cross-coupling[451]. The enol phosphate
678 derived from 677 is displaced with a mcthyl group of Me;Al using Pd
catalyst in dichloroethane. 4-t-Butylcyclohexanone (677) can be converted
into 2-methyl-5-r-butylcyclohexanone (679) using this reaction[538]. When
Et;Al is used, the displacement of triflate with an ethyl group takes place
in polar solvents to give 680{539]. However. the hvdrogenolysis takes place
in non-polar solvents[540,341]. In this case, the ethyipalladium undergoes
rapid elimination of J-hydrogen to give the Pd hydride. and the reductive
elimination affords the hydrogenolyzed product (Section 1.1.6) The allyltri-
methylsilane 682 can be introduced by the cross-coupling of enol triflates
with dimethyl(trimethylsilylmethyDaluminum (681){542]. Aryl halides and
triflates are coupled with alkyl groups by the treatment with Me:AlL Et:AlL
and Bu:Al[543.544]. Alkyny! iodides are also used for the coupling. The
alkenylalane 683, obtained by highly stereo- and regioselective Zr-catalyzed
carboalumination of an alkyne. undergoes Pd-catalyzed cross-coupling with
l-iodoalkynes in the presence of ZnCl, to give the stereodefined enyne 684.
Formation of alkenylzinc by transmetallation is expected in the reaction[466].

OPO(OEt), Me

Pd(Ph3P)s
+ AlMe ————
72%
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o OP(O)(OEt), Me Me
Phs PhS o
= + Megal B i T T
Cl ~~cr 80% H,0, 78%
677
679

oTt Et

Pd(Ph;P),
+ AlEtg —
94%
680
0 MeAl—, Pd(PhsP)s, PhH °
aTt 681 ~"¢ 60% Wes

682

CpZrCly

CsHyq : |—=——Bu , ZnCly

Me 683 AlMe;  pd(Ph,4P),, 90%

CsHyy
Me>__\
684 A Bu

The alkenylzirconium 685, prepared by hydrozirconation of a terminal
alkyne .With hydrozirconocene chloride, reacts with alkenyl halide to afford
the conjugated diene 686[545]. The Zr reagent can be used even in the presence
of the carbonyl group in 687, which is sensitive to Al and Mg reagents.

CsHyy Vs CsHyy

CsHii—= + MesAl

CsHy —== + CpZrH)Ct —= = B4 = =

Cp2ZrCl Pd(PhsP)y, 91% =
685 686 Bu

0 0

Bu ___ PdCIy(PhsP),, THF
d . OIS 2(PhaP)y, _
Br Cp2ZrCl  j-Bu,AIH, 60% —
687 Bu

1.1.4.5 Organotin compounds. Organotin compounds (organostannanes) are
usclad‘ extensively for cross-coupling, which is sometimes called Stille coupling or
Mlgltfa-Kosugi—Stille coupling. Aryl-, alkenyl- and alkylstannanes are used for
coupling with aryl and alkenyl halides, pseudo-halides, and arenediazonium
salts[390,391]. The reaction of allyltin with aryl iodides is the first example of
the Pd-catalyzed cross-coupling of organotin reagents[546]. Generally only
one of four groups on the tin enters into the coupling reaction.
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Pd(0)

R-X + R'SnR"; R-R' + X-SnR";

Different groups are transferred with different selectivities from tin. A simple
alkyl group has the lowest transfer rate. Thus unsymmetrical organotin
reagents containing three simple alkyl groups {(usually methyl or butyl) are
chosen, and the fourth group, which undergoes transfer, is usually alkynyl,
alkenyl, aryl, benzyl, and allyl groups. The cross-coupling of these groups
with aryl, alkenyl, alkynyl, and benzyi halides affords a wide varicty of
cross-coupled products, which are difficult to prepare by the uncatalyzed reac-
tions. Usually Ph;P is used as a ligand. However, a large rate acceleration is
observed in some couplings of stannanes when tri-2-furylphosphine and tri-
phenylarsine are used[547]. It is claimed that the ligandless Pd complex pre-
pared in situ from LiPdCl;, RX, and R’SnMe; is an active catalyst for cross-
coupling at room temperature[548).

Aryl halides react with a wide variety of aryl-, alkenyl- and alkylstan-
nanes{548-550]. Coupling of an aryl triflate with an arylstannane is a good
preparative method for diaryls such as 688. The coupling of alkenylstannanes
with alkenyl halides proceeds stereospecifically to give conjugated dienes 689.
The allylstannane 690 is used for allylation[397,546,551-553]. Aryl and enol
triflates react with organostannanes smoothly in the presence of LiCI[554].

N MeaSn Pd(PhsP)s =
P * s
N~ ot o 9% N °>
o/ 688 0

/\M\ NN ———————»PdCIZ(MeCN)z
SnBusy t* | OH

DMF, 73%
A OH
689
PA(PhyP),
phi +  SMBU ——— P

690

The cross-coupling of aromatic and heteroaromatic rings has been carried
out extensively[555]. Tin compounds of heterocycles such as oxazo-
lines[556.557), thiophene[558,559], furans[558], pyridines[558], and seleno-
phenes [560] can be coupled with aryl halides. The syntheses of the
phenyloxazoline 691[552], dithiophenopyridine 692[561] and 3-(2-pyridyl)qui-
noline 693[562] are typical cxamples.
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\z’ ! Pd(PhsP)s i’ N
)\SnMea ©/ 80 ~ 100% ©

691

o’>
i
L—\i\ ° Brz_SNHco,au 1. Pd(Ph;P),, DMF s Y
+
/S SnMea / \ 2. HCI, 63% N\ l N

S

ylene, 79% m
N 693
Arenediazonium salts are also used for the coupling[563]. (Z)-Stilbene was
obtained unexpectedly by the reaction of the a-stannylstyrene 694 by addition-
elimination. This is a good preparative method for cis-stilbene[564]. The rather
inactive aryl chloride 695 can be used for coupling with organostannanes by

the coordination of Cr(CO); on aromatic rings[3.565].

Ph Pd(dba),, MeCN
D=+ PhN;BF, Pd(dba)s, MeCN Ph =" Ph;
Bu3Sn Et,0, rt., 97% Ph
694 82: 18
¢l
1. Pd(PhsP).
mSnMes + /@;Cf(co)a ma;/—"
MeO 0 MeO oMe 2707
695

O N OMe
MeO o O

The effect of some additives and ligands on the cross-coupling of the stan-
nylpyridine 696 has been studied. However, it seems likely that these effects are
observed case by case. Faster reaction and higher yields were observed on
addition of CuO and Ag,O[566-568]. Optimum conditions for the coupling
of alkeny! triflates with arylstannanes have been studied. Ligandless Pd com-
plexes such as Pd(dba), are the most active catalysts in the reaction of enol
triflate. PhsP inhibits the reaction. NMP as a polar solvent gives the best
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results[569). The use of tri(2-furyl)phosphine and PhsAs in the coupling of
stannanes with halides and triflates 697 increases the rate of the transmetalla-
tion of the stannanes to Pd, which is thought to be the rate-determining step of
the catalytic cycle. The relative rates arc PhsP : (fur)sP : Ph3As : Ph;As +
ZnCl, = 1:3.5:95: 151[547,570.].

Br

m . ﬁj Pd(dppb)Cl,
e
N7 SnBujy N7 DMF
696 Cuo 75% 70 min.
Ag.,0 73% 25 min.
none 47% 4 hr.
OMe
oTf OMe  pd,(dba); PhyAs O
+ NMP, 89% ‘
t-Bu BusSn +Bu
697

The use of Ph;As with Pds(dba); in the absence of LiCl in DMF gave the
best results in the coupling of 3-tributylstannylindole with enol triflate to give
698[571]. On the other hand, the coupling of highly hindered less reactive
electron-rich aryl triflate 699 with methyl-, allyl-. and alkenylstannanes pro-
ceeds smoothly by using PACIL:(Ph;P),, Ph;P. and LiCl in boiling DMF[572]. A
procedure for the reaction of p-nitrophenyl triflate with p- -methoxyphenylstan-
nane to give the coupled product 700 in 48% yield is available[573]. The
coupling of the sterically hindered bromo-a-naphthyl triflate 701 or 2.6-disub-
stituted phenyl triflates with aryltrimethylstannane proceeds in a moderate
yield in the presence of CuBr (0.05 equiv.) as a co-catalyst and LiCl (3
equiv.) without attacking the bromide in the same molecule. Under the usual
conditions. the transfer of methyl group takes place to give 702 as a main
reaction path{574.573].

CgHy7

CgHyz
= SnBu, Pd,(dba)s, DMF
N/ N\ . PhaAs, 85%
',I!s TIO
N 698
Ts

PdCl;(Ph3P),, Phy

P
+ MeSnBu,
MeO OMe LiCl, DMF, 92% MeO OMe

oTt Me
699
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oTt SnBu,
PdCly(Ph,P),, LICI
DMF, 48% 2
NO, OMe 700

MeO oTt
Br SnMe; Pd(Ph3P),, LICI
+
NHBOC CuBr, dioxane, 90°, 64%
MeO
701
MeO NHBOC MeO  Me
Re® C
OMe OMe
702

The coupling of the enol triflate 703 with the vinylstannane 704{397] has
been applied to the synthesis of glycinoeclepin[576]. The introduction of a
(2)-propenyl group in the G-lactam derivative 705 proceeds by use of tri-2-
furylphosphine[577]. However, later a smooth reaction to give the propenyl-
lactam in 82% vield was achieved simply by treating with Pd(OAc); in
NMP or CH,Cl; for 3-5 min without addition of LiCl and the phosphine
ligand[578].

Pd(OAc),, PhaP
THF, 15 min.,66%
PhCONH s
. paoae, "MCONH s
+ Uzon —
NF o N=""5 min., 82% 7 N —=

705
CQO,CHPh, CO,CHPh,
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The intramolecular coupling of organostannanes is applied to macrolide
synthesis. In the zearalenone synthesis, no cyclization was observed between
arylstannane and alkenyl iodide. However, intramolecular coupling takes
place between the alkenylstannane and aryl iodide in 706. A similar cyclization
is possible by the reaction of the alkenylstannane 707 with enol triflate[579]. The
coupling was applied to the preparation of the bicyclic 1,3-diene system 708[580].

OR O [o]
Pd(Ph,P),
™ _-SnBug ——
Y 39%

RO | 706 OR O
o
RO 7 o
o n=5 57%
Pd(Ph;P), o)
BusSn._ 2 6 56%
3 \/\/\ok(cuz)n ——— I cHy, 7 57%
LiCl, THF 8 56w
(-]

0" "0

SnMe; :
10
Pd(Ph;P),
e ——————————
85%
o7 o
0o~ o
% % 708

The intramolecular coupling of an alkenylstannane and alkenyl bro-
mide[397] has been applied to the construction of the polyene macrolactam
unit 709 found in leinamycin. The cyclization takes place by using Pd(Ph;As)..
The coupling fails when Pd(Ph;P)4 is used[581]. In the total synthesis of rapa-
mycin (712). its macroring was constructed by intermolecular coupling of two
alkenyl iodides in 711 with the vinylenedistannane (710) in the presence of
PdCl,(MeCN), and Hunig's base in 28¢5 yield together with unreacted starting
material (30%) and an iodostannane intermediate (30%)[582].

OSiR, OSiR;

Pd(PhsAs),
———e P
5 min., 37%
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PdCl(MeCN),;, DMF

i-Pr,EtN, 25°, 28%

H = z
Me OMe Me Me 712

For coupling, the cheaper aryl fluorosulfonate 713 is used as an alternative
to the expensive aryl triflates to give the same results[473). The arenesulfonates
714 are active for the reaction with vinylstannanes when dppp and LiCl are
used in DMSOJ[583]. The bromide 715 attacks the arylstannane moiety selec-
tively without reacting with the organoboron moiety in 716 in the absence of a
base[584].

0SO,F o
PACI,(Ph;P),

SnBus | ;c1 DMF, 70%
Br Br

713

Pd(OAc),, d
MeCO—@—OSOzPh + Bu;Snj\ (OAc)., dppp MeCO—@i
LiCl, DMSO, 89.6% N

714

Reactions of Organic Halides and Pseudo-Halides 235

Br (o} [0}
HNTY 0.0
o=t B Pd(Ph;P), HN
RO N7+ gy
PhMe reflux, 79%  po 2™~y
RO OR $nBu,
715 716 RO OR

The arylation of the 1-tributylstannyl glycal 717 offers a synthetic route to
chaetiacandin[585,586]. The Pd-catalyzed reactions of the 3-stannylcyciobute-
nedione 718 with iodobenzene, and benzoyl chloride[587], and alkenylation
with alkenyl(phenyl)iodonium triflates proceed smoothly by the co-catalysis

by Cul[588,589].

OSiR
3 BnO OBn
o PdC1,(PhyP),
R3SIO P> + - e
RLSIO SnBu; g, 85% OSIR; OBn
717 o
OAc R;SIO P 0Bn
RJSi0
AcO
i- i-Pro 0
' me;ﬁo PhCH,PdCI(Ph3P), ji
+ Phl
10,
BuaSn o Cul, 99% Ph )
718

3-Alkenylation of cyclopentenone with the alkenylstannane 719 has been
used for the introduction of an w-chain into a prostaglandin derivative[590].
Even the vinyl mesylate (methanesulfonate) 720 can be used for coupling with
alkenylstannanes[591].

0
M/COQEt Buasn\/\(\/\/
+ .
o
Pd(Ph3P), CO,Et
———————
73% / P

OH
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MsO © = o]
=\ Pd(Pth)q
* SnBus g 6e%
720

The reaction of the 1- and (2-ethoxyvinyl)tributyistannanes (721) and (723)
as masked carbonyls with aryl halides proceeds smoothly and the products 722
and 724 are used for further reactions[592,593].

OE
/OQ +B’ Pd(PhyP)s HEL O
———————
Bu,Sn PhH, 100%

721 722
Br
@E *Bussn’ et PerD OEt e
Us3n DMF,
CO,Et 723 Et4NCI, 80% - COgEt

.The alkenyl(phenyl) iodonium salt 725 undergoes the facile cross-coupling
with vinylstannane to form the conjugated diene 726{594].

Ph
I* BF, =\ PdCly(MeCN), Ph .
Ph” 4o+ SnBuy — - — ™ = + Phl
725 79% PdBF,
Ph\x
—_— —
726

The intramolecular insertion of an internal alkyne into an aryl or alkenyl
halide 727 generates aryl- or alkenyipalladium as an intermediate, which is
trapped with an organozinc or organostannane to give 728. Overall cis addition
to the alkyne takes place[595,596]. The reaction of the alkenylstannane 730
with the 2-bromomethylfuran 729 is used for the mtmducnon of a prenyl
group[597].

| Me =
QLI s 22 o5
N N33 phyp, 60% | N
1

]
727 COMe 705 COMe
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CO,Me COzMe
/o\ Br 7\ S
Pd(PhsP)y o
+ >=\ —
0 SnMe; 75% o
730
0 OSIR; (o] OSIR3

729

Benzyl bromide can be converted into ethylbenzene (731) by the reaction of
Me,Sn. The use of HMPA as a solvent is important. Overall inversion of
configuration takes place at the chiral center of deuterated benzyl bro-
mide[598]. The cyanomethylation[599] and methoxymethylation[600] of aro-
matic rings are carried out by the reaction of cyanomethyltributyltin (732)

and methoxymethyltributyltin.

Pd(PhsP)s
ph” “Br + SnMe, ——'(—"—> Ph” “Me + BusSnCl
HMPA, 83%
731
Pdclz[P(O-tOl);;]z
BusSnCH,CN + PhBr > PhCH.CN

732 2%

Tin enolates of ketones can be generated by the reaction of the enol acetate
733 with tributyltin methoxide[601] and they react with alkenyl halides via
transmetallation to give 734. This reaction offers a useful method for the
introduction of an aryl or alkenyl group at the a-carbon of ketones[602]. Tin
enolates are also generated by the reaction of silyl enol ethers with tributyltin
fluoride and used for coupling with halides[603].

o}

OAc 0SnBuj
>=\| s
+ Bus3SnOMe ———
- AcOMe PdCla[(o-tol)sP], 81%

734

733

The ketimine 736 is prepared by the reaction of the imidoyl chloride 735 with
organotin reagents[604,605].

PdCly(PhyP Phs=n-P"
Ph>__=N,Ph RPN T 2(PhaP)2
PhH, 120°, 86% /

cl
735 736
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Aryl and alkenyl phenyl sulfides are prepared by the reuction of aryl and
alkenyl halides and triflates with tributylstannyl phenyl sulfide. 2.
Chloropyrimidine (737) is used for the coupling[606,607]. The diaryl or diviny]
sulfide 739 is prepared by the reaction of distanny! sulfide (738)[548]. N,N-
Diethylaminotributyitin (740) reacts with aryl halides to give arylamines[608].

N Pd(PhyP), N
| ot PhS-SnBuy ————= |
P
N” "¢l 95% N~ "SPh
737

Ph PhPdI(PhP);  Ph Ph
= o+ (EsSn)S —— > == =
Br DMSO, 100% s

738 739

PhBr + Et;NSnBuz —— > PhNEt, + Bu3SnBr
740

Pd-catalyzed coupling of (Me;Sn)> with halides provides a unique synthetic
method for organotin reagents. The oxidative addition of halides, transmetal-
lation, and reductive elimination afford the organostannane 741. Aryl, alkenyl,
benzyl, and allyl halides react with (Me;Sn), to afford aryl, alkenyl, benzyl,
and allylstannanes. (Bu;Sn); is unreactive[609-612]. The intramolecular cou-
pling between aryl iodides takes place in the presence of (MesSn),. In this

. reaction, at first, the aryltin 742 is formed by transmetallation of one of the
iodides, and reacts further with another aryl iodide by transmetallation and
reductive elimination to give the coupling product 743[613]. As another exam-
ple, the spiro ring in 745 is formed by alkene insertion to form the neopentyl-
palladium 744, stannylation, and coupling with aryl iodide using
(Me;Sn),[614]. The silylstannane 746 is used for the in situ generation of vinyl-
stannane from vinyl triflate, and used for intramolecular coupling to form
747[615].

Pd,(dbals, PhyP
Ch~ + Me;SnSnMe; ———37 37 MesSn o~

CO,Bn NMP, rt., 61% a1 CO2Bn

Pd(PhsP), Snies

+ MeQSnSnMeg —— O
100° ;
HO OH
X= Br 80% 742

| 87%

OTf 88% O
—_—
743
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SOzPh
' NSO,Ph Pd{OAc)z, PhsP N
] =N
hll KzCOJ ] §o
PhSO, 744 Pl 2Ph
SO,Ph
N
Me;SnSnMe; O
D EEE—— I >
70% M
745 SO,Ph
CO,Et CO,E!
PdCIx(PhsP), _
O 10 + musnsive, =
BugNBr, Li,CO,, 7
ar OTf 746 4 y LI2UU3, ° 747

Unexpected cine substitution to afford 749. rather than ipso substitution,
was observed in the reaction of the vinylstannane 748 derived from camphor

with phenyl bromide[616].

Pd(Ph;P)s SnM
oTt MesSnSnMe; A, €3
LiCl, 81%

748 Ph-Br

Pd(PhQP),,\‘
Ph-ZnCI
J%”“ P

Pd(PhyP)s, 53% .
. Ph
9:91 449

1.1.4.6 Organosilicon compounds. Organosilicon compounds are less active
than organic compounds of other main group metals mentioned above. and
activation is necessary to bring them into Pd-catalyzed reactions.
Exceptionally. iodotrimethylsilane behaves as an active halide and undergoes
the Heck-type reaction with alkenes to afford the alkenylsilane 750[617).

Ph PdCI(PhsP)2  Ph ___
N= 4 MegSH + BN ———————= NI+ EGNHI
120°, 72hr, 54% 750 3

The transmetallation of the siloxycyclopropane 751 with the aryl- or alke-
nylpalladium 752 generates the Pd homoenolate 753, and subsequent reductive
elimination gives the g-aryl or alkenyl ketone 754[618]. It should be noted that
the Pd homoenolate 753 generated in this reaction undergoes reductive elim-
ination without g-elimination.
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The transmetallation of Si attached to sp? carbons (aryl and alkenyl) is
possible in the presence of TASF[619]. Trimethylsilylethylene (755) activated
by TASF is an ethylene equivalent and reacts with aryl and alkenyl halides to
afford the styrene derivative 756 and a diene[620]. The reactivity for the trans-
metallation is enhanced by vsing Si compounds attached to alkoxy group or
fluoride anion. The reaction proceeds more easily by the action of F~ supplied
from TASF and TBAF, forming five-coordinated silicate compounds. The
cross-coupling reactions of aryl- and alkenylsilyl compounds 755 and 757
with aryl or alkenyl halides and triflates offer good synthetic methods for
biaryls, alkenyl arenes, and conjugated dienes[621,622]. The cross-coupling
of halides or triflates with the allyltrifluorosilane 758 in the presence of
TBAF is vy-selective, and offers a new approach to regiochemical control in
allylic systems[623). The optically active benzylic trifluorosilane 759 undergoes
cross-coupling with aryl triflate with complete retention of chirality at 50 °C.
Racemization takes place at higher temperatures{624].

7-C4HsPdCl, Ph,P

HMPA, 84% O ‘

754

Me,Si

'\©\ n-CaH5PdCl, TASF /\@\
\N— +

)
755 come (E1O)P, 86% .54 COMe

IO _ PdPnaPY, O
e
\©\ T TBAF, 92% CHO
SiMer

0, Pd(PhsP), O
758 TASF, 96% —
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Me Me
©/\Siﬁ, o Pd(Ph3P),, DMF O ) O
+
TBAF, 41%
759 BA o

A trialkylsilyl group can be introduced into aryl or alkenyl groups using
hexaalkyldisilanes. The Si—Si bond is cleaved with a Pd catalyst, and trans-
metallation and reductive elimination afford the silylated products. In
this way, 1,2-bis-silylethylene 761 is prepared from 1,2-dichloroethylene
(760)[625,626]. The facile reaction of (Me;Si), to give 762 proceeds at room
temperature in the presence of fluoride anion[627]. Alkenyl- and arylsilanes are
prepared by the reaction of (Me;Si);Al (763)[628].

C'R + Cl,MeSiSiMeC!, _Pd(PhsP)s _  crmesi__
750 180°, 86% 761 SiMeCl,
@ . Pd(Ph;P), TASF
| + Me;SiSiMe, - @SiMe,
HMPA, rt., 82%
762

Pd(PhsP)s  C,
E1,0, 83%

SiMe,

H
CHn ! . Al(SiMeg); N

763

Substituted aroyl- and heteroaroyltrimethylsilanes (acylsilanes) are prepared
by the coupling of an aroyl chloride with (Me;Si), without decarbonylation,
and this chemistry is treated in Section 1.2[629]. Under certain conditions,
aroyl chlorides react with disilanes after decarbonylation. Thus the reaction
of aroyl chlorides with disilane via decarbonylation is a good preparative
method for aromatic silicon compounds. As an interesting application. trimel-
litic anhydride chloride (764) reacts with dichlorotetramethyldisilane to afford
4-chlorodimethylsilylphthalic anhydride (765), which is converted into 766 and
used for polymerization[630]. When the reaction is carried out in a non-polar
solvent, biphthalic anhydride (767) is formed[631]. Benzylchlorodimethylsilane
(768) is obtained by the coupling of benzyl chloride with dichlorotetramethyl-
disilane[632.633].
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o o)
Me Me  pqcl,(PhCN), Me o
0 + CI=§I—Si-Cl ————— + Cl;SiMe,
Ccl! Ph3P, 145°, 63% SI
Me M cl” M 765 0
o o . e
764 H,0
165 76%
o] 0] o
Me
(o) 0
>;;<j~sm -si 0
(o} 767 o o]
Pd(Ph3P),; .
PhCH,C! + CiMe,SiSiMe,Cl -—— > PhCH,SiCiMe; + Me,SiCl,
130°, 100% 768

1.1.4.7 Organocopper compounds. Organocopper reagents are used for Pd-
catalyzed coupling with halides[548]. The coupling of alkenyl triflate with a
3—4-fold excess of the 1,3-dienyl organocopper reagent 769 gives the coupled
product in 80% corrected yield for the recovered triflate. This coupling is
more effective than that of organotin reagents{634]. The vinylborane 770,
unreactive under neutral conditions, is converted in situ into Cu reagent 771
and used for coupling with aryl iodides[635]. The (a-ethoxycarbovinyl)(dicyclo-
hexylamido)cuprates 773, prepared from the 2-butynoate 772, couples with
alkenyl iodide to afford the unsaturated ester 774[636]. Ullmann-type cross-
coupling of 3-iodopyridine (775) with the Cu reagent 777, formed in siru from
o-bromonitrobenzene, proceeds smoothly in DMSO by the catalysis of
Pd(PhsP)4 and copper bronze. It is interesting that the Pd(0) reacts chemoselec-
tively with iodopyridine to give 776, and Cu with bromonitrobenzene to gen-

erate 777[637].
0o
. @—C - Pd(Ph;P)s
u _PaPhaP)s
Me ® 50, 80%
[o]

oTt 769 \’\ Me
[o]
Bu

F,C
PhyP, 94%

F2C=< _>[cm#

770 771
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COLE!
Z==—COEt + MeCu(NCy,)Li ——=>=< ;
72 Cu(NCy,)Li

O—l ___CO,Et
Pd(PhsP)s, 87% >_?i>

774

(j/ Pd(PhqP)s O/Pd'
Q\ ©\Cu8r

1.1.4.8 Organophosphorus compounds. Phosphorus—carbon bond formation
takes place by the reaction of various phosphorus compounds containing a
P—H bond with halides or triflates. Alkylaryl- or alkenylalkylphosphinates are
prepared from alkylphosphinate[638]. The optically active isopropyl alkenyl-
methylphosphinate 778 is prepared from isopropyl methylphosphinate with
retention[639]. The monoaryl and symmetrical and asymmetric diarylphosphi-
nates 780. 781, and 782 are prepared by the reaction of the unstable methyl
phosphinate 779 with different amounts of aryl iodides. Trimethyl orthofor-
mate is added to stabilize the methyl phosphinate[640].

DMSO (j/Pd
92% NO;

0 Ph Pd(PhaP)q n
Me—P-H + —, —————— Me—-P—
i-Pr Br EtN -PrO Ph
i-PrO 778
97%ee
0
Phi, Pd(OAc);, PhyP, HC{OMe T
(OAc);, Phyl (OMe); Ph—P-OMe
.7
N-methyimorpholine, 63% H 780
Q 2 Phi, PA(OAc)z, PhsP 0
H-P-OMe Ph—P—OMe
" Et;N, HC(OMe); 49% Ph
781
779 1. Ph—@—l, Pd(OAc), PhsP o
HC(OMe)s, RN Ph—Q—P‘OMe

2. __©_| , Pd(PhsP)s, AN, 51%

782
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Dialkyl arylphosphonates and alkenylphosphonates are prepared by the
coupling of halides or triflates with the dialkyl phosphonate 783[641-643].

CgHyz

CaHyy
Q Pd(Phap)4
+ H-P(OMe),
783 (MeO)zP

Phosphine oxides are prepared similarly{644]. Selective monophosphiny-
lation of 2,2’-bis[(trifluoromethanesuifonyl)oxy]-1,1’-binaphthyl (784) with
diphenyiphosphine oxide using dppb or dppp as a ligand takes place to give
optically active 2-(diarylphosphino)-1,1’-binaphthyl (785). No bis-substitution
is observed[645,646].

: : oTt Pd(OAc),, dppb, EXN(i-Pr),
+ Phy,POH oTt
@@ oTt DMSO0, 90°, 16 h ., 95% P(Q)Phy
785

(S) 784
The mixed triarylphosphine 787 can be prepared by the reaction of
(trimethylsityl)diphenylphosphine (786) with aryl halides[647]. Ph;P is con-
verted into the alkenylphosphonium salt 788 by the reaction of alkenyl tri-

flates[648).
Oy

Pdc|z(MeCN)z
Me-@—l + MesSiPPh, —— » Me
786 83%
787

+
-OTt
oTt Pd(PhsP), PPhy O
+ Php —m———
69 ~ 89%

788

TIO

1.1.5 Displacement Reactions with Carbon, Oxygen, and Sulfur
Nucleophiles

Arylation or alkenylation of soft carbon nucleophiles such as malonate is
carried out by using a copper catalyst, but it is not a smooth reaction. The
reaction of malononitrile, cyanoacetate, and phenylsulfonylacetonitrile with
aryl iodide is possible by using a Pd catalyst to give the coupling products.
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The presence of a cyano group seems to be important{649]. The reaction has
been successfully applied to halides of pyridine, quinoline, isoquinoline, and
oxazoles[650]. An interesting application is the synthesis of tetracyanoquino-
dimethane (789) by the reaction of p-diiodobenzene with malononitrile{651].

CN

1 <CN PdCIx{PPhj),, DME CO,Et
+ —_—
COEt  1-BuOK, 73%
CN PdCL(Ph.P),  NC CN NG N
I be2 < —————— -
CN NaH, THF, 72% \(¢ CN NC CN

789
No intermolecular reaction of malonate or 3-keto esters with halides has
been reported, but the intramolecular reaction of 3-diketones such as 790 and
malonates proceeds smoothly[652,653]. Even the simple ketone 791 can be
arylated or alkenylated intramolecularly. In this reaction, slow addition of a
base is important to prevent alkyne formation from the vinyl iodide by elim-
ination[654].

OMOM

EtoN— C O

OMOM
NaH EtoN— C

q Pd(Pth)4
DMF, 135°, 76%

Pd(PhyP)4

0o t-BuOK, 65%

791
a-Naphthylmethyl acetate (792) undergoes the displacement reaction with
malonate. The reaction is explained by the formation of the w-allylpalladium
complex 793[655].
CO,Me

Pd'OAC co Me Cone

o) ScogMe Poa(dbal; OO
dppe, 60°, 77%
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Aryl, heteroaryl, and alkenyl cyanides are prepared by the reaction of
halides[656-658] or triflates[659,660] with KCN or LiCN in DMF, HMPA
and THF. Addition of crown ethers{661] and alumina[662] promotes efficient
aryl and alkenyl cyanation. lodobenzene is converted into benzonitrile (794) by
the reaction of trimethylsilyl cyanide in Et;N as a solvent. No reaction takeg
place with aryl bromides and chiorides[663]. The rcactionv was employed. in an
estradiol synthesis. The 3-hydroxy group in 796 was derived from the iodide
795 by converting it into a cyano group{664)].

X Pd(PheP) X CN
pren —= [ ] ek

X =1, 0Tt
Pd(PhsP
@—l + MesSicN  —SPNaPle @—cn
EtsN, 76%

794
Pd(Ph;P)4, AlO3
NaCN
|/<)3$02 * 100°, 8% OTBOMS

Lo — &
OTBDMS
Nc’ng MeCO O : f

The rather unreactive chlorine of vinyl chioride can be displaced with
nucleophiles by the catalytic action of PdCl;. The conversion of vigyl chlqr—
ide to vinyl acetate (797) has been studied extensively from an industrial
standpoint[665-671]. DMF is a good solvent. 1.2-Diacetoxyethylene (79{3)
is obtained from dichloroethylene[672]. The exchange reaction suffers steric
hindrance. The alkenyl chloride 799 is displaced with an acetoxy group
whereas 800 and 801 cannot be displaced[673.674]. Similarly, exchange
reactions of vinyl chloride with alcohols and amines have been carried
out[668].
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PACl,  —
=\ A —_— N + NaCl
a * cONa DME 797 OAc
(o] PdCl, AcO,

= + 2AcONa —— I + 2 NaCl
Cl MeCN 798 OAc

RSO, ¢l PdCl, RSO, OAc
+ AcONa — >
Ph Ph
799
RSO, (i
— = NR
Ph X
800
é\/\(\/\/\ — NR
Cl 501

Aryl sulfides are prepared by the reaction of aryl halides with thiols and
thiophenol in DMSO[675,676] or by the use of phase-transfer catalysis[677].
The alkenyl sulfide 803 is obtained by the reaction of lithium phenyl! sulfide
(802) with an alkeny! bromide[678].

Pd(0), BUuONa
Ph—-Br + EtSH Ph—S—Et
DMSQ, 100°, 98%

Pd(Ph3P),
H H H__ _H
> PhSLi ——— >
Ph Br * 95% Ph SPh
802 803

A Pd-catalyzed reaction of amines with halides is expected. but actually little
is known about the reaction. The CDE ring system of lavendamycin (805) has
been constructed by the intramolecular reaction of aryl bromide with aniline
derivative in 804. but 1.2 equiv. of Pd(Ph;P), is required[679].

MeO,C N\ CO;Me MeO,C N _CO;Me
Pd(Pth)4 P
84%

qu
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1.1.6 Hydrogenolysis with Various Hydrides

Hydrogenolysis of aryl and alkenyl halides and triflates proceeds by the treat-
ment with various hydride sources. The reaction can be explained by the
transmetallation with hydride to form palladium hydride, which undergoes
reductive elimination. Several borohydrides are used for this purpose[680)].
Deuteration of aromatic rings is possible by the reaction of aryl chlorides
with NaBD,[681].

PdCl,
m—@-cozu +NaBDy, — > =~ D COH
MeOH, 83%

Formate is an excellent hydride source for the hydrogenolysis of aryl
halides[682]. Ammonium or triethylammonium formate[683] and sodium for-
mate are mostly used[684,685]. Dechlorination of the chloroarene 806 is carried
out with ammonium formate using Pd charcoal as a catalyst[686]. By the
treatment of 2,4,6-trichloroaniline with formate, the chlorine atom at the
para-position is preferentially removed[687). The dehalogenation of 2,4-diha-
loestrogene is achieved with formic acid, KI, and ascorbic acid[688].

OH OH
o} Cl Pd/C
+ HCOZNH,g —_—
MeOH, 100%
Cl
806

The enone 807 is converted into the dienol triflatc 808 and then the con-
jugated diene 809 by the hydrogenolysis with tributylammonium for-
mate[689,690]. Naphthol can be converted into naphthalene by the
hydrogenolysis of its triflate 810[691-693] or sulfonates using dppp or dppf
as a ligand[694]. Aryl tetrazoyl ether 811 is cleaved with formic acid using Pd
on carbon as a catalyst[695].

(o] \ \\

Pd(OAc),, PhsP, BusN

HCOH, DMF, 60°, 88%
(o} 807 0 808 809
oTf
Pd(OAc),, PhyP
T Tee
EtyN, DMF, 91%

810
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Ph

QO R R L —
‘N PhH, reflux, 85%

811

Another method for the hydrogenolysis of aryl bromides and iodides is to
use MeONa[696]. The removal of chlorine and bromine from benzene rings is
possible with MeOH under basic conditions by use of dippp as a ligand[697].
The reduction is explained by the formation of the phenylpalladium methoxide
812, which undergoes elimination of S-hydrogen to form benzene, and MeOH
is oxidized to formaldehyde. Based on this mechanistic consideration, reaction
of alcohols with aryl halides has another application. For example, cyclohex-
anol (813) is oxidized smoothly to cyclohexanone with bromobenzene under

basic conditions[698].
. H
v 2|y 0]y ono

812
OH Br
Pd(Ph3P)s, K2CO;3
+ _— <:>—0-Pd-ph ——»O:o + Pd +
DMF 3%
813

Grignard reagents or alkylaluminum compounds bearing a J-hydrogen can
be used for hydrogenolysis. The hydrogenolyses of the alkenyl sulfone 814 with
1sopropylmagnesium bromide (815)[699] and the alkenyl phosphate 817 with
Et;Al[541] to give alkenes 816 and 820 are examples. The reaction is explained
by transmetallation to give 818, followed by g-elimination to afford the Pd—H
species 819. which undergoes reductive elimination to afford the alkene 820.
Hydrosilanes are used for the hydrogenolysis of halides[700].

Pd(acac
CQH‘IQ >_M Br __(_l_» \_:/CQH19 + /\

SOzPh Et;N, 75%
814 816
OP(O)(OE), Pd(Ph;P),, hexane
NS COzBu + EtzAl
o CICH,CH,CI, 70%
AN CsHu
817 Pd-CH,-CH, Pd-H
X X
ELAIOP(O)OEY, + |O } ~ % } —
818 CH2=CH, 819

H
J\\/\ -~ -~ .CO:Bu
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1.1.7 Homocoupling ( Reductive Coupling) of Organic Halides

Homocoupling of aryl halides promoted by Cu metal is called the Ullman
reaction. The Ullmann coupling of aryt and alkenyl halides using Pd to give
symmetrical biphenyl and conjugated dienes proceeds smoothly with Pd(0)
species, which is oxidized to PdX,, and some reducing agents are used to
regenerate Pd(0) from Pd(II), making the reaction catalytic[701,702]. Hence
this reductive coupling of the halides is mechanistically different from all the
reactions of aryl halides discussed so far. However, for convenience, reductive
coupling catalyzed by Pd(0) and reducing agents is treated here. Coupling of
iodobenzene is possible with a catalytic amount of P4(OAc), without adding
a reducing agent to give biphenyl in 75% yield. Similarly, although the
reaction took 7 days, perylene (822) was obtained in 85% yield by the intra-
molecular coupling of the aryl diiodide 821 with Pd(OAc),[32]. Pdl, gener-
ated by the coupling may be reduced to Pd(0) with an amine derived from
DMF or BuyNBr during a long period of time. Smooth intramolecular cou-
pling of the alkenyl bromide 823 to give the 1,3-diene 824 proceeds using a
catalytic amount of Pd(OAc), and a stoichiometric amount of Ph;P in the
presence of bases. PhsP reduces PdBr; formed by the coupling to Pd(0)[703].
The coupling of vinyi chloride to afford butadiene proceeds using Pd(Ph;P),
as a catalyst in the presence of an amine as a reducing agent for PA(11)[360].
Many patents have been applied for the efficient homocoupling of aryl
halides, particularly chloro- or bromophthalic acid to biphenyltetracarboxylic
acid (825) using formic acid or alkali metal alkoxides as reducing agents[704].
The coupling of the aryl halides or triflates 826 is carried out in the presence
of Zn as the reducmg agent[705] or by electrochemical reduction[706,707].

Pd(OAc),, BuyNBr, DMF
+ (Pdl,)
K,CO3, 7 days, 85%

BrBr
Pd(OAC)
+ PhPp ———— + PhsPO
KoCOg, 92%
£ E e E
823 E = CO,Me 824

HO,C cl__ Pac

HO,C CO,H
reduclng agent HO; cCOgH

HO.C
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o
PdCIy(Ph3P),
ool -~
DMF, 59%
90
Efficient homocoupling of the aryl iodonium salt 827 using Zn is catalyzed

by Pd(acac);[708). Homocoupling of the arylsulfonyl chloride 828 as a pseudo-
halide takes place in the presence of 2 equiv. of Ti tetraisopropoxide[709].

" Pd(acac);
MeQ _©—|—©—0Me + Zn ———
91%

Br

827
MeOOMe + ZnX,
Ti(i-PrO),
cn—@—sozm CICI
PdCI,(PhCN), 140°, 76%

828

1.1.8 Reactions of Aromatic Compounds

The Pd-catalyzed coupling of aryl halides or triflates with aromatic rings to
give biaryl compounds proceeds only intramolecularly[710]. The reaction is
carried out with PdCl, or Pd(OAc)- as a catalyst in the presence of bases.
The oxidative addition to the halide is followed by the palladation of aromatic
ring with Pd(Il) species to generate diarylpalladium. Finally, reductive elim-
ination gives the coupled product. The synthesis of the naphthylisoquinoline
alkaloid 829 is an example[711]. The reaction has been applied to the synthesis
of gilvocarcin M (830){712,713]. The regioselective coupling of the aryi triflate
831 has been applied to the syntheses of fluoranthene and benzofluor-
anthene[714]. The intramolecular coupling of aryl halides with heteroaromatic
rings, such as the imidazole 832{715] and indole, takes place smoothly[716].
The corresponding intermolecular reaction is not possible.

