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Preface 

This is the thesis for a doctorate of the University of Tokyo and the results of 

4 years long research work. 

Transition metal -catalyzed reaction is one of the most intensi\'cly studied fields 

among organic chemistry. The author studied on the palladium-catalyzed cyc!o-

carbonylation of cinnamyl compounds mainly by checking the rcacti\'i ty of various 

substrates. The results showed its wide applicability for organic synthesis and were so 

informati\'e for the elucidation of the reaction mechanism . 

In Chapter 1, general back ground for the carbonylmion reactions and the starting 

point of author's study on the cyc!ocarbonylation arc described. 

In Chapters 2 and 3, the application of the cyc!ocarbony!ation for the synthesis 

of tricyclic compounds (phcnanthrcnes) and fused hctcroaromatics arc described. The 

results obtained here was so informative for the discussion on the reaction mechanism. 

In Chapter -+, the react ivity of the palladium-catalyzed cyc!ocarbony lation was 

compared with that of bcnzannulation reaction of chromium aryl-carbcnc complexes with 

alkynes. ln some cases, both reactions show similar select ivity on their orientation. 

In Chapter 5, another app lication of the cyc!ocarbony lation was examined by 

employing 2,4-pcntadicnyl COmpounds as starting materials instead of cinnamyl 

compounds. The results exemplified a good applicability of the reaction for the 

synthesis of non-fused phenol dcrivati\'eS. 

In Chapter 6, a novel ketene format ion by the reaction of acid chlorides with 

low-valent platinum complexes is described. This reaction served as a model for the 

mechanism of the cyc!ocarbonylation because a possible mechanism of it involved an 

alkcny!kctene intermediate. 
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Chapter I 

General Introduction 
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1-1. General Mechanism for Carbonylation Reactions. 

Organic syntheses using metal complexes have attracted much attention for long 

years because of their good selectivity, mild conditions, or unique reactions hardly 

atta inab le by class ic methods. Among such reactions, a trans ition metal-catalyzed 

carbonylat ion has long been developed because it can usc CO as a carbon source readi ly 

obtained from coa l or heavy oil by their gasificat ion. The most famous of them arc 

the syn thesis of aldehydes from olefins, CO, and H2 cata lyzed by either Co or Rh 

complexes, the synthesis of acetic acid from methanol and CO in the presence of Rh 

complexes, and the Fischer- Tropsch hydrocarbon synthesis from CO and H2. Although 

the last one is carried ou t by using heterogeneous catalysts (mainly Fe and Co) in an 

industria l sca le, the reaction it self is closely related to the homogeneous system of 

carbonylation. As oil became a more useful carbon source in a bulk sca le in the recent 

decades, CO chemistry seemed to lose its industrial role. But the significance of CO 

chemistry has become evident aga in by the oil crisis and the growing needs for many 

kinds of intricate compounds such as drugs or functionali zcd materials. Under these 

circumstances, a study on carbonylation reaction is increasing its importance not on ly for 

the scientific interest but also for its application in organic syn thes is. 

Carbony lation reacti ons invariably invo lve an acy l- metal intermediates. 

Cons idering the importance of thi s intermediate, the author summari zed genera l pattern 

of carbonylation in Scheme 1.1. The carbony lation consists o f mainly two parts; (I) 

the formation of an acy l-metal intermediate, and (2) the reacti on of the acy l- metal 

intermediate to form another organic moiety. When the second step affords a suitable 

precursor for the first step, the reaction becomes cata lytic. Each part is briefly described 

in the follow ing sections. 
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Schem e 1.1 Formation and Reactions of Acyl Complex. 

1-2. Formation of Acyl- Metal Intermediate. 

Before describing the titled reaction here, the character of CO and its coordination 

on metal should be summarized. t) 

The electronic structure of free CO is shown in Figure l.Ja (Atomic Orbitals) 

and l.lb (Molecular Orbita ls). A a-bond is formed from the two singly occupied sp 
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Figure 1.1 
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orbitals on both atoms. The first n-bond is also formed from the two singly occupied 

Pz orbitals on both atoms. The second n-bond is a dative bond and this leads to a 

c--0+ polarization, which is almost canceled out by a partial c+ -0- polarization of the 

other two bonds due to the higher electronegativity of oxygen. Actually, the dipole 

moment of free CO is very close to zero (0.112 D, while CS has that of 1.97 D). 

Figure 1.1 c, the energy diagram of CO, shows the 1tz -bond character. The 1tz -orbital 

has more character of O(p
7
) than C(p7), while the n*-orbital (LUMO) has more close 

to C(pJ than O(pJ. With regard to mononuclear complexes, metals always bind to C, 

not 0, because the HOMO is the lone pair of C and the LUMO is the n* which 

polarized to C, so the best overlap will be possible at C not 0. The sigma donation 

to metal removes electron density from C and n-back donation increases the electron 

density of both C and 0 because the LUMO has both C and 0 character. As the 

result, C becomes more positive and 0 becomes negative upon coordination, that is , 

CO is made more sensi tive for both nucleophilic (on C) and electrophilic attack (on 0). 
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In this way, CO becomes more available for organic reactions by metal complexes. 

1-2-1. Insertion of CO Ligand into Metal-Carbon Bond. 

The insertion reaction of carbonyl ligand into an alkyl-metal bond is found for 

many metal complexes (Scheme 1.2a). As the carbon atom of CO ligand is electron 

deficient (vide supra) and has some character of a carbonium ion, it is sometimes 

compared to the Wagner-Meerwein rearrangement (Scheme 1.2b), a non-metallic react ion 

where an alkyl group moves to a carbonium ion to form rather stable another carbonium 

ion. 