~Me
O PACly(PhyP), AcONa
Br N.
MeO O Bn  DMA, 130°, 75%

MeO 0O Me
(o] MeO
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BnO OMe

OO OMe  pqCl,(PhyP),, AcONa

DMA, 125°, 90%
R O

BnO OMe

OMe
0o
o 83
L e OO
Z
O O LIC!, DBU, DMF, 93% 4 _O
oTt
831
Me
N MeN—)
gri Z Pd(OAc),, DMA B N
150°, BusNCl, NaHCO; B3%
N0 N o
| C4H
832 CaHo e

.o-Iodoanisole (833) undergoes an interesting coupling to give the 6H-
dlbegzo[b,d]pyran 838 in a high yield (90%) in one step. The key steps of the
reaction are formation of the five-membered ortho-palladation products 834
gnd 836 involving intramolecular C—H activation, and their reaction with
iodoanisole to give 835 and 837[717]. Facile orthopalladation is a driving force.

OMe

Pd(OAC)s, K2COs, BusNBr Pdl Pd
I — )
DMF, 3 days, 90% OMe [0
833 834

MeO O MeO MeOQ
B e aa a
0" Pl
835

0 0" Pdl
837

Pd—/ 83 MeO l

G
R
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1.2 Acyl and Sulfonyl Chlorides and Related Compounds

Acyl halides are reactive compounds and react with nucleophiles without a
catalyst, but they are activated further by forming the acylpalladium intermedi-
ates, which undergo insertion and further transformations. The decarbonyla-
tive reaction of acyl chlorides as pseudo-halides to form the arylpalladium is
treated in Section 1.1.1.1. The reaction without decarbonylation is treated in
this section.

Butyl vinyl ether reacts with aroyl chlorides using Pd(OAc), without a ligand
to give the unsaturated ketone 839, which is a precursor of a l-aryl-1,3-dicar-
bonyl compound. The reaction is regioselective B-attack. Addition of PhsP
inhibits the reaction[718].

0
cocl Pd(OAc); < "OBu
+ :—\ ————
MeO OBu Ef;N, 77% MeO 839

The alkynyl ketones 840 can be prepared by the reaction of acyl chlorides
with terminal alkynes. Cul in the presence of Et;N is the cocatalyst{719]. (1-
AlkynyDtributylstannanes are also used for the alkynyl ketone synthesis[720].
The «. 3-alkynic dithio and thiono esters 842 can be prepared by the reaction
of the corresponding acid chloride 841 with terminal alkynes[721,722].

PACL(PhsP);
RCOCI + Ph—= RCO—==—Ph
Cul, Et;N 840
Me
ve 8 PACI(Ph;P) S
Me = + CI—C—SMe__-EQFo/—s——E-Me — C-SMe
(]
Ve 841 ve 842

The alkylphenylacetyl chloride 843 and benzoy! chloride undergo decarbo-
nylative cross-condensation to give the enone 845 in the presence of Et;N[723].
The reaction is explained by the insertion of the ketene 844 into the Pd-aryl
bond and 3-elimination. To support this mechanism, . S3-unsaturated ketones
are obtained by the reaction of ketenes with aroyl chlorides[724].

Acyl halides react with organometallic reagents without catalysts. but some-
times the Pd-catalyzed reactions give higher yields and selectivity than the
uncatalyzed reactions. Acyl halides react with Pd(0) to form the acylpalladium
complexes 846, which undergo facile transmetallation.
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OMe
Pd(PhaP)s
EtsN, 120°, 86%

Ph
~_>—¢ocl +

843
[ CcocCl

0
Ph Ph
_==C=0 + cwa—@—om—— OMe

844 CIPd
OMe
o 845

Q Q R'SnBu, Q
R-C—-Cl1 + Pd(0) ———»R-C-Pd-g| ——— RA-C-Pd-R' + Bu;SnCl

\ 846 |

9
Pd(0) + R-C-R'

Organozines are good reagents for ketone synthesis[451]. The ketone synth-
esis is carried out by the reaction of alkyl, alkenyl, and arylzinc reagents with
acyl chlorides[725,726]. The 3-keto ester 848 is prepared by the reaction of an
aroyl halide with the Reformatsky reagent 847[727]. In the examples shown,
the alkylzinc reagents 849 and 851 can be coupled with acyl chlorides to give
the ketones 850 and 853. No elimination of 3-hydrogen of the alkylpalladium
852, formed by transmetallation with alkylzinc, takes place, because the reduc-
tive elimination is faster than elimination of 3-hydrogen{728].

Pd(PhsP)4 0
ArCOC! + BrznCH,CO.et ————=  l___coset
DME, 50 ~ 90% Ar
o 0
Pdcldepl) I~
/\/lLC| M (M2zn 98%
849 850

In~_COEt ZNCU _iZn -~ CO,EL

851 )ﬁfpd \/\/CO-‘»EQ
852
)\ Pd(PhsP)s )\9 °
coct ———— > c-Pd-C| 88%
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The Pd-catalyzed coupling of an acyl chloride with benzyl chloride to form
the benzyl ketone 854 proceeds in the presence of an excess of Zn. In this
reaction, benzyl chloride reacts with Zn to form benzylzinc, which undergoes
transmetallation with acylpalladium complex[729]. The reaction has been
applied to the synthesis of riccardin B (855)[730].

2 ‘.?
R-C-Cl + Pd{(0) ——= R-C-Pd-CI

o
n
L —— R—-C-CHgPh
80 ~ 90%
PhCH,—Cl + Zn —— PhCH,-Zn-Cl — 854

cocl OMe
Br/\@ PdCly(Ph3P)2
MeO + ?* 2" ThME, 50%
Q\©\002Me CO;Me
(o]
@EOME OMe
S X
MeO Q
—————-
(o
T U Cl__1D
CO;Me

855

Me

The dienone 858 is synthesized by coupling of the alkenyl copper reagent 856
with crotvl chloride (857) in the presence or absence of ZaCly[731].
Tetrabutyllead (859) reacts with benzoyl chloride to afford butyl phenyl

ketone[732].
\ . /___/COCI Pd(PhsP)s >:_\"/—_—/
Bu CuMgBr ZnCI2I100% Bu

856 857 858 o
Pd(PhsP)s Q
PhCOC! + BuPpb ————— Ph—C-Bu
THF, 78%

859

Various organotin reagents react with acyl and aroyl halides under mild
conditions without decarbonylation to give carbonyl compounds[390,391].
Alkyl- or alkenyltin reagents react with acyl and aroyl chlorides to give
ketones[548.733,734]. One example is the preparation of the a,-unsaturated
~-keto esters 860 and 861, carried out under a CO atmosphere[735]. The reac-
tion has been applied intramolecularly to the synthesis of the macrocyclic keto
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lactone 863 from 862[736]. The intramolecular coupling of an acyl chloride
with an alkenyltin reagent was applied to the synthesis of the key intermediate
of pyrenophorin[733,737].

o} o)

__ COBu pg Y\/U\%
Y\/U\CI + /_/ ———CO CO,By

OSiR, BuySn OSiR; g6

o COCI PhCHzPdCI(PhyP), _
X CO.EL CO,Et
BusSn” X~ + /©/ CO(1 atm.), 50°, 80% 861 ?

NO, NO,

o] J\
Cl PhsP
(CHao /\n/ Pd, h3 0
! CO, 100°, 70% o ™
862

Bu3Sn
o) 863

The a-diketone 865 can be prepared by the coupling of the acylstannane 864
with acyl chlorides[738,739]. The a-keto ester 868 is prepared by the coupling
of (a-methoxyvinyl)tributylstannane (866) with acyl chloride, followed by ozo-
nization of the coupled product 867(740,741].

SnBua /@/COC' PACI(PhsP);
O Eth 61% o

0

oM

864 865 e

OMe (PhCH,PdCI)(Ph3P) ?
2 3

+ C7hy5COCI s OMe
SnBu; 82%
866 867 2 OMe

~—=CyHss
868 O

The ester 870 is prepared by the cross-coupling of the chloroformate 869
with an organotin reagent. Some chloroformates are easily decomposed by a
Pd catalyst, and hence the reaction should be carried out by slow addition of
the chloroformates. Similarly, the amide 872 is prepared by the reaction of the
carbamoyl chloride 871[742]. The coupling of alkylcopper with ethyl chloro-
formate catalyzed by Pd affords esters[743].
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/L/_\>\ PdCly(PhyP)s, PhMe /L/—\>\
+ CICO,CgH
07 “SnBu; T HMPA, 100°, 70% 0" "COLCgHyy
869 870
PdCIy(PhsP
+ ciconmeph —oclPhP:
SnBu, 71 71% CONMePh
872

The Pd-catalyzed hydrogenolysis of acyl chlorides with hydrogen to give
aldehydes is called the Rosenmund reduction. Rosenmund reduction catalyzed
by supported Pd is explained by the formation of an acylpalladium complex
and its hydrogenolysis[744]. Aldehydes can be obtained using other hydrides.
For example, the Pd-catalyzed reaction of acyl halides with tin hydride gives
aldehydes{745]. This is the tin form of Rosenmund reduction. Aldehydes are
formed by the reaction of the thio esters 873 with hydrosilanes[746,747].

0 Pd(PhP)
R-C-ClI + Bu;SnH ——=2—%. RCHO
90%
MeO. COSEt pd/c MeO CHO
+ HSIEty —— =
91%

873

The acylstannanes 874 and 875 are prepared by the reaction of acyl chlorides
with (Mec;Sn)>. The symmetrical 1,2-diketones 877 can be prepared by the
reaction of an cxcess of benzoyl chloride with (EtsSn),. Half of the benzoyl
chloride is converted into the benzoyltin reagent 876, which is then coupled
with the remaining benzoyl chloride under a CO atmosphere to afford the o-
diketone 877[748]. Triethyl phosphite is used as a ligand.

Pd(Ph3P), n
MeCOCl + Me;SnSnMe; ———— = Me—-C-SnMe;
70%
874
ﬂ-Cng,Pdc'

PhCOC! + Me;SnSnMe, PhCOSnMe;

(E10);P,110°, 93%  go=

n-C;HsPdCI
PhCOSnEt; + Et;SnCI
(E10)sP, €O, 70% 878

Pd(0) | PhCOCI

PhCOCOPh + EtSnCi
877

PhCOC! + Et;SnSnEt,



258 Catalytic Reactions with Pd(0)} and Pd(II)

The reaction of benzoyl chioride with (Me;Si), affords benzoyltrimethylsi-
lane (878)[626,749,750]. Hexamethyldigermane behaves similarly. The siloxy-
cyclopropane 879 forms the Pd homoenolate of a ketone and reacts with an
acyl halide to form.880. The 1,4-diketone 881 is obtained by reductive elimina-
tion of 880 without undergoing elimination of 3-hydrogen[751].

—C3HsPdCI
PhCOCI + Me;SiSiMe; TS PhCOSiMe,

(EtO)3P, 110°, 93% 878

TMSO coci
PdCl,(Ph3P),
+ —_————
879 CHCI;, 53%
i 0 a0
SOAAcImas S s
880 c 881

Sulfonyl chloride reacts with an alkenylstannane to give the alkenylsuifone
882[752].

MeSOZCl - Buasn - Pd(Pth)4 Me502 _
“Ph  90% sy P

Acyl halides are intermediates of the carbonylations of alkenes and organic
halides. Decarbonylation of acyl halides as a reversible process of the carbo-
nylation is possible with Pd catalyst. The decarbonylation of aliphatic acid
chlorides proceeds with Pd(0) catalyst. such as Pd on carbon or PdCl,, at
around 200 °C[109,753]. The product is a mixture of isomeric internal alkenes.
For example, when decanoyl chloride is heated with PdCl, at 200 °C in a
distillation flask, rapid evolution of CO and HCI stops after 1h, during
which time a mixture of nonene isomers was distilled off in a high yield. The
decarbonylation of phenylpropionyl chloride (883) affords styrene (53%). In
addition, 1,5-diphenyl-1-penten-3-one (884) is obtained as a byproduct (10%).
formed by the insertion of styrene into the acyl chloride. Formation of the
latter supports the formation of acylpalladium species as an intermediate of the
decarbonylation. Decarbonylation of the benzoyl chloride 885 can be carried
out in good yields at 360 °C with Pd on carbon as a catalyst. yielding the aryl
chloride 886[754].
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R/\/COCI 7= (+ isomers) + CO + HCI
o
e
N o= * pn /\)l% + CO + HCI
Ph
883 53% 884 10%
Pd/C, 360°
cl coct ——— c:-@—q
98%
885 886

The decarbonylation-dehydration of the fatty acid 887 catalyzed by
PACly(PhsP), (0.01 mol%) was carried out by heating its mixture with acetic
anhydride at 250 °C to afford the terminal alkene 888 with high selectivity and
high catalyst turnover number (12370). The reaction may proceed by the
oxidative addition of Pd to the mixed anhydride[755].

o o]
PdCI,(PhaP)2
CO,H —_— -
C7H15/\/ 2! + Acy0 His /\/u\o/u\

250°
887 0

His”— + CO + 2AcOH

Selectivity 97% 888
The reduction of acyl halides with hydrogen to form aldehydes using Pd
catalyst is well known as the Rosenmund reduction[756]. Some acyl chlorides
give decarbonylation products rather than aldehydes under Rosenmund condi-
tions. The diene 890 was obtained by decarbonylation in an attempted
Rosenmund reduction of acetyloleanolic acid chloride (889)[757]. Rosenmund
reduction of sterically hindered acyl chiorides such as diphenyl- and tripheny-

lacetyl chloride (891) gives the decarbonylated products 892{758].

AcO AcO
H, /Pd
—_— + CO + HC!
cocl
889 890
Pd
Ph;CCOCI + H, — PhCH + €O + HCI
891 892
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Fron} these facts, a mechanism of the Rosenmund reduction has been pro-
posed, in which the formation of the acylpalladium species 893 is the first step
of the aldehyde formation and also the decarbonylation, although the
Rosenmund reduction proceeds under heterogeneous conditions[744].

Hy
= RCHO + HC! + Pd
RCOC! + Pd —»RCOPAC! ~
893 -CO Hy

alkenes + Pd + HCI

The acylpalladium complex formed from acyl halides undergoes intramole-
f:ulgr alkene insertion. 2,5-Hexadienoyl chloride (894) is converted into phenol
in its attempted Rosenmund reduction[759]. The reaction is explained by the
oxidative addition, intramolecular alkene insertion to generate 895, and g-
elimination. Chloroformate will be a useful compound for the preparation of
@, fB-unsaturated esters if its oxidative addition and alkene insertion are pos-
sible. An intramolecular version is known, namely homoallylic chloroformates
are converted into a-methylene-y-butyrolactones in moderate yields[760]. As
another example, the homoallylic chloroformamide 896 is converted into the a-
methylene-y-butyrolactams 897 and 898[761]. An intermolecular version of
glkene insertion into acyl chlorides is known only with bridgehead acid chlor-
ides. Adamantanecarbonyl chloride (899) reacts with acrylonitrile to give the
unsaturated ketone 900{762].

i Cl i 2 oH
l Pd Pd-Ci
N l — — + Pd + Hel
= PdCI
Pr. z Pr Pr
Pdy(dba);, PhyP -
}‘/\Ci/NaHCO xylene, 699 Bu- * pu-N
Bu \n/ 3, Xylene, 69% u Bu
o] o] 0
896 897 83 : 17 898
PR c PdBr,
64% 0
cOoCi e
899 900 CN
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1.3 Alkyl Halides, Polyhalides, o-Halo Ketones and Esters

The palladium-catalyzed reaction of alky! halides is usually difficult to carry
out. In the presence of a base, they are converted into alkenes by f3-elimination.
However, alkyl-alkyl coupling without -elimination is possible by using alkyl-
boranes. Hexyl iodide reacts smoothly with 9-octyl-9-BBN in the presence of
K4PO, to give tetradecane in 64% yield[536,537]. This reaction is treated in
Section 1.1.4.3. No coupling takes place when organometallic reagents of Zn,
Mg, AL Sn, Zr, and Hg are used [450]. Only 9-alkyl-9-BBN is an effective
reagent.

The «-bromo-y-lactone 901 undergoes smooth coupling with the acetonyltin
reagent 902 to afford the a-acetonyl-y-butyrolactone 903[763]. The a-chloro
ether 904, which has no possibility of J-elimination after oxidative addition,
reacts with vinylstannane to give the allyl ether 905. The o-bromo ether 906 is
also used for the intramolecular alkyne insertion and transmetallation with
allylstannane to give 907[764].

0 o
PACH{PhyP

0" B, BussncH,COMe m—%;/—s—)—z——!» om
802 °

001 903

= Pd(Ph3P),

C'\/O”Caﬂw * SnBuy Py /\/O‘Caﬂw

904 2V Ben 905

= (PR /?—-:;Pd'ar ANASBU A AF
o 8 o 0~ g07
Br 906
On the other hand, the halohydrin (chloro and bromo) 908 is converted into
a4 ketone via oxidative addition and [-elimination in boiling benzene
with catalysis by Pd(OAc). and tri(o-tolyl)phosphine in the presence of
K,COs[765.766].

OH  pya(oAc),, (o-tol)sP OH

H J——

gr Kz:COs PhH refl., 68%

Vs
908 qd'\fic
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The Pd-catalyzed elimination of the mesylate 909 at an anomeric center,
although it is a saturated pseudo-halide, under mild conditions is explained
by the facile oxidative addition to the mesylate C—O bond, followed by elim-
ination of B-hydrogen to give the enol ether 910{767].

The carbonylation of some alky! halides such as iodocyclohexane (911) can
be carried out under neutral conditions in the presence of N, N,N, N-tetra-
methylurea (TMU), which is a neutral compound, but catches generated
hydrogen halide. Molecular sieves (MS-4A) are used for the same pur-
pose[768]. Very reactive ethyl S-iodobutyrate (912) is carbonylated to give
ethyl methylsuccinate (913) in the presence of TMU. The expected elimination
of HI to form crotonate, followed by carbonylation, does not occur.

1 PACIy(PhyP)s, TMU, 100° COEt

50 atm, 70%
+ CO + EtOH  —— i
PdCly(PPhg)y, MS-4A

911

120°, 50 atm., 80%

PACIy(PhyP); CO,Et

1
CO.Et + CO + EtOH - C
/k’ ? Me;NCONMe;, 71% A cost
912 913

Particularly alkyl halides which have a perfluoroalkyl group at the -posi-
tion undergo smooth carbonylation. Probably the coordination of fluorine to
form a five-membered chelate ring accelerates the reaction. Double carbonyla-
tion to give the a-keto amide 915 is possible in EtaNH with the fluorine-bear-
ing alkyl iodide 914[769,770]. The ester 917 is obtained by the carbonylation of
the B-perfluoroalkyl iodide 916 in ethanol.

CHjy PACI(PhyP);
CF3CH,—CH't + CO + EtzNH  ————————

100°, 50 atm.
914 oHs oHy
CF3CH; —CHCOCONEt, + CF3CH;—CHCONE,
66% 14%
915
PdCl,(PhsP
CgF17CH, —CHCHg + CO + CoHsOH 2(PhaP)y CqF17CH, —CHCHg
! EtsN, 30 atm., 73% J
i CO,Et
916 917
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Alkyl ketones can be prepared by the carbonylation of alkyl iodides in the
presence of organoboranes. The carbonylation of iodocyclohexane with 9-
octyl-9-BBN at 1 atm gives cyclohexyl octyl ketone in 65% yield[386]. This
reaction is treated in Section 1.1.3.3. Methyl a-methylacetoacetate (919) is
obtained by the reaction of the 2-bromopropionate 918, which has a /-hydro-
gen, with CO and Me,Sn. Ph3As as a ligand gives better results than Ph;P[771].

o
Br PACI(PhaA
Y 4 co + SnMe, _PdClPhahs)y /uYCOzE‘

CO,EL 62%
918 } 919

Polyhaloalkyl compounds such as CCl, and the trichloroacetate 920 undergo
addition to alkenes with catalysis by Pd(OAc), and tri(o-tolyl)phosphine in the
presence of K2CO5[772]. The reaction is explained by a free radical mechanism,
involving one-electron transfer from Pd(0) to CCl, to generate a trichloro-
methyl radical. which adds to the alkene, rather than the mechanism of oxida-
tive addition to CCl, followed by the alkene insertion. Addition of
trichloroacetate to l-octene affords the 2,2.4-trichlorododecanoate 921. The
addition of CCly or BrCCl, to the allylic alcohol 922 affords the ~~trichloro

ketone 923{773].

o]

Pd(OAc),, PhyP

CoHuy I CfgCCO;Me 2 CBH - A/CC’Q:COZMB
920 K,C0;3, 100°, 64% 921

Pd(OAc)g chfg
NS Brecn -

922 OH (o-tol)3P, 110°, 66% 923 (s}

Under CO pressure in alcohol, the reaction of alkenes and CCly proceeds to
give branched esters. No carbonylation of CCly itself to give triichloroacetate
under similar conditions is observed. The ester formation is explained by a free
radical mechanism. The carbonylation of 1-octene and CCly in ethanol affords
ethyl 2-(2.2.2-trichloroethyl)decanoate (924) as a main product and the simple
addition product 925[774]. \

Dimethyl iodo(4-pentenylimalonate (926) undergoes a Pd-catalyzed intra-
molecular radical-type reaction to form the alkyl iodides 927 and 928. rather
than a Heck-type reaction product[775]. The same products are also obtained
by a radical reaction promoted by tin hydride[776]. Although yield was low, a
similar cyclization of the a-chloro ester 929 to form the seven-membered ring
930 was observed[777).
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Pd(OAc)z, PhiP

Can/ — 4+ CO 4+ CCl4 + EtOH
K,CO3, 50°, 40 atm.

CO,Et Cl
CCl.
CgHyz )\/ * 4 CyHyr )\/CCI:,
50% 33%
924 925
I
| CO,Me (Bu3Sn); or CO,Me ! (C:gzMe
+
COMe  Pd(PhsP)s COzMe 2Me
926 927 9 : 1 928
X Pd(Ph3P)4, ProNEt ;OW|
N Cl N
o \|/ BuyNI, 34% o >
CO0,Bn CO,Bn
929 930

The reaction of perfluoroalkyl iodides with alkenes affords the perfluoro-
alkylated alkyl iodides 931. c.a-Difluoro-functionalized phosphonates are pre-
pared by the addition of the iododifluoromethylphosphonate (932) at room
temperature[778]. A one-electron transfer-initiated radical mechanism has been
proposed for the addition reaction. Addition to alkynes affcrds 1-perfluoro-
alkyl-2-iodoalkenes (933)[779-781]. The fluorine-containing oxirane 934 is
obtained by the reaction of allyl alcohol[782]. Under a CO atmosphere, the
carbocarbonylation of the alkenol 935 and the alkynol 937 takes place with
perfluoroalkyl iodides to give the fluorine-containing lactones 936 and
938[783].

CI(CF CsH
CICFp)¢l + qcsu,, ——————Pd(PhaP)4 ( Z)L< o

"0,
. 1
., 97% 931

CuHe PA(PhsP)s
~=— + ICF,PO(OEt); '—91_°/‘—> CgH{7-CF2PO(OEL!);
o
932
Pd(Ph3P)4 Can _ Bu

n., 69% 933 |

C¢Fi3l + =—Bu
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PdX
PdCly(Ph3P). 0
CaFi7l + /\/OH —————— an\)\/OH ’ C9F17\/<l

K2COs, 70% 934
CgF17l + WY + CO W—‘»Cafﬁ*yﬂ
935 OH o
936
PdCI,(PhsP)s, K2CO3
OH C.F P 0
CeFird + _— + CO a7
//\/ MeCN, 80°, 36%
937 938 O

The silyl enol ether 940 is prepared from the a-bromo ketone 939 by the
transmetallation with trimethylsilyltributyltin[784].

Ph . PdCly, (MeO);P Ph
Br/\n/ + Me;SiSnBu; _5-17_> ﬁ/ )
(¢} ° OSiMe;
939 940

The a.3-unsaturated ester and amide 942 is prepared by the Pd-catalyzed
Wittig-type reaction of the bromoacetate or bromoacetamide 941 with alde-

hydes and Bu;As[783].
CHO

Pd(PhyP)4 O2N
+ BugAs + BrCH,CON -——;——’
53% co N: >
942

941
NO,
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2 Reactions of Allylic Compounds via 7-Allylpalladium
Complexes Catalyzed by Pd(0)

2.1 Reaction Patterns and Various Allylic Compounds Used for
Catalytic Reactions

Application of w-allylpalladium chemistry to organic synthesis has made
remarkable progress[1]. As described in Chapter 3, Section 3, w-allylpalladium
complexes react with soft carbon nucleophiles such as malonates, 3-keto esters,
and enamines in DMSO to form carbon—carbon bonds[2, 3]. The characteristic
feature of this reaction is that whereas organometallic reagents are considered
to be nucleophilic and react with electrophiles, typically carbonyl compounds,
w-allylpalladium complexes are electrophilic and react with nucleophiles such
as active methylene compounds, and Pd(0) is formed after the reaction.

cone

L DMSO
<€Pd + NaCH(COEY), — > # coMe * Pd(0) + NaCl

When the m-allylpalladium complexes are formed by the reaction of alkenes
with PdClL, and react with nucleophiles, the whole reaction constitutes the
stoichiometric functionalization of alkenes[4.5].

In addition, a catalytic version of 7-allylpalladium chemistry has been devel-
oped[6,7]. Formation of the w-allylpalladium complexes by the oxidative addi-
tion of various allylic compounds to Pd(0) and subsequent reaction of the
complex with soft carbon nucleophiles are the busis of catalytic allylation.
After the reaction, Pd(0) is reformed, and undergoes oxidative addition to
the allylic compounds again, making the reaction catalytic.-In addition to
the soft carbon nucleophiles, hard carbon nucleophiles of organometallic com-
pounds of main group metals are allylated with n-allylpalladium complexes.
The reaction proceeds via transmetallation. These catalytic reactions are trea-
ted in this chapter.

Oxidative addition R\ﬁ\\ N~ A~ N, pai)

—™R

Pd\x J

RA~X + pd(0)
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In addition to the catalytic allylation of carbon nucleophiles, seYeral other
catalytic transformations of allylic compounds are known as illustrated.
Sometimes these reactions are competitive with each other, and the chemo-
selectivity depends on reactants and reaction conditions.

Oxidative addition R/\/%

R/\/\/X + Pd(0) Pa., —_—
n-Allyl complex
e RN Pd(0) + HX
C, O, N, nucleophiles
MR RS e SR L P + MX
Transmetallation Pd\n.
AM-MR' RONASMR L xMR + Pd(0)
Transmetallation
€O, NuH RNFACONU . pd(0) + HX
Carbonylation
AH RN m + Pd(0) + AX
Hydrogenolysis H
- RXX + Pd(0) + HX
Elimination
L = Intramolecular reactions with alkene and alkyne

Mainly allylic csters are used as the substrates for the catalytic reactions. In
addition. the allylic compounds shown are known to react with Pd(0) to form

alladium complexes. Even allylic nitro compounds[8.9] and sul-

w-allylp llylic com-

fones[10-12] are used for the allylation. The rcactivities of these a
pounds are very different.

0 OH
A~ OAe S~ OCOR . OCONHR A~ A AN

Phenyl ether,  Alcohol,

Acotate, Carbonate, Carbamate, Oxirane,

PN 1 N0 o SOR o Ny /\q/ewe

Phosphate, Chloride,  Nitro, Sulfone, Amine and vmw;‘;‘:&
ammonium propane

salts,
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Allylic acetates are widely used. The oxidative addition of allylic acetates to
Pd(0} is reversible, and their reaction must be carried out in the presencc; of
basc?s. An important improvement in 7-allylpalladium chemistry has been
gchxeved by the introduction of allylic carbonates. Carbonates are highly reac-
txyc?. More importantly, their reactions can be carried out under neutral con-
dltxoqs[l3,l4]. Also reactions of allylic carbamates[14}, allyl aryl ethers[6 15]
gnd vinyl epoxides{16,17] proceed under neutral conditions without additio’n o%

ases.

2.2 Allylation Reactions

2.2.1 Stereochemistry

The.stereochemistry of the Pd-catalyzed allylation of nucleophiles has been
studg:d extensively({5,18~20]. In the first step, m-allylpalladium complex for-
mation by the attack of Pd(0) on an allylic part proceeds by inversion (anti
attack). Then subsequent reaction of soft carbon nucleophiles, N- and Q-
nucleophiles proceeds by inversion to give 1. Thus overall 7retention is
observed. On the other hand, the reaction of hard carbon nucleophiles of
organometallic compounds proceeds via transmetallation, which affords 2 by
retention, and reductive elimination affords the final product 3. Thus the over-
all inversion is observed in this case[21,22].

B B ]
Pd{0) Nu
inversion 3
“"OAc ‘ Inversion “Nu
1
Pd
“OAc
Y ‘
R R
esse————————————
Retention .
R
Pd., 3
2

Convincing F:vidence for oxidative addition by inversion has been presented
by the reaction of chiral (S)-(E)-3-acetoxy-1-phenyl-1-butene (4) with
Pd(0)(dppe), followed by the treatment with NaBF, to give optically active
the w-allylpalladium complex (1R,25,35) 5 with 81% stereoselectivity[‘l 9].
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+
Mo~ P Me._AaFh
Kc\/ Pd(dppe)(PhsP) Ph., Pd__Ph BFs
(SHE) 4 NaBF,, 44% PP \__/ P
58% ee Inversion (1R, 25,39)5
47% ee

Furthermore, the catalytic allylation of malonate with optically active (5)-
(E)-3-acetoxy-1-phenyl-1-butene (4) yields the (S)-(E)-malonates 7 and 8in a
ratio of 92 - 8. Thus overall retention is observed in the catalytic reaction[23].
The intermediate complex 6 is formed by inversion. Then in the catalytic
reaction of (S)-(Z)-3-acetoxy-1-phenyl-1-butene (9) with malonate, the oxida-
tive addition generates the complex 10, which has the sterically disfavored anti
form. Then the m-o-r rearrangement (rotation) of the complex 10 moves the
Pd from front to the rear side to give the favored syn complex 6, which has the
same configuration as that from the (S5)-(E)-acetate 4. Finally the (S)-(E)-mal-
onates 7 and 8 are obtained in a ratio of 90 : 10. Thus the reaction of (Z)-
acetate 9 proceeds by inversion, r—o-7 rearrangement and inversion of con-
figuration accompanied by Z to E isomerization[24].

Me. Ph Pd(0), dppe | Me Ph
T\\"/ + NaCH(CO Me), —— > \/A\/ -
Ac 96% Pd

(S)-(E) 4 Inversion

38% ee (1R, 2S, 38) 6

Me. N Ph . Me y Ph
Inversion H(CO,Me), CH(CO,Me),
(S)-(E) 7 {SI{E} 8

30% ee
92:8

Me Pd(O) Me. C~nt—~C
- \ 77N B e o]
\5/\ + NaCH(CO,Me}; ———— \/1\ Rearrangement
AcO  Ph dppe Pd Ph 9
(R)-(E) 9 (1R, 28, 3S) 10
73% ee
Ph
Me%\/Ph Me N + MWP“

——

Zp = i CH(CO,Me), CH(CO,Me),

pd Ph P SHE) 7
(1R, 25, 3S) 6 (SHE) (SHE) 8
73%ee

Me.

90 : 10
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The reaction of phenylzinc reagent proceeds with opposite stereochemistry,
namely by retention of configuration at the final step via transmetallation,
Both the (S)-(£)- and (R)-(Z)-allylic acetates 4 and 9 afford the ( R)-(£)-phe-
nylated product 11 by overall inversion[23].

Me Ph

\ Me\/\/Ph
Ac Pd(Ph3P), 3 N
+ PhZnBr —mM8M8M8M8M8M8M8M8m ™
(S)-E) 4 (RIE) 11
Msa% ee 44% ee
e
\i/ﬁ Pd(Ph,P), MeWPh
AcO h + PhZnBr — Bh
(R)-(E) 9 (R)-(E) 11
61% ee 30% ee

Based on the above-mentioned stereochemistry of the allylation reactions,
nucleophiles have been classified into Nu' (overall retention group) and Nu?®
(overall inversion group) by the following experiments with the cyclic exo- and
endo-acetates 12 and 13[25]. No Pd-catalyzed reaction takes place with the exo-
allylic acetate 12, because attack of Pd(0) from the rear side to form #-allyl-
palladium is sterically difficult. On the other hand, smooth m-allylpalladium
complex formation should take place with the endo-allylic acetate 13. The Nu'-
type nucleophiles must attack the r-allylic ligand from the endo side 14, namely
trans to the exo-oriented Pd, but this is difficult. On the other hand, the attack
of the Nu>-type nucleophiles is directed to the Pd. and subsequent reductive
elimination affords the exo products 15. Thus the allylation reaction of 13
takes place with the Nu® nucleophiles (PhZnCl. formate, indenide anion)
and no reaction with Nu' nucleophiles (malonate, secondary aminesl,
LiP(S)Ph,, cyclopentadienide anion).

Pd(0)
———  No reaction
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Many examples of stereospecific allylation consistent with the above
mechanism have been reported. As one example, the regioselective and highly
diastereoselective allylation of the lactone 17 with the optically active allylic
phosphate 16 proceeded with no appreciable racemization of the allylic part to
give the lactones 18 and 19, and the reaction has been used for the synthesis of
a polypropionate chain{26].

- QPO(0EY); Meozcl,,gi/nﬁ/\( PAPhP)s  LiCl
/\/Y + S THF THF
16 o] 17
Me Me Me
0
1w ©

18

trans lactone, 91% cis lactone 4%

However. the stereospecificity mentioned above is not retained in some cata-
lvtic reactions. depending on the structure of allylic part and the reaction
conditions. In such a case, a w-allylpalladium intermediate isomerizes prior
to the reaction with a nucleophile. The isomerization during the allylation
occurs by the rear side attack of acetate anion on the w-allylpalladium acetate.
The isomerization has also been explained by the attack of Pd(0) species on 7-
allylpalladium{27,28]. In the following example, transfer from C—O chirality
to C—C is possibie by the reaction of optically active allylic esters with carbon
nucleophiles. Chirality transfer in the following cyclization of optically active
allylic carbonate 20 (61% ee) to give 23 has been studied under various con-
ditions. and different degrees of chirality transfer were observed. The optical
purity of 23 was determined after converting 23 into the lactone 24[27].
Formation of the complex 21 from 20 by inversion and its cyclization gives
23 by inversion and then (3R)-24. For this efficient chirality transfer. carbonate
as a leaving group is better than acetate. Using Pd(dba); (10 mol%) and
TMPP in DMSO. nearly complete chirality transfer was observed. The degree
of chirality transfer depends on the concentration of Pd catalyst; higher con-
centrations give lower optical yields. The explanation is that Pd(0) is a nucleo-
phile and its attack on the r-allylpalladium intermediate 21 from the rear side
causes racemization to give 22. Cyclization of 22 should give 25 and (35)-26.

As supporting evidence, rapid isomerization of the cis- and rrans-r-allylpal-
ladium complexes 27 and 28 is catalyzed by Pd(Ph;P), in THF even at —15°C
to give a 45 : 55 equilibrium mixture from either 27 or 28[29-31]. Actually, in
the intramolecular reaction of soft nucleophiles of 29 and 30, a trans—cis
mixture (31 and 32) (1 : 1) was obtained from frans-allylic acetate 29. On the



296 Catalytic Reactions with Pd(0) and Pd(1l)

other hand, 'the corresponding cis compound 30 afforded only the cis product
32 by retention without isomerization[32].

(o]
COsMe
o’lk/ 0CO;Me
Inversion Cotliry, Retenti
Pd(0) 20 3 Retention
o NaH

JL_cozme PaO) j\/cozm

0 Pd(0) 0] el

WAC5H11 25/\://\(35”11
Pd

21 l/Pd Isomerization 1 B
o 0
L
""'/\csﬂﬂ CsHyy
23 l Nal Nal | 25
HMPA HMPA
(o}
) -
o, 0
24 (3R) CsHyy
100% Chirality transfer 2% (39)
CO;Me CO,Me
Pd(Ph4P),
THF, -15°C v
Pd(PhyP)o(OTT) Pd(Ph,P),(OTN
27 cis 28 ftrans
E
<E Ay E B
Q Pd(dba)s, PhyP @ Qﬁl
o — +
AcO o NaH, 68% : o 3 o
H: H
29 E E 1.1 H E
31 32
E. _E

Pd(dba),, PhyP, NaH

AcO' 0 75%
sg E E = COMe
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In some cases, -allylpalladium complex formation by retention (syn attack)
has been observed. The reaction of the cyclic allylic chloride 33 with Pd(0)
affords the r-allylpalladium chlorides 34 and 35 by retention or inversion
depending on the solvents and Pd species. For example, retention is observed
in benzene, THF, or dichloromethane with Pd,(dba);. However, the complex
formation proceeds by inversion in these solvents with Pd(Ph;P),, whereas in
MeCN and DMSO it is always inversion[33]. The syn attack in this case may be
due to coordination of Pd to chlorine in 33, because Pd is halophilic. The
definite syn attack in complex formation has been observed using stereoche-
mically biased substrates. The reaction of the exo-allylic diphenylphosphino-
acetate 36 with phenylzinc proceeds smoothly to give 37. The reaction can be
explained by complex formation by a syn mechanism[31]. However, thesc syn
attacks are exceptional, and normally anti attack dominates.

cO,Me COMe CO,Me
Pd(0)
+
PhH
Cl <
pdcl PdCi
33 34 35
trans cis
Pdy(dba); 100 0
Pd(Ph3P), 0 100
Pd(Ph;P) ’pg\
PPh. 3F)s
%+ PhZnGl ———— PPhal o '\
H % H o—( 80% W',
[¢] 0 37

36
2.2.2 Allvlation of Soft Carbon Nucleophiles

r-Allylpalladium cations can be regarded as *soft” electrophiles. and react most
smoothly with "soft’ nucleophiles. Compounds which have the electron-with-
drawing groups (EWGs) shown are allylated. Typically, active methylene or
methine compounds which are activated by two EWGs, such as carbonyl. sul-
fonyl, eyano, and nitro, are allylated by the Pd-catalyzed reactions of allylic
compounds. Aryl groups (arylacetonitrile, phenylacetate)[14]. olefinic bonds
(3.y-unsaturated sulfones, ketones)[11], and imino groups{34-36] are also acti-
vating groups. Methoxy(phenylthio)acetonitrile as a precursor of an ester is also
reactive for allylation[37]. Nitroalkanes alone are allylated without being acti-
vated by other EWGs[38,39]. Both stoichiometric and catalytic allylations of
nucleophiles via m-allylpalladium intermediates are called Tsuji-Trost reactions.
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CO,R _cor CN CO,R _COR NO, NC
co.h <co,n CO.R <302Ph -<con v<cozn’ CO,R

coR  _soph N= _N=<

RCH2NO, y CN/<SPh , <s°2ph f PO(OEt); , CO,R -

-
e

<

PhCH,CN, PhCH,CO;R, PhCH,SO-R,
N

CN S0JR
/\r N2 R°_<::h ©
OTHP MX = SiMe;

SnR,
BR,, Li
Interestingly, the allylation of a stabilized carbon nucleophile has been found
to be reversible. Complete isomerization of dimethyl methylmalonate, invol-
ving bis-allylic C—C bond cleavage, from a secondary carbon 38 to a primary
carbon 39 was observed by treatment with a Pd catalyst for 24 h. The C—C
bond cleavage of a monoallylic system proceeds slowly[40].