R R 

I 'I OC-M - R-C-M -c·-c--

R 

-~-c·-
II 
0 

1 I I I 

(a) Insert ion of CO. (b) Wagner-Meerwein Rearrangement 

Scheme 1.2 

One of the best studied systems for the CO insertion reactions is that of alkyl

manganese-carbonyl complexes by Calderazzo2) (Scheme 1.3). Only cis-methyl 

migration explains the results of MeMn(C0)5 system, i.e ., what moves is methyl group 

and not CO ligand during thi s "formal" insert ion. Therefore, this reaction is often 

Me 

{ 1/co 
OC--Mn-CO 

oc/1 
c 
0 

------
D 

\/co 
MeCO--Mn-CO 

oc/1 
c 
0 

Scheme 1.3 

+ L 

L 

1/co 
MeCO--Mn-CO 

oc/1 
c 
0 
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referred as "migratory insertion". 

In this system, a mechanism shown in Scheme 1.3 is generally accepted , where 

the CO insertion is reversible ami the coordinativcly unsaturated acy l complex is trapped 

by incom ing ligand L. Based on the relative rate of insertion for different alkyl groups, 

it is also found that electron-releasing groups enhance the reaction rate, whereas 

electron-withdrawing groups slow it down. This effect is possibly due to the relat ive 

weakness of the metal-alky l bonds which changes the activat ion energy for a transi tion 

state between alkyl and acy l complexes. 

,... R 
t.,M , 

co 

+ A1Br3 ! fast 

R 
/ 

t.,M-C 
I II 

Br 0 \ / 
AIBr2 

+co 
slow 

+co 

Scheme 1.4 

,...co 
t.,M ..._ 

/c=o 
R 

fast t + H20 

,...co 
t.,M, 

c=o 
R/ \ 

AIBr3 

In this manganese system, Shrive r 

and co-workers rcportcd3) that CO ligand 

is activated toward insertion by the 

addition of a Lewis acid such as A!Br3. 

They explained the resu lts by three 

functions of Lewis acid (Scheme 1.4). I) 

Increase of the rate of an alkyl migration , 

2) Stabi lization of an acy l group, and 3) 

Providing an electron rich atom which acts as a ligand to fill the vacant s ite left by the 

creation of the acyl group. 

Although it is not quite ce rt ai n whether the CO insertion of other alk yl- metal 

systems arc "migratory" or not, Yamamoto also proposcd4l an alkyl migration mechanism 

for the CO insert ion of cis- and trarts-R2 Pd(L)z complexes (R = Me, Et; L = tertiary 

phosphine) based on the product distribution. Koga and Morokuma also suggcstcd5) the 

alkyl migration mechan ism for the system based on the ab initio MO calculation of M-

(CH3)(H)(CO)(PH3) (M = Pd, Pt). 
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Among synthetic methods using a stoichiometric amount of an acyl complex, the 

reaction of Fe(C0)4 
2-, Collman's reagent,6l would be representative. It reacts with alkyl 

halides to give the corresponding alkyl-iron complexes. By adding an external ligand 

such as PPh3, the CO insertion readily occurs to give acyl complexes which afford 

various carbonyl compounds by subsequent treatments (Scheme 1.5). In this case, the 

acceleration of the CO insertion by PPh3 is explained by the stabilization of the 

coordinativcly unsaturated acyl complexes. 

RH • 2-

t ,. ;/" '''oo~ 
I CO R..._ __..R' 
-·''' • R'X C R'X oc-Fe Na II 

j.._,.CO 0 

c 

R 
I 
C=O 

I ,,co 
oc-Fa·.::._ 

1 co 
L 

J

O ·~~L(COorPR3) 

02,H20 ~H =:/[a HO 7 2·2 

RCOOH RCOOR' RCOOH 

Schema 1.5 Reactions of Collman's reagent. 

Although the insertion of CO into metal-carbon bonds arc often detectable for 

many transition metal complexes, the CO insertion into metal-hydrogen bonds to form 

formyl complexes arc normally unfavorable possibly due to thermodynamic reasons. But 

this is not the case when the formyl complexes arc stabilized by some other factors. 

For example, treatment of the thorium-hydride complex, shown in Scheme 1.6, with CO 

affords a formyl complex stabilized by the oxophilicity of thorium to make formyl ligand 
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coordinate in 11
2 mode.7l 

+co ----
Scheme 1.6 Insertion of CO into M-H bond. 

1-2-2. Nucleophilic Attack on Carbonyl Ligand. 

f 
Nu- OR 

b+ 
M.,--c=o 

Nu = N~ 

R - -cHL~~Me\ 
\ Me )2 

cp·-* 
M-C-OR 

II 
0 

M-C-NR2 
II 
0 

Scheme 1.7 Formation of Alkoxycarbonyl and Carbamoyl Ligand. 

Alcohols or amines are known to react with carbonyl complexes to generate 

alkoxycarbonyl or carbamoyl ligands, respectively (Scheme 1.7)8 a) Especially, cationic 

carbonyl complexes readily react with these nucleophiles not on ly because they have 

positive charge themselves but also their carbonyl ligands arc poorly back-donated and 

the carbon atoms arc more positive. When neutral carbonyl complexes arc start ing 

materials, lithium alkoxides or amidcs arc often used instead of a lcohols or amincs. In 

several cases, these reactions lead to the formation of Fischer-carbene complexes, Sb) 

although the carbene complex stabilized by an oxygen atom can also be regarded as an 

anionic acyl complex (Scheme 1.8). 

It is welt-known that the carbon 

atom of a Fischer-carbenc complex 

is readily react with nucleophilcs, 

which is also characteristic for the 

M=C 

Nu 
/ 
'\ o-

Nu 
/ 

M·-c 
~ 

0 

Scheme 1.8 Fischer-Carbene Complex. 
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carbon atom of acyl complexes (vide infra). 

Sometimes these reactions play a very important role in carbonylation reaction 

because they provide another route for carbonylatcd products especially when !he 

migratory insertion of CO is difficult. For example, adeq uate basic conditions facilitate 

the nucleophilic attack of alkoxidc on ligand CO and make it possible to carry out the 

catalytic carbonylalion of allyl halides under atmospheric pressure of CO (see 1-4-1 in 

this chapter). tSb) 

1-2-3. Oxidative Addition of Organic Acyl Compounds. 

Among catalytic reactions of this kind, hydroacylation, IO) hydrocstcrification, II) and 

hydroamidationiZ) arc known as C-C bond-forming reactions using formyl compounds 

such as aldehyde, formate ester, and formamidc, respectively (Scheme 1.9). In the 

proposed mechanism, these formyl compounds react with a low-valent metal to give 

hydride-acyl metal complexes. The insertion of o lefins into the metal-hydrogen bond 

and the subsequent reducti ve elimination give two carbon extended ketones, esters, or 

amidcs (see notes). 

Y-C-H 
II _/ 

Y-C-M-H -C=C-

~; 0 ~ 

v-c-c-c-H 
II I I 
0 

-l-l-
Y-C-~ ~ 

II 
0 

Scheme 1.9 A possible mechanism for hydroacylation 
hydroesterification, and hydroamidation. 
Y - Alkyl, Aryl, OR, NR:! 
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Although not catalytic and rarely used as a synthetic method for organic 

compounds, reactions of acyl halides with low-valent metals arc useful for the synthesis 

of acyl complexes which can be model intermediates of catalytic reactions. Sometimes 

it is possible to obtain complexes which arc hardly synthesized by nonna l CO insertion 

reactions. For example, a-kctoacyl palladium or platinum complexes can be synthesized 

by using a-kctoacid halidcs. 13"·b) These complexes arc characterized for the mechanistic 

study of the double carbonylation reaction of organic halides reported by Yamamoto 13) 

and Tanaka 14
) groups. 

1-3. Reaction of Acyl- Metal Intermediates. 

Although the most simple reaction of acy l-metal complexes is dccarbonylation 

which is sometimes used as a synthetic method, this is the reverse reaction of the 

(migratory) CO insertion and not documented here. The following classification is 

neither precise nor exact one because sometimes it is difficult to distinguish which kind 

of reaction is actually occurring, especially from mechan istic point of view. Therefore, 

the author wish to classify here the reaction of acyl-metal complexes accord ing to the 

reactant which the complexes react with. 

1- 3-1 . Reaction with Nucleophiles. 

H20 
R-COOH 

R'OH : R-C-M R-COOR' 
II 
0 HNR'2 

R-CONR'2 

Scheme 1.10 Reaction of acyl complex with nucleophi les. 
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Reactions of this kind arc known well and often the final step of catalytic 

carbonylations where products arc released from metal (Scheme 1.10). The mechanism 

may be diffcrcnt.and depend on the nuclcophilcs and acyl complexes. But unfortunately, 

few has been reported as a systematic study for the reaction mechanism. 

1-3-2. Reaction with Electrophiles. 

As low-valent metal complexes react with clectrophilcs, anionic acyl complexes 

readily react with various clcctrophilcs, typically organic halides or trialkyloxonium salts. 

For these complexes to react with nuclcophilcs, normally the addition of an oxidant is 

necessary. Acyl complexes can no longer stay an ionic in such conditions. 

,-
R-C-Fe(COJ. 

II 
0 --.. 

0 0 
c II 

oc, I _,C-R 

. Fe --.. RCOR' or RCHO 

oc,r I "'R' (or H) + 
c 
0 

Scheme 1.11 Synthesis of Ketone or Aldehyde by Collman's Reagent. 

When an alkyl nucleophilc reacts on a metal center of an acyl-complex, the 

subsequent reductive elimination from the resulting alkyl acyl complex gives a ketone. 

This reaction is considered to be involved in the ketone synthesis by Collman's reagent 

referred earlier (Scheme 1.11).6) Electrophiles can a lso react with on the oxygen in an 

acyl ligand. Fischer-carbene complexes arc often isolated after treatment of the anionic 

complexes with trialkyloxonium salt which leads to the 0-alkylation of the carbene 

ligand. 
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1-3-3. Insertion of Alkenes and Alkynes. 

As an unsaturated compound, alkenes can coordinate to metals and insert into 

metai-H or metai-C bonds. Although the mechanisms of the o lefin insertions for some 

systems arc still a matter of controversy, the fact that olefins do insert into acyl-metal 

bonds is well-known as an "acyl-mctalation" and utilized for organic synthesis (Scheme 

1.12). Typical examples arc described in Chapter 6. 

R-C-M 
II 
0 

c=c 

~ 
R-C-C-C-M 

II 
0 

R-C-C=C-M 
II 
0 

Scheme 1.12 Acylmetalation reactions. 

1-3-4. Reductive Elimination. 

Besides reactions with nuclcophiles, reductive elimination from acy l complexes can 

also be the final step of catalytic reactions. The resulting low-valent metal complexes 

arc often good precursors for the next catalytic cycle. When another moiety which the 

acyl group will bind with is also an acyl group, the elimination affo rds a-ketocarbonyl 

compounds. The doublc-carbonylation affording a-keto amides referred earlier is 

believed to involve such a mechanism (Scheme 1.13). In this reaction, the carbamoyl 

group is thought to be generated by the nucleophilic attack of an amine on the li gand 

CO. R 

(I ,.---- HNR2 
OC-Pd-CO R-~-Pd-~-NR2 

0 0 

reductive elimination 

Scheme 1.13 Mechanism for the palladium catalyzed double-carbonylation. 
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1-3-5. Reaction with Hydrogen or Metal-Hydride. 

One reaction of this kind is the formation of an aldehyde, which is closely 

related to the hydroformylation (oxo reaction). tS) When 112 oxit.lati vcly at.lds to an acyl 

complex, reductive elimination from the resulting complex leads to the formation of an 

aldehyde (Scheme 1.14, path a). Another mechanism is proposed for Co catalyst 

system which involves the reaction of an acyl complex with a hydride complex to give 

an aldehyde and a dinuclcar cobalt complex (path b). 