=~ X Pd(OAc),, BusP
YI\ + NaC(Me)(CO.Me)y ———> YZ F COzMe
COMe 24 hr., 98% ag COazMe

COoMe
38

2.2.2.1 Allylation under basic conditions. Allylation can be carried out under
basic conditions with allylic acetates and phosphates. and under neutral con-
ditions with carbonates and vinyloxiranes. The allylations under neutral con-

conditions. However, in some cases, allylations of the same substrates are
carried out under both basic and neutral conditions to give similar results.
These reactions are treated together in this section for convenience. Allylic
acetates are widely used for Pd-catalyzed allylation in the presence of bases;
tertiary amines or NaH are commonly used[6.7.41]. As a base, basic alumina or
KF on alumina is conveniently used, because it is easy to remove by filtration
after the reaction[42]. Allyl phosphates are more reactive than acetates. The
allylation with 40 proceeds stepwise. At first allylic phosphate reacts with
malonate and then allylic acetate reacts with amine to give 41[43].

Pd(PhsP)s, THF
AcO__==~_OPO(OE!) + NaCH(CO,Me), _Pd(PhaP)s, THE

10 rt, 83%
AcO _MeNH  peon
e
X" CH(COMe), 79, I CH(CO Me),

41
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The intramolecular allylation of soft carbon nucleophiles with allylic acet-
ates as a good cyclization method has been extensively applied to syntheses of
various three, four, five and six-membered rings, and medium and macrocyclic
compounds[44]. Only a few typical examples of the cyclizations are treated
among numerous applications.

Examples of four-membered ring formation are rare. The cyclization of the
cyclic allylic acetate 42 afforded a 2 : | mixture of the four-membered ring
compound 43 and the six-membered ring compound 44{45].

OAc ';' SO,Ph PhSO, CO,Me
Pd(PhyP)s, NaH (jj»cozm
—_— - +
THF, 67%

PhSO,” ~CO;Me H

42 43 44

Intramolecular bis-allylation with a diester of 1,4-butenediol derivatives i1s a
good synthetic method for vinylcyclopropanes[46]. Derivatives of chrysanthe-
mic acid (47a and 47b) were prepared by stepwise bis-allylation via 46 using the
diacetate of the 1,4-butenediol derivative 45. The starting material 49 for the
bicyclo[5.1.0]octene ring 50 is easily prepared by the Pd-catalyzed selective
reaction of the allylic chloride part in the l-acetoxy-4-chloro-2-alkene system
48[47]. As a ligand, dppe is the most suitable. Elimination takes place with
Ph;P. On prolonged reaction, the vinyleyclopropane 50 undergoes ring open-
ing via the w-allylpalladium intermediate 51 to afford the dienes 52 and 53. The
reaction has been applied to the stereoselective synthesis of the side chain of
glaucasterol (55). Cyclization of the allylic dichlorobenzoate 54 proceeded
without racemization. A complete chirality transfer from C-22 to C-24 in a
steroid side-chain took place[48]. The bicyclo[3,3,0]oct-6-en-2-one 58 was pre-
pared via the cyclopropanation of 56 to give 57 and its rearrangement[49].

HO

U S0P Pd(Ph3P)s CO,Me
+ —————— —_—

HO _— OAc CO,Me NaH, 80% SO,Ph

45

46
1. Ac,0 SO,Ph
2. Pd(PhsP)s 'CO;Me

NaH

47a
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CO,Me
3 COiMe MeO,C, CO,Me
co,Me  Pd(OAc), Pd(OAc),
COzMe Ph;P, 20°, 95% dppe, 50°, 77%
OAc OAc
48 MeO,C.__CO,Me CO,Me one
) COMe CO,Me
+* Pdg(dba)g
Pd—(
dppe, 50°
51
OCOAr
., H i‘ COQEl
22 S0,Tol
Pd(dppe),, DBU
rt.,, 10 min.
54
RO

o]

LO:Me Pd(PhsP)s
B ————
OCO,Ph  82%

56

On the other hand, the Pd-catalyzed ring opening of the vinylcyclopropane
59 bearing two EWGs takes place to give the w-allylpalladium intermediate 60,
which reacts with amines|{50] and carbon nucleophiles to afford 61[51]. The
(1,3-butadienyl)cyclopropane 62 substituted by two EWGs forms the m-allyl-
palladium complex 63 by ring opening, and recyclizes to form the five-mem-
bered ring compound 64[52]. This is another example of the cleavage of allylic
C—C bonds. In these ring-opening reactions, the formation of a stabilized
carbanion is a driving force of the m-allylpalladium intermediate formation.
The optically active cyclopentene 66 was prepared by the asymmetric vinyley-
clopropane—cyclopentene rearrangement using the chiral sulfoxide 65 as a
chiral source with 89% stereoselectivity[53].
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coMe N
S0O,Ph P
U(COZME . &0 d(PhgP)s SN
S0:Ph  THF, 20°, 66%
59 oo COMe
PhSO, COMe
———

PhSO3 CO Me
61

o 0
CO,Me
COMe  Pd(PhsP)s COMe g
™ 79% —> p W
E Pd
62 63 64
H Me
E%‘(:/ Pd(PhsP),, PhyP £
d s-0 MecN &% E o
“ Tol  B9%selectivity K
65 66 ~ Tol
E = CO;Me

Five-membered rings are prepared most easily by the intramolecular allyla-
tion of malonates or phenylsulfonylacetates. Formation of a spiro ring in 68
from the allylic acetate 67 is an example[54]. Changing the nucleophile from
malonate to a 3-keto ester reveals the problem of C versus O alkylation in the
case of five-membered ring formation. Another problem is the selectivity
between five- or seven-membered rings [54a). In the cyclization of the allyl
phenyl ether 69 ( Pd-catalyzed reaction of ailyl phenyl ethers proceeds under
neutral conditions. see Section 2.2.2.2), the cyclopentanonecarboxylate 71 is
obtained by the usual C-alkylation as a main product and the cyclohepteno-
necarboxylate 72 as a minor product when BusP, PhsP, or dppe is used as a
ligand in MeCN. When (PhO);P is used. exclusively O-allylation takes place to
give the furan 70[15]. This is a rare example of the Pd-catalyzed O-allylation
reaction. The O-aliylation product 70 can be rearranged to the cyclopentano-
necarboxylate 71 by further reaction with Pd-dppe or Ph;P[15,55].

OAc CO,Me

cO,Me  Pd(PhgP), NaH CO,Me
THF 66%
COgMe

67

o _(PhORP /\Q/\cozm PhsP
COMe pyoac), Pd(OAc); |
2

oPh MeCN BU:;P one CO;Me
‘ z -—
69
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The ligand effect seems to depend on the substrates. Treatment of the pros-
taglandin precursor 73 with Pd(PhsP), produces only the O-allylated product
74. The use of dppe effects a [1,3] rearrangement to produce the cyclopenta-
none 75[55]. Usually a five-membered ring, rather than seven-membered, is
predominantly formed. The exceptionally exclusive formation of seven-mem-
bered ring compound 77 from 76 is explained by the inductive effect of an
oxygen adjacent to the allyl system in the intermediate complex[56].

Me0,C
C°2Me I
0 0OAc Pd(PhsP)s 0
X 42% VY\/\
73 OBn 74 OBn
0
Pd(dppe)z, BSA COMe
dioxane, 110°, 69% =
75 oBn
Co:‘-BU

[s]
Pd(dppe),, DMSO t-BuO.C.,, °><
>< 100°, 66% [¢)
77

No O-allylation is observed in formation of the six-membered ring com-
pound 79 by intramolecular allylation of the g-keto ester 78(15,57].
Intramolecular allylation is useful for lactone formation. On the other hand,
exclusive formation of the eight-membered ring lactone 81 from 80 may be in
part derived from the preference for the nucleophile to attack the less substi-
tuted terminus of the allyl system[58].

0 Pd(OAc), COzMe
AP~ CoaMe —————
PhO PhsP, 62% Z
78 79
o)

0
O/U\/SOQPh Pd(PhsP),, dppe OD
Wo Ac  NaH, THF, 73% PhSO, Y

80 81

Intramolecular allylation offers a useful synthetic method for macrocyclic

compounds. An application to the synthesis of humulene (83) by the cycliza--
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tion of 82 is the first example[59]. In the synthesis of the 16-membered ring keto
lactone 85, the sulfone group in 84 is necessary for the allylation, and after the
cyclization it is removed to generate the double bond in 85[60]. The allylation
proceeds smoothly in the presence of an ethoxy group at the center carbon of
the allyl group in 84. After the allylation, the ethoxy group is hydrolyzed to
generate a ketone. Another example is the 14-membered ring formation
applied to the synthesis of cembranolide isolobophytilide (88). The cyclization
of 86 exhibits high diastereoselectivity at the nucleophilic center since the
macrocycle 87 was obtained as a single diastereomer[61]. In these macrocycli-
zations, use of BSA as a basc is important. 2-Ethoxyallyl acetate (89) is an
acetonylation reagent, although it is less reactive than simple allylic acetates.
This functionality was employed for cyclopentenone annulation to prepare
90[62] and for the synthesis of pyrenophorin[63]. Another acetonylation
reagent is 2-chloroallyl acetatc[64].

A X
Pd(PhaP)4, NaH
2 —— - i oz
dppe, 45% (o}
M802C
OAc
2H50 Pd(Ph3P)s, dppe

SO;Ph  BSA, THF

L TR

0_.0
Pd(Ph3P)s, BSA
dppe, 58% SO,Ph
CO;Me

0 )
OEt Pd(Ph,P) OEt
( ( N
+ /\/OAc —_— . o}
DBUY, 76% o
20
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Intermolecular allylation is a useful synthetic method. The intermediate 92
of the Torgov steroid synthesis can be prepared by the selective C-allylation of
cyclopentanone carboxylate with the allylic acetate 91[65]. Dihydropyranyl
acetate (93) undergoes regio- and stereoselective reaction at the anomeric car-
bon with net retention to give 94{66]. Two different allylic groups (95 and 97)
can be introduced stepwise into the bis(arylsulfonyl)methane 96, and both
arylsulfonyl groups are removed by treatment with sodium amalgam as
shown by the synthesis of the pheromone 98[67].

2
OAc o
Pd(PhsP), DBU
+ MeOC (Phs )4' COzMe
HCI,CCF,0 80°, PhMe, 80% I

91 g
HC1,CCF,0
92
0.__OAc 0.__C(NHCHO)(CO,Et),
Pd(Ph,P 2
+ HC(NHCHO)CO,EY,  —PhaP)s
P 83% Z
94
93

SO,Ar Pd(dppe), ArS0,

AcO Y + < —_— N
OH SOAr  g59, ArSO, OH
95

96

oA 1.BH,
)\,00023 97 2 2. Na /Hg, MeCH
—_—— XosiR
Pd(dppe),, 80% SOAT s NaHPO,

HOM
X-"0H
98

The regiochemistry of Pd-catalyzed allylation needs further consideration.
Generally in the Pd-catalyzed allylation of carbon nucleophiles with unsymme-
trically substituted allylic acetates, the attack at the less substituted side of the
allylic systems is observed with high regioselectivity. However, it has been
proposed that at low temperature and short reaction times the reaction is
under kinetic control, but at elevated temperature and longer reaction times
the reaction is under thermodynamic control. It was demonstrated that allylic
malonate rearranges kinetically to its thermodynamically more stable regio-
isomer in the presence of Pd(0) catalyst[40]. In addition, the regioselectivity is
influenced considerably by the leaving groups, nucleophiles, and ligands.
Studies carried out on the regioselectivity revealed that allylation mainly at
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the more substituted side is frequently observed[12]. For example, in allylation
in refluxing THF with the allylic acetates 99 and 100, mainly substitution at the
tertiary carbon to give 101 takes place and the more common products 102,
substituted at the primary carbon, are minor products. Taking advantage of
this regioselectivity, 3,3-dimethyl-1-pentene-4-nitrile (103), an important com-
pound for pyrethroid synthesis, can be prepared by the allylation of cyano-
acetate with either 99 or 100 with high regioselectivity.

COMe /’\/ /k/\
x
<C02Me cHxy * CHXY
101 102

Pd(PhyP)s 80% 80:20
CN

CN 95:5
98%

/ ——————————————
OAc <
99

CO,Et
CO,Et

e e——
/K/\ Pd(PhsP)s 95%
0A¢ ——| _CN

100 CO,Et 86: 14
.S —" .
90%

fo i )
OAc COEt 909 |Pd(PhyP), . Mcoﬁ
)\/99\ " NC” “COEt I
Xxoae + <N 86:14
82%

CO,Et o
100 100%

71:29

Chemoselective C-alkylation of the highly acidic and enolic triacetic acid
lactone 104 (pK, = 4.94) and tetronic acid (pK,= 3.76) is possible by use of
DBU[68]. No O-alkylation takes place. The same compound 105 is obtained
by the regioslective allylation of copper-protected methyl 3,5-dioxohexano-
ate[69]. It is known that base-catalyzed alkylation of nitro compounds
affords O-alkylation products, and the smooth Pd-catalyzed C-allylation of
nitroalkanes[38.39]. nitroacetate[70], and phenylsullonylnitromethane[71] is
possible. Chemoselective C-allylation of nitroethane (106) or the nitroacetate
107 has been applied to the synthesis of the skeleton of the ergoline alkaloid
108[70].
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Simple esters cannot be allylated with ally] acetates, but the Schiff base 109
derived from a-amino acid esters such as glycine or alanine is ailylated with
allyl acetate. In this way, the a-allyl-a-amino acid 110 can be prepared
after hydrolysis[34]. The a-allyl-a-aminophosphonate 112 is prepared by
allylation of the Schiff base 111 of diethyl aminomethylphosphonates.
[35,36]. Asymmetric synthesis in this reaction using the (+)-N.N-dicyclohex-
ylsulfamoylisobornyi alcohol ester of glycine and DIOP as a chiral ligand
achieved 99% ee[72].

Ph OAc
>—N CO;Me NN

NH, Tcozm
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109~ H
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Z PO(OE), dppe, 70% MO(OEt)z N PO(OE),
112
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Allylation of simple ketones is not easy. However, their metal enolates can
be allylated. Ketones are allylated as the Li enoate 113{73] or after treatment of
their potassium enolates with the tricthylborane 114[74]. Ketone enolates of
boron and zinc can be allylated[75]. Tin enolate 115 is also used for regiose-
lective monoallylation of ketones with allylic acetates, and used for annulation
to give 116[76]. The O-allylisourea 117, formed by the reaction of ally! alcohol
with dicyclohexylcarbodiimide, is used for the allylation of ketones using dppe
as a ligand[77]. No allylation of simple esters with allylic acetates takes place.
However, in an economical synthetic route to phytone, the Li enolate 118,
generated from 3, y-unsaturated 4-methyl-3-pentenoate with LDA, undergoes
Pd-catalyzed allylation with allylic chlorides at room temperature in toluene to

give the w-allylated ester 119 in a good yield[78].
[0}
sz(dba)a
dppe, 64%

b BEt, @ AcO” N = = =

Pd(PhP), 81%
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Enamines derived from ketones are allylated[79]. The intramolecular asym-
metric allylation (chirality transfer) of cyclohexanone via its S-proline allyl
ester enamine 120 proceeds to give w-allylcyclohexanone (121) with 98%
ee[80,81]. Low ee was observed in intermolecular allylation. Similarly, the
asymmetric allylation of imines and hydrazones of aldehydes and kctones
has been carried out{82].

Z >\H (o]
o /
N COz/\/ H
Pd(Ph3P)s, PhsP H,0 e, /\

CHCI,, 60°C 47%

(S)y121
120 98%ee

The allyl-substituted cyclopentadiene 122 was prepared by the reaction of
cyclopentadiene anion with allylic acetates[83]. Allyl chloride reacts with car-
bon nucleophiles without Pd catalyst, but sometimes Pd catalyst accelerates the
reaction of allylic chlorides and gives higher selectivity. As an example, allyla-
tion of the anion of 6,6-dimethylfulvene 123 with allyl chloride proceeded
regioselectively at the methyl group, yielding 124[84]. The uncatalyzed reaction
was not selective.

@ Pdy(dba); NaH
dppe, 68%
122

Pd,(dba)s, PhyP |
————————————————

© -
THF, -30°, 82%
123 124

Diacetates of 1,4-butenediol derivatives are useful for double allylation to
give cyclic compounds. 1,4-Diacetoxy-2-butene (126) reacts with the cyclohex-
anone enamine 125 to give bicycio[4.3.1]decenone (127) and vinylbicy-
clo[3.2.1Joctanone (128)[85,86]. The reaction of the 3-ketoglutarate 130 with
cis-cyclopentene-3,5-diacetate (129) affords the furan derivative 131{87]. The
C- and O-allylations of ambident lithium [(phenylsuifonylymethylene]nitronate
(132) with 129 give isoxazoline-2-oxide 133, which is converted into cis-3-
hydroxy-4-cyanocyclopentene (134)[88]. Similarly, chiral cis-3-amino-4-hyd-
roxycyclopentene was prepared by the cyclization of N-tosylcarbamate[89].
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The 1.3-allylic diacetate 135 can be used for the formation of the methy-
lenecyclopentane 137 with the dianionic compound 136{86]. The cyclohexa-
none-2-carboxylate 138 itself undergoes a similar annulation with the
1,3-allylic diacetate 135 to form the methylenecyclohexane derivative 139[90].
The reaction was applied as a key step in the synthesis of huperzin A[91]. On
the other hand, C- and QO-allylations of simple 3-diketones or 3-keto esters take
place. yielding a dihydropyran 140[92].
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The allylic geminal diacetate 141 undergoes the monoallylation of malonates
to give 142 and the two regioisomers 143 and 144{93,94]. The dimethylacetal
145 or ortho esters of aromatic and «,3-unsaturated carbonyl compounds react
with trimethylsilyl cyanide to give the methyl ether of cyanohydrin[95].

—«C0:Me pd(oac),
COzMe Pth Me02C P

A R =H, 70%
= MeO,C 4,
)\rOAc 2 142

OAc

OAc CO2Me Pd(0ACc), COMe
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141 <C02Me PhsP Cone MeozcyY\OAc'
2

R =Me
143 54% 144 30%
OMe pdc OMe
MegSicN ——2 »
PhMOMe + MegSi - Ph&)\CN
145 95%

The a-isocyanocarboxylate 146 is allylated smoothly and the product 147 is
converted into an amino acid[96]. The electronic effect of substituents on the
regioselectivity of the allylation has been studied. The a-acetoxy-3, y-unsatu-
rated nitrile 148 and esters react with nucleophiles regioselectively at the +-
carbon, yielding the ¢, F-unsaturated nitriles 149[97]. Similarly, the reaction of
the acetoxyallylic phosphonate 150 with carbon nucleophiles or secondary
amines affords conjugated vinylic phosphonate regioselectively[98]. The reac-
tion of the allylic acetate 151, substituted by p-nitrophenyl and p-anisyl groups
at both sides, with triacetic acid lactone proceeds regioselectiviely, and the
carbon nucleophile is introduced at the anisyl-substituted carbon to give 152.
Only a small amount of the isomer 153 was formed (152 : 153 = 97 : 3)[99].
These results indicate that the allylic substitution takes place at the carbon with
a higher electron density.

Me CO,Et Pd(Ph3P), Me CO,Et
OAC 2 3

N + \<NC MNC
146 Et;N, 81% 147

CO,Et

10% HCI
/\><N|‘.|2
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2-(Trimethylsilylmethyl)allyl acetate (154), which has a silyl group at the
allylic position, undergoes the [3 +2] cycloaddition reaction with electron defi-
cient alkenes to give methylenecyclopentane derivatives. After the w-allylpalla-
dium complex formation, elimination of the TMS group is facilitated by the
proximal positive charge, and a dipolar intermediate 155 [the Pd complex of
trimethylenemethane (TMM)] is generated as a reactive intermediate (For

7.4.) The cyclization of the intermediate 155 with an electron deﬁc1er1t double
bond proceeds by Michael addition to the double bond and Pd-catalyzed
intramolecular allylation of the carbanion formed by the Michael addition to
give the five-membered ring compound 156{100,101]. Triisopropyl phosphite is
a particularly good ligand for the cycloaddition. Various cyclic compounds are
prepared by this reaction. Cyclohexenone (and also cycloheptenone) is not a
good substrate, but the 3-siloxy-1-phenylsulfonylcyclohexene 157 serves as an
excellent substrate. The highly diastereoselective methylenecyclopenteneannu-
lation provides a versatile adduct 158 that allows simple conversion to cyclo-
pentenone and cyclohexenone and other useful compounds{102). The
cycloaddition has been utilized for syntheses of various cyclic natural products.
Addition to an activated norbornene is a key reaction of albene synthesis[103].
The adduct 159 to cyclopentenone is useful for the syntheses of loganin agly-
cone and loganin[104]. Similarly, a precursor to pentalenene was synthesized
by the cycloaddition of a cyclopentenone derivative as a key step[l105].
Cyclohexenone is a poor partner, but addition to the 2-cyclohexenone-2-car-
boxylate derivative 160 proceeds smoothly in a high yield and 1s used as a key
step in the synthesis of the kempane diterpene 161{106].
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A key intermediate, 163, which possesses all but one chiral center of (+)-
brefeldin, has been prepared by the enantiocontrolled cycloaddition of the
chiral «.f-unsaturated ester 162 to 154[107). Synthesis of phyllocladane
skeleton 165 has been carried out by the Pd-catalyzed cycloaddition of the
unsaturated diester 164 and cobalt-catalyzed cycloaddition of alkynes as key
reactions[108]. Intramolecular cycloaddition to the vinylsulfone in 166 pro-
ceeds smoothly to give a mixture of the trans and cis isomers in a ratio of
2.4: 1[109]. Diastereocontrolled cycloaddition of the hindered vinylsulfone 167
affords a single stereoisomeric adduct, 168, which is used for the synthesis of
the spirocarbocyclic ring of ginkgolide[110].
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The cyclooctenonecarboxylate 169 undergoes smooth cycloaddition with 154
to give 170 in a good yield, but no reaction takes place with cyclooctenone
(171){111]. Cyclohexenone behaves similarly. Cycloheptatrienone (172) under-
goes [6 + 3] cycloaddition to form the nine-membered carbocycle 173[112].

(o) o]
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169 170
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171 154
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o L - (30
0COMe (i.pro),p, 68%
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Chemoselectivity in the cycloaddition of 2-methylenecycloheptenone (174)
changes on addition of In(acac);. The allylic carbonate 175 reacts with the
ketone 174 in the presence of In(acac); to give the methylenetetrahydrofuran
176, and the methylenecyclopentane 177 is obtained in its absence[113]. The
cycloaddition of ynones to produce the methylenetetrahydrofuran proceeds
smoothly only in the presence of In(acac); (10 mol%)[114].

In{acac);, 81%

0
0
Pdg(dba);., PhsP
CT . Tms\/u\,ocozm-*___> 176
175
174

Aldehydes take part in the cycloaddition to give the methylenetetrahydro-
furan 178 by the co-catalysis of Pd and Sn compounds[115]. A similar product
180 is obtained by the reaction of the allyl acetate 179, which has a tributyltin
group instead of a TMS group, with aldehydes[116]. The pyrrolidine derivative
182 is formed by the addition of the tosylimine 181 to 154[117].
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The cyclic 2,4-dienoate 184, formed by the Pd-catalyzed cyclization of the
1,6-enyne 183, reacted with 154 to form the azulene derivative 185[118]. The 3-
methylenepyrrolidine 188 is formed by the reaction of the Zn reagent 186 with
the chiral imine 187 with high diastereomeric excess. The structure of the allylic
ethers is important for obtaining high diastereoselectivity[119].
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The allylic esters 189 and 191 conjugated with cyclopropane undergo regio-
selective reactions without opening the cyclopropane ring. The soft carbon
nucleophiles are introduced at the terminal carbon to give 190, and phenylation
with phenylzinc chloride takes place on the cyclopropane ring to form 192[120].
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2-Aza-n-allylpalladium is formed from the Schiff base 193 and reacts with
malonate to give a derivative of aspartic acid 194 after hydrolysis of the pro-
duct[121].
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Allylic alcohols are less reactive allylating agents, and few examples ol ally-
lation with allylic alcohols are known[7.122]. However, smooth allylation of
acetylacetone (195) using Pd(acac), and Ph;P was reported[7]. Allylation of
carbon nucleophiles with the allylic alcohol 196 activated by treatment of
allylic alkoxide with PhsB is possible[123]. Intramolecular allylation of the
silyl ether 197 with allylic alcohol proceeds in CCl, as a solvent. Ph;PCI™*
CCl;™ is generated from CCly and Ph;P. transposing the allylic alcohol into
an oxyphosphonium group 198, and liberating Ci~ anion, which deprotects the
silyl ether to generate in situ the alkoxy nucleophile 199 to give the tetrahy-
drofuran derivative 200[124].
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Allylation with allyl borates takes place smoothly under neutral conditions.
Allylic alcohols are also used for allylation in the presence of boron oxide by in
situ formation of allylic borates[125]. Similarly, arsenic oxide is used for allyla-
tion with allylic alcohols[126]. In addition, it was claimed that the allyl alkyl
ethers 201. which are inert by themselves. can be used for the allylation in the
presence of boron oxide[127].
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Allylic nitro compounds form w-allylpailadium complexes by displacement

of the nitro group and react with nucleophiles. and allylation with the tertiary

nitro compound 202 takes place at the more substituted side without rearran-
gement to give 203(8,9,128].
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The alkyl allyl suifonate 205 was prepared by rearrangement of the alkyl allyi
sulfite 204[129]. Allyl sulfones are normally employed as carbon nucleophiles
for alkylation, but allyl sulfones react with Pd(0) to form m-allylpalladium
cqmplexes, and are displaced with nucleophiles[10-12]. In the reaction of sub.
st}tuted allylic compounds, usually a nucleopbile is introduced at the less sub-
stituted ;ide. However, substitution at the more substituted side of allyl]
sulfones is observed to some extent depending on the ligands and leaving
groups. The primary prenyl sulfone 206 affords the primary and tertiary sub-
stituted malonates 207 and 208 in a ratio of 66 : 34 using dppe as a ligand. On
the other hand, the isomeric sulfone 209 yields the tertiary malonate as a nllain
product ( 207 : 208 = 23 : 77) using Ph;P[12]. The pheromone 213 of the
Mogarch butterfly was prepared by combination of this dual reactivity of
allylic sulfones. The first step is the Michael addition of methyl vinyl ketone
tc? the methallyl sulfone 210 to give 211. Then the allylic sulfone group in 212 is
displaced with malonate via a 7-allylpalladium intermediate[ IO]C.’
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Allylic amine is a less reactive leaving group[7], but the allylic ammonium
salts 214 (quaternary ammonium salts) can be used for allylation[130,131].
Allylic sulfonium salts are also used for the allylation[130]. The allylic nitrile
in the cyclic aminonitrile 215 can be displaced probably via m-allylic complex
formation. The possibility of the formation of the dihydropyridinium salts 216
and subsequent conjugate addition are less likely[132].
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Asymmetric allylation of carbon nucleophiles has been carried out exten-
sively using Pd catalysts coordinated by various chiral phosphine ligands and
even with nitrogen ligands, and ee > 90% has been achieved in several cases.
However. in most cases, a high ee has been achieved only with the 1.3-diaryl-
substituted allylic compounds 217, and the synthetic usefulness of the reaction
is limited. Therefore, only references are cited{24.133].
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217

2.2.2.2 Allviation under neutral conditions. Reactions which proceed under
neutral conditions are highly desirable. Allylation with allylic acetates and
phosphates is carried out under basic conditions. Almost no reaction of
these allylic compounds takes place in the absence of bases. The useful allyla-
tion under neutral conditions is possible with some allylic compounds. Among
them. allylic carbonates 218 are the most reactive and their reactions proceed
under neutral conditions[13,14,134]. In the mechanism shown. the oxidative
addition of the allyl carbonates 218 is followed by decarboxylation as an
irreversible process to afford the r-allylpalladium alkoxide 219, and the gen-
erated alkoxide is sufficiently basic to pick up a proton from active methylene
compounds, vielding 220. This /n situ formation of the alkoxide, which is a
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poor nucleophile, is the reason why the reaction of allyl carbonates can be
carried out without addition of bases from outside. In addition, the formation
qf w—fillylpalladium complexes from allylic carbonates involving decarboxyla-
tion is irfeversible. On the other hand, the complex formation from allylic
acetates 1s reversible. This is another advantage of allylic carbonates over
allylic acetates. Allylic carbamates behave similarly and can be used for the
allylation under neutral conditions[135]. The chemoselective reaction of the
allylic carbonate part in the allylic compound 221 without attacking the allylic
acetate part under neutral conditions clearly shows the higher reactivity of
allylic carbonates than allylic acetates{14]. Similarly, the nitroacetate 223
undergoes smooth chemoselective C-allylation with the allylic carbonate 222
under neutral conditionsf{135a]. The allylation of carbon and nitrogen nucleo-
philes with the allylic carbonates 224 or acetates proceeds under milder con-
ditions in an aqueous solution using water-soluble TMSPP as the ligand. The
catalyst stays in aqueous phase and can be recycled[136].
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. Since allylation with allylic carbonates proceeds under mild neutral condi-
tions, neutral allylation has a wide application to alkylation of labile com-
pounds which are sensitive to acids or bases. As a typical example,
successful C-allylation of the rather sensitive molecule of ascorbic acid (225)
to give 226 is possible only with allyl carbonate[137). Similarly, Meldrum’s acid
is allylated smoothly[138]. Pd-catalyzed reaction of carbon nucleophiles with
isopropyl 2-methylene-3,5-dioxahexylcarbonate (227)[139] followed by hydro-
lysis is a good method for acetonylation of carbon nucleophiles.
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Pd-catalyzed reaction of allyl acetate substituted by a TMS group with
nucleophiles gives alkenylsilanes regioselectively[140-142]. Furthermore. the
o-substituted ~-trimethyisilylated allyl carbonate 228 reacts with carbon
nucleophiles regioselectively at the carbon opposite to the silyl group, affording
the alkenyisilane 229. The whole process means that regioselective nucleophilic
substitution exclusively at the more substituted side of the allylic carbonate 230
can be achieved indirectly by these reactions[142]. Similarly. nitrogen nucleo-
philes react regioselectively[143].
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2 229 2e
o
Ph
TsOH &
Ph Pd(0) Ph
——————— /
88% /\/ + NuH  —— =
o ;OICOZMG 0OCO,Me /\Nru
230

Allylation of the alkoxymalonitrile 231 followed by hydrolysis affords acyl
cyanide, which is converted into the amide 232. Hence the reagent 231 can be
used as an acyl anion equivalent[144]. Methoxy(phenylthio)acetonitrile is
allylated with allylic carbonates or vinyloxiranes. After allylation. they are
converted into esters or lactones. The intramolecular version using 233 has
been applied to the synthesis of the macrolide 234[37]. The 3,y-unsaturated
nitrile 235 is prepared by the reaction of allylic carbonate with trimethylsilyl

cyanide[145].
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CN  Ppdy(dba),
Crakzs ~ A~ OCOMe + H—{=CN ———

OEE
231
CN o
Ci2Hzs \/‘\/*\CN _————c12H25 \NLN
OEE 2 \ 7
L) 232
N
H
- NC_

A~ (CHa)s -0 CN A o N\
OCOMe  SPh PhS" o—(CH,) 82% 0—(CHy),
233 234

0CO,Me CN
Pd(PhyP)y )
+ MesSiCN @ —— + MeSiOMe
THF, 92%
235

Allylation of the 10-carborane 236 (pK, = 18-22) with diallyl carbonate is
possible under neutral conditions to give 237[146]. Allylation and rearrange-
ment of the trialkylalkynylborane 238 affords the trisubstituted alkene 239
stereoselectively[147].

o Pdy(dba)y _ =\~ C—CQ
H—C—C o — 7
\BO ‘Q s~ %co dppb, 100% \B<10)|'|40 CHO
237

1010 CHO
236
Pd(Ph3P); AcOH
[C6H13)SB CSH"]Li 4 ZAN0C0Me =
238 - e
—™H
< 239

The w-allylpalladium complexes 241 formed from the allyl carbonates 240
bearing an anion-stabilizing EWG are converted into the Pd complexes of
TMM (trimethylenemethane) as reactive, dipolar intermediates 242 by intra-
molecular deprotonation with the alkoxide anion, and undergo [3 + 2] cycload-
dition to give five-membered ring compounds 244 by Michael addition to an
electron-deficient double bond and subsequent intramolecular allylation of the
generated carbanion 243. This cycloaddition proceeds under neutral condi-
tions, yielding the functionalized methylenecyclopentanes 244{148]. The syn-
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thetic method for the reagent 240 has been improved and the reagent has been
used for the preparation of the pentalenolactone intermediate 245[149].The
asymmetric cycloaddition of 240 with acrylate using chiral ferrocenyl phos-
phine afforded the adduct 246 in an optical yield of 78%[150]. As a related
method, treatment of 2-chloromethylallyl phenyl sulfone with Pd(0) generates
a TMM complex under basic conditions which is used for pentalenolactone
synthesis{151]. The oxa-TMM complex 248 is generated from 5,5-dimethyl-4-
methylene-1,3-dioxolan-2-one (247). Although interesting Pd-catalyzed rea-
tions are expected from the cyclic carbonate 247, it has low nucleophilicity.
Its cycloaddition to phenyl isocyanate gives oxazolidinone[152].

E'=50,-P-Tol, CN
E! 0Co,R

E! 240 E%= c0,COR

Pd(0) /7
2
244 E
cO,

B Y& Pd*

H 241
243 | E2 ‘/(
Pd*
= \/&/
0
0C02Et Pd,(dba),
——--
SozPh dppe
SO,Ph 245
SO,Ph
SO,Ph Pd(dba), :
COgMe
oco,st (R)(S)-BPPFA, 76%
CO,Me
246

o)
o~ 0
/”\ Pd(PhsP),
O O 4+pPhNCO ——~ )L
/)_& 78% n HN™ "0

247 248
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The vinylcyclopropane 249, activated by two EWGs, is easily prepared by
the Pd-catalyzed reaction of the biscarbonate of 1,4-butenediol and generates
the dipolar allylpalladium species 250 by the ring opening under neutral con-
ditions, which undergoes cycloaddition with acrylate to give 251[153]. The
activated vinylcyclopropane 249 also undergoes cycloaddition with phenyl iso-
cyanate via the zwitterionic w-allylpalladium intermediate 250 to give the
v-lactam 252. 2,2-Diphenyl-5,5-bis(methoxycarbonyl)—3-vinylcyclopentanone
was obtained in 85% yield by the reaction of diphenylketene[154].

Me0,CO0~ N="0coMe + < e
CO,Me dppe, 67% 249 COMe

MeO,C C02Me

Pd,(dba =~
/\A(coznae 7(dba)s Mcozm CO,Me
CO,Me dppe P+ CO,Me 8%
COsMe

249 250
251
COMe Pdydba), & COMe
& 2 + Ph=-N=CzQ0 —————» N CO,Me
'Q
249 CO;Me BuyP, 87% Ph/ 0
252

Diphenylketene (253) reacts with allyl carbonate or acetate to give the o-
allylated ester 255 at 0 °C in DMF. The reaction proceeds via the intermediate
254 formed by the inisertion of the C=C bond of the ketene into w-allylpalla-
dium, followed by reductive elimination. Depending on the reaction condi-
tions, the decarbonylation and elimination of 3-hydrogen take place in
benzene at 25 °C to afford the conjugated diene 256[153].

P
Phocmo 4 o 0COMe PP
253 Ph P
0 254
benzene
67% lu", DMF 72% | o,
Ph Ph
é\/i;cozm Mph
255 256

co,Me Pdz{dba), = CO,Me
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Another useful allylating reagent under neutral conditions is the vinyloxir-
ane 257 (vinyl epoxide). The carbon-oxygen bond in 257 is easily cleaved with
Pd(0) by oxidative addition to form the m-allylpalladium complex 258. This
cleavage generates the alkoxide, which picks up a proton from nucleophiles,
yielding 259, and hence the allylation reaction with vinyl epoxide can be carried
out under ncutral conditions. In addition, the reaction shows high regioselec-
tivity, namely 1,4-addition rather than 12-addition is the main path[16,17].
The 1.4-adducts 260 are allylic alcohols and further Pd-catalyzed reaction
with a nucleophile is possible. In the presence of vinyloxirane and allylic acet-
ate in the same molecule 261, only the vinyloxirane moiety reacts with aceto-
acetate chemoselectively under neutral conditions to give the 1,4-adduct 262 as
the main product and the 1,2-adduct 263 as the minor product. No reaction
takes place with the allylic acetate moiety[16].

R\/\?)\H- - R\/‘\\)\R- *R%\)\R. Nu

257 ‘Ln Ln R A

Pdy(dba);

o}
o)
AL + COMe ———M—
OAc )J\/ 2 TMPP, rt., 72%

261
OH OH
& OAc S OAc
+
COyMe CQOsMe
(o] (o]
262 a9 : 1 263

The reaction ol vinyloxiranes with malonate proceeds regio- and stereose-
lectively. The reaction has been utilized for the introduction of a 15-hydroxy
group in a steroid related to oogoniol (265){156). The oxirane 264 is the 3-form
and the attack of Pd(0) takes place from the a-side by inversion. Then the
nucleophile comes from the s-side. Thus overall reaction is syn-Sy2’ type. In
the intramolecular reaction, the stereochemical information is transmitted to
the newly formed stereogenic center. Thus the formation of the six-membered
ring lactone 267 from 266 proceeded with overall retention of the stereochem-
istry, and was employed to control the stereochemistry of C-15 in the prosta-
glandin 268[157]. The method has also been employed to create the butenolide
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of cardenolides[158]. However, the cyclization of 269 gave the six-membered
ring compound 270 by 1,2-addition, rather than the normal 1,4-addition tg
form an eight-membered ring. On the other hand, a nine-membered ring by
1,4-addition was formed rather than a seven-membered ring[159].

MeOgC H
CO Me Pd,(dba)s,
CO;Me TMPP, 83%
TBDMSO TBOMSO
264
o] o
O/U\/sogol Pd,(dba)y o SO,Ph
W TMPP, 60 ~ 70% NF
CsHyt ; 7
266 H on
Q 267
.
——
— /
OH 268
S0,Ph Pdydba),  Ph20Sy SOPh
/\?>\/\)\ N
= SO,Ph (i-PrO);P, 85%
OH
269 270

Intramolecular 1,4-addition is useful for macrolide synthesis. An unusual
molecule of punctaporonin B (272) has been synthesized by this [,4-addition
of 271[160). Cyclization to form the seventeen-membered ring macrolide 273
was carried out at 0.1-0.5 v concentration[161]. The choice of ligands seems to
be important in the macrocyclization. The 26-membered ring model 274 for a
synthesis of the ring system of tetrin A was obtained in 92% yield by using
triisopropyl phosphite as a ligand[162].
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Vinyloxiranes react with CO- under severe conditions without a catalyst. but
the Pd-catalyzed reaction proceeds at room temperature and 1 atm to give
cyclic carbonates in good yields[163]. The carboxylate nucleophile 276 is gen-
erated in siru by capturing the oxygen-leaving group in the Pd-catalyzed reac-
tion of the vinyloxirane 275 with CO. to afford the cyclic carbonate 277[164].
1,2-Addition. rather than the normal 1, 4-addition, is observed by the tethering
of the carboxylate anion to the oxygen leaving group. This reaction offers a
method for the cis-hydroxylation of epoxides, and was used for the syntheses of
(+)-citreoviral[165] and (—)-exo-brevicomin (278){166]. Similarly. vinyloxi-
ranes react with aldehydes to form the cyclic acetal 279 of aldehydes[167].