R- C-M 

II 
0 

H 
I 

R-C-M-H 

II 
0 H~ .,L 7 ~duoa 

path b 

M'-H 

M- H 

~ 
.. 

M- M' 

Scheme 1.14 Formation of aldehyde form acyl-metal complex. 

R-C--H 

II 
0 

Another reaction of this kind is the reduction of an acyl ligand. For example, 

a BH3·THF adduct is reported to reduce acetyl into ethyl ligand for various meta l 

complexes (Scheme 1.15). 16) These reactions provide a possible pathway invo lved in 

the Fischer-Tropsch reaction where linear hydrocarbons arc selectively formed from CO 

CH -C-M 3 

II 
0 

.. 
( 

Scheme 1.15 Reduction of acetyl ligand into ethyl by BH3. 
M = Fe. Ru , lr, PI, Pd, Co, and Mo 
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1-4. Palladium or Platinum Catalyzed Cyclocarbonylation of Cinnamyl 

Compounds Affording 1-Naphthol Derivatives. 

~OAc-,+0 ~ v U Pdln-{ 
0 OAc 

Scheme 1.16 The Palladium Catalyzed Cyclocarbonylation of Cinnamyl Compounds. 

1-4-1. Design of the Palladium Catalyzed Cyclocarbonylation. 

As described above, acy l complexes can be formed through various routes, and 

they react with many kinds of organic compounds . Some of their react ions arc quite 

similar to those of acid halides which arc also known to react with nuclcophilcs such 

as water, alcohol, or amine to give carboxyl ic acids, esters, or amidcs, respecti vely , or 

with olcfins to give ketones. It is a lso well-known that acid halides react with aromatic 

rings to give ary l ketones in the presence of a Lewis acid, that is, the Fricdci-Craft s 

acylation. If acy l complexes arc regard as analogue of acid halides, they arc a lso 

expected to rca~t with an aromat ic ring to give aryl ketones. But a few reactions arc 

known which seem to involve the direct reaction between an acy l- meta l intermediate and 

an aromat ic ring to form a carbon-carbon bond. Moreover, so little generality is 

observed with regard to their app lication . Examples of such reactions arc li sted m 

Scheme 1.17a-e.17J 

From this point of view, Dr. Koyasu designed and developed novel synthes is nf 

!-naphthol derivatives by pa lladium-catalyzed cyclocarbonylation of cinnamyl compounds 
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Scheme 1.17 
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(Scheme 1.16).23
") This reaction is considered to involve an acyl-palladium intermediate 

shown in the Scheme. Considering the reaction design, the following points should be 

noticed. 

l) Allyl compounds arc employed as a starting material having no f-l - hydrogcn allachcd 

to sp3 cmbon such would be eliminated before carbony lation. 

2) An aromatic ring is incorporated into a substrate itself that turns carbon-carbon bond 

formation into an intramolecular reaction i.e. cyclization. Such a reaction is known 

to be favorable compared to intermolecular one because of lower loss of entropy. 

3) The product is stabilized by isomerization into an aroma tic compound i.e . an 

naphthalene ske leton. 

4) To avoid side reactions caused by naphthol , Ac20 and N Et3 arc used as additives 

in order to convert naphthol into the corresponding acetate ester. 

With regard to the first and the second points, cinnamyl acetates arc normally 

used as a starting materials for the cyclocarbonylation because of their easy preparation. 

Transition metal -catalyzed carbonylation of allylic compounds has long been 

studied and those of all yl chloridest 8l, phosphates 19l, and carbonatcs20) me often found 

in literatures. The taller two arc known for their mild reaction conditions. Recently 

it was also reportcdt Sa,b) that the carbony lation of allyl ch lorides under atmospheric 

pressure of CO · is allainablc in the presence of EtONa. This reaction is proposed to 

proceed by the reducti ve elimination of ally l and cthoxycarbonyl moieties; the taller is 

formed by the nucleophilic allack of EtO- on the ligand CO (Scheme 1.18, path a). 

The reason for the difficu lty to carbonylate allyl compounds under mild conditions 

is mainly allributed to the high stability of Jt-allyl complexes which hardly undergo 

migratory CO insertion. Recently Yamamoto et a/. reportcd21 l that PMe3-coordinated 
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~CI 

0 

~OEt 

Scheme 1.16 Palladium Catalyzed Carbonylationof Allyl Chloride. 

cationic :n;-allyl palladium complexes undergo CO insertion to give 3-butenoy lpalladium 

complexes (Scheme 1.19) . This report indicates that the CO insertion into palladium-

:n;-allyl bond is a kinetically feasible process. 

O PMe3 

~~d-X co 

PMe3 

Scheme 1.19 CO Insertion of rr-AIIylpalladium Complex. 

With regard to the combination of allyl acetates and palladium complexes, the 

addition of CO to the system containing :n;-allyl palladium acetate complexes is reported 

not to result in the CO insertion but in the reductive elimination regenerating the starting 

allyl acetate (Scheme 1.20)22) Murahashi er a/. rcportcd 19
b) that the addition of 

bromide anion facilitates the palladium catalyzed carbonylation of allyl acetates under 

mild conditions although the reason for the effect is not clear yet. 

Although the effect of leaving groups arc not examined in detail for the cyclo-
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co ~ co 
Pd ____l.l._____ 

/" ~ 
AcO PCy3 

0 L 

~~d-OAc 
L 

~OAc 

Scheme 1.20 Carbonylation of rr-AIIylpalladium Acetate Complex. 

carbonylation, at least cinnamyl bromide gives !-naphthyl acetate in a lower yield 

compared to cinnamyl acetate, possibly because of a side reaction with additive NEt:1 

to form a quaternary ammonium salt. 