.vH
0 + COy
',,H

PA(Ph,P),
(I-PrO)P, 1t, 85%

275

O_.H oH Pd[(i-PrO);P]s d
| X +COp —
Z ‘)\/ THF, 86%
H
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The four-membered vinyloxetane 280 is cleaved with Pd(0) and used for
allylation; a homoallylic alcohol unit can be introduced into the keto ester
281 as a nucleophile with this reagent to form 282[168].

0 o
Vi OH
M Pd(Ph3P),
+ —_——
0% — N\ OH
280

CO,Et COEt  2go
281

Allyl aryl ethers are used for allylation under basic conditions[6], but they
can be cleaved under neutral conditions. Formation of the five-membered ring
compound 284 based on the cyclization of 283 has been applied to the synth-
eses of methyl jasmonate (285)[15], and sarkomycin[169]. The trisannulation
reagent 286 for steroid synthesis undergoes Pd-catalyzed cyclization and aldol
condensation to afford CD rings 287 of steroids with a functionalized 18-
methyl group{170]. The 3-vinylcyclopentanonecarboxylate 289, formed from
288, is useful for the synthesis of 18-hydroxyestrone (290)[171].

) 0
CO,Me CO,Me
2 _PA(OAC), Phop S —
-
MeCN 87% = CO,Me

284 285
= OPh OPh
MeO,C
0 z )\/’//r base
+ —
3 o
MeO.C [~ Z
Pd(OAc),
PhyP, 60% 070 o
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Phenyl 4.6-di-O-benzyl-2,3-dideoxy-p-erythro-hex-2-enopyranoside  (291)
reacts regiospecifically with malonate or acetoacetate using dppb as a ligand
at the anomeric center and stereoselectively to give the a- and 3-C-glycopyr-
anoside 292 (« : 3 = 75: 25)[172]. On the other hand, the facile regioselective
C-glycosylation of trifluoroacetylglucal proceeds under basic conditions. No
reaction takes place with the corresponding acetate[173].

BnO OPh BnO cozEt
0 <COaEt Pda(dba)s O co,ket
+ ———
_ COsEt dppbsove N

BnO nO
292
291

2.2.3 Allvlation of Other Nucleophiles

Some nucleophiles other than carbon nucleophiles are allylated. Amines are
good nucleophiles. Diethylamine is allylated with allyl alcohol[7]. Allylamines
arc formed by the reaction of allyl alcohol with ammonia by using dppb as a
ligand. Di- and triallylamines are produced commercially from allyl alcohol
and ammonia[174].

Pd(acac),, PhyP
(acac)g, Phy ~NEY

A0 L NHEY
50°, 95%

Pd(OAC),
AN N, —-(%);N” + (%\);N

dppb

Intramolecular amination with allylic acetates is used for the synthesis of
cyclic aikaloids[175]. Cyclization of 293 affords the six-membered ring com-
pound 294 rather than a four-membered ring. The reaction is particularly
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useful for 1-azaspirocyclization, which is suitable for the synthesis of perhy.
drohistrionicotoxin (295){176,177].

OAc
BnN
NHBn Pd(Ph3P)4, NEtg
—_—
MeCN, 65% 201
293

OAc
BnN
(‘j(:i:\ Pd(Pth)4
NHBR NEtg, 65%

Allylic chlorides react with amines without a Pd catalyst, but the reaction is

accelerated with such a catalyst. For example, in the Pd-catalyzed reaction of

the allylic chiloroacetate 296 with amine at 25 °C, only the allylic chloride is
displaced without attacking the allylic acetate moiety. The uncatalyzed reac-
tion of 296 proceeds at 80 °C[178]. The secondary amine 297 is obtained with-
out significant formation of a tertiary amine when the reaction is carried out in
an aqueous solution using water-soluble TMSPP as a ligand[179]. Macrocyclic
amines are prepared by intramolecular allylation of amines with allylic acet-
ates. The 21-membered cyclic amine skeleton of the spermidine alkaloid inan-
denin-12-one (298) has been prepared in high yields using dppb as a ligand. The
ratio of dppb to Pd(PhsP); should be <1 for successful cyclization.
Neutralization, hydrogenation, and acetamide hydrolysis complete the synth-
esis of inandenin-12-one[180].

Pd(OAc),, AcOH
ANF L0+ LioAe ————— = A0 g
BQ, 70%
Pd(Ph3P)s AcO:__~
AO L Ng + BN ——————= N,

THF, 25°, T4%
296

©/|\NH2 + )\/OAc Pd(OAc), ©)\ /\(
TMSPP, 92%
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Imidazole can be N-allylated. The N-glycosylimidazole 299 is prepared by
regiospecific amination at the anomeric center with retention of configuration.
Phenoxy is a good leaving group in this reaction[181]. Heterocyclic amines such
as the purine base 300 are easily allylated[182].

BnO BnO
N 0
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The reaction of the vinylcyclopropanedicarboxylate 301 with amines affords
an allvlic amine via the m-allylpalladium complex 302[50]. Similarly, three-
membered ring N-tosyl-2-(1,3-butadienyl)aziridine (303) and the four-mem-
bered ring azetidine 304 can be rearranged to the five- and six-membered
ring unsaturated cyclic amines{183].

EtNH + 2L\ COMe PA(PhsPl [ /\/\<002Me}

CO;Me THF, 95% CO.Me
301 2 Pd* 302

Et;N _n COsMe

CO;Me
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303
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Preparation of primary allylamines by the selective monoallylation of
ammonia is not possible and they are prepared by indirect methods. The
monoallylation of Li and Na amides of di-t-butoxycarbonyl (Boc) (305), foli-
owed by hydrolysis, affords a primary allylamine (306)[184].

Pda(dbals A~ N(BOC); —~ N2

OAc f
P + LiN(BOC), dppe, 93% 906

305

The reaction of an azide[185,186] or a trimethylsilylazide[187] followed by
the treatment with Ph;P is another preparative method for the primary allylic
amine 307.

Ph\y\/OAc+ NaN Pd(Ph3P), Ph _~_Ns Ph;P Ph\/\/m-{2
® THF, H.0, 88% NH,OH
307

Regioselective 1,4-azidohydroxylation to give 309 takes place by the reaction
of the vinyloxirane 308 with sodium azide[188]. The reaction of the cyclopen-
tadiene monoepoxide 310 with sodium azide or purine base offers a good
synthetic method for the carbocyclic nucleoside 311[189-191]

o OH
RN Pd(dba),, PhyP NN
+ NaN;3
THF, H,0, n.,77%
308 309
cl

Cl

N
On €L e 0K
-
0 N N’/I\Nﬂz 86%  HO NTSNT N,
310 H \@/ 311

The cyclic carbamate (oxazolidin-2-one) 313 is formed by the reaction of
phenyl isocyanate (312) with vinyloxirane[192]. Nitrogen serves as a nucleo-
phile and attacks the carbon vicinal to the oxygen exclusively. The thermody-
namically less stable Z-isomer 315 was obtained as a major product (10 : 1) by
the reaction of 2-methoxy-I-naphthyl isocyanate (314) with a vinyloxir-
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ane[193]. Formation of the oxazolidinone 316 by this method is used for the
cis-hydroxyamination as shown by a synthesis of acosamine (317){192]. 2.3-
Dihydroxyalkenes react similarly[194]. The reaction of cyclic carbonates with
aryl isocyanates affords cyclic carbamates[195].
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Pdg(dba)& THF lr @\ -NPh
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O (i-PrO)sP, 90% [ o
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0
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TBDMSO 316
TBDMSO OMe
—_— (¢}

HO™ \Hac

Acosamine, 317

Sodium p-toluenesulfonamide (319) reacts with the allylic lactone 318 to give
an allylic tosylamide with retention of configuration[196].

9 COzH

Pd(Ph3P),
O 4+ NaNHTs
THF, DMSO, 77% NHTs

318 319

Carbamates are allylated in the presence of strong bases in DMSO or
HMPA[197]. Phthalimide (320) and succimide are allylated with the allyl-
isourea 321 at room temperature or the allylic acetate 322 at 100 “C[198.199].
Di-s-butyl iminodicarbonate is used as a nitrogen nucleophile[200].
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The secondary allylic methylamine 324 can be prepared by the allylation
of ~ N-methylhydroxylamine (323), followed by hydrogenolysis[201].
Monoallylation of hydroxylamine, which leads to primary allylamines, is
achieved using the N,0-bis-Boc-protected hydroxylamine 326. NS
Hydroxylysine (328) was synthesized by chemoselective reaction of (Z)-4-acet-
oxy-2-butenyl methyl carbonate (325) with two different nucleophiles: first
with N,0-Boc-protected hydroxylamine (326) under neutral conditions and
then with methyl (diphenylmethyleneamino)acetate (327) in the presence of
BSA[202]. The primary allylic amine 331 is prepared by the highly selective
monoallylation of 4,4’-dimethoxybenzhydrylamine (329). Deprotection of the
allylated secondary.amine 330 with 80% formic acid affords the primary ally-
lamine 331. The reaction was applied to the total synthesis of gabaculine
332[203].
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330

OMe
2-Pyridone (333) is allylated with allylic carbonates on the nitrogen atorm
rather than on the oxygen atom, but 2-thiopyridone (334) is allylated on the

sulfur atom[204].
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Alcohols are poor O-nucleophiles, and the Pd-catalyzed allylation of alcohols
to form allyl alkyl ethers is somewhat sluggish. As one method. the allyl alkyl
carbonates 335 are decarboxylated to give alkyl allyl ethers in the absence of
other nucleophiles[205]. Interestingly, secondary alcohols in methyl a-p-gluco-
pyranoside (336) can be allylated by the reaction of an excess of allyl ethyl or
methyl carbonate, rather than the expected allyl ethyl or methyl ether forma-
tion[206]. The allyloxycarbonyl group was introduced unexpectedly to the highly
hindered C-12a alcohol in the steroid 337 by its reaction with allyl ethyi carbo-
nate using dppb as a ligand. Surprisingly, no decarboxylation took place[207].

Pd(OAc),
ANAOC0R L AOR . co,
335 PhyP
HO X0
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Complete chirality transfer has been observed in the intramolecular allyla-
tion of an alcohol with the activated allylic ester of 2.6-dichlorobenzoic acid
338 to give the 2-substituted tetrahydrofuran 339[208).

HOM Pd(PhaP)s, EtN
Ry —————————————————-
) =

H O MeCN, 95% 0%
| =
c=0 H

R) Cl Cl (S)
339
338

Silyl ethers serve as precursors of nuclcophiles and liberate a nucleophilic
alkoxide by desilylation with a chloride anion generated from CCl, under the
reaction conditions described before[124]. Rapid intramolecular stereoselective
reaction of an aicohol with a vinyloxirane has been observed in dichloro-
methane when an alkoxide is generated by desilylation of the silyl cther 340
with TBAF. The cis- and trans-pyranopyran systems 341 and 342 can be pre-
pared selectively from the trans- and cis-epoxides 340, respectively. The reac-
tion is applicable to the preparation of 1,2-diol systems[209]. The method is
useful for the enantioselective synthesis of the AB ring fragment of gambier-
toxin[210]. Similarly, tributyltin alkoxides as nucleophiles are used for the
preparation of allyl alkyl ethers[211].

t-BuPh,SIO X COzEt 1. BusNF
W 2. Pd(PhP)s, CH,Cl,

340 5 min., 90%
CJI\/coza 0 Xy COzEt
iy OH 212 OH

from transepoxide 99 : 1

from cis epoxide 2 : g8
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Carboxylate anions are better nucleophiles for allylation. The monoepoxide
of cyclopentadiene 343 is attacked by AcOH regio- and stereoselectively via n-
allylpalladium complex formation to give the cis-3,5-disubstituted cyclopen-
tene 344[212]. The attacks of both the Pd and the acetoxy anion proceed by

inversion (overall retention) to give the cis product.
HO OAc
—X

344

e “OAc
o@ + AcOH Pd(PhgP), [HO\@

THF, 76% ~
343 o Pd-OAc

Phenols are highly reactive O-nucleophiles and allylated easily with allylic
carbonates under neutral conditions. EWGs on phenols favor the reac-
tion[213]. Allylic acetates are used for the allylation of phenol in the presence
of KF-alumina as a base[214].

OH o \F

MeO Pd(0 MeO
+  ~OCOMe ),
92%

Carbon-phosphorus bonds are formed by the allylation of various phos-
phorus compounds. The allyldiphenylphosphine sulfide 346 is formed by the
reaction of allylic acetates with lithium diphenylthiophosphide 345[215].

S S
(" )-one + by, AT (" )Fon
345 85% 146

The Pd-catalyzed reaction of an allylic alcohol, phosphine and an aldehyde
in boiling dioxane gives conjugated dienes. Pd-catalyzed reaction of an allylic
alcohol with a phosphine affords a phosphonium salt, which reacts with an
aldehyde to form a conjugated diene by a Wittig-type reaction[216]. This
Wittig-type reaction is interesting because it can be carried out as a one-pot
reaction without using a base. A modification of this Wittig-type reaction is the
Pd-catalyzed reaction of an alilylic alcohol, phenyl isocyanate, an aldehyde and
Bu;P in refluxing MeCN. An allylic carbamate is formed in situ, which reacts
with Bu;P and the aldehyde via a phosphonium salt to form a conjugated
diene. All-trans-3-carotene (349) has been prepared by the reaction of the
allylic alcohol 347 and the dialdehyde 348[217]. Allylic isoureas also are
used[218]. As an alternative method. the allylic phosphonium salt 350 is formed
by the Pd-catalyzed reaction of Ph;P with geranyl acetate in the presence of
NaBr, and converted in situ to the ylide by treatment with BuLi. The conju-
gated diene 351 was obtained by the reaction of benzaldehyde[219]. Similarly,
allylic nitro compounds are used for stereoselective (£)-alkene formation[220].
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ij:\/g/\on + OHCM/\(C“" + PhNCO + BugP
347 348
Pd(PhsP)y Ej(\/‘%/\/\ AT N
L)
65% "

Pd(Ph3P)
—— /k/\/k/\"' y
/K/\/‘\/\OAC + PhyP NaBr =~ N PPh, Br
1. BuLi 350
—— _ N Ph

2.PhCHO  ~ 351 oo

The dimethyl allylphosphonate 352 is prepared by the reaction of allylic
acetates with trimethyl phosphite[221].

Pd(acac),
———-

Ph" X" p(0)(OMe),
145, 77%

352

PR X"N0ac + (MeO)P

Various S-nucleophiles are allylated. Allylic acetates or carbonates react
with thiols or trimethylsilyl sulfide (353) to give the allylic sulfide 354[222].
Allyl sulfides are prepared by Pd-catalyzed allylic rearrangement of the dithio-
carbonate 355 with climination of COS under mild conditions. The benzyl
alkyl sulfide 357 can be prepared from the dithiocarbonate 356 at
65 “C[223,224). The allyl aryl sufide 359 is prepared by the reaction of an allylic
carbonate with the aromatic thiol 358 by use of dppb under neutral condi-
tions[225]. The O-allyl phosphoro- or phosphonothionate 360 undergoes the
thiono-thiolo allylic rearrangement (from O-allyl to S-allyl rearrangement) to
afford 361 and 362 at 130 °C[226].

Pd,(dba)s
MOCOZMe + PhSSiMe,

353 (i-PrO)3P, t., 68%

)\/\/,V\SP!)

354

Ph 7 Pd(Ph3P),, dppe
T DAPhPadpee PhA~-SMe | cos
SYO 20°, 78%

SMe
355
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OJLSEt Pd(Ph3P)s, dppe SEY
+ COS
65°,92%

356 357

- Pd(dba —
oo+ Cyron 280y o )
N dppb, 89% a5 N

358

S 0 0

PA(PhsP)s A

(€0 —F-0I o T BRSNS (o), pos NP
y £

360 361 362
3 : 7

The reaction of the allylic acetate 363 with the sodium arylsulfinate 364
affords the alilyl aryl sulfone 365[227,227a]. The allylic nitro compound 366
undergoes denitrosulfonylation with sodium phenylsulfinate (367) without
allylic rearrangement to give the allyl phenyl sulfone 368{228,229]. The 3,7-
epoxy nitro compound 369 reacts with 367 to give the allylic sulfone 372. In
this reaction, the allylic nitro compound 370 is formed, which reacts with Pd(0)
to afford the m-allylpalladium intermediate 371[230]. Allylic p-toluenesulfi-
nate-sulfone rearrangement of the chiral sulfinate 373 proceeds to give the
sulfone 374 with a chirality transfer of 91.8%[231]. Asymmetric induction of
87% was also achicved in the Pd-catalyzed rearrangement of 375 using DIOP
as a chiral ligand[232].

%
W + p-TolSO,Na 34% N x S0,Tol

OAc
363 364 365

= Pd(Ph3P),, dppe —

PhSO,Na @ ——MM—

CeHya >(N:z * 2 DMF CeHyg ><S:2Ph
366 367 368

NO, NO, NO; pg *py PhSO,Na SOzPh
— i — ——" | s
dppe 71%
0 OH oH OH OH
o

36 370 I 372
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0

: o
S. Pd(PhsP =

pTo-Sg A _PPhP)y p-To|—§—<_
373 50°, 93% o 374

0 — Pd(Ph,P),

To'él_o_/_—/ ——— = + \/\/sozTol
375 DIOP, THF, rt. S0,Tol
77% 87%ee 15%

.Allylic phenyl selenides are obtained by the reaction of allylic acetates with
diphenyldiselenide and SmI[233].

PdCly, PhyP

A ~OAC , phSeSePh + Smi, w2 TP
THF, 1., 82%

Z~.-SePh | PhSeSmi,

2.3 Carbonylation

Carbonylation of various allylic compounds in alcohols gives 8,v-unsaturated
esters, but allylic compounds are less reactive than aryl or alkenyl halides.
Allylic halides can be carbonylated in alcohols under pressure,
Carbonylation of allyl chloride proceeds smoothly in THF to give the 4-chlor-
.obutyl ester 376 in a good yield[234,235]. Smooth carbonylation of allyl chlor-
ide proceeds at 1 atm under mild conditions in two phases using a phase-
transfer agent and water-soluble DPMSPP as a ligand[236], or by use of
EtONa and dppe[237]. In the presence of a double bond, the carbonylation
of the allylic chioride 377 is followed by intramolecular insertion of the double

bond into the Pd-acyl bond affording the cyclopentenoneacetate derjvati
’ t
378[238]. p ate derivative

0
A vcos () Pace N cl
0" a0, 88% © 0NN
376
PdCI,L
/\/c' + CO + H0 %2, NC0H
aq.NaOH / PhH
1 atm., 50°
L= Pth
303N8
Csthy = PdCly(PhyP
JELN G
=</¥ . CO 2(PhsP)y, EtsN  CgHyg COsMe
Cl MeOH, MeCN
37 600 psi, 90% 378 0
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Allylic carbonates are most reactive. Their carbonylation proceeds under
mild conditions, namely at 50 "C under 1-20 atm of CO. Facile exchange of
CO; with CO takes placef239]. The carbonylation of 2,7-octadienyl methyl
carbonate (379) in MeOH affords the 3,8-nonadienoate 380 as expected, but
carbonylation in AcOH produces the cyclized acid 381 and the bicyclic ketones
382 and 383 by the insertion of the internal alkene into 7-allylpailadium before
CO insertion[240] (see Section 2.11). The alkylidenesuccinate 385 is prepared in
good yields by the carbonylation of the allylic carbonate 384 obtained by
DABCO-mediated addition of aldehydes to acrylate. The £ : Z ratios are
different depending on the substrates[241].

Pd(OAc),-2PhyP
( )2 3 WCOzEﬁ + CO,
1 atm,, 50°, 75%

/\/oco2Et + CO

Pd(Ph3P),
NN X"0coMe + CO
379
MeOH OO N
e F X"co,Me
380
 anm + +
l CO.H (o)
o]
381, 50% 382, 30% 383
/k/ DABCO
CHO + =Ncome —=» co,Me + CO
0CO,Me
384 CO,Me
_~-COzMe
Pd(OAc);, Ph,P
_FalOAck, PhaP
50°, 25atm., 82%
385

It is known that w-allylpalladium acetate is converted into allyl acetate by
reductive elimination when it is treated with CO[242,243]. For this reason, the
carbonylation of allylic acetates themselves is difficult. The allylic acetate 386 is
carbonylated in the presence of NaBr (20-50 mol%) under severe conditions,
probably via allylic bromides{244]. However, the carbonylation of 5-phenyl-
2,4-pentadienyl acetate (387) was carried out in the presence of Et;N without
using NaBr at 100 °C to yield methyl 6-phenyl-3,5-hexadienoate (388)[245].
The dicarbonylation of 1,4-diacetoxy-2-butene to form the 3-hexenedioate
also proceeds by using tetrabutylphosphonium chloride as a ligand in 49%
yield[246].
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Pd,(dba)s, PhaP, NaBr
/M/\ + CO + EtOH
OAc i-Pr,NEL, 60 atm, 180°, 74%
386
Mvcozn

E/Z=93/7

PACly(PhyP),, 100°, 50 atm.
EtsN, PhH, MeCN, 60%

Y o
Ph" X" X""co,Me
388

PhWOAC + CO + MeOH
387

Allylic phosphates are used for carbonylation in the presence of amines
under pressure. Carbonylation of diethyl neryl phosphate (389) affords ethyl
homonerate (390), maintaining the geometric integrity of the double bond[244].
The carbonylation of allyl phosphate in the presence of the imine 392 affords
the (-lactam 393. The reaction may be explained by the formation of the
ketene 391 from the acyl phosphate, and its stereoselective [2 + 2] cycloaddi-
tion to the imine 392 to give the S-lactam 393[247].

™ X Pdy(dba),, PhsP
+ CO + EtOH
i-PryNEt, 30 atm., 95%

289 OPO(OEt),
X N
396
E/Z = 4/96 CO,Et
OPO(OEY, + CO Pd,(dba)s, PhsP /\n
2 +
g i-PryNEt, 30 atm., 70° i
oy 39
r._ -
N 392 HH
Bn Z : Ph
73% N, 393
(o] Bn

Carbonylation of allylic alcohols requires severe conditions[248]. The carbo-
nylation of allylic aicohols proceeds smoothly in the presence of LiCl and
Ti(IV) isopropoxide[249]. The allylic methyl ether 394 can be carbonylated
with the use of PdCl,[250] or m-allylpailadium coordinated by BF,, PF,, and
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chloride anions, or with PdCl,~PPhs as catalysts at 100 °C and 30 atm in
toluene[251].

DY
OH

PA(PhaP)a, Ti(O--Pr)s, LiCl @(\/\coz(i-pr)
100°, 25 atm., 85%

7-C3HsPd(cod)BF,4
W NN
7 oMe + CO & Xco,Me
304 100°, 30 atm., 81%

Allylamines are not easily cleaved with Pd catalysts, but the carbonylation of
the allylic amine 395 proceeds at 110 °C to give the 3,v-unsaturated amide 396
by using dppp as a ligand[252]. Decarboxylation—carbonylation of allyl diethyl-
carbamate under severe conditions (100 °C, 80 atm) affords /3,7-unsaturated
amides[253]. The 3-vinylaziridine 397 is converted into the a-vinyl-3-lactam
398 under mild conditions[254].

Me
i Pd(OAc)y, d
Ph’N AN+ CO (OAc),, dppp

50 atm., 110°, 76%
395 O 3%

BOC .
i co Pdg(dba) Z j;‘/\oan
+ _—_—
Bno._ AN PhsP, 51% N-Boc
397 398

The 3.7-octadienoate 399 is obtained by the carbonylation of allyl chioride
and butadiene[255].

A o N 4O ROH Il A AN COR
50 atm.

399

Ketones can be prepared by trapping (transmetallation) the acyl palladium
intermediate 402 with organometallic reagents. The allylic chloride 400 is car-
bonylated to give the mixed diallylic ketone 403 in the presence of allyltri-
butylstannane (401) in moderate yields[256]. Alkenyl- and arylstannanes are
also used for ketone synthesis from allylic chlorides[257,258]. Total syntheses
of dendrolasin (404)[258] and manoalide[259] have been carried out employing
this reaction. Similarly. formation of the ketone 406 takes place with the
alkylzinc reagent 405[260].
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The §,y-unsaturated aldehyde 407 is prepared in good yields by the carbo-
nylation of an allylic chloride under mild conditions using tributyltin hydride
as a hydride source[261]. Aldehydes are obtained in moderate yields by the
reaction of CO and H,[262].

OMe
OMe Pd(PhsP)s
+ CO + BugSnH ———— Et0,C._~ CHO
Eo,c L _ci 50°, 86% A
a07

Unusual cyclocarbonylation of allylic acetates proceeds_ in the presence of
acetic anhydride and an amine to afford acetates of phenol derivatives. The
cinnamyl acetate derivative 408 undergoes carbonylation and Friedel—Crafts-
type cyclization to form the «-naphthyl acetate 410 under severe condi-
tions[263,264]. The reaction proceeds at 140~170°C under 50-70 atm of CO
in the presence of acetic anhydride and Et;N. Addition of acetic anhydride is
essential for the cyclization. The key step seems to be the F riedel-Crafts-type
cyclization of an acylpalladium complex as shown by 409. When MeOH is
added instead of acetic anhydride, §,y-unsaturated esters such as 388 are
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formed as described before. From a naphthalein derivative, a phenanthrene
ring is formed rather than an anthracene ring[265). The reaction can be applied
to the syntheses of acetoxybenzofuran, acetoxyindole, and the acetoxyben-
zothiophene 411 from corresponding heterocycles[266]. Even the 24-dienyl
acetate 387 undergoes a similar cyclization, affording the phenyl acetate deri-
vatives 412. The commonly observed five-membered ring formation does not

take place in this case[245].

= OAc
+ CO

PACI,{(PhyP),, EtsN, A0

170°, 70 atm., 76%

408
O G HOY O
- =
X-Pd
109 ° 0 40 opc
OAc
PdACl,(Ph3P),, EtsN
X Ac,0, 170° X
X=0,S,N m
Ph i ~OAC 4 Co PdCIy(PhsP),
287 Ac;0, Et3N, 69% OAc
Ph 412

2.4 Reactions of Hard Nucleophiles via Transmetallation

Various allylic compounds react with hard carbon nucleophiles of organome-
tallic compounds of Zn, B, AL Sn, and Si via transmetallation. Tables sum-
marizing allylic leaving groups and alkenyl and aryl metallic reagents used m
the coupling and regioselectivity have been published[267]. Two kinds of cross-
coupling of allyl groups are known, the reaction with hard carbon nucleophiles
and the formation of allylic metal compounds from bimetallic compounds, and
umpolung of w-allylpalladium complexes can be achieved.

2.4.1 Cross-Coupling of Allylic Groups with Hard Carbon Nucleophiles

1,4-Dienes and allylarcnes can be prepared by the Pd-catalyzed coupling of
allylic compounds with hard carbon nucleophiles derived from alkenyl and aryl
compounds of main group metals. Allylic compounds with various leaving
groups can be used. Some of them are unreactive with soft nucleophiles. but
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react with hard carbon nucleophiles. The order of the reactivity of allylic
leaving groups in the coupling of alkenylaluminums was found to be C] >
OAc > OAIMe, > OPO(OEt); > OSiMe;[268]. In contrast, the reverse order
OPh > > OAc, Cl, was found in the coupling of alkenylboranecs. Grignard
reagents react with allylic alcohols and the allyl silyl ethers 413 and 414 using
dppf as a suitable ligand[269]. The allylic sulfide 415 reacts with Grignard
reagents in refluxing diethyl ether[270].

OSIEt
N0 | Phmger

Ph

413 ~_Ph , F

| Paciy(cppn, 75% gl
é\rosust3 9% : 4
414

PdCly(Ph3P), Ph

PhM@Br ——— = 2\

)\s/\/ * e 86%
415

Perfluoroalkylzinc iodides, prepared in situ from iodides and ultrasonicaily
dispersed Zn, are coupled with allylic halides via an allylic rearrangement[271].
The Pd-catalyzed homocoupling of allylic acetate in the presence of Zn to give
a mixture of regioisomers 416 and 417 may proceed via in siru formation of
allylzine species[272,273].

Pd(Ph,P), DMF

Ph\/'\/OAC + Zn
THF, MeOH, 93%

Ph
Ph\/\/k/
PhWPh + = Z

416 35: 65 417

Phenylisoprene (419) is obtained in a good yield by the coupling of phenyl-
zinc chloride with isoprenyl chloride (418). Coupling of allylic chlorides with
alkenylzinc or aluminum reagents affords 1,4-dienes of tefpenoid origin[274].
The allylic lactone 420 reacts with phenylzinc chloride, yielding the coupled
product with inversion of the stereochemistry of allylic carbon[21]. Organozinc
reagents undergo vy-attack of the a,S-unsaturated acetal and orthoester 421. By
this reaction, the overall conjugate addition to form a S-substituted aldehyde
and the ester 422 is possible[275]. The reaction of allyl acetate with the
Reformatsky reagent 423 proceeds smoothly at room temperature to give the
4-pentenoate 424[276].
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Z Pd(PhsP)s 7
PhZnCl + —_—

418 CI 419 “ph
°N—0o
.Ph
Pd(PhsP)s “°2°\©‘~
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OEt Pd(PhsP)y  Ph OEt HO
phzncl + 7 Kogt — NN S P cog

EtO OEt 422
421
Pd(PhsP)s
OAc __— =~ o A"coMe
Brzn” NcoMe v P N e 2
423

Organoboranes are reactive compounds for cross-coupling[277]. The syn_th-
esis of humulene (83) by the intramolecular cross-coupling of allyhc.bror'mde
with alkenviborane is an example[278]. The reaction of vinylbora'n.e with Vlnyl-
oxirane (4‘25) affords the homoallylic alcohol 426 by 1,2-.add1t10n as main
products and the allylic alcohol 427 by 1,4-addition as a minor product[279].
Two phenyl groups in sodium tetraphenylborate (428) are used for the cou-
pling with allylic acetate[280] or allyl chloridef33,281].

x x
Pd(PhaP)s
. D EEEEmEEE—
I NaOH, 32%
B(sia)2
Br 83
Pdy(dba z OH NS
o . o9 Dok /j/\ s ANX"oH
s Z 92% 7
0 425 426 T4 : 26 427
@\ Pdy(dba); 2
NaBPhy + 2 ———oo" ..
128 oAc  PhsP. 80% Ph
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It was claimed that the Z-form of the allylic acetate 430 was retained in
homoallylic ketone 431 obtained by reaction with the potassium enolate of
3-vinylcyclopentanone (429), after treatment with triethylborane[282].
Usually this is not possible. The reaction of a (Z)-allylic chloride with an
alkenylaluminum reagent to give 1,4-dienes proceeds with retention of the
stereochemistry to a considerable extent when it is carried out at —70 “C[283].

oK OBEt;K o
Aco’A\vzzz/\\¢/~\¢/
SN
Et;B 430 ;
Z = 64% ~Z 43
429

Organoaluminum reagents are used for coupling with allylic chlorides. 1,4-
Dienes of terpenoid origin can be prepared by the coupling of allylic chlor-
ides with dimethyl(alkenyl)aluminum, and applied to the completely stereo-
and regiospecific synthesis of «-farnesene (432)[274]. Organoaluminum
reagents undergo ~y-attack of the «,3-unsaturated acetal 433, and the overall
conjugate addition to form the S-substituted aldehyde 434 is possible[275].
The alkenylaluminum 436, formed in situ from 435, reacts intramolecularly
with an allylic aluminum alkoxide as a leaving group in the presence of
ZnCl,[284].

NS
/Y\Amnez N Ct Pd(PhsP)y
83%

C5H11 OM Pd(Ph3P)4 C5H11
= e D=
MezAl/'—< + /\( e — X OMe
OMe
433
H,0  CsHyy
434
——SiMe, SiMe; SiMes
OH MMeAl | /T aiBu, ZnCl, 6\/
— -
2. -Bu,AH OAiMe; | Pd(Ph3P),, 55% Z
\ 435 )

436
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Organotin reagents are extensively used for coupling[285,286]. The cross-
coupling reactions of allylic halides and triflates with alkyl-, alkenyl-, and
arylstannanes and also allylstannanes proceed smoothly[257,258,281,287].
The cross-coupling of an allylic bromide with the allylstannane 437 takes
place to give 438 without undergoing homocoupling[281].

/’\/\)\/\ X <
MeQSn/’\Tr/Q§> + X S Br —
437 I

50%
438

The coupling of the allylic halide 439 with the alkenyltin reagent 440 leads
to the 1,4-diene 441 in a high yield[257,258,288]. The reaction proceeds with
retention of the double bond stereochemistry in the alkenyltin reagent.
Inversion of configuration of the cyclic allylic sp® carbon center in 439 was
observed as expected. The allylic halides usually undergo regioselective cou-
pling at the primary allylic carbon. The coupling of the l-ethoxyvinylstan-
nane (442) with the 2-ethoxyallyl phosphate 443 produced 2,4-diethoxy-1.4-
pentadiene (444) as a precursor of a (-diketone[289]. The coupling of the
allylic bromide 445 with an aryltin reagent yields the allylated arene
446[258,287].

COgMe CO;Me
Pd,(dba
+ Bugsn”  CO,Bn ok
ey U3 2 PhsP, 80% ___CO3Bn
439 440 441
OEt OEt PdCI(Ph;P), EtO  OEt
+ OP(O)}(OEt); —————>
Bugsn A OPONOEY, —
442 443 444
CN
CO,Et
Br + BU3sn —
\/& N 81%
445 446
CO,Et
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Under standard conditions for the coupling of allylic halides with tin
reagents [Pd(dba);, PhsP, THF, 50°C], most allylic acetates fail to react,
Only cinnamyl and allyl acetate, which do not undergo elimination to form
a diene, can be used{290,291). Further studies revealed that simple allylic acet-
ates react with a variety of aryl- and alkenyltin reagents using DMF as g
solvent, adding 3 equiv. of LiCl for the substrate, and using Pd(dba), in the
absence of a ligand{292]. Addition of Ph;P stops the reaction. LiCl assists the
transmetaliation by displacing r-allylpalladium acetate with chloride. Geranyl
acetate (447) is phenylated smoothly with phenyltin to give 448. Vinyloxiranes
are more reactive than allylic acetates. The 4-phenylated allylic alcohol 450 can
be prepared by the 1,4-addition of phenyltrimethyltin to the vinyloxirane
449[293,294].

Pd(dba),, LiCl */\/k/\
)\NK/\QAC* PhSnMe; ——r— S N X Ph

MF, 81%
447 P 8 448

o Pd(Ph3P)s Ph
>~ + PhsnMe e Ho’f;/
449

Simple ketones cannot be altylated with Pd catalysts, but tin enolates of
ketones are allylated with allylic acetates[76]. Most conveniently, an enol acet-
ate as a ketone enolate equivalent can be allylated with allyl carbonates by the
bimetallic catalyses of Pd(0) and tin methoxide[13.295]. The enol acetate 451
derived from an unsymmetrical ketone gives a single isomer 452 regiospecifi-
cally. The reaction can be explained by the following mechanism. The first step
is the formation of the tin enolate 454 by the reaction of the enol acetate 453
with the tin methoxide 455, which is a known reaction[296]. The transmetalla-
tion of the tin enolate 454 with m-allylpalladium methoxide (456), formed from
allyl methyl carbonate, gives the m-allylpalladium enolate 457, which undergoes
reductive elimination, yielding the allylated ketone 458. At the same time, both
the tin methoxide 455 and Pd(0) are regenerated and hence the whole reaction
proceeds by the bimetallic catalyses of Pd and Sn.

The 3, v-unsaturated ketones 460a and 460b are prepared by the coupling of
the acylstannane 459 with an allylic chloride[297].

0

OAc
Pd(0), dppe w
QCO.Me
AT MeosnBuy, 78%

451 452
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Some oreanosilicon compounds undergo transmetallation. The allylic cya-
nide 461 wz;'s prepared by the reaction of an allylic carbonate with trimethylsi-
lyl cyanide[298). The ortho esters and acetals of the a. d-uns.aturated carbonyl
compounds 462 undergo cyanation with trimethylsilyl cyamdg[QS]. ‘

Coupling of allyl chloride with the (Z)—alkenylpentaﬂuo;osm.cate 463 using
Pd(OAc)- as a catalyst at room temperature gives a 1,4-diene in good yields.
The reaction has been applied to the synthesis of recifeiolide[299].

Pd(Ph4P),

i Vo N
PhMOCOzMQ + Me,SiCN ———9—2—;/:“"'> Ph X CN

461

MeO.__.OMe PA(OAC)2 _ meO CN

95%
462
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Sityl enol ethers are other ketone or aldehyde enolate equivalents and react
with allyl carbonate to give aliyl ketones or aldehydes[13,300]. The transme-
tallation of the w-allylpalladium methoxide, formed from allyl alkyl carbonate,

with the silyl enol ether 464 forms the palladium enolate 465, which undergoes

reductive elimination to afford the allyl ketone or aldehyde 466. For this
reaction, neither fluoride anion nor a Lewis acid is necessary for the activation
of silyl enol ethers. The reaction also proceeds with metallic Pd supported on
silica by a special method[301]. The ketene silyl acetal 467 derived from esters
or lactones also reacts with allyl carbonates, affording allylated esters or lac-
tones by using dppe as a ligand[302].

7 “0SiMe, A~OCOMe Pd(dba),
* dppe, 76%

464
Z OIPd9> CH CHO
O/\ form— O<Pd- —— X+ CO; + Me;SiOMe
465 466
CO,Me
/\/OCOZMe F
O5iMe,
COo Me N oMe 75%
CO,Me
=

Allylic acetates react with ketene silyl acetals. In this reaction, in addition to
the allylated ester 468, the cyclopropane derivative 469. which is formed by the
use of bidentate ligands, is obtained[303]. Formation of a cyclopropane deri-
vative 471 has been observed by the stoichiometric reaction of the w-allylpal-
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ladium complex 470 with Li enolates of carboxylates[304,305] (see Chapter 3,
Section 3.2). Also enolates of the ketone N-isobutyryloxazolidinone and iso-
propyl phenylsulfone react with the r-allylpalladium complex 470 to form the
cyclopropane 471{306]. The most efficient cyclopropanation to form 473 is the
reaction of ailyl bromide with the ketene silyl acetal 472 catalyzed by w-allyl-
palladium chloride in the presence of thallium acetate. TMEDA as a ligand is
essential for high chemoselectivity[307].

OMe Pd(OAc),
O\ © o d Q\/co me
OAc osiMe, ~ 9PPP 2Me

468, 53%

o R 0N R
LICHRCO,R + {Pd >~A 7 paCl —= Pd
RO,C

CO,Me

4869, 38%
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CO Me
OMe  n-C3HsPdCl, TMEDA

P AL s
Z oTMS TIOAC, 97% 473

2.4.2 Formartion of Allylic Metal Compounds

Allylic metal compounds useful for further transformations can be prepared by
Pd-catalyzed reactions of allylic compounds with bimetallic reagents. By this
transformation, umpolung of nucleophilic m-allylpalladium complexes to elec-
trophilic allylmetal species can be accomplished. Transfer of an allyl moiety
from Pd to Sn is a typical umpolung.

The allylstannane 474 is prepared by the reaction of allylic acetates or phos-
phates with tributyitin chloride and SmlI;[286,308] or electroreduction[309].
Bu3SnAlEt. prepared in situ is used for the preparation of the allvlstannane
475. These reactions correspond to inversion of an allyl cation to an allyl
anion[310. 311]. The reaction has been applied to the reductive cyclization of
the alkenyl bromide in 476 with the allylic acetate to yield 477[312}
Intramolecular coupling of the allylic acetate in 478 with aryl bromide proceeds
using Bu:SnAlEt, (479) by /in situ formation of the allylstannane 480 and its
reaction with the aryl bromide via transmetallation. (Another mechanistic
possibility is the formation of an arylstannane and its coupling with allylic



354 Catalytic Reactions with Pd(0) and Pd(II)

/’\/\/l\/\ Pd(PhsPe
N ———
" oac* BusSnCl + Sml, 1%
/k/\)%/\
SnBu3

474
A~ OPO(OEN), + (BusSnLl + ELAICH T3P o~ SnBug
475
RCHO R &
OH
B
WO pugsnatey, L0 BN | e
W PhaP, 75% W o
OAc AcO SnBU3 477
476
Br
Y Pd,(dba);
+ BusSnAlEt; ——»
479 PhsP, 76%

acetate){312]. The reaction of (R3;Sn), with allylic acetates affords allystan-
nanes[313,314]. In the intermolecular reaction of the bromoindole 481 with
allyl acetate and (BusSn),, the allylstannane 482 is formed first by the Pd-
catalyzed transmetallation. Further transmetallation with indolylpalladium
bromide affords the allylated indole 483[315).

Br
N PdCl,, dppe
. e ———eee -
481 Ts Pa(0 __J DMF, 84%
/\/OA‘: + Bu,;SnSnBug —()vé\/snaua Y,
482
N—co,kt
N\
483 Ts
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The allylstannane species 484 is generated in situ by the umpolung of a -
allylpalladium complex when an allyl ester or alcohol is treated with SnCl, in
the presence of Pd catalyst, and reacts with aldehydes(316,317]. A similar
reaction takes place by use of Et,Zn[318] or Zn, or by electroreduction instead
of using SnCl5[319,320]. As another route to umpolung, an Sm species is
formed in situ from the allylic acetate 485 and Sml,, and reacts with ketone
intramolecularly to give the alcohol 486[321].

é\/OAC PdC|2(PhCN)2 A snz’ x RCHO

+ SnCl; —»

ANOH 484 OH

OH
N Pd(Ph3P)q
I + SMl —————
62%
4gs  OAc 486

Allylsilane is prepared by the reaction of allyl chloride or acetate with
(Me;Si)-[322-324]. However, the elimination to form conjugated dienes. rather
than the silylation. takes place with substituted allylic compounds. On the
other hand. the substituted allylic silane 487 can be prepared smoothly by
using Pd(dba) in the presence of an excess of LiCl{325]. 1.1-Dichlorophenyi-
ligand to give the allylic silane 489 in good yields[326]. Inversion of stereo-
chemistry is observed as expected. Geranylsilane (491) is prepared by the reac-
tion of geranyl phosphate (490) with PhMe,SiAIEt:[327]. (Me;Si);Al is used
for the same purpose[328].

OAc

Pd(dba),, DMF
/\/\/\)\/ + Me;SiSiMe,

LiCl, 100°, 81%

NN SiMe,
E/Z = 95/5 487

CO,Me CO,Me
ﬂ'C3H5pdc| ) dppt

+ PhCLSiSiMe; =
4 o 9% " e
cl : SiC1,Ph
488 489 2
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490 q/SIMezph Q( iMe,Ph
70% 15%
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2.5 1,4-Elimination to Form Conjugated Dienes

When allylic compounds are treated with Pd(0) catalyst in the absence of any
nucleophile, 1,4-elimination is a sole reaction path, as shown by 492, and
conjugated dienes are formed as a mixture of £ and Z isomers[329]. From
terminal allylic compounds, terminal conjugated dienes are formed. The reac-
tion has been applied to the syntheses of a pheromone, 12-acetoxy-1,3-dode-
cadiene (493){330], ambergris fragrance[331], and aklavinone[332]. Selective
elimination of the acetate of the cyanohydrin 494 derived from 2-nonenal is
a key reaction for the formation of the 1,3-diene unit in pellitorine (495)[333].
Facile aromatization occurs by bis-elimination of the 1,4-diacetoxy-2-cyclohex-
enec 496{334].

H
PN NG LD R)Q%\\ w RN + HX + Pd(0)

492 G’d

Pd(OAc)s,PhsP

ACO\/\/\/\/\/\/ + PhOH
493

CN Pd{OAc),, PhyP
494 OAc diglyme, 86%

— AL CONHBU

LG

OAc

OAc ¢

_Pd(PhsP),
TELN, 99%
OAc ©

496
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1,4-Elimination of geranyl acetate using Pd(OAc), and Ph,P is not regiose-
lective[329]. Interestingly, the addition of an equivalent amount of propargyl-
zinc bromide not only accelerates the elimination, but also gives high
regioselectivity. A 75 : 25 mixture of frans- and cis-ocimene was obtained
from geranyl acetate without producing any myrcene (497), while neryl acetate
gave pure myrcene (497). An exclusive anti-1,4-elimination is observed[335].
Allylic amines are difficult to cleave, but they can be cleaved by using a cationic
Pd complex and dppb as a ligand. As another example of regioselective 1,4-
elimination, diethyl(7-hydroxylgeranyl)amine (498) is converted into the myr-
cene-type conjugated diene 499 selectively and the reaction is applied to the
industrial production of a fragrant compound (kovanol)[336]. 1,4-Elimination
of allylic amines is also possible by conversion into amine salts using AcOH as
a solvent[337]. Allylic chlorination of diprenyl ether (500), followed by Pd-
catalyzed elimination cleanly affords the diene 501, from which citral (502) is
synthesized by Claisen and Cope rearrangements[338].

h = /K/\J\/
=\ 100%

OAC ZnBr 497

)\/\/l\/\ 2 Ho)k/\/k/\
— a
X NXNE, NEt,

498
(n-C3HgPd-Ph,P(CH,), PPh,) CIO, Ho)\/\/u\/
Z
130°, n=4,5 90%
499
v )k/\/Q
° Kovanol
)\/\ /\)\ HoCI )\(\ /\&k Pd(OAc),, PhyP
0 AcONa
500 cl

2. Cope

)\/\ /\/l\1 Claisen MCHO
501 502



358 Catalytic Reactions with Pd(0) and Pd(II)

Allylic sulfones undergo Pd-catalyzed elimination. The synthesis of an o, B3-
unsaturated ketone by the elimination of the allylic sulfone group in 503 is an
example[339].

OH 0

Pd(PhyP); p-TsOH
H
G Sen Et,N 59% c“”"\/\/u\rm
S0, Tol

503

Elimination proceeds with high selectivity in cyclic systems, and is particu-
larly useful for the selective preparation of both homoannular and heteroan-
nular conjugated dienes 504 and 505 in decalin systems. These two conjugated
cyclic dienes exist in many natural products, and their regioselective prepara-
tion is highly desirable. In particular, the selective formation of the homoan-
nular diene 504 is considered to be difficult, because acid-catalyzed elimination
affords only the heteroannular diene 505. By the Pd method using allylic
carbonates under mild conditions, it is possible to prepare both the homo-
and heteroannular conjugated dienes at will. The regiospecificity is dependent
on the stereochemistry of the allylic carbonates in the decalin systems. The
heteroannular diene 508 is obtained selectively from the 3-oriented 3-allylic
carbonate 506. The n-allylpalladium intermediate, in which Pd is a-oriented, is
formed by inversion of the stereochemistry, and rapid elimination takes place
via the a-oriented angular C-5 c-allylpalladium methoxide 507 to give the
heteroannular conjugated diene 508, rather than via the C-3 o-allylpalladium
methoxide 509. This selectivity may be explained by different rates of elimina-
tion. The elimination of H—Pd-—OQAc from the tertiary carbon of 507 seems to
be faster than that from 509. On the other hand, 3-oriented m-allylpalladium
methoxide is formed from 3-c-allylic carbonate 510, and the homoannular
diene 512 is obtained as a major product via the J-oriented 3-o-allylpalladium
methoxide 511[340]. Formation of j3-oriented angular C-5 o-allylpalladium
compound 513 is sterically unfavorable.

CO—C0-CO
RO
504 505

OMOM OMOM omom
m Pd(OAc),, Bu;P
e
—_—
MeOCO, PhHé:o./, 4 h, .
506 ° Pd
OMe 508
OMOM 507

Pd

OMe

509
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OMOM OMOM
Pd(OAc),, BusP

MeOCO,™ PhH, rt, 21 h., 95% |, oo
510 511
OMOM OMOM OMOM
100 8.5 Pd.
512 508 OMe
513

In steroid systems, the homoannular diene in ring A and the heteroannular
diene in AB rings are generated. The allylic 3a-carbonate 514 affords the
homoannular conjugated diene 515 as a main product and a small amount
of the heteroannular diene 516. On the other hand, the heteroannular conju-
gated dienc 516 is obtained exclusively from 3/3-carbonates 517. The elimina-
tion reaction proceeds smoothly at room temperature.

OTBDMS

Pd(OAc),, BusP

THF, rt,, 3 h., 98%

MeOCO,™" OTBDMS OTBDMS
514

515 100:8 516

OTBDMS OTBDMS

Pd(OAc)z, BusP
THF, rt., 3 h., 99%

MeOCO,
517 516

The reaction has been applied successfully to the synthesis of a precursor of
provitamin D, 520, which has a homoannular conjugated diene mche B
ring[340]. Treatment of the 7a-carbonate 518 with Pd catalyst at 40°C %lttorded
the 5.7-diene 520 regioselectively in good yield. No heteroannular diene 521
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was detected. In the intermediate complex 519, the S-oriented 7o-allylpalla-
dium undergoes facile syn-elimination of 88-hydrogen to afford 520 exclu-
sively.

OTBDMS
Pd(OAC),, BusP

- 521 -

Only the heteroannular diene 523 is formed by treatment of both a- and §-
allylic carbonates 522 and 524 in a hydrindan system with a Pd catalyst. No
homoannular diene is formed.

OTBDMS OTBDMS

/&5 Pd(OAc),, BusP
MeOCO,

PhH, rt,, 2h., 93%
522

523

OTBDMS OTBDMS
Pd(OAc),, BuyP
PhH, rt,, 1.5h., 99%

Me0CO,™"
524 523

.Tt-le preparative method for the Pd(0) catalyst active in these regioselective
eliminations under mild conditions is crucial. The very active catalyst is pre-
pared by mixing equimolar amounts of Pd(OAc), or Pd(acac)-, and pure »n-
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Bu;P. A rapid redox reaction takes place to yield the active Pd(0) species and
tributylphosphine oxide. The Pd(0) thus generated is a phosphine-free cata-
lyst[341]. Severe reaction conditions are necessary, or no reaction takes place,
when Pd,(dba); is used in the elimination reaction of cyclic allylic compounds
with an excess of n-Bu;P[342].

Pd(OAc); + BuyP Pd(0) + BusPO + A02°

The optically active 1,4-cyclohexenediol monoacetate 525, prepared by
hydrolysis of the meso-diacetate with lipase, was converted into the optically
pure cyclohexenone 526 by an elimination reaction in the presence of ammonium
formate. Optically active carvone (527) was prepared from 526[343].

PdCI(Ph;P)2 7 —

————
s

HCO,NH,4, 77%

o]
526 527

The substituted vinyl-3-lactone 528 undergoes Pd-catalyzed ring opening to
form the 2.4-dienecarboxylate 529 in aprotic solvents. The conjugated diene
530 is formed by decarboxylation in DMF[344]. 3-Acetoxy-2-methyl-4-pente-
noic acid(531) undergoes the Pd-catalyzed decarboxylation—elimination to
form a conjugated diene[345]. This elimination offers regioselective generation
of conjugated dienes and the new double bond has mainly an E configuration.
The reaction has been used for the construction of the polyene system in
vitamin A derivative 532[346]. Another route to diene formation via r-allyl-
palladium is the reaction of the dicarbonate of the 2-butene-1.4-diol derivative
533[347]. The reaction involves umpolung of a w-allylpalladium intermediate.
and may be related to the enone formation described in Section 2.10.3.

R
Pd(OAC)z, (MeO);P A R
)m N + N
rt, CH,Cly, 50~80% COzH
528 ©O 529 530
|
OAc :’:)' o
Pd(PhsP)s -0
W T //ﬁp\ — 7 P + C02
531 COzH Pd+
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The vinyloxiranes 534 and 537 are converted into dienes by the elimination
of B-hydrogen via 7-allylpalladium complexes. Depending on the structures
dlfferept hydrogens are eliminated, giving either an allylic alcohol 538 or aln’
unconjugated ketone 536 via a 1-hydroxy-1,3-diene 535[348].The vinyloxirane
539, prepared from glucose, is converted into a cyclopentenone derivative 541
via Tear'rangement to form the unsaturated aldehyde 540[349]. As a related
elimination reaction, the epoxy ketone 542 is converted into the 3-diketone
543. under severe conditions{350]. The Pd-catalyzed ring opening of cyclopen-
tad}ene-l,4-epiperoxide (544) affords 4-hydroxy-2-cyclopentenone (545) as a
major product[351].

o H OH o
O - Ol—0
534 Pd 535 536
Pd
é((\) Pd(PhsP)s k o oH
90%
537 H 538
)
o °P~9 _ PdPhp 0.0
Q< 0 one ST ==
o 85% o =
539 540 RO™ 541
0 0 0
é Pd(PhsP)s
—_— pd | —
0 dppe, 80°, 94% o
542 H 543 O
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HO 545 HO
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The steroidal 43-acetoxy-50,6/3-epoxy-2-en-1-one system 546 was converted
at room temperature into the 63-hydroxy-2,4-dien-1-one 547 by reductive elim-
ination of the vicinal oxygen function, and the reaction has been applied to the
synthesis of withanolide[352].
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p [ M ¢
:-OH
Pd(Ph3P),
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., 95%
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¥ 0”0
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2.6 Preparation of o,3-Unsaturated Carbonyl Compounds by the Reactions of
Silyl Enol Ethers and Enol Acetates with Allyl Carbonates

New synthetic methods for a,3-unsaturated ketones, aldehydes. and esters by
the dehydrogenation of the corresponding carbonyl compounds have been
developed based on m-allylpalladium enolate chemistry. The reactions of the
silyl enol ether 548 with an allyl carbonate generates the m-allylpalladium
enolate 549 via transmetallation. The intermediate complex undergoes elimina-
tion of B-hydrogen to form the a, S-unsaturated carbonyl compound
550[13,353]. The allyl group is a hydrogen acceptor and is converted into
propylene. The enone formation is competitive with the allylation which pro-
ceeds by reductive coupling (see Section 2.4.1). Chemoselective enone forma-
tion can be achieved by the reaction of silyl enol ethers with allyl carbonates in
boiling MeCN. The ratio of Pd to phosphine ligand is important. The lower
ratio or even the absence of the ligand favors enone formation[354]. The reac-
tion also proceeds in the liquid phase using Pd metal supported on silica by a
special method[355].



364 Catalytic Reactions with Pd(0) and Pd(II)
0OSiMe,y O—Pd-)>
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The reaction can be applied to the synthesis of a, G-unsaturated esters and
lactones by treatment of the ketene silyl acetal 551 with an allyl carbonate in
boiling MeCN[356]. The preparation of the «, 3-unsaturated lactone 552 by
this method has been used in the total synthesis of lauthisan[357].

OSiMe,

0
OCO.R
0 N 2 o ]
Pd-dppe, MeCN, 70%
o 0 O 0OSiMezBu Pd(°A°)2 83% &0 (o]

l 552

Another preparative method for the enone 554 is the reaction of the enol
acetate 553 with allyl methyl carbonate using a bimetallic catalyst of Pd and
Tin methoxide[354,358]. The enone formation is competitive with the allylation
reaction (see Section 2.4.1). MeCN as a solvent and a low Pd to ligand ratio
favor enone formation. Two regioisomeric steroidal dienones, 558 and 559, are
prepared regioselectively from the respective dienol acetates 556 and 557
formed from the steroidal «, #-unsaturated ketone 555. Enone formation
from both silyl enol ethers and enol acetates proceeds via w-allylpalladium
enolates as common intermediates.

2.7 Oxidation of Alcohols via Allyl Carbonates

Smooth oxidation of alcohols under mild neutral conditions without using
inorganic oxidizing agents is possible via r-alllylpalladium alkoxides. The reac-
tion of the allyl alkyl carbonate 560 with a Pd(0) catalyst generates the n-
allylpalladium alkoxide 561. This intermediate complex undergoes elimination
of 3-hydrogen to give the carbonyl compound 562 in the absence of nucleo-

Reactions of Allylic Compounds 365

OAc
Pd(OAc),, dppe

+ /\/OCOzMe
MeOSnBuj, MeCN, 87%

553
o-Pd o ﬁ o
Pd”
D e
et
554
CeH CgHyiz
8117
ocom Pd(OAc)
e
+ A2 e0SNBuUS, 69%
0
AcO 556 558
CgHiz
04(; 555
CgHﬁ CSHW
Pd(OAc),
0OCO:Me
i MeOSnBus, 78%
AcO o
557 559

philes, offering a good method for the oxidation of alcohols[359]. The treat-
ment of alkyl allyl carbonates 560 in boiling MeCN with Pd(OAc), gives
ketones 562 selectively. This is a clean oxidation reaction, because byproducts
of the reaction are COs and propylene. The reaction is applied to secondary
alcohols and both primary and secondary allylic or benzylic alcohols. The
oxidation of primary alcohols is too slow to be practical.

o Pd(0) n H
R
)—O-E—O/\% —_— _pd> —_ >=o + COz + ~
R 560 561 R 562
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The slow oxidation of primary alcohols, particularly MeOH, is utilized for
the oxidation of allylic or secondary alcohols with allyl methyl carbonate with-
out forming carbonates of the alcohols to be oxidized. Allyl methyl carbonate
(564) forms w-allylpalladium methoxide, then exchange of the methoxide with
a sccondary or allylic alcohol 563 present in the reaction medium takes place to
form the m-allylpalladium alkoxide 565, which undergoes elimination of 8-
hydrogen to give the ketone or aldehyde 566. The lactol 567 was oxidized
selectively with diallyl carbonate to the lactone 568 without attacking the
secondary alcohol in the synthesis of echinosporin[360)].

Jff!fszfﬁi. I~\~/,f\\~//l§§>//*\ :Sﬂ

OCO,M S P

/K/\/K/\ou * AN SC0Me o
565

564
563
N _CHO + 2\ + COp + MeOH

566

Pd,(dba); MeCN
80°, 50~55%

2.8 Hydrogenolysis of Allylic Compounds

The Pd-catalyzed hydrogenolysis of allylic compounds by various hydrides
gives alkenes. From terminal allylic compounds, either 1-alkenes or 2-alkenes
are formed depending on the hydride sources [360a].

R X —
H
———— R'\]/”=:§ + AN
R Pd H
Y\ I

X

At first, the hydrogenolysis was carried out with- ammonium for-
mate[361,362]. Later it was found that many metal hydrides and reducing
agents such as LiAlH,4,[363], various borohydrides[364-367], hydrosilanes
(polymethylhydrosiloxane, PMHS)[368]. tin hydride[369-372], butylzinc chlor-
ide[335], SmlI,[373], and N-propyl-1.4-dihydronicotinamide[374], and electro-
lysis[375] can be used for the hydrogenolysis of allylic compounds. These
reducing agents, except formic acid. give mainly 2-alkenes from terminal allylic
compounds. Formic acid is a unique reagent for hydrogenolysis. The first
report on the use of formic acid was an attempted preparation of allylic for-
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mates by Pd(0)-catalyzed transesterification between allylic acetates and formic
acid, but a mixture of alkenes was obtained by the hydrogenolysis, instead of
transesterification{376]. More useful terminal alkenes can be prepared
smoothly by using ammonium formate[361]. The regioselectivity observed in
the hydrogenolysis of the geranyl derivatives 569 with representative hydrides
to give 1-alkene 570a and 2-alkene 570b is shown in the foillowing tabie; only
formate affords the l-alkene 570a with high regioselectivity.

Pd
/K/\/K/\x,n~_—./l\/\/|\/+/k/\)\/

5§70b 570a

ratio(%)
leaving group catalysts hydrides 570b 5702 Ref.
X=0CO;Me  Pdy(dba);-PBuz  HCO;H 0 100 362
X = OAc Pd(Ph;P), PMHS 52 48 368
X =0Ac Pd(PhsP), BuZnCl 96 4 335
X =OFPh Pd(Ph;P), LiBHE3 98 2 367
X =0Ac Pd(Ph;P), Sml; -H* 93 7 373

Treatment of various terminal allylic compounds with ammonium formate
affords 1-alkenes as the main products. High regioselectivity is observed by use
of BusP as a ligand and the reaction proceeds more smoothly by use of formic
acid and Et;N. since triethylammonium formate is more soluble than ammo-
nium formate in organic solvents[362]. Needless to say, l-alkenes are more
synthetically valuable than 2-alkenes. and the regioselective formation of 1-
alkenes has a high synthetic value. The Pd-catalyzed chemoselective allylation
of the a-methoxycarbonyl lactone 571 with 4-acetoxy-2-butenyl carbonate
under neutral conditions, followed by hydrogenolysis of the allylic acetate
moiety with triethylammonium formate to give a-(3-butenyl)lactone, offers a
convenient method for the 3-butenylation of active methylene com-
pounds[377]. Hydrogenolysis of allylic chlorides with sodium formate is carried
out in a heptane-water mixture using a water-soluble phosphine[378§].

The formation of l-and 2-alkenes can be understood by the following
mechanism. In the presence of formate anion, the w-allylpaliadium complex
572 is converted into the w-allylpalladium formate 573. The most interesting
feature is the attack of the hydride from formate to the more substituted side of
the o-allylic system by the cyclic mechanism shown by 574 to form the 1-alkene
575[367]. The decarboxylation and hydride transfer should be a concerted
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process. On the other hand, other metal hydrides form the Pd hydride 576 by
direct transmetallation, and the hydride is transferred to the less hindered side
of the o-allyl system by subsequent reductive elimination to give the 2-alkenes
§77. In this mechanism of formate reduction, the m-allylpalladium formate 573
is an intermediate, which can be formed directly from the allylic formates 578
and hence allylic formates can be used more conveniently for hydrogenolysis,
without using triethylammonium formate. Formation of the m-allylpalladium
formate 573 as an intermediate in the hydrogenolysis was confirmed by an
NMR spectrum[379].

R/\/\x . . b0
Pd Pd
‘X HCOQ,”
R/k/ 572 2 573 578
M-H
MX
R .~ R .~ R R._~ R
577 H Pd " 6Pd §C°2 H
574

In addition to the preparation of 1-alkenes, the hydrogenolysis of allylic
compounds with formate is used for the protection and deprotection of car-
boxylic acids, alcohols, and amines as allyl derivatives (see Section 2.9).

Various terminal allylic compounds are converted into 1-alkenes at room
temperature[362]. Regioselective hydrogenolysis with formate is used for the
formation of an exo-methylene group from cyclic allylic compounds by the
formal anti thermodynamic isomerization of internal double bonds to the
exocyclic position{380]. Selective conversion of myrtenyl formate (579) into
B-pinene is an example. The allylic sulfone 580 and the allylic nitro compound
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581 are prepared from cyclic ketones. Treatment of these allylic compounds
with triethylammonium formate generates exo-methylene compounds. The
preparation of 582 by regioselective hydrogenolysis of the allylic acetate has
been applied to the syntheses of gomisin A and schizandrin[381].

OCHO
Pd(acac),, BusP
82% *
579
g8 : 2
SO.Ph
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MeO OAc 1. PdCI2(PhsP):  meo OH
MeO . + HCO,NHy —MmMmM8Mm ™ ———— MeO
2. NaOH 97% ™€
MeO OAc MeO
MeO MeO 582

As a further application of the reaction, the conversion of an endocyclic
double bond to an exo-methylene is possible[382]. The epoxidation of an
endov-alkene followed by diethylaluminum amide-mediated isomerization
affords the allylic alcohol 583 with an exo double bond[383]. The hydroxy
group is eliminated selectively by Pd-catalyzed hydrogenolysis after converting
it into allylic formate, yielding the exo-methylene compound 584. The conver-
sion of carvone (585) into 1,3-disiloxy-4-methylenecyclohexane (586) is an
example[382]. )
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Cyclic ketones are converted into vinyl and isopropenyl groups by the fol-
lowing sequence of reactions. The tertiary allylic alcohol, formed by the reac-
tion of 4-r-butylcyclohexanone with isopropenyllithium, is converted into the
carbonate 587 (formates of tertiary allylic alcohols cannot be prepared) and
their reaction with triethlyammonium formate at room temperature generates
the isopropenyl group 588 without forming the isopropylidene group 590. Also
the primary allylic formate 589 is converted regioselectively into the isoprope-
nyl group 588[384]. This reaction is useful for the regio- and stereoselective
preparation of the C-17 J-isopropenyl steroid 592 via the allylic carbonate 591
formed from C-17 keto steroids. Generation of the correct stereochemistry at
C-20 of steroid side-chains has been achieved by hydroboration of 592[385].
Quantitative and completely regioselective removal of the nitro group from the

allylic nitro system 593 has been applied to the synthesis of kainic acid[386].

0CO,Me I
Pd(0) -
—i + CO,
0 82%
587 588
T [ oco
Pd(0)
—_—
88%
589 58
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+ 002
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Pd(Ph3P)4, PhaP

EtO,C 3

Ho (| NOz + HCONHs  “rup refiux, 100%
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Asymmetric hydrogenolysis of allylic esters with formic acid with satisfac-
tory ee was observed[387]. Geranyl methyl carbonate (594) was reduced to 570
with formic acid using 1,8-bis(dimethylamino)naphthalene as a base and MOP-
Phen as the best chiral ligand, achieving 85% ee.

W ________»sz(dba):;, NRs W
e 0CO,Me N X

MOP-Phen, 99%
594 570 85% ee

Me:N  NMe;

NRj3 = (R)-MOP-Phen =

Furthermore, the regioselective hydrogenolysis can be extended to ir}ternal
allylic systems. In this case, clean differentiation of a tertiqry carbpp tr.om a
secondary carbon in an allylic system is a problem. The reglose'lectmty in the
hydrogenolysis of unsymmetrically substituted internal allyllc. compounds
depends on the nature and size of the substituents. The less subsAtlFuted alkene
506 wus obtained from 595 as the main product, but the selectivity was only
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77%. On the other hand, the expected alkene 598 was regioselectively formed
from the allylic carbonate 597[388]. In these reactions, the hydride from for.
mate preferentially attacks the tertiary carbon rather than the secondary car.
bon.

Pd(acac),, Bu,P
CeH1z \I,/\/Co"ha + HCOH (acac)z, Bu
0CO.Me EtN, 85%
595 CQH"’ \I/\/CGHI:’ + c6H13 w/\/csHu
596 77 . 23
MOMO
0OCOMe Pd(acac),, BusP
X (CHz)sOMOM + HCOH
Et;N, 74%
597 MOMO

(CHz)sOMOM
598

The regioselective hydrogenolysis of an internal allylic system with triethyl-
ammonium formate can be applied to cyclic allylic systems remarkably well,
and the stereospecific generation of either a ¢is or rrans ring junction in hydrin-
dane and decalin systems is possible depending on the stereochemistry of allylic
formates[389]. The hydrogenolysis of an allylic formate in hydrindane proceeds
regioselectively; the hydride attacks the more hindered angular carbon. In
addition, the reaction is stereospecific. Formation of the 7-allylpalladium for-
mate takes place with inversion of stereochemistry, and the subsequent de-
carboxylation-hydride transfer to the angular carbon takes place from the
same side of the Pd with retention. Thus overall inversion is observed. The
reaction of the 53-formate 599 generates a trans junction in 601 via the a-
oriented o-palladium formate 600, and a cis junction in 604 is formed by the
reaction of the 5a-formate 602 via 603,

0SIR, OSiR, OSiR,
,@b e | o5
———
BusP, 62% pa

iR3 OSIR;] OSIR;

os
et es gjj
B —— ]
HCo™ Bugp, 57% Pd .

4
:c....
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The same regioselective and stereospecific reactions are observed in decalin
systems. The 3/3-formate 605 is converted into the a-oriented o-allylpalladium
complex 606, and the hydride transfer generates the trans-decalin 607, while the
cis junction in 610 is generated from the 3o-formate 608 by attack of the
hydride from the J3-side (609). An active catalyst for the reaction is prepared
by mixing Pd(OAc); and Bu;P in a 1 : | ratio; with this catalyst the reaction
proceeds at room temperature. The reaction proceeded in boiling dioxane

when a catalyst prepared from Pd(OAc), and Bu;P in a 1 : 4 ratio was
used{390].
OSiR; r OSiR, OSiR;
Pd(OAc),
—————| ———
o X
HCO, Bu,P, 92% Pa’ . P
605 | ©
—(0 606 607
OSiR, [ OSiR, OSIR,
Pd(OAc),
Hc02‘“‘" - BusP, 89% Pd‘ H 1
0 609
L —<o 610

The method has been successfully applied to steroids. The rrans AB ring
junction in 612 can be generated cleanly from the J-allylic formate 611; the
cis junction in 614 is formed by the hydrogenolysis of the «-allylic formate
613.

R
Pd(OAc),
—_—
BusP, 94% |
HCO; ;
612
R
Pd(OAc),
BusP, 89%
HCOo,™" H
“1s,,
614 R= r\/\r
~
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Stereocontrolled construction of a natural configuration at C-20 619 in ster-
oid side-chains is an important problem in steroid synthesis. In addition, the
preparation of the unnatural epimer 617 has increasing importance because of
its interesting biological activity. Both epimers can be prepared cleanly from 3
common intermediate 615 by palladium-catalyzed hydrogenolysis with ammo-
nium formate. The (E)- and (Z)-C-20 allylic alcohols are prepared by stereo-
selective reaction of the C-20 keto steroid 615 with (E)- and (Z)-alkenyllithium
reagents, and the tertiary allylic alcohols are converted into the carbonates 616
and 618. The reaction of the (E)-allylic carbonate 616 with triethylammonium
formate proceeded at room temperature, affording regioselectively and stereo-

specifically the unnatural configuration at C-20 617. On the other hand, the

natural configuration at C-20 619 was generated from the (Z)-allylic carbonate

618[391].
L'/_/\l<°“
o i
— ™ Li _
ReSiO 615 %R
[ Kor
0CO,Me
HCO,H, Et;N
—
Pd(acac), BusP, 82%
RO |
0CO,Me
HCOZH, EtzN
—-

Pd(acac),, BusP, 92%

\\ 618

R5Si = t-BuMe,Si

The regioselective and stereospecific construction of C-20 stereochemistry is
explained by the following mechanism. The Pd(0) species attacks the (E)-3-
carbonate 616 from the a-side by inversion to form the m-allylpalladium species
620, which has a stable syn structure[392]. Then concerted decarboxylation—
hydride transfer as in 621 takes place from the a-side to give the unnatural
configuration in 617. On the other hand. the w-allylpalladium complex 622
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formed from the (Z)-allylic carbonate 618 has an unstable anti structure owing
to a large repulsion between the methyl group and the side-chain (the stereo-
chemical terms syn and anti are related to the middle hydrogen on C-2 in a 7-
allyl system)[392]. Thus the o-allylpalladium compound 623 rotates to form the
more stable syn structure 624 before decarboxylation. By this rotation, the Pd
also moves from the a- to the (-side. Then the decarboxylation—hydride trans-
fer of 625 takes place from the 3-side. In this way, the natural configuration in
619 is generated. In these selective hydrogenolyses, the active catalyst is pre-
pared by mixing Pd(OAc), or Pd(acac), and BusP ina 1: 1 ratio.

£ 0CO Me p
[H + HCO,HNEt; )

rotation
—————

anti -»syn

\
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Hydride attacks regioselectively at the Si-substituted carbon in the hydro-
genolysis of the silylated allylic carbonate 626 with formate, affording the
allylic silane 627[142].

™S Ph ™
\/\( + HCO,H San-Ph

0CO,Me E3N, 81% 627

Pdy(dba);, BugP

626

Highly regio- and stereoselective 4a-deuteration in steroids is possible by the
hydrogenolysis of the cyclic allylic S-carbonate 628 with NaBD,. the extent of
6a-deuteration is only 3%(393].

R R
Pd(Ph3P),
+ NaBDy —mM—
79%
o) HO :
%O D
(o) 628

The Pd-catalyzed hydrogenolysis of vinyloxiranes with formate affords
homoallyl alcohols, rather than allylic alcohols regioselectively. The reaction
is stereospecific and proceeds by inversion of the stereochemistry of the C—O
bond[394,395]. The stereochemistry of the products is controlled by the geo-
metry of the alkene group in vinyloxiranes. The stereosciective formation of
stereoisomers of the syn hydroxy group in 630 and the gni in 632 from the (E)-
epoxide 629 and the (Z)-epoxide 631 respectively is an example.

w7 sz(dba)a, BUQP o
/}{i\/\coget + HCOH ——— ——— CO,E

H Et;N, 91%
629 3 ’ OH 630
H, Pdg(dba)g, BuyP /\/L/\
" o & CO,Et + HCOH Y = CO,Et
631 EtN, 52% OH 632

E- and Z-isomers of the vinylepoxides 633 and 635 give isomeric products.
Based on this selective hydrogenolysis, the (S)- and (R)-tetrahydrogeranyl-
acetones 634 and 636 have been prepared stereospecifically from vinyloxir-
anes which contain (£)- and (Z)-alkene groups (633 and 635). (—)-Serricornin
and (—)-nupharamine have been synthesized applying the regio- and stereo-
selective hydrogenolysis of vinyloxiranes as a key reaction[396,397]. These
stereoselective hydrogenolyses can be explained as follows. The w-allylpalla-
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dium complex 638 is formed by inversion from the {£)-vinylepoxide 637 and
converted into 639 by regioselectively attacking the tertiary carbon rather
than the secondary carbon from the rear side. On the other hand, the Z-
isomer 640 gencrates the complex 641, which has a sterically unstable anti
form, and hence the complex 641 rearranges to the stable syn form 643 by m—
o—m rearrangement via rotation as shown by 642. Finally, 644 is formed by
hydrogenolysis from the front side.
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The vinylcylopropanes 645 and 647 bearing two EWGs (ketone and ester)
form r-allylpalladium intermediates owing to the generation of a stabilized
carbanion by ring cleavage, and undergo regioselective and stereoselective
hydrogenolysis{398]. The cyclopropane 645 attached to the trans double
bond gives 646 with inversion of stereochemistry, and the cis compound
647 undergoes m-o—w rearrangement before hydrogenolysis to give 648,
which has an opposite stereochemistry to that of 646. This stereoselective
reaction has been applied to the syntheses of clavukerin A and isoclavukerin

A[399].

H

Pd,(dba);, BusP
e e
EtsN, 1t, 95%

/ ZCoMe + HCO,H
‘co,Me
645

647

Allylic O, S, and Se bonds are cleaved with various borohydrides such as
NaBH,4, LiBHEt;, and NaBH;CN[364-367]. Allylic nitro compounds are pre-
pared by the reaction of ketones with nitromethane[400.401], and the nitro
group in 649 can be eliminated by hydrogenolysis. Formate and NaBH, give
the different regioisomers 650 and 651[402]. Selective allylic deoxygenation of
acetoxy groups in unsaturated carbohydrates has been carried out using
Ph,SiH~ZnCl,[403] or NaBH,[404]. Unexpectedly, the reduction of 652 with
Ph,SiD, proceeds with retention of stereochemistry to give 653. This may be
due to the presence of acetoxy groups.

HCONHs \)\/\co e + 851
©, avie
Pd(PhaP), | THF" 56% 650 .
\ oM o 90 : 10
NO, 2 .
NaBH,, dppe \)\/\
649 NeBHs, dppe  _ ( ~ —

THF, I-PrOH, 70%

851 9 : 4
OAc OAc
0 Pd(PhgP)s, ZnCl, 0
OAC/ + Ph,SID, - /
THF, rt., 58%

AcO
652 653

AcO
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Allylic amines can be cleaved. Hydrogenolysis of allylic amines of different
stereochemistry with NaBH3CN was applied to the preparation of both dia-
stereoisomers 655 and 657 of cyclopentenyiglycine from the cyclic amines 654
and 656 of different stereochemistry{405].

W Ph Pd(Ph;P), ,CoH
4 + NaBH,;CN O NHBn
COsMe 77% = ‘H
654 655
7"—N"Ph Pd(PhyP)s CO,H
+ NaBH.CN O H
CO,Me 45% = NHBn
656 657

Desulfonylation of equally substituted allylic sulfones with NaBH,
and LiBHEt; usually yields a mixture of regioisomeric alkenes[406,407].
However, the regioselective attack of the less substituted side of the unsymme-
trically substituted allylic system with LiEt;BH has been utilized for the
removal of the allylic sulfone group in synthesis of the polyprenoid 658{408].

OMe
MeQ
0OCO,Me szol Pd(Ph;P),
——————————
MeO = + X \ cone B84%
OMe
OMe
MeO
Cex(CO)
NHg—Q—SH MeQ N A = N
OMe S0,Tol
OMe
LIBEt;H MeO
e o
PdCl;(dppp) MeO
92%

OMe
658

Tributyltin hydride is used for hydrogenolysis of allylic esters{369-372].

2.9 Allyl Group as a Protecting Group

1t 1s widely recognized that an allyl group is a useful protecting group tor acids,
amines, and alcohols. Facile formation of a w-allylpalladium complex from
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allylic compounds can be used for their deprotection[409). The deprotection
can be achieved by two methods: hydrogenolysis with various hydrides or ally]
group transfer to other nucleophiles.

The first report on the Pd-catalyzed deprotection of an allyl group was the
treatment of allyl esters with ammonium formate under almost neutral condi.
tions; allyl cinnamate (659) was converted into cinnamic acid without reducing
the double bond[361]. Only carbon dioxide and propylenc are formed by the
deprotection. The allylic ester 660 is easily prepared by esterification of acids or
by the tin compound-catalyzed transesterification of a methyl ester with allyl or
prenyl alcohol, and the allyl or prenyl ester can be deprotected with triethyl-
ammonium formate[410]. In the synthesis of various prostaglandins, the
methyl ester must be hydrolyzed to give the [ree carboxylic acid by using an
enzyme, because prostaglandins are not stable under acidic or basic conditions,
necessary for the usual hydrolysis. However, the allyl ester of the prostaglan-
dins 661 can be deprotected smoothly to give the free acid 662 by treatment
with triethylammonium formate at 40°C under neutral conditions without
using the enzyme[411]. The allyl phosphate 663 can be deprotected with
BulNH; and formic acid, [412,413] or tributyltin hydride[414].
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Another method for deallylation of allyl esters is the transfer of the allyl
group to reactive nucleophiles. Amines such as morpholine are used[415-417].
Potassium salts of higher carboxylic acids are used as an accepter of the allyl
group[418]. The method is applied to the protection and deprotection of the
acid function in rather unstable 3-lactam 664[419,420].

o co?
\/lic/ \ Pd(PhsP),
AcO oJfoOR + O N ——m8
= ./
AcO OA
AcHN ~ /¢ OAc COH
AcO\/l\:/ ofor | of—\N ~F
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N
RH s COK Pd(PhsP),
+ —_—
J;N‘/\)< _ /\/j o
(o] co; N RHN Co/\/
S 2
564 .
N
0 CO.K

Allylic anchoring groups 665 and 666 based on 4-bromocrotonic acid[421]
and cis-1.4-butenediol[422,423] are used as protecting groups of terminal
amino acids in solid phase synthesis of peptides by attaching to polymers
(polystyrene. cellulose). For their deprotection. dimedone. morpholine{421].
tin hydride[423]. N-hydroxybenzotriazole[422] are used. But morpholine
seems to be the best deprotecting agent[424]. 4-Trimethylsilyl-2-butenyl cster
667 can be deprotected by the elimination reaction, giving butadiene and the
silyl ‘ester. which is hydrolyzed easily to the free acid[425].