1-4-2. Starting Point of This Work. 

As application of this cyclocarbony lation for organic synthesis, only reported is 

the synthesis of simply substituted naphthalenes2 3a.c) It is uncertain whether the cyclo-

carbonylation is app licable to the synthesis of further polycyclic compounds or fused 

heteroaromatic compounds. 

Concerning the reaction mechanism, most interest is focused on the step where 

C-C bond formation proceeds from an acyl-palladium intermediate on cyclization. The 

model complexes shown in Scheme 1.21 and 1.22 were prepared by Dr. Matsuzaka and 

they did afford !-naphthyl acetate under catalytic reaction conditions.23b,c) The spectro-

scopic analyses "Of these complexes were expected to show the interaction between the 

acyl-metal moiety and the aromat ic ring. But unfortunately they took £-form with 

regard to C=C double bond which made the phenyl ring and the metal so separated 

while, as is readily understood, they have to isomerize into Z-form for cyclization . As 

the result, it was very difficult to obtain further information for cyclization step frum 

these complexes. 

As other approaches to understand the cyclization step, the comparison of relative 
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reactivity and the check of the cyclization selectivity arc expected to be useful. As is 

often found in text books of organic chemistry, it can be distinguished by its orientation 

or relative reactivities whether an aromatic substitution reaction is clectrophi li c or nucleo-

philic one. This thesis is concerned with the results of such an approach and 

application referred earl ier. The author wishes to describe them in the fol lowing 

chapters . 

Notes 

For the hydrocstcrili l'ation, another mcdwnism is proposed where alkoxycarbonyl group is 

dccarlJonylatcd and another CO inserts into alkyl-metal bond (sec scheme below). 

I I 
Y-C-C-C-H 

II I I 
0 

Y-C-H 
II 
0 

I I 
Y- M-c-c-c-H 

II I I 
0 

(Y = OR) 

Y-C-M-H 
II 
0 

I 
Y-M-C-C- H 

I I 

co 
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Chapter 2 

I-lighly Selective Synthesis of Phenanthryl Acetates by 

Palladium-Catalyzed Cyclocarbonylation of 3-(Naphthyl)allyl Acetates 

Abstract 

Phenanthryl acetates were obtained in good yields by the carbonylat ion of 3-

(naphthyl)all yl acetates in the presence of Ac20, NEt3, and a catalytic amount of 

palladium-phosphine complexes in benzene solution under CO pressure at I GO oc. The 

cyclocarbonylation of 3-(2-naphthyl)allyl acetates affords 4-phenanth ryl acetates 

selectively by the cyclization at the !-position of the naphthalene nucleus. 
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2-1. Introduction. 

As mentioned in Chapter 1, the cyclocarbonylation of simple cinnamyl compounds 

has already been reported1 ) As far as mono-substituted phenyl compound was 

employed as a substrate, it could not be distinguished from its orientation whether the 

cyclization step of the reaction is clectrophilic or nucleophilic one by nature (Scheme 

2.1). When o- or p-substituted cinnamyl compound was used, there was only one 

possible product. When m-substituted substrate was used, there were two possible 

products but the positions where annulation occurred were the o- and p-positions to the 

substituent and the product distribution did not reflect the electronic character of the 

Pd-catalyst 

o -substituted 

Pd-catalyst 

p -substituted 

Pd-catalyst 

m -substituted 

by 
OAc 

YAA? 
OAc 

(both cyclization give 
the same product) • 

99 +y'CV 
Y OAc OAc 

(cyclization positions are o- and ;r to Y) 

Scheme 2.1 Cyclocarbonylation of monosubstiMed cinnamyl acetates. 
(X= OAc I 
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cyclization step. For example, !b) the cycloearbonylation of m-methyleinnamyl acetate 

gave 6-methyl- and 8-methylnaphthyl acetate in the ratio of 42:58 (total 69 % yield). 

This ratio is not so informative because, in electrophilic substitution reactions of toluene, 

the o/p products ratio (or partial rate factors) varies in a very wide range depending on 

reactants and conditions2 l 

One possible solution for this problem is to compare the relative reaction rate 

using substrates having different substituents. But this attempt was unsuccessful because 

each substrate gave the corresponding product at almost the same rate even in the 

competitive reaction where two substrates were allowed to react in one vessel at the 

same time.Ib) A possible explanation for this result is that the cyclization step is not 

rate-determining and substituents on the phenyl ring did not affect the total reaction rate . 

Another way to solve this problem is to employ substrates whose cyclization 

positions are electronically different enough to reflect the character of cyclization step. 

An10ng such substrates, 2-naphthyl compounds were seemed to be suitable for the 

purpose. When 3-(2-naphthyl)allyl acetates 3 were used as a substrate, two different 

products were expected. One is phenanthrene derivative 4 formed by the cyclization at 

the 1-position (a-position) and the other is anthracene derivative 5 formed by the 

cyclization at the 3-position (~-position) (Scheme 2.3). With regard to an electrophilic 

attack on a naphthalene nucleus, it is generally accepted that the a-position is kinetically 

more active than the ~-position, that is, most of the clectrophilic reactions are known 

to occur at the a-position3 l Therefore, it would be very helpful to know the products 

distribution of 2-naphthyl system for further understanding of the reaction mechanism, 

although steric factors must also be considered. In this chapter, the author wishes to 

describe the results on these studies. 
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Do
- R OAc--

COIAc201NEt3 

Pd-catalyst 

Scheme 2.2 
a: R c H 
b: R =Me 

R 

~OAo 
2 

~OAo COYAo,<"""D :AcuODUD 4 R 

vv R Pd-catalyst oor 4 

3 

Scheme 2.3 
a: R = H 

~OQY", 
b: R c Me OAc 
c: R- CH20Ac 

Table 2.1 Synthesis of Phenanthrenes from y.(Naphthyl)ally Acetates. 