PIJHBOC
R=-CHCO; C-0-polymer support
665
P'JHBOC
R-CHCOZ/\f/\ OCH,CO,-polymer support
666
(o]
RJLO/WTMS — s R-COTMS + NF
667 J H.0

RCO.H
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Allylamines are difficult to cleave with Pd catalysts. Therefore, amines are
protected as carbamates, but not as allylamines. Also, allyl ethers used for the
protection of alcohols cannot be cleaved smoothly, hence alcohols are pro-
tected as carbonates. In other words, amines and alcohols are protected by
an allyloxycarbonyl (AOC or Alloc) group.

The amino group of the amino acids 668, protected as allyl carbamates, can
be cleaved by Pd-catalyzed treatment with formic acid[135], dimedone
(669)[415,426], N-hydroxysuccimide[427], tin hydride[428,429], and silyla-
mine[429] under mild conditions. These methods are applied to the protection
of amino acids used in peptide synthesis without racemization. p-
Nitrocinnamyloxycarbonyl is used as an acid-stable protecting group of
amino groups, and is removed by cinnamyl group transfer to N N-dimethyl-
barbituric acid (DMBA) (670). As an allyl group acceptor, DMBA is said to be
better than dimedone (669)[430]. N-allyloxycarbonyl is a good protecting
group for glucosamine derivativesf431].

Z
. NHCO,” Pd,(dba)s . NHy
+ HCO.H “rnp R— +CO + A
CO.H hsP CO.H
668
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AF o o
R _-<""'°°2 . Pdjdba); _ « NH; © °
——=R—< + + CO,
COzH CO,H
669
o)
(o} R Me.
N02—< >—\\ oAl . i
N> Co.H
H 0" 'N" "0 479
Me
o)

Pd(PhyP),, 20° R

The protected nucleoside-3-phosphoramidite monomer units such as 671 are
used in the solid-phase oligonucleotide synthesis. In the 60mer synthesis, 104
allylic protective groups are removed in almost 100% overall yield by the single
Pd-catalyze reaction with formic acid and BuNH[432]. N.,O-protection of
uridine derivatives was carried out under phase-transfer conditions[433].
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Deprotection of allylic esters, carbamates, and carbonates by transferring
the allyl group to Et,NH can be carried out smoothly in aqueous media
employing water-soluble TMSPP as a ligand. In this way, the catalyst can be
recycled{434)]. 2-Thiobenzoic acid (672) as an S nucleophile is a good acceptor
of the allyl group{435]. Surprisingly, it has been found that deprotective trans-
allylation from allylamines to DMBA (670) under mild conditions is possible in
CH,Cl,, Thus, the allyl group can be used for the protection of amino groups.
Based on this reaction, diallylamine (673) can be regarded as a convenient NH;
equivalent and used for the preparation of primary amines by alkylation and
deallylation[436].
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Another protecting group of amines is l-isopropylallyloxycarbonyl, which
can be deprotected by decarboxylation and a B-elimination reaction of the (z-
l-isopropylallyl)palladium intermediate under neutral conditions, generatmg
CO; and 4-methyi-1,3-pentadiene. The method can be applied to the amino
acid 674 and peptides without racemization[437].

Pdy(dba)s, PhsP

X
X + COy + /L
\IOCONHJ\CO Me d|°xane, 100° W NH2 COzME

Alcohols and phenols are protected as allylic ethers or allylic carbonates,
Allyl phenyl ethers as protected phenols are cleaved with HSnBu;[429] and
NaBH,4[437a]. Allyl ethers are used for the protection of alcohols in sugar
molecules, but it is difficult to cleave them with Pd catalysts. They are cleaved
by isomerization to enol ethers and subsequent hydrolysis[438]. The anomeric
allyl ether groups in the carbohydrate 6§75 can be deprotected by catalysis with
PdCl;~AcONa-AcOH[439] or Pd(Phs;P), in AcOHJ[440]. Also the anomeric
allyl ether 676 is cleaved by oxidation to the ketone with PdCl,~CuCl-O,
followed by photolysis[441]. PdCl, and CuCl (1 equiv. each) in DMF are
used for the deprotection of anomeric allyl ethers[442]. Interestingly, allyl
ether formation takes place on treatment of a sugar with an excess of allyl
methyl carbonate in the presence of a Pd(0) catalyst[206]. Allyl carbonates as
the protecting group of alcohols are easily deprotected with ammonium for-
mate[d13,443] or HSnBu,[370]. Allyl carbonates are deprotected by allyl trans-
fer to Et;NH using TMSPP in aqueous media[434].

TrocO TrocO o
Pd(PhP),, AcOH
ORO o P (Ph3P)g4 oR OH
80°, 86%
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0 Pd(0), Ph,P
R—O-&—O/\/ + HCO,H —L—

(HSnBu,)

ROH + 2CO, + 2\
3

A method for protecting ketones und aldehydes is the formation of oximes,
but sometimes further protection of the oximes is required. For this purpose,
the oximes can be protected as allyl ethers. The oxime ethers can be cleaved
with triethylammonium formate in boiling dioxane[444]. The allyl ether of
oximes is cleaved under mild conditions without attacking the acetal group
in 677.

/\/°j\/<oue . nooy Fd0Ae) Prp  HOI ope
—————mm e i
OMe z EL,N, 99% OMe

677

2.10 Reactions of Allyl 3-Keto Carboxylates and Related Compounds

Needless to say, -keto esters are important compounds in organic synthesis.
The usefulness of 3-keto esters has been enormously expanded based on Pd-
catalyzed reactions of allyl 8-keto carboxylates 678. Allylic carbon—oxygen
bond cleavage and facile decarboxylation take place by treatment of allyl 3-
keto carboxylates with Pd(0) catalysts, forming the r-allylpalladium enolates
679, which undergo various transformations depending on the reaction condi-
tions[13]. Similarly, derivatives of allyl acetate which have other EWGs, such
as malonates, nitroacetates, cyanoacetates, and suifonylacetates, all undergo
Pd-catalyzed decarboxylation and further transformations. In addition to ally!
3-keto carboxylates, allyl enol carbonates 680, which can be regarded as struc-
tural isomers of allyl 3-keto esters, undergo similar reactions via the formation
of the m-allylpalladium enolates 679. It should be pointed out that sunilar #-
allylpalladium enolates are formed by the Pd-catalyzed reactions of silyl enol
ethers and enol acetates with allyl carbonates (see Sections 2.4 and 2.6).

1R coN ;
iju — . e
678 R
- e
. —-—

0
oA
R —
ij/ 680
2.10.1 Decarboxyiation and Allvlation

The reductive coupling of the w-allylpalladium enolates 679 gives the allylated
ketones. This reaction is also possible thermally, as the Carroll reaction, which
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proceeds by heating to 200°C. On the other hand, the Pd-catalyzed Carrol}.
type rfeaction can be carried out under mild conditions even at room tempera-
ture via the -allylpalladium enolate 682[445,446). The Pd-catalyzed reaction is
different from the thermal reaction in the mechanism and is more versatile than
the thermal reaction, which is explained by the [3,3] sigmatropic rearrangement
of the_enolate form 681. For example, the thermal Carroil rearrangement of the
a,o-disubstituted keto ester 683 is not possible, because there is no possibility
of enolization. However, the smooth rearrangement of the /-keto ester 683
takes place with a Pd catalyst via the m-allylpalladium enolate to give the ally]
ketone 684.

PG La
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NE 1\
ole e, ol
o, X
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no reactiol
/l% o/\/ n
\ o
683 Pd(0) &\/ 100%

684

Geranyl acetoacetate (685) is converted into geranylacetone (686). On the
other hand, a mixture of E- and Z-isomers of 688 is obtained from neryl
acetoacetate (687). The decarboxylation and allylation of the allyl malonate
or cyanoacetate 689 affords the o-allylated acetate or nitrile[447). The
trifluoromethyl ketone 691 is prepared from cinnamyl 4.4, 4-trifluoroacetoace-
tate (690)[448].
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a,a-Diallylation of ketones with two different allyl groups to give 694 is
possible as a one-pot reaction by combining the allylation of the allyl 3-keto
ester 692 with the allylic carbonate 693, followed by decarboxylative allylation.
The a, S-diallylated cyclic ketone 697 is prepared by intramolecular allylation
of 695 to generate 696, which undergoes decarboxylative allylation to give 697.
These chemoselective diallylation reactions are based on the fact that the ally-
lation of 3-keto esters with allylic carbonates is faster than the decarboxyla-

tion—allylation of allyl 3-keto esters[449].

i o
>
€0 Pdy(dbals, PhaP
+ OCO,Me SN
THF, 63%
o 093 694
0 o .
A =
"N0CO,Et t-BuOH, 54% yZ P
697
695 696

The decarboxylation-allylation of allyl enol carbonates proceeds
smoothly[450]. The isomeric enol carbonates 699 and 701 of the enone 698
undergo regiospecific allylation, giving the regioisomers 700 and 702 selec-

tively.
¢ /Q:tj
]
sls P X"oco % 0
699 -~ 1700
698 ™ || o
\/\oco 80% o

701 702
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A silyl enol ether derived from an allyl 3-keto carboxylate undergoes Pd-
catalyzed intramolecular decarboxylation-allylation to afford the enol ether
703, offering a synthetic method for thermodynamically stable silyl enol
ethers[451]. Although it is not decarboxylation-allylation, an interesting
method for regioselective tin enolate formation can be mentioned here. The
Pd-catalyzed hydrostannolysis of an a-disubstituted allyl 8-keto ester yields the
corresponding tributylstannyl 5-keto carboxylate 704, which on heating under-
goes facile decarboxylation, yiclding regioselectively the tin enolate 705[452].

OTMS oTMS

o]
Va o
002/\/ Me;SiCl N 002/\/ Pdy(dba), @/\%
Et;N PhsP, 81%

703

(o] O O 0SnBuy

p
coy ™~ PdCly(PhsP); OSnBug| 130°
+ BusSnH ————2» = .
85 ~ 95% 85 ~ 95%

704 705

2.10.2 Decarboxylation and Elimination ( Enone Synthesis )

When the reaction of allyl 3-keto carboxylates is carried out in boiling MeCN
using dppe or Ph;P, the decarboxylation is followed by the elimination of /-
hydrogen from the intermediate enolate 706, affording the «, G-unsaturated
ketone 707[453]. For chemoselective enone formation, the ratio of Pd to Ph;P
is important. A ratio of 1-1.5: 1 (PhsP : Pd) is essential for the chemoselective
formation of the enones. This means that coordinative unsaturation favors the
elimination. The allylation becomes the main reaction path by increasing the
ratio of PhyP. The allyl group is the proton acceptor in the elimination. As
supporting evidence, the enone 709 and 1-phenylpropylene (710) were obtained
in equal amounts by the reaction of the cinnamyl 3-keto ester 708 as the allylic
component. In addition to the allylation. the protonation is competitive with
the elimination, yielding saturated ketones in a considerable amount depending
on the reaction conditions and substrates. The presence of an a-hydrogen in g-

keto esters favors the protonation.
(e}
co~7 Pd(OAc), PhsP
MeCN
85% 5%

707
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o
= H
€0, " ph o
& 2 - @/L * Ph/v

708 82% 81%
709 710

As one application of enone formation, n-substituted cyclopentenones can
be prepared. Dieckmann condensation of diallyl adipate (711), foliowed by
alkvlation gives the a-substituted cyclopentanonecarboxylate 712, which
undergoes facile Pd-catalyzed decarboxylation and elimination of 3-hydrogen
in boiling MeCN by keeping the Pd : PhsP ratio at 1 : 1-1.5, yielding the -
alkyleyclopentenone 713. When the ratio is higher than 2, the decarboxylation-
allylation takes place. This method has been applied to the synthesis of 2-
methyicyclopentenone (713, R = Me), which is a useful intermediate for
cyclopentanoid synthesis[454]. Production of a-(2-pentynyl)-2-cyclopentenone
(714) based on this method is a key step in the commercial production of
methyl jasmonate (715)[455].

0 o
Na*
- R
oo N2 Na | 9 coMﬂ,é( /\/i@’d/R
k/coz/\/ éf ’ co; 75%
713

711 712

o’ D

o = P(OAC),PhaP
=
é</ T MeCN, 85% COMe
/
COQ/\/

Enone formation-aromatization has been used for the synthesis of 7-hydro-
xyalkavinone (716)[456]. The isoflavone 717 was prepared by the elimina-
tion[457]. The unsaturated 3-keto allyl esters 718 and 719. obtained in two
steps from myrcene. were subjected to enone formation. The reaction can be
carried out even at room temperature using dinitriles such as adiponitrile (720)
or | 6-dicyanohexanc as a solvent and a weak ligand to give the pseudo-ionone
isomers 721 and 722 without giving an allylated product{438].

OH O do, o 0
o 8 OOO
O‘ dppe 81-87%
OH OH CO,Me CH O CO,Me

716
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o Me
C | O Pd(OAc),, dppe
COy ~_>  MeCN,82%

(o)

CO™N\F CO, ~\F
Pd(OAc),, 20°, 91% Mﬁ\ J\/\/u\/\)ok
\ \ + \ \
NC/\/\/CN
720 721 722

Allyl enol carbonates derived from ketones and aldehvdes undergo Pd-cat-
alyzed decarboxylation—elimination, and are used for the preparation of a,
ﬂ-unsa;urated ketones and aldehydes. The reaction is regiospecific. The regio-
isomeric enol carbonates 724 and 726, prepared from 723, are converted into
tbwo 1someri((; enones, 725 and 727. selectively. The saturated aldehyde 728 can

¢ converted into the «,(-unsatura : ; i ]
Potto) Jé; ted aldehyde 730 via the enol carbonate

0co; \F 0
@/ Pd(OAc),, dppe
é/ e MeCN, 80°, 98% é/
725

OCO{\/ o)
Pd(OAc)z, dppe b/
—_—
MeCN, 80°, 81%
726 727
"o

CHO j\ p o’lLo/\/
oo™ O/\m

728
Pd(OAc), / PhyP CHO
"T%—> + CO, , 2\

730
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The allyl cyanoacetate 731 can be converted into an «, S-unsaturated nitrile
by the decarboxylation—elimination reaction[460], but allyl malonates cannot
be converted into unsaturated esters, the protonation and allylation products
being formed instead.

co~F CN
O<CN @/ + COp + Ry

731 78%

2.10.3 Decarboxylation and Deacetoxylation ( Preparation of o-Methylene
Compounds )

An a-acetoxymethyl group can be introduced into allyl 3-keto carboxylates by
the treatment with formaldehyde followed by acetylation, and used as a good
leaving group. When allyl 3-keto esters with the acetoxymethyl group at the o-
position are treated at room temperature with Pd(0) catalyst, decarboxylation
is followed by deacetoxylation to give the exomethylene ketone 732[461]. The
allyl group is an acceptor of the acetoxy group, and allyl acetate (733) is
formed, indicating that the acetoxy group is eliminated as allyl acetate more
easily than 3-hydrogen. The elimination reaction proceeds even at room tem-
perature under mild, neutral conditions. Hence the method offers a good syn-
thetic method for this important functional group under extremely mild

conditions.

fe) (o}
- Pd(OAc
coN )2 &*. /\/OAC N 002
PhaP, 93% 73
732

The reaction can be applied to allyl malonates. Alkylation of diallyl mal-
onate (734) with bromoacetate and acetoxymethylation afford the mixed
triester 735. Treatment of the tricster 735 with Pd catalyst affords allyl ethyl
itaconate (736). In a similar way, a-methylene lactone and the lactam 737 can
be prepared[462].

0,7 7 1.BICHLOEL  aco co,” 7 Paydba)s, PhP
—_— -

—_——-

< /\/ 2.CH,0 £, cop ~NF MeCh.t. 83%

3. Ac0 735 /

734 co,” 7
=<—C025t

[o]
Ph. OAc Pdy(dba)g, PhaP ‘pn\Nbé
"\ 0, ~F MeCN, 80°,87%

737
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2.10.4 Aldol Condensation and Michael Addition

The decarboxylation of allyl 3-keto carboxylates generates m-allylpalladium
enofates. Aldol condensation and Michael addition are typical reactions for
rpetal enolates. Actually Pd enolates undergo intramolecular aldol condensa-
tion and Michael addition. When an aldehyde group is present in the ally] -
keto ester 738, intramolecular aldol condensation takes place yielding the cyclic
aldol 7}9 as a main product{463]. At the same time, the diketone 740 is formed
as a minor product by $-elimination. This is Pd-catalyzed aldol condensation
unde{ neutral conditions. The reaction proceeds even in the presence of water,
§how1ng that the Pd enolate is not decomposed with water. The spiro-aldol 742,
is obtained from 741. Allyl acetates with other EWGs such as allyl malonate
fizz;r;([):gjlt-ate 743, and sulfonylacetate undergo similar aldol-type cycliza-

0

- 0 -~
LCON"X Pd(OAc),, PhyP él ,Pﬁ
e EE ot
CHO  MeCN QCHOZ
738 J

Q _OH —Pd o]
. 05% fs) . O-Pd_ o .
T t@ GG he
739 740
OH
Q co/\/ o
@;\/CHO Pd(OAC)zy Ph3P
—_—
69%
4 ’ 742
/\/
oHc/\ngz Pd(oAC)z, Pth o [0} HO
Et0.C CN MeCN +
H E10,C-— o
743 CN CN
56% 16%

The Pd enolates also undergo intramolecular Michael addition when an
enone of suitable size is present in the allyl j3-keto ester 744[465]. The main
product is the saturated ketone 745, but the unsaturated ketone 746 and ally-
lated product 747 are also obtained as byproducts. The Pd-catalyzed Micha)c/:l
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addition takes place with the allyl malonate 748, cyanoacetates, and sulfony-
lacetates[464].

X
o P (o] [o) o I o O Q
co; O Pd(OAc),, PhsP
—_— + +
X ., 84%
744 745 746 747

0 F Pd(PhyP)s

0 CeH1a~ C .
W =
CO, N MeCN

748 o] (o]
g4
co 2/\/ + co 2/\/
CgH1a CgHy3
84% 8%

2.10.5 Decarboxylation and Hydrogenolysis

3-Keto esters and malonates are useful compounds in organic synthesis. After
alkylation. they are hydrolyzed and decarboxylated to give alkylated ketones or
acids. However. severe conditions are required for the hydrolysis. strongly acidic
or basic conditions and high temperatures being required. On the other hand.
allyl 3-keto carboxylates and allyl malonates, after alkylation. can be decarboxy-
lated under extremely mild conditions, namely at room temperature and under
neutral conditions. by palladium-catalyzed hydrogenolysis with ammonium for-
mate. Other products are CO- and propylene. The reaction can be carried out
without attacking acid- or base-sensitive functional groups. The acid-sensitive
THP ether group in 749 is not cleaved, and no retro-Michael is observed in the
decarboxylation of 750[466]. The decarboxylation of 751 has been used in the
total synthesis of glycinocclepin[467]. The a-keto acid 753 can be prepared from
the diallyl ketosuccinate 752 by chemoselective decarboxylation of only the allyl
(3-keto carboxylate: the allyl a-keto carboxylate is hydrolyzed without decarbox-
ylation[468]. The a-fluoro ketone 755 is prepared by hydrogenolysis of the allyl
a-fluoro-Jd-keto ester 754 with formate under mild conditions[469]. Another
method tor removal of the allyl ester group in 756 involves decarboxylation
and allvl transfer to secondary amines such as morpholine[470].

Z o]
+ 2! S ——
OTHP E:N, 77% OTHP: 2CO; + A
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Hydrogenolysis of the diallyl alkylmalonate 757 with formic acid in boiling
dioxane affords the monocarboxylic acid 758. Allyl ethyl malonates are con-
verted into ethyl carboxylates[471]. The malonic allyl ester N-allylimide 759
undergoes smooth deallylation in refluxing dioxane to give the simple imide
760[472]. The allyl cyanoacetate 761 undergoes smooth decarboxylation to give
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the nitrile 762[473]. The diallyl a-methylmalonate 763, attached to a F-lactam
ring, undergoes palladium-catalyzed stereoselective decarboxylation and
hydrogenolysis using an excess of formic acid without amine to give the
mono acid 764, which has the desired 3-oriented methyl group with high
selectivity. Protection of the amide nitrogen with TBDMS is essential, other-
wise no stereoselectivity is observed[474].

2
c.u13)<co2 A cogn PHOAC) PhaP, EtGN
ANF dioxane reflux, 83%

an” co,
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S S 200, + 2 XN
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Pd(OAc),, PhyP
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NTBDMS AcOEl, 85%
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2.11 Reactions of Alkenes and Alkynes

1-Hexyne and allyl carbonate undergo dimerization—allylation to give (Z)-5-
allyl-4-butyl-1,4-undecadien-6-yne (765) in 85% yield[475].

The intermolecular insertion of alkenes into w-allylpalladium is unknown,
except with norbornadiene[476]. On the other hand, the intramolecular inser-
tion of alkene group in 766 into m-allylpalladium proceeds smoothly to give the
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Pd,(dba C Pd(Ph;P
Co—== + _~_OCOMe — 2L oy J O 0:8._ SO, (PhaPhe _ 05,50,
PPhj, MeCN, 85% ACOH, 66%
\ N

765

AcO
cyclic compound 767 after S-elimination. The reaction can be regarded as a T™MS
metallo—ene reaction[477). Complete chirality transfer was observed in the

cyclization of 768. The alkene insertion takes place from the same side of the _Pdy{dba);
Pd to give 769[478]. It is important to use AcOH as a solvent in this reaction; E x TMPP, 89% =
no reaction takes place in its absence. However, the reaction proceeds satis. E m
factorily in MeCN, provided that the substrate is an appropriate derivative oac  OCO:Me
containing the 4-substituted-4-hydroxy-2,7-octadienyl acetate moiety[479].
] - @ Pd(OAc)z, PhsP |
E E _— ; —_— a
E E E E - MeCN, 80°
olefin i \/[L PhSO,N
Z Pd(PhP)s —_— insertion PhSO-N 2 73
e ————— pa— d<. o
[ ~acom, 77% (—Pa=]| =—— |~ P —l HCOH 150/°
AcO OQAc OAc
766 E £ Pd-OA¢ "
B-Elimination E = CO,Me PhSHOQN
I 774
Similarly to alkenes. alkynes also insert. In the reaction of 775 carried out
767 under a CO atmosphere in AcOH, sequential insertions of alkyne, CO. alkene,

and CO take place in this order. vielding the keto ester 776{483]. However. the
same reaction carried out in THF in the presence of LiCl affords the ketone

E
- Pd(Ph3P)s 777, but not the keto ester[484]. The tricyclic terpenoid hirsutene (779) has been
Aco AcOH, 67% synthesized via the Pd-catalyzed metallo-ene carbonylation reaction of 778
768 \ AcOPd with 85% diastereoselectivity as the key reaction[485]. Kainic acid and allo-
100%ee AcOPd 96%ee kainic acid (783) have been synthesized by the intramolecular insertion of an
alkene in 780, followed by carbonylation to give 781 and 782[486].

The five- and also six-membered ring compound 770 is formed by this reac- E E E E
tion[480]. However, the six-membered ring compound 771 is formed by the E E E E
reaction of 2,7-octadienyl carbonate containing an allylic silane moiety by Pd,(dba)s co
preferential elimination of the silyl group rather than S-hydrogen in the final Z // W |1 | 1 T AcOPd /
step by endo-cyclization in MeCN using TMPP as a ligand, without forming a AcO .
five-membered ring by exo-cyclization[481]. After the alkene insertion into the 775 AcOPd AcOPd 'O o
w-allylpalladium, even a strained four-membered ring compound 773 is formed E £ i E
by the subsequent Heck-type alkene insertion. because the intermediate 772
contains neopentylpalladium, which cannot undergo 3-elimination. In the pre- CO__ acoPd MeOH _ pme0,c ]
sence of formic acid, the neopentylpalladium intermediate 772 is trapped with o /
hydride to form a methyl group 774[482]. 0 o 776
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E E E._E
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176 OCOzMe |
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COzMe 770
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AcO

N 4 Pd(dba),, PhsP
+ CO
OCOPh AcOH, 3 atm, 80°C
N

780

The reaction of the allylic acetate with a diene system 784 affords the poly-
fused ring system 785 by three repeated alkene insertions[487]. An even more
strained molecule of the [5.5.5.5] fenestrane 788 has been constructed by a one-
pot reaction in a satisfactory yield by the Pd-catalyzed carbonylation—cycliza-
tion of 786 without undergoing elimination of 8-hydrogen in the g-alkylpalla-
dium intermediate 787 owing to unfavorable stereochemistry for syn
elimination[488].

E
E  pdy(dba)s E E E
: E E 509 E
)] '
Pd \

785
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H H
Pd,(dba); i
Et0,C ———— |Et0,C
| H,0, 65%
Pd
OAc X
786 787 788

The intramolecular insertion of a conjugated diene into 7-allylpalladium,
initially formed in 789, generates another m-allyl complex 790, which is trapped
with acetate anion to give a new allylic acetate 791. No further reaction of the
allylic acetate with alkene takes place[489].

OAc
N AcO-Pd—) )
AcO Xy, Pd(dba);
—— R
AcOH, 56%
E E £ E g E
789 790 791

The 1,5-hexadien-3-ol derivatives 792 and 794 are cyclized to form the cyclo-
pentadiene derivatives 793 and 795 by insertion of an alkene into w-allylpalla-
dium formed from allylic alcohols in the presence of trifluoroacetic acid (10
mol%) in AcOH[490].

) — [ — &

HO 792 793

=~ Pd(PhyP)s, CF3COoH
AcOH, 90%

795

794

2.12 Allylic Rearrangement, Claisen Rearrangement, and Related Reactions
Catalyzed by Pd(0) and Pd(IT)

The rearrangements of various allylic compounds catalyzed by both Pd(II) and
Pd(0) are treated in this section[491]. Related reactions such as the Carroll
rearrangement are treated in Section 2.10.1 and the Pd(I1)-catalyzed Cope
rearrangement is treated in Chapter 5, Section 3.
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Allylic ester rearrangement is catalyzed by both Pd(II) and Pd(0) com-
pounds, but their catalyses are different mechanistically. Allylic rearrangement
of allylic acetates takes place by the use of Pd(OAc),—Ph;P [Pd( 0)-phosphine]
as a catalyst[492,493]. An equilibrium mixture of 796 and 797 in a ratio of 1.9 -
1.0 was obtained[494]. The Pd(0)-Ph;P-catalyzed rearrangement is explained
by m-allylpalladium complex formation{495}.

Pd(0AC),, PhyP OAc
NN ~—— /\/\)\/
OAc AcOK
797

796 19:10

The stereoselective allylic rearrangement of the allylic alcohol 798 catalyzed
by PdCl(MeCN), and Ph;P under Mitsunobu inversion conditions is
explained as proceeding via a m-allylpaliadium intermediate[496]. The smooth
rearrangement of the allylic p-tolylsulfone 799 via a 7-allylpalladium inter-
mediate is catalyzed by a Pd(0) catalyst[497).

CO;Me PdCI;(MeCN), PhyP

LOR + PhCOyH
'y — DEAD, 25°, 30min., 73%
CsH1s

798 — CO.Me
R = 3,4(Me0),C¢H;CH, yZ cOR__
PhCO,™" H CsHyy

OR

90% selectivity

st ———
= Sz X X Ts

THF, ., 95%
709 T8 E/Z = 87/13

The Pd(0)-catalyzed rearrangement of the N-allylenamine 800 in CF;CO,H
affords the §,e-unsaturated imine 801, which is hydrolyzed to give the v, §-
unsaturated aldehyde 802[498]. The vinyloxaspirohexane 803 undergoes rear-
rangement-ring expansion to give the cyclopentanone 804 in the presence of 1
equiv. of p-nitrophenol[499].

\(/:LP Pd(PhsP),

AN
h  CF3CO.H, 50°, 100%
800 go1 Ph 802
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RN — Z CHO
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0 9 pgt
. __Pd(PhgP),, 1. Pd
p'HOCsH‘NOZ, 81%
803

- /

o— (o]
73%

804

The rearrangement of allylic esters is catalyzed efficiently by
PdCl,(MeCN),[500]. The allylic rearrangement of 805 and 807 in prostaglan-
din synthesis is catalyzed efficiently by PdCl(MeCN),[501-503]. The reaction
goes in one direction irreversibly, yielding the thermodynamically stable pro-
ducts 806 and 808, possibly for steric reasons. In addition, complete transfer of
the chirality of the carbon—oxygen bond is observed. The rearrangements of
the E- and Z-isomers 805 and 807 generate opposite stereochemistry after the
rearrangement. A minor product 809 was formed by m—o-w-rearrangement via
rotation. A similar chirality transfer in the cholesterol side-chain has been
carried out[504].

AcO_ H AcO_ H
xS LCHs Y
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THF, 1.5 h., 90%
(o] ° S 0\)0
0
\/‘ 808 \) 809

807 85: 15

The mechanism of the rearrangement catalyzed by Pd(II), typically by
PdCI.(RCN)-, is explained by the oxypalladation of an alkene to form 810
as an intermediate, or cyclization-induced rearrangement. As a limitation, no
rearrangement takes place when the allylic ester 812 is substituted at the C-2
position of the allyl group, while a smooth rearrangement of 811 takes
place[500].



402 Catalytic Reactions with Pd(0) and Pd(II)
PdX
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93%
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The (E,Z)-3-acetoxy-1,4-diene 813 is isomerized rapidly at room temperature
with a Pd(II) catalyst regio- and stereoselectively to the conjugated (E,Z)-1-
acetoxy-2,4-diene 814[505]. On the other hand, (£,F)-815 is obtained via a -
allylpalladium intermediate from the (E,Z)-diene 813 when Pd(Ph;P), is used
as a catalyst. The 1,5-diene-3,4-diol diacetate 816 is 1somerized to the more
stable conjugated diene 817 with complete transfer of chirality[506].
Cvanohydrin acetates of «,3-unsaturated aldehydes rearrange to give y-acet-
oxy-a,3-unsaturated nitrile[507]. The optically active cyanohydrin acetate 818
undergoes Pd(Il)-catalyzed stereospecific chirality transfer to give the «,83-
unsaturated nitrile 819[508].

PACI,(PhCN OAc
m 2( )2 W

., 80%
OAc
813 814
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Pd(PhP), ¢
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OAc 815
813
OAc OAc
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OAc OAc
PdCly(MeCN),
CsHar Mcn " Csy )-\/\CN
818 83% conv., 89 819
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Conversion of S-allylthioimidates into N-allylthioamides is catalyzed by
Pd(II). 2-Allylthiopyridine (820) is converted into the less stable 1-allyl-2-thio-
pyridone 821 owing to Pd complex formation[509]. Claisen rearrangement of
2-(allylthio)pyrimidin-4-(3 H)-one (822) affords the N-l-allylation product 823
as the main product rather than the N-3-allylation product 824{510]. The
smooth rearrangement of the allylic thionobenzoate 825 to the allyl thiolo-
benzoate 826 is catalyzed by both PdCl,(PhCN); and Pd(PhsP)4 by different
mechanisms[511].

X X
| |+ PdCl(PhcN); — ||
100% N

N s S
N, (_Pdct,
820 821
0

HN
S)\\N l _PdCIy(PhCN), /Uj\ (\ J\)ﬁ\

‘\/ 80%

622 823
A N A
SYO PdACIy(PhCN),, 10 min. S\FO
Ph Pd(Ph,P),, 30 min. Ph
825 826

Allyl imidates are converted into allylamides[512]. Both Pd(IT) and Pd(0)
catalyze the rearrangement under mild conditions. Pd(II) catalysis via a cyclic
carbonium ion intermediate is characterized by exclusive {3,3] regioselectivity
and high stereoselectivity. On the other hand, Pd(0) catalyst gives both the [3.3]
and [1,3] rearrangement products via the formation of a w-allylpalladium com-
plex. The rearrangement of the optically active allyl imidate 827 catalyzed by
Pd(II) at 25°C gives the (E)- and (Z£)-alkene isomers 828 and 829 in a ratio of 78 :
22; the E- and Z-isomers were of S and R chirality, respectively[513]. Complete
chirality transfer is observed in the Pd(Il)-catalyzed rearrangement of the allyl
trichloroacetimidate 830 from O to N at room temperature[514,515]. The allyl
methyl-NV-aryldithiocarboimidate 831 undergoes rearrangement in boiling diox-
ane to form the N-allyl-N-phenyldithiocarbamate 832[516].

Ph s Ph. S ~E Ph R -2
SN pdcL(PhCN), Y X
§ ————————= pp +
PhN YO 25°.6h NYO PnNYo
Ph Ph Ph
, 78:28
627 828 829
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b n, 72%
cCl, CCls
88%ee 88%ee
830
SMe PACH{PhCN) SYSM"
Ph\N//'\s/\/ "T’ N
Ph”
831 832

The PdCl,(MeCN),-catalyzed Claisen rearrangement of allyl vinyl ethers
proceeds smoothly even at room temperature. The yields are highly dependent
on the substituents. The Pd(0) complex is inactive[517]. By rearrangement of
833, the syn product 834 is obtained with high diastereoselectivity. In contrast
to the thermal Claisen rearrangement, the Pd(II)-catalyzed Claisen rearrange-
ment is always threo-selective irrespective of the geometry of allylic
alkenes[518]. The Pd(I1)-catalyzed reaction of an allylic alcohol with the ketene
acetal 835 at room temperature generates the ortho ester 836, which undergoes
Claisen rearrangement via 837 in boiling xylene with a catalytic amount of
PdCl,(Ph;P), to give the v,5-unsaturated ester 838[{519].

(o]
/w\ PdCI(PhCN),
OO rt., 95%, syn 98%
MeO

833 834
Oy,
OEt  pdCiy(PhyP EtO
Ph ~_OH + =< 2(PhaP)z \|’ _—
OEt yylene roflux, 84% Me -
835
Ph
836
Et0.__O
\ﬂ/ — P cost
7 Ph
Ph
838
837

2.13 Reactions of 2,3-Alkadienyl Derivatives

The 2,3-alkadienyl esters 839 are reactive compounds toward Pd catalysts and
form the a-alkylidene-w-allylpalladium complexes 840, which react further to
give two kinds of products, namely the 1,2- and 1,4-diene derivatives 841 and
842, depending on the reactants.
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R?
R:: /Rz Pd Rz=)\/n1
|
839 OR OR
/ 840 \
2 1
- n2 o R
R R! R  Pd-OR
Pd-OR
lNu l Nu'
R3 R? R2 R
>='=< R3 —
Fl" R1 —_—
R4 Nu'
Nu 842

841
The reaction of 2,3-butadienyl acetate (843) with soft carbon nucleophiles
such as dimethyl malonate gives dimethyl 2,3-butadienylmalonate (844)[520].
On the other hand, the reaction of the 2,3-butadienyl phosphate 845 with
hard carbon nucleophiles such as Mg and Zn reagents affords the 2-alkyl-1,3-
butadiene 846[520,521]. The 3-methoxy-1,3-butadiene 848 is obtained by the
reaction of the 2-methoxy-2,3-butadienyl carbonate 847 with organozincreagent.

come PEPhaPle
—oac * <co,me
843
I\_<602Me . (==\){cone
844 COyMe 2 “COo.M
a7% : 26% 2ve
Pd(PhsP)s CrHys
e R
—0PO(OEY), *+ CTHisMEBr oo ==
845 846
OMe Pd(PhyP)s Ph
HZC=S_ + PhZnCl ——» HLTX __ Me
0CO,Me THF, 95% MeO
Me 848

847
The 3-alkyl-1,3-butadiene-2-carboxylate (2-vinylacrylate) 850 is obtained in
a high yield by the carbonylation of the 2-alkyl-2,3-butadienyl carbonate 849
under mild conditions (room temperature, | atm)[522]. The corresponding acids
are obtained in moderate yiclds by the carbonylation of 2,3-alkadienyl alcohols
under severe conditions (100 °C, 20 atm) using a cationic Pd catalyst and p-
TsOH[523].
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CgH
CeHia Pd(PhsP), e

=-i +CO —8
0CO;Me

rt., 1 atm,, 91% COsMe
849 850

The 2,3-alkadienyl acetate 851 reacts with terminal alkynes to give the 2-
alkynyl-1,3-diene derivative 852 without using Cul and a base. In the absence
of other reactants, the terminal alkyne 853 is formed by an unusual elimination
as an intermediate, which reacts further with 851 to give the dimer 854.
Hydrogenolysis of 851 with formic acid affords the 2, 4-diene 855[524].
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3 Reactions of Conjugated Dienes Catalyzed b;' Pd(0)

Several types of Pd-catalyzed or -promoted reactions of conjugated dienes via
n-allylpalladium complexes are known. The Pd(II)-promoted oxidative
difunctionalization reactions of conjugated dienes with various nucleophiles
is treated in Chapter 3, Section 4, and Pd(0)-catalyzed addition reactions of
conjugated dienes to aryl and alkenyl halides in this chapter, Section 1.1.1.
Other Pd(0)-catalyzed reactions of conjugated dienes are treated in this sec-
tion.
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3.1 Dimerization and Telomerization of Conjugated Dienes and Related
Reactions

3.1.1 General Reaction Patterns

Pd-catalyzed reactions of butadiene are different from those catalyzed by other
transition metal complexes. Unlike Ni(0) catalysts, neither the well known
cyclodimerization nor cyclotrimerization to form COD or CDTJ[l,2] takes
place with Pd(0) catalysts. Pd(0) complexes catalyze two important reactions
of conjugated dienes{3,4]. The first type is linear dimerization. The most char-
acteristic and useful reaction of butadiene catalyzed by Pd(0) is dimerization
with incorporation of nucleophiles. The bis-m-allylpalladium complex 3 is
believed to be an intermediate of 1,3,7-octatriene (7) and telomers 5 and
6[5,6]. The complex 3 is the resonance form of 2,5-divinylpalladacyclopentane
(1) and pallada-3,7-cyclononadiene (2) formed by the oxidative cyclization of
butadiene. The second reaction characteristic of Pd is the co-cyclization of
butadiene with C=0 bonds of aldehydes[7-9] and CO-[10] and C=N bonds
of Schiff bases[11] and isocyanate[12] to form the six-membered heterocyclic
compounds 9 with two vinyl groups. The cyclization is explained by the inser-
tion of these unsaturated bonds into the complex 1 to gencrate 8 and its
reductive elimination to give 9.
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An active catalytic species in the dimerization reaction is Pd(0) complex,
which forms the bis-r-allylpalladium complex 3. The formation of 1,3,7-octa-
triene (7) is understood by the elimination of 3-hydrogen from the intermediate
complex 1 to give 4 and its reductive elimination. In telomer formation, a
nucleophile reacts with butadiene to form the dimeric telomers in which the
nucleophile is introduced mainly at the terminal position to form the 1-sub-
stituted 2,7-octadiene 5. As a minor product, the isomeric 3-substituted 1,7-
octadiene 6 is formed[13,14]. The dimerization carried out in MeOD produces
1-methoxy-6-deuterio-2,7-octadiene (10) as a main product[15]. This result
suggests that the telomers are formed by the 1.6- and 3,6-additions of MeO
and D to the intermediate complexes 1 and 2.

I~F + MeOD — /\(\N\OMe
10

For the dimerization reaction, Pd(Ph;P), or better Pd(Ph3P), coordinated by
benzoquinone is used as a catalyst[15]. Most conveniently, Pd(OAc), and Ph;P
are used as precursors of the catalyst. Pd(OAc); is reduced in siru to Pd(0),
which is an active species. When PdCly(Ph;P)s is used, bases such as PhONa,
Et;N, and AcOK are added to remove CI~ ion, which deactivates the catalyst.
In the following sections, the dimerization reactions with different nucleophiles
are discussed. Although addition of conjugated dienes to nucleophilesina 2 : 1
ratio mostly takes place, sometimes addition in a 1 : 1 ratio is observed,
depending on the reaction conditions. particularly the ligands.

3.1.2 Dimerization and Related Reactions

Pd-catalyzed reactions of conjugated dienes afford linear dimers and no cycli-
zation takes place. As an exception, the formation of vinylcyclohexene (11) by
the cyclodimerization of butadiene using a ligand-free Pd catalyst has been
reported[16]. Butadiene is converted into 1.3,7-octatriene (7) when heated at
100-120 °C in aprotic solvents, such as benzene and THF[15]. The dimerization
proceeds smoothly in isopropyl alcohol. The formation of 1,3,7-octatriene
involves hydrogen migration during the reaction. The faster rate in isopropyl
alcohol in comparison with aprotic solvents suggests the participation of pro-
ton from the alcohol. The reaction carried out in deuterated isopropyl alcohol,
(CH;),CHOD, gave 1,3,7-octatriene (12), deuterated at C-6[13]. The addition
of proton from isopropyl alcohol to C-6 and elimination of the proton from C-
4 result in an increased rate of hydrogen migration from C-4 to C-6.

As another route, formation of 1.3,7-octatriene (7) proceeds at higher
temperature in the absence of nucleophiles by Pd-catalyzed elimination of
acetic acid or phenol via a m-allylpalladium complex from their telo-
mers[14,17].
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N
N——»U\
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NF + Me,CH-OD ——» /\W
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A e e N Pd@) /\/\7/\/ + PhOH
The linear dimerization of substituted conjugated dienes is difficult, but the
Pd-catalyzed intramolecular dimerization reaction of the 1,3,9,11-tetraene 13
gives the 3-propenylidene-4-allylpiperidine derivative 14, which has the 1,3,7-
octatriene system. The corresponding 1,3,8,10-tetraene also affords the 3-pro-
penylindene-4-allylcyclopentane derivative[18].

/\A/
T Pd(OAc), ArSON" NANF
ArSO,N 2z, 20k
NN\
PhyP, 72% "N

13 14

Dimerization is the main path. However, trimerization to form 1,3,6,10-
dodecatetraene (15) takes place with certain Pd complexes in the absence of
a phosphine ligand. The reaction in benzene at 50 °C using w-allylpalladium
acetate as a catalyst vielded 1,3,6,10-dodecatetraene (15) with a selectivity of
79% at a conversion of 30% based on butadiene in 22h{19,20}. 1.,3,7-
Octatriene (7) is dimerized to 1,5,7,10,15-hexadecapentaene (16) with 70%
selectivity by using bis-r-allylpalladium. On the other hand, 9-allyl-1,4.6,12-
tridecatetraene (17) is formed as the main product when Ph;P is added in a 1:1

_ratio[21].

-C3HsPdOA

N 9_3_._5&» N ™ B
15

p-CgHspdC|

/
p-C3HsPdCH,
PhsP

The dimerization of isoprene is possible, but the reaction of isoprene is
slower than that of butadiene. Dimerization or telomerization of isoprene. if
carried out regioselectively to give a tail-to-head dimer 18 or a head-to-tail
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dimer 19 would be useful for terpene synthesis. So far few reports on the
successful regioselective dimerization of isoprene have appeared, and it remains
an unsolved problem. The selectivity is dependent on the ligands, solvents and
temperature. For example, when PdBr,, dppe, and sodium phenoxide were
used, the tail-to-tail dimer 21 was obtained almost exclusively when the
(phenol : isoprene) ratio was | : 30, and the head-to-head dimer 20 was
obtained when the ratio was 1 : 1.5[22]. The tail-to-tail dimer 21 was obtained
in the presence of m-methoxybenzaldehyde[23] or CO,[24]. The head-to-tail
3,7-dimethyl-1,3(E)-7-octatriene (19) was obtained regioselectively by the use
of cationic Pd catalysts[25].

Few examples of the dimerization of substituted 1,3-dienes are known. An
attempted synthesis of 2-trimethylsilylbutadiene by the Pd-catalyzed elimina-
tion of 2-trimethylsilyl-3-acetoxy-1-butene afforded unexpectedly 3-trimethyl-
silyl-1,3,7-octatriene (22), formed by the Pd-catalyzed dimerization of
trimethylsilylbutadiene by an unknown mechanism[26]. 1,2,4-Hexatriene
undergoes interesting cyclodimerization to give 1-methylene-2-propadienylcy-
clohexane (23) as the major product in 81% yield using i-PrsP as a ligand. The
reaction can be understood by the tail-to-tail coupling of its butadiene part to
form a bis-r-allylpalladium complex and reductive coupling between C-2 and
C-7127.

SiMe.

3 .
A/ Pd(oAC)z, Phgp SIMi Z Z S
OAc Et;N, THF reflux SiMe;

H
H Pd(acac)y, i-Pr3P N N
Et,Al(OEt), PhMe, 81% Z
23

The dimerization and addition of butadiene to allyldimethylamine takes
place to afford 6-allyl-2,7-octadienyldimethylamine (24) by the mechanism
shown. The triene 24 is a useful starting material for some natural products.
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The Cope rearrangement of 24 gives 2.6,10-undecatrienyldimethylaminef28].
Sativene (25)[29] and diquinane (26) have been synthesized by applying three
different palladium-catalyzed reactions [oxidative cyclization of the 1,5-diene
with Pd(OAc),, intramolecular allylation of a /3-keto ester with allylic carbo-
nate, and oxidation of terminal alkene to methyl ketone] using allyloctadienyl-
dimethylamine (24) as a building block[30].

AN
A~ NMe; —— ;l; _ pg NMe:

"NMe, PACL(PhsP), M
——

Pd —
AEt, 79% o
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3.1.3 With Water, Alcohols, and Phenols

The formation of 2.6-octadienol (27) by the reaction of 1.3-butadiene with
water has attracted attention as a novel method for the commercial production
of n-octanol, which has a considerable market. However, the reaction of water
under the usual conditions is very sluggish. The addition of CO» facilitates the
telomerization of water and 2.6-octadienol (27) is obtained as & major pro-
duct[31]. In the absence of CO-, only 1.3,7-octatriene (7) is formed. Probably
octadienyl carbonate is formed, which is easily hydrolyzed to give 27. A com-
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mercial process for the production of 2,6-octadienol (27) has been developed,
which is operated in two phases consisting of water and hexane in the presence
of carbonate saits. The water-soluble sulfonated phosphonium salt 28 is used
as a ligand[32]. The reaction proceeds in the aqueous phase and the product
goes into the organic layer. The catalyst always stays in the aqueous phase, and
hence 2,6-octadienol (27) can be separated easily from the catalyst. 2,6
Octadienol (27) is used for the commercial production of n-octanol by hydro-
genation, and 1,9-nonanediol (29) by isomerization, hydroformylation, and
reduction.

/\/\/\/\OH
P Pd(OAC); f “
ONF + H0 " NN N —
Ph)pF 27
i HCO;3
SOsLi
28 ?
CO, H; Ha
Cu-Cr MCHO — T HO/\/\/\/\/\OH

Phenol is a reactive substrate and reacts with butadiene smoothly to give
octadienyl phenyl ether (30) in a high yield[14].

Primary alcohols react easily to form ethers[13]. The higher the class of the
alcohol, the lower is the reactivity[33). Secondary alcohols have low reactivity.
For example, isopropyl alcohol is used as a good solvent for 1,3,7-octatriene
formation without reacting with butadiene[13]. However, the reaction of iso-
propyl alcohol with butadiene to give octadienyl isopropyl ether under differ-
ent conditions was reported[33]. Reaction of methanol at 70°C using
Pd(Ph;P),(maleic anhydride) as a catalyst gives 1-methoxy-2,7-octadiene (31)
(85%), 3-methoxy-1,7-octadiene (32) (5%), and 1,3.7-octatriene (3%). When
dppe is used with PdCl; and sodium phenoxide, 1 : I products [I-methoxy-2-
butene (33) and 3-methoxy-1-butene] and the 1 : 2 product [1-methoxy-2,7-
octadiene (31)] were obtained in equal amounts[34]. a-Hydroxy esters reacted
smoothly[35]. The reaction of methanol catalyzed by cationic Pd complexes
affords higher oligomers 34, and the tetramer is the main product[36].

The reaction of isoprene with MeOH catalyzed by Pd(acac), and Ph;P is not
regioselective, giving a mixture of isomers[37]. However, l-methoxy-2,6-
dimethyl-2,7-octadiene (35), the head-to-tail dimer, was obtained in 80%
yield, accompanied by the tail-to-tail dimer (15%) using w-allylpalladium
chloride and Bu;P. On heating, 35 was converted into 2,6-dimethyl-1,3,7-octa-
triene (36) by an elimination reaction[38].
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N-Octadienylation, rather than O-octadienylation, of aldehyde oximes takes
place to give the nitrone 37 as an intermediate, which undergoes 1.3-dipolar
addition to butadiene, yielding the isoxazolidine 38[39].

Me NSO | ANF
N T Ea e Car
' ow M 63%

I 37 Me” "H
0\
NN TN
38
Me

314 With Carboxylic Acids

Carboxylic acids react with butadiene as alkali metal carboxylates. A mixture
of isomeric 1- and 3-acetoxyoctadienes (39 and 40) is formed by the reaction of
acetic acid[13]. The reaction is very slow in acetic acid alone. It is accelerated by
forming acetate by the addition of a base[40]. Addition of an equal amount of
triethylamine achieved complete conversion at 80 °C after 2 h. AcONa or
AcOK also can be used as a base. Trimethylolpropane phosphite (TMPP)
completely eliminates the formation of 1,3,7-octatriene. and the acetoxyocta-
dienes 39 and 40 are obtained in 81% and 9% yields by using NNNN' . N'-
tetramethyl-1,3-diaminobutane at 50 °C in a 2 h reaction. These two isomers
undergo Pd-catalyzed allylic rearrangement with each other.
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Formic acid behaves differently. The expected octadienyl formate is not
formed. The reaction of butadiene carried out in formic acid and triethylamine
affords 1,7-octadiene (41) as the major product and 1,6-octadiene as a minor
product[41-43]. Formic acid is a hydride source. It is known that the Pd
hydride formed from palladium formate attacks the substituted side of 7-
allylpalladium to form the terminal alkene[44] (see Section 2.8). The reductive
dimerization of isoprene in formic acid in the presence of Et;N using tri(o-
tolyl)phosphine at room temperature afforded a mixture of dimers in 87%
yield, which contained 71% of the head-to-tail dimers 42a and 42b. The mix-
ture was treated with concentrated HCl to give an easily separable chloro
derivative 43. By this means, a- and J-citroneliol (44 and 45) were pre-
pared[45].

2 A~ + HCOM —»W + CO,

p-Ca HsPdCl!
~~ + HCO.H
(O"O')gp
—_— +
OH l OH
44 a5

Direct addition of ammonia to olefinic bonds would be an attractive method
for amine synthesis, if it could be carried out smoothly. Like water, ammonia
reacts with butadiene only under particular reaction conditions. Almost no
reaction takes place with pure ammonia in organic solvents, The presence of
water accelerates the reaction considerably, The reaction of aqueous ammonia
(28%) with butadiene in MeCN in the presence of Pd(OAc) and Ph;P at 80 °C
for 10 h gives tri-2,7-octadienylamine (47) as the main product, accompanied
by a small amount of di-2,7-octadienylamine (46)[46.47]. Isomeric branched

3.1.5 With Ammonia and Amines
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triamines are also formed as byproducts. The reaction proceeds stepwise, but
primary amines are more reactive than ammonia and secondary amines are
more reactive than primary amines. Hence the main product is the tertiary
amine even when the reaction is stopped before completion. Reaction of iso-
prene with ammonia gives a tail-to-tail coupled amine as the main product{48].

Pd(OAc)y, PhyP
—_———
MeCN

(S - (PSS

46 47

N + aq NH;

Both aromatic and aliphatic amines react with butadiene to give the tertiary
octadienylamines 48[13]. Amines with higher basicity shows higher reactivity.
Electron-donating substituents on aniline have an accelerating effect[49].
Aminoethanol reacts to give N-octadienylaminoethanol preferentially, showing
that the amine is more reactive than a primary alcohol[50,51]. When dppe is
used, 1 : 1 adducts are obtained. No reaction takes places with amides.
However, sulfonamides react with butadiene smoothly to give dimers 49 and

50[52].
A~ +NHRy —— = /\/?8/\/\“2

Pd(acac),, PhsP
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AIEt,, 96%

TOISONH™ NNy + T R e VA
49 50

TOISONH, + ZANF

The reaction of isoprene with Et;NH in the presence of triethylammonium
iodide (10 mol%) gives the 1 : 1 adducts 51 and 52 with high selectivity[33]. The
reaction of isoprene with ammonia or diethylamine affords the tail-to-tail
dimer 53 when Pd(acac), and (BuO);P are used as the catalyst. The head-to-
head dimer 54 is obtained with Pd(acac),, BF. and tricyclohexylphosphine[54].

Pd(OAC)2, PhsP
)\/ + Et,NH >="""NEt =<_NEY,

Et;NHI(10%), 100°
51 51% 52 25%
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The reaction of butadiene with the phenylhydrazone of acctone gsing
Pd(Ph,P), affords the C-octadienylated products 55 and 56 and N-octadxleny-
lated product 57[55]. N-Methylhydrazones are N-octadienylated selectively

[56].

Pd(Ph,P)s
N + >=NNHP|'I —_— \
|
o N=NPh N X . /\/\/\/\N'N
M . ll’h
26% 20% 62%

3.1.6 With Enamines and Carbon Nucleophiles

Enamines as nucleophiles react with butadiene, and a-octadienyl.ketones'or
aldehydes are obtained after hydrolysis[57]. This is a good way of introducing
an octadienyl group at the a-position of ketones or aldehydes, becguse buta-
diene does not react with ketones or aldehydes directly. The reaction of the
pyrrolidine enamine of cyclohexanone gives, after hyd_rolysis, 2-(2,7-octadie-
nyl)cyclohexanone (58) as the main product, accompamed by a srpall amognt
of 2,6-di(2,7-octadienyl)cyclohexanone. The reaction of the optlcally. active
enamine 59 with butadiene gave 2-(2,7-octadienyl)cyclohexanone (60) in 72%

ee[58].
{ S (o}
Pd(OAc)2, H,0

/ P e
AN+ PPh,

[—X,om Z
N g ~

f v AN — 50 72%ee
59

Active methylene or methine compounds, to which two EWGs such as car-
bonyl, alkoxycarbonyl, formyl, cyano. nitro, and sulfonyl groups are attacht.ed,
react with butadiene smoothly and their acidic hydrogens are displaced with
the 2,7-octadienyl group to give mono- and disubstituted compounds[S?]. }-
Substituted 1,7-octadienes are obtained as minor products. The reaction 18
carried out with a j3-keto ester, g-diketone, malonate, a-formyl ketones, a-
cyano and a-nitro esters, cyanoacetamide, am_i phcnylsulfonylgcetate.
Di(octadienyl)malonate (61) obtained by this reaction is converted into an
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interesting fatty acid 62, which has an acid function at the center of the 17-
carbon chain. a-Octylglycine (63) is synthesized by the Pd-catalyzed reaction of
butadiene with diethyl acetamidomalonate, followed by hydrolysis, decarbox-
ylation, and hydrogenation[60].

CO,R PdCl(PhyP),
CO.R  PhONa, 85°

N/W + -
CO.R 61 J CO;R

62  COOH

N + <

PA(OAC)z, PhoP
AF  + AcNHCH(COsEt)y —— o > »

PhONa, 91%
M/YcozEt ——— /\/\/\/YCOZH
0O,Et
AcNiF©2 63 NH,

Asymmetric dimerization with cyclopentanone-2-carboxylate using BPPM
as a chiral ligand gave the telomer in 41% ee[58].

Simple ketones and esters are inert. On the other hand, nitroalkanes react
smoothly in r-butyl alcohol as a solvent with butadiene. and their acidic hydro-
gens are displaced with the octadienyl group. From nitromethane. three pro-
ducts, 64, 65, and 66, are formed, accompanied by 3-substituted 1.7-octadiene
as a minor product. Hydrogenation of 65 affords a fatty amine 67 which has a
primary amino function at the center of the long linear chain[46,61].

ONF + CHNO; — AN UNO:

64
+ (MWNOZ + (/WWNO;»
65 2 66 3
j
67 NH,

When a bidentate phosphine is used as a ligand for the reaction of J-keto
esters or J-diketones, no dimerization takes place. Only a 2-butenyl group is
introduced to give 68{49,62]. Substituted dienes such as isoprene, 1,3-cyclohexa-
diene, and ocimene react with carbon nucleophiles to give a mixture of pos-

sible regio- and stereoisomers of 1 : 1 adducts when dppp is used as a
ligand[63.64].
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The reactivity of substituted dienes such as piperylene is very low. However,
the intramolecular reactions of the 1,3,8,10-undecatetraene 69 [di(2,4-pentadie-
nyl)malonate] with enamines and carbon, oxygen, and nitrogen puclegphiles
proceed smoothly to give the five-membered ring compqund 70, in which the
nucleophiles are introduced at the terminal carbon. Similarly thg 2,4-hexadie-
nyl-3,5-hexadienyimalonate (71) reacts with nucleophiies to give the corre-
sponding six-membered ring compound 72(65].

(o]
Etoz§>/\/\/ N~ Pd(OAc), HO0 Et02C><K\
+
Et0.67 X Php 72~90% Et0C N
70

69
Nu
™
Et0,C A Pd(OAc),  E102¢
EtO,C + NuH ———— Et0:C )
SN N Ph3P, 79% 'u,,/\

7

3.1.7 With B, Si, and Sin Compounds

Hydroboration of conjugated dienes proceeds without a catalys.t to give 132-
adducts. However. the less reactive catecholborane reacts with isoprene with
catalysis by Pd(Ph;P),, yielding the [.4-adduct 73[66].

O, Pd(PhsP)y o}
o 89% o
-73

The reaction of hydrosilanes with butadiene is different from other reucﬁions.
Different products are obtained depending on the structure of the hydrosilanes
and the reaction conditions. Trimethylsilane and other trialkylsilanes react to
give the 1 : 2 adduct, namely the |-trialkylsilyl-2 6-octadiene 74, ir} high
yields[67-69]. Unlike other telomers which have the 2.7-octadienyl chain, the
2.6-octadienyl chain is formed by hydrosilylation. On the other hand, the. 1:1
adduct 75 (1-trichlorosilyl-2-butene)is formed selectively with trichlorosilane,
which is more reactive than trialkylsilanes[69]. The geaction gives the Z form
stereoselectively[70]. A mixture of the | : land 1 : 2 adducts (83.5 and 5.2%) is
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obtained with dichloromethylsilane[69]. The reaction of chlorosilanes proceeds
even in the absence of a phosphine ligand. The reaction of trichlorosilane and
dichlorosilane with isoprenc procecds regioselectively and stereoselectively to
give (£)-1-trichlorosilyl-2-methyl-2-butene (76). No reaction of trialkylsilanes
with isoprene takes place[69,71-73].

Me.SiH P Pd(Ph,P),
esSiH + —_—
3 NF NW\SIMes
74
P Pd(Ph;3P),
ChSH + NF —————= /. 5iCl

75

)\/ + HSICly  —— 01331—>:—5\

Hydrosilylation of 1-vinyl-1-cyclohexene (77) proceeds stereoselectively to
give the (Z)-l-ethylidene-2-silylcyclohexane 78, which is converted into (Z)-
2-ethylidenecyclohexanol (79)[74]. Hydrosilylation of cyclopentadiene affords
the 3-silylated 1-cyclopentene 80, which is an allylic silane and used for further
transformations[75,75a). Cyclization of the 1,3,8,10-undecatetraene system in
the di(2.4-pentadienyl)malonate 69 via hydrosilylation gives the cyclopentane
derivative 81. which corresponds to 2.6-octadienylsilane[18,76].

z ' ]
PdCI(Ph;P), SiMeCl, OH
+ HSiMeCl, ——0 2 o
—_—
77 78 o
SiCl,Me

PdCI,(PhCN),
PhyP, 80°, 80%

@ + SiHMeCl,
80
Et0,C v Pd,(db EtO,C XsiM
2 ><><>/\ + PhySiH »(dba) 2 ><]/\/\ iMe;
EtO,C N 94% EtO,C N

69 81

Disilanes add to conjugated dienes by splitting their Si—Si bond. 1.1.2.2-
Tetramethyl-1.2-disilacyclopentane (82) reacts with butadiene at 100 “C to give
1,1,5,5-tetramethyl-1,5-disilacyclotrideca-7,1 1-diene (83) in 83% vield[77]. The
six-membered carbodisilanes undergo a similar reaction to give 14-membered
compounds.



436 Catalytic Reactions with Pd(0) and Pd(1I)
Me Me‘Sl‘Me .
Sl-Me
<:| + 2 NP — <: O
Si-me SI\=
Me Me Me
83
82

Unstrained difluorotetramethyldisilane (84) gives the 1 : 1 adduct 85 as the
main product and the 1 : 2 adduct 86 as a minor product{78,79]. Or} the Otl.ler
hand, the dimerization and double silylation of conjugated dienes with
(Me;Si); catalyzed by PdCL,(PhCN), take place at 90 “C[80]. PQ(dba)z withqut
phosphine is an active catalyst for the reaction, which proceeds in DMF to give
87 at room temperature[81]. A five-membered ring is formed by the application
of the reaction to the di-(2,4-pentadienyl)malonate (69)[82].

. Pd(PhsP)s
FMe,SiSiMesF + ANF —=
84 l |
FMezsI —_ SlMezF +
g FMe,Si SiMeoF
8 73% 86 23%

Pd(dba)s, DMF  pa |
)\/ + MegSiSiMe; ——— 13 x X7 SiMe;
rt., 85%

87
Me0,C A Pd(dba),, PhP
L></\::i + MeFSiSiFMe; ————>
Me02 \ \ y by
69 MeO,C ><j/v8iFMez
Me02C w2 SIFMey
1, 4-Arylsilylation of conjugated dienes to give 88 takes place at 80 °C by the

reaction of a diene, disilane, and benzoyl chloride, which undergoes facile
decarbonylation at 80 °C[83].

P . Pd(dba)z, PhMe
NF + MesSiSiMes + ~
coci  80°,93% SiMe,

88

Pd-catalyzed hydrostannation of dienes with HSnBu; affords the (Z)-2-alke-
nylstannane 89 with high regio- and stereoselectivities[84]. Dimerization-dou-
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ble stannation of butadiene with (Bu;Sn), to give the 1,8-distannyl-2,6-octa-
diene 90 is catalyzed by Pd,(dba); while Pd(PhsP), is not suitable[85]. A five-
membered ring is formed by the reaction of the di(2,4-pentadienyl)malonate 69
with (Me;Sn),[86].

Pd(Ph4P),
/\( + BusSnH ——— /-_-—</SnBu3
61% 89
Pd,(dba)
N + Me;SnSnMe; : M sn/\/\/\/\/SnMe;,
87% €3

90

EtO,C NG Pd,(dba)s x
EtO,C S XN rt, 90% EtO,C

e
69

3.1.8 Carbonylation

Carbonylation of butadiene gives two different products depending on the
catalytic species. When PdCl, is used in ethanol, ethyl 3-pentenoate (91) is
obtained[87.88]. Further carbonylation of 3-pentenoate catalyzed by cobalt
carbonyl affords adipate 92[89]. 3-Pentenoate is also obtained in the presence
of acid. On the other hand, with catalysis by Pd(OAc), and Ph;P. methyl 3,8-
nonadienoate (93) is obtained by dimerization-carbonylation[90,91]. The pre-
sence of chloride ion firmly attached to Pd makes the difference. The reaction is
slow, and higher catalytic activity was observed by using Pd(OAc). (i-Pr);P.
and maleic anhydride[92]. Carbonylation of isoprene with either PdCl> or
Pd(OAc), and Ph;P gives only the 4-methyl-3-pentenoate 94{93].

~F +C0+Eon FPUCPMP AN Neg g
100° 91
CO | coy(cO)e
MeOH

Me02c /\/\/002Me
92

Pd(OAc)z, Ph;P, MeCN

NF  + CO + MeOH NN Nco,Me
110°, 50 atm., 96% 93
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Pd(OAc)z, PhaP )%/\
)\4 + CO + t-BuOH . COt-Bu

30 atm., 120°, 50%
94

3.1.9 Co-cyclization with Aldehydes, Isocyanates, and Imines

Butadiene reacts with hetero double bonds such as C=N and C=0 bonds to
give six-membered rings with two vinyl groups. A typical reaction is the for-
mation of the 2-substituted 3,6-divinyltetrahydropyran 95 by reaction with an
aldehyde[7-9]. Both aliphatic and aromatic aldehydes including formaldehyde
take part in the reaction. In this reaction, the unsaturated acyclic alcohol 96 is
also formed. The selectivity to the pyran 95 and the alcohol 96 can be con-
trolled by the Pd : PhsP ratio. When the ratio is higher than three, the pyran 95
is formed exclusively by reductive coupling. On the other hand, with a lower
Pd : PhsP ratio, the unsaturated alcohol 96 is formed as the main product[7].
Formation of the unsaturated alcohol 96 is significant, because it is formed by
the reaction of m-allylpalladium intermediate with an electrophile (carbonyl
group). So far there is no other example of this type of the reaction. For
example, reaction of benzaldehyde gives 1-phenyl-2-vinyl-4, 6-heptadien-1-ol
(96) and 2-phenyl-3,6-divinyltetrahydropyran (95). Asymmetric reaction of
formaldehyde using NORPhOS as a chiral ligand gave divinylpyran in 30%
ee[94].

PdCIiy(PhsP)2 +
PhONa, rt., 72% I

AN+ PhCHO

95 93:7 96

Another bond which takes part in the co-cyclization is C=N bond. The
C=N bond, rather than the CO bond. of phenyl isocyanate reacts with buta-
diene to give 3-ethylidene-1-phenyl-6-vinyl-2-piperidone (97) in 75% yield.
Double bond migration to the conjugated position takes place. The reaction
with isoprene gives the 3,6-diisopropenylpiperidines 98 and 99 without double
bond migration[12]. The C=N bond in Schiff bases of aromatic aldehydes is
also involved in the cyclization to give the 3.6-divinylpiperidine 10011}
Pd(NO;)» and Ph;P are used for the generation of an active catalyst.

Pd(Ph;P);MA
N + Ph-N=C=0 —Li’—"
PhH, 75% X
97
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Pd(PhyP)MA
)\/ + PhNeCsO —PhaPRMA

100°, PhH

OF P:>_N,n Pd(NOy), \II\
N
Ph;P ,:J Ph
R
100

3.1.10 With Carbon Dioxide

CO is another molecule which reacts with conjugated dienes[10,95,96]. CO,
undergoes cyclization with butadiene to give the five- and six-membered lact
tones 101, 102, and 103, accompanied by the carboxylic esters 104 and
105[97.98]. Alkylphosphines such as tricyclohexyl- and triisopropylphosphine
are recommended as ligands. MeCN is a good solvent[99].

Pd(acac),, R3P
e Jie-

ANF + COp
MeCN, 90°

= i-Pr, cyclohexyi

R
+
P4 + 2™
0o NF 0o 070
101 102 103
R W + w
AN

104 105

The reaction of isoprene with CO» in the presence of organotin ethoxide and
DBU by the use of dicyclohexyl(3-pyridylethyl)phosphine (106) atfords the
isomeric esters 107 and 108 by head-to-tail and tail-to-tail dimerizations. Tin
ethoxide forms tin carbonate, which seems to be an effective carrier of
CO-[100].

Pd(acac),L
LN+ CO, + BusSnOEt T——» x IANE ¢ AN =
BU
CO.Me CO,Me
>
| /) 107 108
L= CQH“P N 2
106

Bu;SnOEt + CO; T Bu;SnOCO,Et
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3.1.11 With SO,, CS,, and S

Pd-catalyzed reactions of sulfur-containing nucleophiles, SO, CS? and S, were
summarized in a review[101]. When 3-suifolene (109) is treated with butadiene
at 100°C, cis- and trans-2,5-divinylsulfolanes (110) are obtained. Under these
conditions. 3-sulfolene (109) decomposes to butadiene and SO, which react to
give divinylsulfolane (110)[102]. Divinylsulfolane (110) can be obtained directly
by the reaction of SO, with butadiene[103].

SANF |, Pdlacac),
PhsP, AlEt;

x 2
pd”

110 cis 25%
trans 75%

——»[N 50,
S0;

109

An SO species is generated by the reaction of SO, with CS> In thg presence of
a Pd catalyst and reacts with butadiene to afford the 1, 4-disulfoxide 111[104].

o]

]
lso NF | I
l Pd(acac),, dppe s

(o]

111

€S, + SO,

The reaction of butadiene with sulfur gives the disulfide 112, cyclic sulfide
113, and macrocyclic mono- and trisulfides 114 and 115{105].

Pd(0) =
N +4 5 —

PhP  g_g \
112
N A

+ P = Ws
114
115

3.1.12 With Other Nucleophiles

The allyl aryl sulfones 116, 117, and 118 can be prepared by 1 : .1 and 1 :2
additions of arylsulfinic acid to butadiene[101.106,107]. The reaction of myr-
cene (119) with p-tolylsulfinic acid affords the 1 : 1 adduct 120 as the main
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product{107]. In these reactions, the suifone group is introduced mainly at the
more hindered side of the allylic system to afford 117 and 120. The adduct 121
to 1,3-cyclohexadiene is obtained in a good yield by use of (PhO)sP as a
ligand{108,109].

Pd(acac),,Ph,;P
PhSOH + ANF 3
AIEl; 97%
PhSO,~~ + Phso/k/ + PRSOs A AAF
116 117 118
39 : 53 : 8
L S0O,-p-Tol “
n-C3HgPdCl, PhyP -p-Tol
+ p-TolSO,Na —=> ° 3 | . SO,-p-To
| THF
I |
119
120 65% 3%
Pd[(PhO),P],
PhSO,Ng——m—
Y 2 89%
SO,Ph
121

3.2 Miscellaneous Reactions

1-Phenyl-1,4-hexadiene (122) is obtained as a major product by the codimer-
ization of butadiene and styrene in the presence of a Lewis acid[110]. Pd(0)-
catalyzed addition reaction of butadiene and allene (1 : 2) proceeds at 120°C to
give a 3 : 1 mixture of rrans- and cis-2-methyl-3-methylene-1,5,7-octatriene
(123)[111].

n-CgHsPdCI

N tph T /W\Ph
BF3, PhsP 122
Pd(Ph;P); MA
2 —w— + N = N
120°C, 39% 123

3.3 Synthetic Applications of Butadiene Telomers

Various butadiene telomers obtained by Pd-catalyzed reactions have one func-
tional group at one end and a terminal and an internal double bond, and they
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are useful as good building blocks for natural products such as steroids and
macrolides by modification of these functional groups{!12]. Some typical
examples are shown.

3-Acetoxy-1,7-octadiene (40) is converted into 1,7-octadien-3-one (124) by
hydrolysis and oxidation. The most useful application of this enone 124 is
bisannulation to form two fused six-membered ketones[113]. The Michael
addition of 2-methyl-1,3-cyclopentanedione (125) to 124 and asymmetric
aldol condensation using (S)-phenylalanine afford the optically active diketone
126. The terminal alkene is oxidized with PdCl,-CuCl,-O; to give the methyl

ketone 127 in 77% vyield. Finally, reduction of the double bond and aldol -

condensation produce the important intermediate 128 of steroid synthesis in
optically pure form[114].

OH (o]
Z 7 7 7

40 124
o [o]
[o)
/\/\/u\/ 1. Et;N, 84%
Z o+
“ 2. (S)-phenylaianine, 85% o
124 0 126

125 =

OH
o]
PdCl, / CuCl/ Oz —
0,, DMF, 77% o
o
d 127 128

The method was applied to the synthesis of (+)-19-nortestosterone by the
following sequence of reactions. Michael addition of the bisannulation reagent
124 to the optically active keto ester 129 and decarboxylation afforded 130,
and subsequent aldol condensation gave 131. Selective Pd-catalyzed oxidation
of the terminal double bond afforded the diketone 132 in 78% yield. Reduction
of the double bond and aldol condensation gave (+)-19-nortestosterone
(133){114].

The trisannulation reagent 7-acetoxy-1,11-dodecadien-3-one (134) is derived
from the bisannulation reagent 124 in four steps. This reagent is a synthetic
equivalent of 1-dodecene-3,7,11-trione, and the two ketone groups of the trione
are masked as an acetoxy and a terminal alkene. The synthesis of optically
active p-homo-19-norandrosta-4-en-3-one (135) by the trisannulation reaction
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O-t-Bu

0
W . 1. NaH
0~ 2. Nal, HMPA, 68%
124 H
COR
129
O-t-Bu 0-t-Bu
o _base PdCly, CuCl, O,
P 78%
0 o)
% 130 131
0-t-Bu OH
1. Hy, 95%
2. HC!, 76%
0
o) )
132 133

using 134 was carried out. Michael addition and asymmetric aldol condensa-
tion mediated by r-alanine are key steps. The PdCl,-catalyzed oxidation of the
terminal double bond, reduction, and aldol condensation afforded 135 in an
optically pure form[115].

124 —= o . ij Et:N
—_— >
L-alanine, 94%
Z AcO (o) ° 0

134 ~ZAc0

1. NaBH,, 2. Li-NH,

3. NaOH, 4. CrOy Hz-Pd
5. base .

0
0
—_—
o}
135

PdCl,, CuCl, 84%
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The telomer 40 is converted into lipoic acid (136) by modification of three
functional groups, as shown[116].

OAc HO  OH , chycHO
—

——-’1- KOH \/\/\/l\)
W HO 2,Cr0;

2. B;Hg
40 2!

J\ HS SH
0" 'O NH,CSNH, /\/\)\) FeCly
C/\/\)\) HO.C 0,
H Oy

S—S§

H02C/\/\/K)

136

The telomer 137, obtained by the reaction of butadiene with malona?e, is.a
suitable compound for the syntheses of naturally occurring dodecz.inmc agd
derivatives, such as queen substance (138)[117], one of the royal jelly acids

(139)[118], and pellitorine (140){119].

M/\(come

/ v o \
o

/U\/\/W COMe

W/CONHBU
138

140
HO\/W\/\/C02H
139

The telomer obtained from the nitromethane 65 is a good building block for
civetonedicarboxylic acid. The nitro group was converted into a ketone, and
the terminal alkenes into carboxylic acids. The acyloin condensation of pro-
tected dimethyl civetonedicarboxylate (141) afforded the 17-membered acyloin
142, which was modified to introduce a triple bond 143. Finally, the triple bond

was reduced to give civetone (144)[120].

_ 1. TiCl3
[ —_—
Z N 2.B.Hs
NO, 65
HO\/\/\/\/\"/\/\/\/\/OH ——
o
o__0

Na
cOo,Me ——
Meo?c\/\/\/\X/\/\/\/ 65%

141
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T\ I\
o. .0 o_.0 o ?
1. NH,NH;
2. CuCVO, H,
o] OH (o] o} ;
142 14

The telomer 145 of nitroethane was used for the synthesis of recifeiolide
(148)[121]. The nitro group was converted into a hydroxy group via the ketone
and the terminal double bond was converted into iodide to give 146. The ester
147 of phenythioacetic acid was prepared and its intramolecular alkylation
afforded the 12-membered lactone, which was converted into recifeiolide (148).

Tic!
N + CHiCHNO, —= /\/\/\/\rmz 3,
145

&‘/ {}E s | ofo
—_—

= ! SPh
146

147 |

1. KN(TMS), o. o

_—

2. Ni

148

The 3.8-nonadienoate 91, obtained by dimerization—carbonylation, has been
converted into several natural products. The synthesis of brevicomin is
described in Chapter 3, Section 2.3. Another royal jelly acid [2-decenedioic
acid (149)] was prepared by cobalt carbonyl-catalyzed carbonylation of the
terminal double bond, followed by isomerization of the double bond to the
conjugated position to afford 149{122]. Hexadecane-2.15-dione (150) can be
prepared by Pd-catalyzed oxidation of the terminal double bond. hydrogena-
tion of the internal double bond, and coupling by Kolbe electrolysis. Aldol
condensation mediated by an organoaluminum reagent gave the unsaturated
cyclic ketone 151 in 65% yield. Finally, the reduction of 151 afforded muscone
(152)[123]. n-Octanol is produced commercially as described before{32].
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34

1.

12

13.

14.
15.
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\ C0,(C0O)g
—_—-
/\/\Q(V\COZMG + CO + MeOH prvn)
KOH _HOC A~~~
Me0,C~ "¢, Me 2 COH
149
(o]
A 1. PdCI,/CuClO, )J\/\/\/\
Wcone CO,H
91 2. Hj
o} 3. KOH
Electrolysis /lk/\/\/\/\/\/\n/ i-Bu,AlIOPh
(o] (o]
Hy
151 152
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4 Reaction of Allenes Catalyzed by Pd(0)

The stoichiometric reaction of allenes with Pd(IT) is treated in Chapter 3,
Section 9, and catalytic reactions with organic halides are in this chapter,
Section 1.1.1.3. Other catalytic reactions of allenes are surveyed in this section.

Like butadiene, allene undergoes dimerization and addition of nucleophiles to
give l-substituted 3-methyl-2-methylene-3-butenyl compounds. Dimerization—
hydration of allene is catalyzed by Pd(0) in the presence of CO; to give 3-methyl-
2-methylene-3-buten-1-ol (1). An addition reaction with MeOH proceceds with-
out CO; to give 2-methyl-4-methoxy-3-methylene-1-butene (2)[1]. Similarly,
piperidine reacts with allene to give the dimeric amine 3, and the reaction of
malonate affords 4 in good yields. Pd(0) coordinated by maleic anhydride (MA)
is used as a catalyst[2].

Pd(dba),, PhsP, THF
—_r— + Hzo J—
€O, 80°C, 63%

OH
1

Pd(dba)y, PhsP, THF
100°C, 40%

== + MeOH

2 OMe

O Pd(PhsP)-MA )\(

—_— 4 —_—

N THF, 79% N
H 3

CO,Et Pd(Ph;zP)-MA
e e R
CO,Et 86% CO,Et

CO4Et

Intramolecular reaction of the allenyl carbamate 5 in the presence of a large
excess of allylic chloride catalyzed by Pda(dba); or PdCl(PhCN), affords the
substituted oxazolidin-2-one 6. Since the reaction is catalyzed by both Pd(ID)
and Pd(0), its mechanism is not clear{3].

Ts TS
1 ]

o Cl —— Z >=
—— =0 + NN\ o
- \ 76% o
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In the coupling of the allenyl ester 7 with a terminal alkyne, an electron-
deficient phosphine (Ph;P) gave the enyne-conjugated ester 8 as the major
product, while an electron-rich phosphine (TDMPP or TTMPP) yielded the
non-conjugated enyne esters (E)- and (Z)-9(4).