Entry Substrate R 

1 
ox10Ac 

H 
2 CH 3 

3 H 
4 CH3 

Product 

R 

oeOAc 

2 

Reaction Isolated 
Time I h Yield I % 

1.5 
3 

1.5 
3 

50 
70 

5 
OQ(YOAc 

CH20Ac 

CO' A 

3 

73 
76 
50 

3 
4 

Reaction conditions: 
Substrate 3 mmol CO 70 atm at room temp. 
PdCI2(PPh3h 0.15 mmol 110 ·c 
Acp 6 mmol 
NEt3 6 mmol 
benzene 2 mL 
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2-2. Results and Discussion. 

When 3-(1-naphthyl)allyl acetate (la) was cyclocarbonylated in the presence of 

Ac20, NEt3, and a catal yti c amount of PdC12(PPh3)z in benzene, cyclization at the f)-

position smoothly occurred and 1-phenanthryl acetate (2a) was obtai ned in 50 % yield 

from the reaction mixture (Scheme 2.2 and Table 2.1). On the other hand, the cyclo-

carbonylation of 3-(2-naphthyl)allyl acetate (3a) ga\'e -+-phenanthryl acetate (4a) 

~a OAc __ c_o_t_A_c_2_o_t_N_E_t_3~ 
lVV 3a catalyst 

Table 2.2 Effect of Catalyst on Cyclocarbonylation of Ja. * 

Run Catalyst Conversion a) Yield') of 4a 

I% I % 

PdCI2(PPh3) 2 98 so 
2 PdCI2(PMcPh2) 2 99 ~3 

3 PdCiiPMc2Ph)2 98 58 

PdCI2(PMe3)2 90 57 

PdCI2(PCy 3) 2 93 27 

6b) PdCI2(PCy 3)2 91 74 

7 PdCI2(P(OPh)3)2 

PtCI2(PPh3)2 22 16 

RhCI(PPh3)3 <I trace 

10 Ru3(CO)tz + 3PPh3 <I trace 

II Coz(C0)8 <I trace 

Reaction conditions: 3a 3 mmol, catalyst 0.03 mg atom of 

metal, Ac20 6 mmol, NEt3 6 mmol, benzene 2 mL, CO 50 

kg/cm2 at room temperature, 160 °C, I h. 

* In every run, Sa was not dctcctl!d in the reaction mixture. 

a) Based on Ja, dctern1ined by GLC. 

b) Reaction tcmpcrture 195 °C. 
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selectively in 73 % yield and anthracene derivative Sa was not detected in the reaction 

mixture (Scheme 2.4) . 4a was identified by its melting point and 1H NMR signal at 

o 9.10 which shifted to rather low field as an aromatic proton and was characteristic 

for -1- and 5-protons of phenanthrene derivatives (Sec Experimental). The absence of 

1-anthryl acetate (Sa) was confim1cd by comparison of the gas chromatogram of the 

reaction mixture with that of an au thentic sample of Sa prepared by a literature method. 

It was also confim1cd that the absence of Sa is not due to its instability under high 

temperature reaction conditions. When Sa was placed under the catalytic reaction 

conditions for 1.5 h, GLC analysis showed that most of Sa (86 %) stayed unrcactcd in 

the resulting react ion mixture. 

The selccti,·ity was not affected by phosphine ligands of Pd-catalyst (Table 2.2, 

Run 1- 7), reaction temperature (Run 6), nor metal of catalyst complexes (Run 9-11). 

The high selccth·ity for a-cyclization was also shown by catalytic reactions of substrates 

whose a-position was blocked by methyl (6) or methoxy group (7) (Scheme 2.4). They 

were completely consumed after 3 h but only high-boiling oily products were obtained 

and no anthracene derivative was detected from the reaction mixture by GLC. 

Me Me 

~OAc cCQ 
6 OAc 

OMe OMe 

~OAo \ . c¢Q 
OMe OMe OAc 

7 

Scheme 2.4 Cyclocarbonylation of 1-blocked 
3-(2-naphthyl)allyl acetates. 
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Based on the stoichiometric reaction of model complexes, a mechanism for the 

cyclocarbonylation has already been proposcd1b.4) which involves the cyclization from 

[(Z-PhCH=CHCH2CO)Pd(OAc)(PPh3)
11

] or [(Z-PhCH2CH=CHCO)Pd(OAc)(PPh3)
11

] to 

produce a cyclic ketone. The subsequent isomerization and acetylation of the ketone 

would afford the final product (Scheme 2.5). At present the mechanistic detail on the 

cyclization step is not clear. One possible pathway is the formation of a metalacycle 

from the acyl-Pd(ri) complex by (ortho-)palladation (Scheme 2.6, path i). The 

~OAc 
1Pd

0.co ~ t PdL, 

~'~ 

OAc 

~ vv 

~ o=(dL, 

~ 
Pd. HOAc 

0 

0) 

/ 

Scheme 2.5 Proposed Mechanism of Pd-Catalyzed Cyclocarbonylation 

L c OAc, PPh:J, CO n = 2 - 4 
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Pd(OAc)l, ---------oj -----------path i 

-~~~ 
n=

1
•

2 
/ PdL,AcOH 

[Pd(OAc)Lnf n 

Scheme 2.6 Possible Mechanisms for the Cyclization Step. 

Pd(0Ac)2 

OH 

~ 
~ 

Y.Fujiwara (1975) 
Sc heme 2.7 Palladation on Naphthalene Nucleus. 

subsequent reductive elimination would afford a cyclic ketone. But Fujiwara reported 

lhal the palladation of naphthalene occurs selectively at the B-position (Scheme 2.7) 5 ) 

Therefore, the path i is nol considered to be included in the present cyclocmbonylation. 

Anolher palhway, the cyclization by clcctrophilic attack of an acyl-palladium imermcdiale 

on aromatic ring (path ii) seems to be plausible because, as mcmioncd in In1roduc1ion, 

the a-position of naphthalene nucleus is generally more subject to eleclrophilic attack 

than the B-position. The selcc1ive a-cyclization of 2-naphthyl system found here 

suggests this mechanism. (Further discussion is described in Chapter 3 and 4) 

Conclusion 

Palladium-catalyzed cyclocarbonyla1ion was found to be useful for the synthesis 

of substituted phcnanlhrcncs which arc hardly obtained by tradilional subslitulion rcac1ions 

of phenanthrene or lhe Haworth synthesis. The a-cyclization of 2-naphlhyl system 
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suggested the cyclization step of the cyclocarbonylation to be an clcctrophilic attack on 

an aromatic ring. 

2-3. Experimental. 

Preparation of 3-(naphthyl)allyl acetates. All solvents were dried and distilled under 

nitrogen. la was prepared according to a literature mcthod5 ) 3c was kindly offered 

from Dr. Y.lshii. lb, 3a, and 3b were prepared from the corresponding naphthaldehyde 

by three steps. The first step is condensation between aldehyde and ethyl acetate or 

propionate , which was carried out by a literature method 7 ) When aldehyde was solid , 

it was dissolved in THF or the reactant ester itself. The resulting a ,f\-unsaturatcd ester 

was reduced by LiAlH 4 at -20 °C or iso-Bu2AlH at room temperature to give a ll ylic 

alcohol. The acetylation of the alcohol was achieved by mixing it with Ac20 , NEt3, 

and small amount (ca. 1 %) of p-dimcthylaminopyridine (DMAP) in ether solution and 

stirring at room temperature for 12-20 h. The mixture was washed with lN aq HCI , 

10 % aq NaHC03, and water, then dried over Na2S04 or MgS04. Solvent was 

evaporated and residual crude product was purified either by recrystallization or 

dist illation in vacuo. Characterization data arc as follows. 

3-(l-Naphthyl)-2-methylallyi acetate (lb). Colorless oil. b.p. 116-126 °C/O.l mmhg. 

1
H NMR 6 1.75 (s, 3H, ,·inyl-CI-!3, 2.17 (s, 3H, COCH3) , -1 .78 (s, 2H, CI-Iz), 6.75 (s, 

1!-l, vinyl), 7.33 (d, J = 7.0 Hz, lH, Ar), H.J-7.51 (m, 3H, Ar), 7.78 (d, J = 7.8 Hz, 

1!-l, Ar), 7.84-7.9-1 (m, 2H, Ar) . 

3-(2-Naphthyl)allyl acetate (3a). Recrystallization from hexane gave white powder. 

1
H NMR 6 2.12 (s, 3H, COCH3) , 4.78 (d , .! = 6.4 Hz, 2H, CI-lz), 6.41 (d! , .! = 15.9, 

6.4 Hz, lH, vinyl) , 6.81 (d, .! = 15.9 Hz, II-I, vinyl), 7.43-7.49 (m, 2H, Ar), 7.59 (dd , 
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1 = 1.7, 8.6 Hz, 1H, Ar), 7.75 (s, lH, Ar), 7.78-7.81 (m, 3H, Ar). 

3-(2-Naphthyl)-2-mcthylallyl acetate (3b). Pale yellow oil. b.p. 118-128 °C/0.1 

mmHg. Gradual ly solidified at room temperature. 1H NMR 6 1.98(d, 1 = 1.2 Hz, 3H, 

vinyl-CH3, 2.15 (s, 3H, COCH3), 4.69 (d, 1 = 1.2 Hz, 2H, CH:J, 6.68(s, l H, vinyl), 

7.36-7.50 (m, 3H, Ar), 7.73 (s, 1H, Ar), 7.79- 7.83(m, 3H, Ar). 

3-(1-Methyl-2-naphthyl)allyl acetate (6) . Yellow oil. Method for the preparation of 

l a was applied.· Treatment of Grignard reagent prepared from 2-bromo-1-methyl

naphthalene8l and magnesium with acrolein in ether and usual work up gave 1- (1-

methyl-2-naphthyl)allyl alcohol. An Ac20 solution of the alcohol was boiled under 

reflux for 6 h. After removing excess Ac20 by distillation, residual oil was chromato

graphed on silica gel to give 6 as an yellow oil. 1H NMR 6 2.12 (s. 3H, COCH:;), 

"2.67 (s, 3H, Ar-CH3), 4 .80 (d, .! = 6.5 Hz, 2H , CH:J, 6.25 (dt, 1 = 6.5. 15.8 Hz, lH, 

vinyl), 7.18 (d, J = 15.8 Hz, 1H, vinyl), 7.43-7.53 (m , 2H, Ar), 7.57 (d, 1 = 7.6 Hz, 

lH, Ar), 7.66 (d, 1 = 8.5 Hz, lH, Ar), 7.79 (d, 1 = 8.7 Hz, lH, Ar), 8.06 (d, 1 = 8.5 

Hz, IH, Ar). 

3-(1,4-Dimethoxy-2-naphthyl)allyl acetate (7). A mixture of 2-bromo-1 ,-1-dimcthoxy

naphthalene8l (11 g, 41 mmol), methyl acry late (4.5 g, 5"2 mmol), Pd(OAc)z (92.4 mg, 

0.0.:1 mmol), tri(o-tolyl)phosphine (6"26 mg, 2.06 mmol), and NEt3 (50 mL) was sti rred 

at 100 °C for 20 h. The mixture was diluted with ether up to "200 mL, washed with 

water, dil.HCI, 10 % aq NaHC03, and again with water, then was dried o,·er MgS04. 