CO,Me Pd(OAc),

/—___‘—/ + Ph—;_.——“-)-“;;—’

7
_ COgMe _ C02Me COgMe

Ph 8 9-E Ph 9z Ph
8:9E:9Z
Pd(OACc), / PhyP, 43% 81:19:0
TCPC / TTMPP, 64% 9:47:44

Cycloaddition of norbornadiene with allene takes place to yield the cyclo-
butene derivative 10[5]. Cyclodimerization of 1,2-cyclononadiene (11) affords a
mixture of stereoisomers of the cyclobutane derivatives 12[6,7].

Lb Pd(PhsP)-MA M
/ + /= 7
25%

10
" D
85%
12
11

Metallation of allene with various organometallic compounds proceeds
smoothly. Chlorodisilane adds to allene to give the organosilicon compound
13 containing vinylsilane and allylsilane units[8}. The regiochemistry of distan-
nation is different depending on temperature, and 14 is obtained at higher
temperature[9]. The functionalized allylstannane 15 is obtained by hydrostan-
nation of alkoxyallene[10]. Cyanosilylation of a terminal allene with trimethyl-
silyl cyanide proceeds regioselectively to give the E-isomer 16 as the main
product[11].

Pd(Ph;P), SiCl;Me

85% SiCIQMe
13

—x— + Cl,MeSiSiMeCl,
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Bu Pd(Ph;P)s Bu__ SnMe,
M B ——

=== 4+ Me;SnSnMe; -y SnMe,

14 E/Z=3/1

MeO, Pd(Ph3P)s MeO, _ H

===+ HSnBu, T ‘L.._&S"Bus

15 E/Z=1/3

CeHya . PdCl, CeHy3 s
—x— + Meg,SiCN ——=» >_<—SiMe3+ H>=(C;

H 70% H

16 EZ =89 :1

The reaction of CO, with allene using bis(dicyclohexylphosphino)e'than.e asa
ligand affords a mixture of esters of methacrylic acid 17 and crotonic acid 18,

and the lactone 19{12].

p-C3HsPdCl
=== 4+ CO,
dchpe, 40%
0 0 N
v + on\/\ + I
° 0" o
17 18 19
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5 Reactions of Propargylic Compounds Catalyzed by Pd(0)
5.1 Reaction Patterns

Propargylic (or 2-alkynyl) compounds are derivatives of alkynes. However, Pd-
catalyzed reactions of propargylic derivatives, particularly esters and halides,
are very different mechanistically from those of simple alkynes, except in a few
cases. Therefore, the reactions of propargylic esters and halides are treated in
this section separately from those of other alkynes. However, some reactions of
propargylic alcohols, which behave similarly to simple alkynes, are treated in
Section 6.

It has been found that derivatives of propargyl halides add oxidatively to
Pd(Ph;P), to give the o-allenylpalladium complex 1 and the (7-prop-2-ynyl)-
palladium complex 2 (or propargylpalladium complex), depending on the
substituents[1]. The latter is formed when there is a bulky group at C-3.
Most of the Pd-catalyzed reactions of propargylic compounds are explained
by the formation of the o-allenylpalladium complex 1. Only a few reactions
via the propargylpalladium intermediate 2 are known. Mainly the reactions
of propargylic compounds via the complexes 1 and 2 are treated in this
section.

Me Me
Me—,—: + Pd(Ph;P —_— p— —\
c (PhaPh Me PACI(PhsP),
H H
H——==—R + PaPhp), — H——=—n
¢l PdCI(Ph3P),

R = bulky group )

Among several propargylic derivatives, the propargylic carbonates 3 were
found to be the most reactive and they have been used most extensively because
of their high reactivity[2,2a]. The allenylpalladium methoxide 4, formed as an
intermediate in catalytic reactions of the methyl propargylic carbonate 3,
undergoes two types of transformations. One is substitution of o-bonded Pd.
which proceeds by either insertion or transmetallation. The insertion of an
alkene, for example, into the Pd—C o-bond and elimination of $-hydrogen
affords the allenyl compound 5 (1.2,4-triene). Alkene and CO insertions are
typical. The substitution of Pd methoxide with hard carbon nucleophiles or
terminal alkynes in the presence of Cul takes place via transmetallation to yield
the allenyl compound 6. By these reactions, various allenyl derivatives can be
prepared.
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2
O.,Me MeO-Pd R
Al—— JOC 2 b:( —
3 R Rl 4 H
R? H R3.
_ R3 r Rz} \x#nz
e MeO-Pd3 ——x —_— .
Insertion R! HJ R s
—
R4 L R2 R4 R2
M-R A%-Pd_
Transmetailation R! H R! :H
6

Another reaction occurs by the attack of a soft nucleophiie at the central
carbon to form the m-allylpaliadium complex 7, which undergoes further reac-
tion with the nucleophile typical of w-allylpalladium complexes to form the

alkene 8.
MeO-Pd R? NuH
-,
R, H
Nu Nu Nu Nu

ROV R - H m\g\/ni_» “'\%\\/92 NuH ﬁ'\/\rz"“

MeoPd™ H  meopd " meo- "¢ MeOH R
7 8

Carbonates are the most versatile among deri\'utive§ of propargyli.c com-
pounds and their reactions proceed under neutral condinon‘s. Ercpargyhc alco-
hols are poor substrates. Propargylic acetates can be used mlmg. presence of ﬁ
base, but they are less reactive than carbonates[l].. Prop'tlrg_\ 1A11.EACIES react wit
hard carbon nucleophiles. The competitive reaction of a mixture of the al!y]
carbamate 9 and the propargyl carbamate 10 with a carben nucleophile
(dimedone) gave only the allylated product 11, and rlhe propargyl. carbamate
10 was recovered, showing that the allyl carbamate 9 is more reactive than the

Z
NHCO,~ N7

(o] (o]
- X
o 10 SR S
——— - + O/ + 10
Pd(PhaP)4
N

10

propargyl carbamate 10[3].
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5.2 Reactions with Alkenes and Terminal Alkynes

The alka-1,2,4-trienes (allenylalkenes) 12 are prepared by the reaction of
methyl propargyl carbonates with alkenes. Alkene insertion takes place into
the Pd—C bond of the allenylpalladium methoxide 4 as an intermediate and
subsequent elimination of 3-hydrogen affords the [,2,4-triene 12. The reaction
proceeds rapidly under mild conditions in the presence of KBr. No reaction
takes place in the absence of an alkali metal salt[4].

Me = Pd(OAc),, PhsP Me OTHP
e R
KBr, EGN, 70% ¢,/ —

CgHi3 —I——__—\ + CO.M
12 CO;Me

OCO,Me OTHP

Terminal alkynes react with propargylic carbonates at room temperature to
afford the alka-1,2-dien-4-yne 14 (allenylalkyne) in good yield with catalysis by
Pd(0) and Cul[5]. The reaction can be explained by the transmetallation of the
o-allenylpalladium methoxide 4 with copper acetylides to form the allenyl(alk-
ynyl)palladium 13, which undergoes reductive elimination to form the allenyl
alkyne 14. In addition to propargylic carbonates. propargylic chlorides and
acetates (in the presence of ZnCl,) also react with terminal alkynes to afford
allenylalkynes[6]. Allenylaikynes are prepared by the reaction of the alkynyl-
oxiranes 15 with zinc acetylides[7].

Me0,CO Pd(PhsP)s
Me——==—CgHg + ==— —_ "
% OTHP  Cul, LiCl, 83%
0" o
v/
Me C4H9 0 Me C4H9
0 OTHP| —»
o OTHP
13 14
H Me
:ﬁg + MeSi—==—znc1 PU(PhaPls y oH
o 98% 7
15 Megsi

The unsaturated exo-enol lactone 17 is obtained by the coupling of pro-
pargylic acetate with 4-pentynoic acid in the presence of K Br using tri(2-furyl)-
phosphine (TFP) as a ligand. The reaction is explained by the oxypalladation of
the triple bond of 4-pentynoic acid with the allenylpalladium and the carbox-
ylate as shown by 16. followed by reductive elimination to afford the lactone 17,
The (E)-alkene bond is formed because the oxypalladation is rrans addition[8).
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Me Pd(OAc),, TFP
:_|_Me + = Coz” KBf, chos, 61%
QAc

I

H?d
X

c=0 Me H
[ron | w T =L =0
w_/
16

o}
17

5.3 Carbonylation

Carbonylation of propargylic carbonates proceeds under mild .neu.tral condi-
tions (50 °C, 1-10 atm) using Pd(OAc), and Ph;P as a cata[yst,. yleldlpg the 2,3-
alkadienoates 18 in good yields[9,10]. The 2.3-alkadienoates isomerize to 2.,4-
dienoates during the reaction depending on the solvents and reaction t'1me. 2-
Decynyl methyl carbonate is converted into methyl 2-heptyl-2,3-butadienoate

(19) in 82% yield.

Me Pd(OAc)y, PhyP Me £O:Me
— e e >
CgHya —!——-_. + CO + MeCOH 40°, 5 atm., 99% CoHlhs
0CO,Me 18

Csths \)\/\COQMe

Hys —= Pd(OAc)y, PP CO:Me

c — MeOH v

=" NocoMe * CO* 40°, 10 atm., 82% T
19

Introduction of an ester group into propargylic carbonates enhances their
reactivity. The propargyl-type acetylenic ester 20 (3—meIho.xycar.bonyl—l—all.(y-
nyl carbonate), easily prepared from propargylic alcohol, is a highly reactive
compound and undergoes vicinal dicarbonylation at room.tempera.turg and 1
atm using bidentate phosphines. particularly dppf, as a ligand, yielding 'the
derivative of malonate 21 without stopping at the r_nonocarbonylatlon
step[11]. The diacid 22 (alkylidenesuccinic acid). obtained by the hydrolysis and
decarboxylation of 21, resembles a product of the Stobbe condensation 23[ 12].

The carbonylation of propargylic acetates was carried out under mild con-
ditions (55°C, 1 atm) in a two-phase system (aqueous NaOH and 4-.met1?y1-2-
pentanone) in the presence or absence of BuyNBr to give the allenic acid 24
(2,3-alkadienic acid)[13]. Propargylic acetates and phosphates are al.so carbo-
nylated in the presence of bases under a higher pressure. C ar.bonylatlo'n of the
optically active propargylic phosphate 25 gave the opucz}lly active 2.3'-
dienyl ester 26 with retention of chirality. The use of 1.6-bis(diphenylphosphi-
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HO MeO,CO
——CO;Me , co

— n-BuLli
—— H —r———
[ S CICO,Me [ S
20
CO,Me CO,Me £OH
[ >=.=< . _ . >={
CO,Me E>_S--cozm CO,H

Pd(OAc)y, dppt
————r s

1atm, rt., 74%

21 CO,Me 22
R CO;Me base CO,Me
>=O [COZMe e —— R>=&2
R 2 R CO.H
23

no)hexane as a ligand is important[14]. The carbonylation of both propargyl
bromide (27) and the I-bromo-1,2-butadiene 28 under pressure in the presence
of EtsN at room temperature affords 2,3-alkadienoate[15].

OAc

Pd(OAC),, PhaP
Ph——= 4O+ H0 (0Ac), Phy N
He NaOM, Bu;NBr, 66%  Me COLH
24
CsHur PA(OAC),, 20 atm, H CsHy
CO + MeOH e
OPO(OE), *
y #  OPO(OEY, PhP(CH)sPPh;  MeO,C H
25 91%ee 26
. Pd(0)
——‘ﬁBr + CO + MeOH -8.5.% > COsMe
27
PO
d—t—_  + CO + MeCH PO S
Br 88% CO,Me
28

In addition to alcohols, some other nucleophiles such as amines and carbon
nucleophiles can be used to trap the acylpalladium intermediates. The a-viny-
lidene-f-lactam 30 is prepared by the carbonylation of the 4-benzylamino-2-
alkynyl methyl carbonate derivative 29[16]. The reaction proceeds using
TMPP. a cyclic phosphite. as a ligand. When the amino group is protected
as the p-toluenesulfonamide, the reaction proceeds in the presence of potas-
sium carbonate. and the a-alkynyl-g-lactam 31 is obtained by the isomeriza-
tion of the alleny! (vinylidene) group to the less strained alkyne.
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—_— Pd(OAc
= + co —NOA%) ! + CO,
MeO,CO HNvPh TMPP, 48% o Ph
29 30
CeHia
Cethia Pd(OAc),, TMPP \\\
— +
Me0,CO NHTs THF, K,COq, 71% TS
[#]
31

When active methylene compounds are used as nucleophiles in carbgnyla-
tion at 50 °C and | atm, ketones are obtained. As an example, the reaction of
1,3-cyclohexanedione affords the trione 32[17].

CeHy O
' ° 0 Pd(oAC)g, PhaP
e —————
C3H13 — CAHQ + CO + 50° 1 atm., 58% C5H13 G
0CO,Me s O

The allenyl moiety (2,3-alkadienyl system) in the carbonylatiop products is a
reactive system and further reactions such as intramolecular Dlels—Alde.r and
ene reactions are possible by introducing another double bond at sultab!e
positions of the starting 2-alkynyl carbonates. For example, the propargylic
carbonate 33 which has 1,8(or 1,9)-diene-3-yne system undergoes tandem car-
bonylation and intramolecular Diels-Alder reaction to afford the polyf:ycllc
compound 34 under mild conditions (60 °C, 1 atm). The use of dppp as ligand
is important. One of the double bonds of the allenyl ester behaves as part of the

dienef18].

0CO,Me COzMe
= Pd,(dba),d
+ co Pdz(dba)sdppp .
74 60°, 1 atm.
* CO,Me

94%
34

The carbonylation of dehydrolinalyl methyl carbonate (35) at room tem-
perature atfords the cyclopentene derivative 37 formed by the ene reaction of
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the primary product 36, showing that the allenic ester moiety is very
reactive[10]. Introduction of an ester group into the triple bond enhances
the reactivity further, and the 3-methoxycarbonyl-2-alkynyl carbonate 38 hav-
ing a 1,6-enyne system undergoes tandem carbonylation and intramolecular
ene-type cyclization to afford the five-membered ring compound 39. The ene-
type cyclization is faster than the second carbonylation at the central carbon of
the allene system to give the triester 21. The spiro-type cyclohexadiene 40 is
prepared by this reaction and double bond isomerization. Either a five- or a
six-membered ring is formed from the l,6-enyne system, depending on its
structure. As the ligand, dppp gives the best results[19].

0CO,Me
CO,Me
\\ +CO0 —— 2 —
) 7%
| .,
35 36 37
OCOyMe
X Pd(OAc);, dppp QL CO:Me
COMe +CO ——— 2" ) com
2Me
] 1atm., rt. | ~n
38 COzMe
COZMe
84%
39
0/__\0 0COsMe 0/_\0 ~_CO,Me
\\ + CO Pd(OAc);, dppp A_ cO;Me
CO,Me 1 atm., 50°, 68%
H
CO.Me
[\ CO,Me
0_0 z
—_—
40

COQME
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The Dicls—Alder reaction to give 34 is possible only intramolecuiarly. No
intermolecular Diels—Alder reaction of the trienyl ester system takgs place in
the presence of an alkene as a dienophile. Instead, the _carbonylatlon' of the
propargylic carbonate 41 (4-alken-2-ynyl car?onate), 'WhICh has a conjugated
enyne structure, at room temperature using bidentate ligands such as .dppe and
dppp produces the 4-oxo-5-alkylidene-z-cyclopent.enecart')oxylate 45ina 390d
yield by vicinal dicarbonylation[20]. The reaction is explained by' the following
mechanism. The attack of CO at the central carbon of the allemcl ester 42 (or
hydrocarbonylation of one of the double bonds) takes place_to give the acyl-
palladium species 43, which undergoes intram’o](.zcul:.ir alkene insertion to form
the cyclopentanonepalladium. Finally, the gllm}natlon of /B-hydrogen affords
the cyclopentenone 45. Another possibility is via the forr_nat}op qf a.pallada-
cyclopentene 44, which undergoes CO insertion, reductive elllmmatxon, and
double bond isomerization to give 45. The exo-double bond in the product

45 or 46 is the E form.

Pd—-OMe MeO,C
1 R‘l
R ocoMe Pd(0) |R , co I -
,,/> = — I R —
= , . ] )
i a1 0 R H a2
MeO,C R? MeO,C .3
NP meo-rd | |
Pd{(0) 1
e ' — R
o A R¢ ° MeO,C  ps
co OMe
R —
— 43
MeO.C s MeO,C R? / R2
Pd(0) co R as
. R~ = YO AN
R2 Pd R2” "Pd” O
44
MeO,C o,
— <°°°2'“e Pd;(dba)s, dppp _
CoHiz w? — CiHgs rt., 5 atm, 55%.
CsHia (o]
46

Propargylic alcohols are less reactive and their carbonylation proceeds ynder
severe conditions. The Pd-catalyzed carbonylation of propargyl alcohol in the
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presence of HCI affords the itaconate 47 as the main product and the aconitate
48 as a minor product. In addition, a small amount of methyl 2-methoxy-
methacrylate (49) is formed. 2,3-Butadienoate is an intermediate of itaconate
47, because carbonylation of 2,3-butadienocate, prepared independently,
affords itaconate 47. The formation of the aconitate 48 by tricarbonylation
is explained by the oxidative carbonylation of the triple bond, followed by
allylic carbonylation[21]. As supporting evidence, the aconitate 48 was
obtained selectively in 70% overall yield by the Pd-catalyzed two-step carbo-
nylation of propargyl alcohol as described in Chapter 3, Section 8[22).

— Pdc|2
=\ + CO + MeOH —_—
OH H!
COoMe  pmeo,c CO,Me CO;Me
=<_ + | + =<—
CO,Me COMe OMe
63% 10%
47 48 49
— ’ CO,Me
="\ + CO + MeOH — ==
o COMe CO,Me
47

The carbonylation of 2-methyl-3-butyn-2-ol (50) in benzene gives teraconic
anhydride (51). Fulgide (53) (a dimethylenesuccinic anhydride derivative),
which is a photochromic compound, can be prepared by the carbonylation
of 2,5-dimethyl-3-hexyne-2,5-diol (52)[21]. The reaction proceeds under
milder conditions when Pd(OAc), is used as a catalyst in the presence of
iodine [23].

(o]
Me PdCl, X
}l—Me + CO %—o-» o)
OH PhH, 42%
50 51 O
[o]
Me Me
PA(OAc),, | X
HO—{—:—{—OH +2C0 (OAck I, - o
Me Me 80 atm., 90°, 86% =
52 o
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5.4 Hydrogenolysis

Pd-catalyzed hydrogenolysis of propargylic compounds, pgrticularly carbo-
nates, offers a good synthetic method for allenes and internal alkynes.
Propargylic carbonates which have a terminal triple bond are'hydrogenolyzed
with ammonium formate to give allenes{24]. The hydrogenolysis proceeds more
smoothly under mild conditions by use of the propa.rgylic? formate 54, and
alkyne 56 and allene derivatives 58 are obtained. Their ratios depend on the
substituents[25,26]. As summarized in the general scheme, alkyne 56. is
obtained when both R' and R? are not H by decarboxylation anq redugtlve
elimination of the o-propargylpalladium formate 55. The allene 58 is obtame.d
when either R! or R? is H via the allenylpalladium form;xte 57. Hydrogenolysis
of the propargylic carbonate 59 (the formate of tertiary prqpargyl alcqhol
cannot be prepared) possessing a terminal acetylenic bond using ammonium
formate affords the allene 60 exclusively. With an excess of ammonium for-
mate, further reduction proceeds regioselectively to give the term.mal alkene
61]24]. Allenes are obtained cleanly by the treatment of propargylic formates
with a Pd catalyst in the absence of ammonium formate: On the other hand,
the reaction of the propargylic formate 62 which has an internal alkyne bond
gives the internal alkyne 63 selectively[25.26]. This i; one of the rare examples
of Pd-catalyzed reactions of propargyl compounds via the .propargylpallgdlum
intermediate 55. This reaction is useful for the preparation of disubstituted
alkynes with functional groups, because disubstituted a.lkynes are }Jsually pre-
pared by alkylation of terminal alkynes. but the .alkylathn of terminal alkynes
is not easy, particularly in the presence of labile functional groups. On the
other hand, the preparation of propargylic alcohols by the reaction of alkynes
with aldehydes or ketones is much easier. and thz.e hydroxy group can be
removed by the Pd-catalyzed hydrogenolysis mentioned her:j The primary
propargylic formate 64 exceptionally aftfords the allene 65 selectively, although
it is an internal alkyne.

HCO, - Pd(OAc);
A2 BusP

] H
—_— =gt | 2 E% >—=n
R2

ss RLA? {H

R2 Pd-O,CH | co, R? H

H R! J H R!
- 57 58 R'=HorR2=H
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0CO,Me Pd,(dba),, Bu,P
N » + HCONH, ——2 "2 I
x> THF, 76%

59 60

HcozNH4 )\/\/k/
—_—
X =

61

00 ocHo Pd(acac); BusP o>(o

e e .
PhH, rt., 97%
A R

62 CeHyz

MOMO-~(CHy)yp N~ Pd{acac), MOMO-(CHy)1o  —

OCHO py,p, 53% H
64 65

The propargylic mesylates 66, bromides, and phosphates are converted into
a mixture of the allene 67 and alkyne 68 with metal hydrides. LiBHEt, gives the
allene 67 with high selectivity[27]. The propargylic acetate 69 is converted
mainly into allene by the Pd-catalyzed reaction with Sml, in the presence of
a proton source. Alkenylpalladium is reduced with Sm(Il) to give allenyl
anion[28]. The reaction was applied to the generation of 2.3-naphthoquinodi-
methane (70), which undergoes facile Diels-Alder reaction with fumarate to
give a tetrahydroanthracene derivative[29]. Reaction of propargylic acetate
with Sml, generates a synthetic equivalent of propargylic anion, which reacts
intramolecularly with a ketone or aldehyde to give the homopropargyl
cycloalkanol 71[30].

Bu Pd(Ph3P), Bu Bu——
— + iB S—— o, + - N
Bu—= :OMs HBEH 89% H Bu g8 Bu
68 4
AOu o, PPN
Ph THF, MeOH
89

2Sm(i) 2 Sm(liy

Pd-X -
e N L

Pd(0)



464 Catalytic Reactions with Pd(0) and Pd(II)

+

H J—
_— ph/\/i\/\/ + Ph =

7:1
Pd(Ph3P)4
+Smly —————»
60%

OAc
= CO,Me
—~ O |~
___ NS o
‘COzMe
70
H Pd-X
o} I | o}
Pd(PhaP)4 Smi,
OA¢ — > H ——
CO,Et 87% CO,Et
|
H -
Sm \\
(o]
—_— HO
H
CO,Et CO4Et
71

5.5 Reactions with Carbon and Oxygen Nucleophiles, and Other Reactions

The reactions of propargylic compounds with hard and soft carbon nucleophiles
give different products. The reactions of propargylic halides, acetates, and phos-
phates with hard carbon nucleophiles such as Grignard reagents[31] or organo-
zinc reagents[32,33] give the allenyl compounds 73. The reaction can be explained
by transmetallation to generate the allenylphenylpalladium intermediate 72 and
its reductive elimination. The reaction of the 17a-ethynyl steroid 74 with phe-
nylzinc chloride gives mainly the anti product 75[34]. anti-Stereoselectivity was
observed in the reaction of (R)-(— )-1-acetoxy-1-phenyl-2-propyne(76) with phe-
nylzinc chloride to give the levorotatory allene (R)-77[34]. ~

The 2-(1-alkynyl)oxirane 78 reacts with an organozinc reagent yielding the
B-allenylic alcohol 79[35].

Organoboranes react with propargylic carbonates. Usually, addition of a
base is essential for the Pd-catalyzed reactions of organoboranes, but the reac-
tion with propargylic carbonates proceeds without addition of the base,
because methoxide is generated in situ from carbonates. For example, the
1,2,4-triene 80 is prepared by the reaction of alkenylborane under neutral

conditions[36].
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| paeney, | Pdoac PhZneI_
— Cl Pd-Ph
oAc L~ H H
72
Ph
a0 2 T T
Pd(PhsP),
+ PhZznCt —————
"eo 80%
74 H_.Ph Ph  H
MeO MeO
75 antl syn
98:2
_ __j’: Prznci Pd(Ph3P), Ph
=—<-H + n —_— 4
OAc 80%
76 77
antl : syn =82: 18
Me
— , \ Mo ] Pd{Ph,P), Me Me
nCl — TO] 98% @ —
78 79 OH
Me
CeHia —*%cmg + m Pd(PhyP),
0CO,Me == B(OH) THF, 95%
2
Me C4H9
CgH —
s o

No reaction of soft carbon nucleophiles takes place with propargylic acet-
ates[37], but soft carbon nucleophiles, such as B-keto esters and malonates
r.eact with propargylic carbonates under neutral conditions using dppe as a
hga‘nd. The carbon nucleophile attacks the central carbon of the c-allenylpal-
ladium complex 81 to form the m-allylpalladium complex 82, which reacts
further with the carbon nucleophile to give the alkene 83. Thus two molecules
of the a-monosubstituted F-keto ester 84, which has one active proton, are
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introduced[2]. The reaction of propurgyl carbonate with 2,5-hexanedione-3 4.
dicarboxylate (85) affords the mcthylenecyclobutane 86 by C-dialkylation and
the 3-methylenedihydropyran derivative 87 by C- and O-alkylations. The for-
mer is converted into the latter hy the prolonged Pd-catalyzed reaction[38,39].
Two molecules of malonate, even if it is unsubstituted, react with propargyj
carbonate to give the unsaturated tetraesters 88a and 88b.

H=Nu Nu Nu Nu

| Ny
R, H C. -
LC=C=CH; —= | ¢ “CH, — R\%\\ R\¢l\/uu
Pa, R Pd, Pd
OMe OMe “OMe 83
81 82
o COMe O
H Pd,(dba);
= + CoM ——’(T>
0OCOxMe dppe,69% 0 CO,Me
84
0 [o]
_\ + —— +
0OCO.Me (o P~
: coet PP o CO,Et
o CO,Et
as 86 52% 87 45%

= + <C02Me Pdy(dba)s, dppe

0CO,Me
? COMe ™ 00e, 69%
Me O COMe MeO,C COz;Me
CO.Me + I/<002Me
CO.Me CO;Me
88a 88b

B-Keto esters such as acetoacetate without a substituent at the a-carbon.
namely with two acidic protons, first attack the central carbon of the allenvlpal-
ladium to form the m-allyl complex 89. Then intramolecular attack of the enolate
oxygen of the 3-keto ester at the 7-allv] system takes place to form the methy-
lenedihydrofuran 90 as a primary product, which is easily isomerized to the furan
91. The 3-diketone 92 reacts similarly to give the furan 93[40]. The reaction can
be applied to the synthesis of the phenylthiomethyl-substituted furan 94, whichis
useful for the synthesis of natural products such as neoliacine. [41]
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o
_ o
( CO,Me CO,Me
. Pdy(dba)y, dppe  MeOPd
= —_—— —_— —_—
OCO,Me THF, n. HD .
Pd
M
Me COM Co.M ome
07 = H
¢ — B
- 2R 8% 0
Pd 91
“OMe 20
89
fo) [o]
=\ + —
0CO,Me ob 9% {ﬁ
92 93
C02Me
CO,M
07\\) . — Pd(dba), B e
= £ .
SPh OCO;Me dppe, B2% o

94 SPh

2-(1-Alkynylyoxiranes also react with carbon nucleophiles to afford furan
derivatives. Furanes of different types are obtained depending on the structure
of the substrates. 2-Methyl-2-ethynyloxirane (95) reacts with acetoacetate to
give the furan 97 by the elimination of formaldehyde from the cyclized product
96. The hydroxy ester of the alkylidenefuran 98 and the corresponding lactone
99 are obtained by the reaction of I-methyl-2-(2-propynyl)oxirane[40, 42).

o

CO,M

o Pdidba);, H ( 2ne

= ——— >==</o- —
5 dppe,rt.  pd N/

9
- 07X -COzMe CO,Me CO,Me
-~
- 0 — [\ + CHy0
A XY - 75%
Ho~ Pd

o
‘C)\—H 97
96
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OH 0
[0 [o] \ CO,Me \ 0
——<_+ L _come — { + {
0o (4]
o8 99

5.6 Preparation of Enynes by Elimination

When propargylic carbonates are treated witb a Pd catalyst in refluxing diox-
ane in the absence of other reactants, elimination of ﬂ-hydro.gen from the
propargylpalladium intermediate takes place to affor.d ?he f:onjugated enyne
100[26,43). Formation of the 1,2,3-triene 101 by the ellmlqatlon qf the.allenyl-
palladium intermediate is not observed. The enyne _102 is obtalned. in good
yield using bidentate phosphines such as dppf as a ligand. Alternatively, the
propargylic alcohol 103 was converted into the con]uga'.ted.enyne.104 by a Pd-
catalyzed elimination reaction in the presence of a stoichiometric amount of

SuCl, [44].

OCO,Me
R ’\_Rz
| Pd(0)
PdOMe MeOPd
= . R \_R?
R? R \‘
x\
4 = \\ 17 \—'R2
! 100 R? R 101
OCO.Me ba)a, dppt —
2" Pd;(dba)s, dpp OTBOMS
™ “OTBDMS Dioxane reflux, 98% _
102
OH ey PACEPRPR =
— lhaaCiibialoan —
C;Hﬂ—-——Q_CSH" + SNl 56% ! X—CsHit
104

103
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5.7 Miscellaneous Reactions Catalyzed by Pd(0) and Pd(1)

Unlike propargyl carbonates, which react easily with Pd(0) to form allenyipal-
ladium complexes with cleavage of the C—O bond, propargy| acetates do not
undergo such complex formation with cleavage of the carbon-acetoxy bond. A
typical example is given which shows the difference between proargyl carbo-
nates and acetates in the presence of Pd(0) catalyst. Addition of acetic acid to
the propargylic acetate 105 takes place to form the allylic geminal diacetate 106
using Pdx(dba); and Ph;P as a catalyst. A 14-membered lactone 107 was pre-
pared in 52% yield by an intramolecular version of this reaction[45].

OMe

OMe Pd,(dba);, Ph,P
B * AOH e refiux 77% Bu’k/\(m"
u \\ OAc e, reflux, T

105 106
OAc
Pd,(dba
X 0oAc 2{dba)s =
OH PhyP, 52% O
0 107 ©

PdCl,(MeCN)), catalyzes interesting reactions of propargylic acetates invol-
ving transposition of the OAc group, although the mechanism is not clear. For
example, the PdCly-catalyzed reaction of the propargylic acetate 108 gives a
mixture of products and the conjugated triene 109, a homo-coupling product.
is the major product. Addition of 108 to 1-decene gives the diene 110 [46].

OAc
?Ac_ PdCl(MeCN), /KK\/H/
' - AN
OAc

108 109
OAc
PdCI,(MeCN), ~
, =t TCeHy > A CgHy7
60°, MeCN OAc
108 110

The (1-ethynyl)-2-propenyl acetate derivative 111 undergoes an interesting
PdCI,(PhCN),-catalyzed cyclization to form the 2-cyclopentenone 112[47]. A
Pd-carbene complex is assumed to be an intermediate of the formation of 112.

P
Acof/ PdCly(MeCN),
CeHis MeCN, AcOH, 63% -

111 112
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6 Reactions of Alkynes Catalyzed by Pd(0) and Pd(I1)

Alkynes undergo a variety of reactions using either Pd(II) or Pd(0). and they
are treated separately: oxidative reactions of alkynes with Pd(Il) are treated in
Chapter 3, Section 8. Pd(0)-catalyzed reactions of alkynes with halides in
Section 1.1.2 in this chapter, and other reactions in this section.

6.1 Carbonylation

Alkynes are reactive compounds for Pd(0)-catalyzed carbonylation. and mono-
and dicarbonylations take place depending on the reaction conditions.
Monohydroesterification gives a, f-unsaturated esters, and two regioisomers
are obtained depending on the reaction conditions[1.2]. The hydroesterification
of alkynes is accelerated by the addition of HCI or HI, and explained by the
insertion of alkynes into the Pd—H bond, followed by CO insertion. Methyl
methacrylate (1) is obtained in high yiclds and high regioselectivity by the
carbonylation of propyne using Pd black in the presence of hydrogen
iodide[3,4]. This regioselective reaction of terminal alkynes has been applied
to the synthesis of the carbapenem derivative 2[5] and methyl 2-(6-methoxy-2-
naphthyl)propenoate{6]. Pd(OAc),, coordinated by 2-pyridyldiphenylphos-
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phine, is a very selective (99% selective) and active catalyst (40000 turnover)
for the carbonylation of terminal alkynes to give branched unsaturated esters
in the presence of p-toluenesuifonic acid[7]. Carbonylation of a terminal alkyne
to give the branched unsaturated amide 3 in good yield proceeds smoothly at
120°C under CO pressure (5 atm) in diethylamine by using PACly(Ph3P); and a
catalytic amount of methyl iodide as an iodide scurce[8]. Carbonylation of
terminal alkynes with substituted phenols can be carried out under 1atm of
CO using Pd(OAc), and dppf to give 2-substituted 2-propenoate aryl esters.
Also Pd(dba), + 4 PhsP is a good catalyst for the carbonylation of terminal
and internal alkynes in alcohol in the presence of TsOH[9].

Pd, H Me
Me—= + CO + MeOH ——>
80°C, 15 atm 1 COMe
OH ™
Y 4
Pd, Hl, 20 atm CO:zMe
P S
N+ CO+ MeOH 65¢, 16hr., 70% N,
o Bn (s} 2 Bn
Z
o Za PdCly(Ph3P)y, Mel o CONEt,
( + CO + EtNH
o 120°, 5 atm., 92% o
3

On the other hand, linear unsaturated esters are formed from terminal
alkynes depending on the substrates and reaction conditions. The ratio of
linear to branched «, A-unsaturated esters from higher terminal alkynes
changes depending on the ligands. The linear ester 4 was obtained with 81%
selectivity (65% total yield) from I-heptyne when PdCl,, coordinated by
dimethylphenylphosphine and SnCl;, was used at 80 °C and 240 atm. With
PdCly(PhsP), in the absence of SnCl,, the selectivity was 19% (84% yield)[4].

_ MeOH (Me2PhP),PdC1-SnCl; —
CsHyy—== + CO + 80°, 240 atm., 65%
CsHit
CsHi1 ~— =
. ~coMe " CO,Me
81%selectivity

The presence of formates, oxalates, formic acid, and oxalic acid in the car-
bonylation of alkynes affects the regioselectivity. Also, the regioselectivity can
be controlled to some extent by the proper selection of the ligands. A linear o,
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B-unsaturated ester is formed from a terminal alkyne by the reaction of alkyl
formate and oxalate. The linear «, 3-unsaturated ester 5 is obtained from the
terminal alkyne using dppb as a ligand by the reaction of alkyl formate under
CO pressure. On the other hand, a branched ester, t-butyl atropate (6), is
obtained exclusively by the carbonylation of phenylacetylene in ~-BuOH even
by using dppb[10]. Reaction of alkynes and oxalate under CO pressure also
gives linear o, S-unsaturated esters 7 and dialkynes. The use of dppb is essen-
tial{11]. Carbonylation of 1-octyne in the presence of oxalic acid or formic acid
using Ph:P-dppb (2 : 1) and Pd on carbon affords the branched a, S-unsatu-
rated acid 8 as the main product. Formic acid is regarded as a source of H and
OH in the carboxylic acids[12].

Pd(dba)s, dppb Ph
Ph—== 4+ HCOxt-Bu + CO N/
100°, 80 atm., 50% 5 CO:t-Bu
Pd,(dba),, dppb, DME Ph
Ph—= + CO + t-BuOH
80 atm., 150°, 56% 6 COt-Bu

Pd(OAc),, dppb —
ph—=— , GOMe ., (OAc)z, dppb _ ph_ __ + Ph—=—=="pn
CO:Me 100°, 80 atm. 7 CO:Me
64% 48%
Pd/C, dppb, Ph;P, DME
CeHiz —== + CO + HCOH
6.8 atm., 110°, 75%
:Can R CsHm&—\
g COH CO,H
96 : 4

Monocarbonylation of alkyn-4-ols in the presence of thiourea as an additive
gives a-methylene-y-lactones, a structure widely distributed in certain natural
products[13]. A derivative of vernolepine (9) was prepared by this method[14].
This carbonylation is explained by the following mechanism. Initially Pd-car-
boxylate complex 10 is formed by insertion of CO into Pd alkoxide containing
an alkynic moiety. Then intramolecular insertion of the alkyne is followed by
protonolysis with the alkynol to afford the lactone 11 and to regenerate the Pd
alkoxide 12[15]. Carbonylation of 4-pentyn-1-ol gives a six-membered lactone
in a trace amount. On the other hand, the rigid system of 2-exo-ethynyl-7-syn-



474 Catalytic Reactions with Pd(0) and Pd(II)

norbornanol (13) was carbonylated with PdCl; in the presence of thiourea at 50
°C to give the a-methylene-6-lactone 14 in 47% yield[16]. However, the car-
bonylation of the propargylic alcohol 15 catalyzed by Pd,(dba); and dppb
affords the unsaturated «-lactone 16. In this reaction, CO attacks the terminal

carbon[17].

10 X-Pd O
/\/// /\///
HO™ ~ 2 0 4+ x-Pd-Q
0 12
11
OH [o} (o]
Z PdC!.
7 s0 —2— _[I
Thiourea, 47%
13 14

Vi =
Pd,(dba)s, dppb, DME 0*=°
OH +CO — aum., 150, 65%
16

The acetylenedicarboxylate 17 is a reactive compound and is carbonylated
smoothly at room temperature to give the ethanetetracarboxylate 18 as the
main product and ethene- and ethanetricarboxylates as minor products.
Acetylenemonocarboxylate is converted into the ethanetricarboxylate 19 as
the main product with several other products[18]. .

Using a catalyst system of PdCl,, CuCl,, HC, and O, the internal alkyne 20
is carbonylated at room temperature and 1 atm to give unsaturated ester§[‘l 9]
This apparently oxidizing system leads to non-oxidative cis-hyd.roesterltnca-
tion. With terminal alkynes, however, oxidative carbonylation is observed.

15
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PdCl,

Et0,C—==—CO,Et + CO + EtOH —— — o

7 moc_ coEt  EOC COEt  Et0,C_  CO.Et
o ;e
W co,kt COEt  E10,¢7  “CO.Et
trace 24% 18 51%
PdCl,, HCI

=—CO0zEt + CO + EtOH — .

EtO,C CO,Et Et0.C co.et EtOLC
N LEOC , Eto? S=¢ 2, >ﬂ__<cozet
CO.Et CO,Et H Cco,Et EtOC

19 CO,Et
32% 20% 8% 10%

The (E)-a-alkyl-3-silylacrylate 22 is prepared by regio- and stereoselective car-
bonylation of the trimethylsilylalkyne 21 using a Pd catalyst coordinated by
SnCl, and dppf]20].

_ PACly, CuCly, HCI Bu__ Me
Bu—=——Me + CO + MeOH =
20 O, 11, 1 atm,, 72% H CO,Me
PdCly(dppf), SnCl, CeHyy  TMS
CgHiy —=—=—TMS + CO + EtOH =
21 90°, 20 atm. 91% MeOQ,C 29

Carbonylation of the tetrasubstituted bispropargylic amine 23 using PdCl,
and thiourea under mild conditions affords the carboxylated pyrrolidine deri-
vatives 24a and b in good yields. Thiourea is regarded as effective for the
oxidative carbonylation of alkynes, but no oxidative carbonylation was
observed in this case[21].

PdCl,
+CO + MeOH ————= N + HN
thiourea, 65% A\ N\ _.CO;Me
24b

24a COzMe

A