Evaporation of soh·ent gave black oil wh ich gradually so lidified. Purification by sil ica 

gel column chromatography (hexanc/CHCii EtOAc, 12:6:1) and recrysta llization (hexane) 

gave methyl 3-(1 ,-1-dimethoxy-2-naphthyl)acrylate as gray ish green needles (7.8 g, 28 

• The method employed for the preparation of 7 is recommended. 
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mmol). 1H NMR o 3.85 (s, 3H, OMe), 3.94 (s, 3H, OMe), 4.01 (s, 3H, OMe), 6.52 

(d, J = 16.2 Hz, 1H, vinyl), 6.86 (s, 1H, 3-naphthyl), 7.51-7.58 (m, 2H, Ar), 8.10 (d, 

.J = 7.9 Hz, 1H, Ar), 8.19-8.23 (m, 2H, vinyl and Ar). Reduction of the ester by 

LiAIH4 and usual work up gave 3-(1,4-Dimethoxy- 2-naphthyl)allylalcohol .as yellow 

blocks. Acetylation of the alcohol gave 7 (79 % from the unsaturated ester). 

Recrystallization from hexane gave pale yellow needles . 1H NMR o 2.13 (s, 3H, 

COCH3) , 3.88 (s, 3H, OMe), 4.00 (s, 3H, OMe), -+,83 (dd, .! = 1.2, 6.4 Hz, 2H, CHz), 

6.38 (dt, J = 6.4, 16.1 Hz, 1H, vinyl), 6.86 (s, 1H, 3-naphthyl), 7.18 (dt, J = 1.2, 16.1 

Hz, 1 H, vinyl), 7.4-t-7.55 (m, 2H, Ar), 8.06 (d, J = 7.6 Hz, lH, Ar), 8.20 (d , J = 7.6 

Hz, lH, Ar). 

Genera l Procedure for Cyclocarbonylation of 3-(Naphthyl)allyl Acetates. The 

following procedure is representative. A mixture of la (3 mmol), PdCI2(PPh3)z (0.15 

mmol), Ac20 (6 mmol), NEt3 (6 mmol), and benzene (2 mL) in a stainless steel 

autocla,·e was pressurized with CO (70 kg/cm2 at room temperature) and was heated at 

170 °C for 1.5 h with stirring. Then the autoclave was cooled and CO was discharged. 

The mixture was diluted with ether, was washed (IN He! , 10 % aq NaHC03, and 

water), and dried (MgS04). Solvent was evaporated and crude product was purified by 

silica gel column chromatography (1 ,2Ldichlorocthanc/hcxanc, 1:1 ) and recrystallization 

(hexane) to give 2a in 50 % yield. 

Reaction conditions of the a!!cmptcd cyclocarbonylation of 6 and 7 arc the same 

as described in Table 2.1 with reaction time 3 h. Blank reaction of Sa was carried out 

under the follow ing conditions; Sa 0.25 mmol, PdCiz(PPh3)z 0.0125 mmol , AczO 0.5 

mmol, I'.'Et3 0.55 mmol, benzene 0.5 mL, CO 50 kg/cm 2 at room temp., 160 °C, 1.5 

h. Naphthalene was added to the resulting mixture as internal swndard and the mixture 
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was analyzed by GLC. 

1-Phenanthryl acetate (2a). Colorless needles. mp. 137-1-lO 0 C. 1H NMR li 2.42 

(s, 3H, COCH3), 7.30 (dd, J = 1.1, 7.7 Hz, lH, AI), 7.53-7.62 (m, 3H, Ar) , 7.72 (AB, 

J = 9.5 Hz, 2H, Ar) , 7.83 (dd, .J = 1.3, 7.7 Hz, lH, Ar) , 8.53 (d, .I = 8.5 Hz, lH, 

Ar), 8.60 (d, J = 8.2 Hz, lH, Ar). Anal. Calcd for C16H120 2: C, 81.34; H, 5.12. 

Found C, 81.20; H, 5.16. 

3-Methyl-1 - phenanthryl acetate (2b). Colorless blocks from hexane. mp. 105-107 

oc. 1 H NMR li 2.-!8 (s, 3H, COCH3) , 2.61 (s, 3H, Ar-CH3) , 7.20 (s, I H, Ar), 

7.57-7.66 (m, 2H, AI) , 7.72 (AB, .I = 9.3 Hz, 2H, AI) , 7.87 (dd, .I = 1.3, 7.8 Hz, I H, 

Ar), 8.38 (s, 1H, Ar) , 8.65 (d , J = 7.9 Hz, lH, AI). Anal. Calcd for C17H140 2: C, 

81.58; H, 5.64. Found C, 81.83; H, 5.67. 

4-Phenanthryl acetate (4a). Purified by silica gel column chromaiOgraphy (1 ,2-di-

chloroe!hane/hexane, 1:1) and recrysiallizaiion (hexane). Colorless blocks. mp. 60.3-61.5 

°C (lit. 10) 58-60 °C). 1H NMR li 2.55 (s, 3H, COCH3) , 7.33 (dd, .I = 1.2, 7.6 Hz, 

lH, Ar) , 7.56-7.65 (m , 3H, Ar), 7.73 (AA', 2H, AI), 7.81 (dd, J = 1.2, 7.9 Hz, lH , 

Ar) , 7.89 (dd, .1 = 2.1, 6.6 Hz, Ul , Ar), 9.10 (dd, J = 2.1 , 7.3 Hz, 11-1, 5-1-1 of 

phenan!hrene nucleus (see noies in this page)). Anal. Calcd for C16I-I 120 2: C, 81.3-l; 

1-1 , 5.12. · Found C, 81.26; 1-1, 5.10. 

cf. li Values eH NMR) of phenanthrene and anthracene. 

7. 88 

8.93 ......... t / 7.82 

./"-.. '":0_ 8. 12 

oror-7.7 1 

8.31 7.9t 

~ ~ / 7. 39 

000 
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2-Methyl-4-phenanthryl acetate (4b). Colorless blocks from hexane. mp. 113-11-t 

oc. 1H NMR li 2.54 (s, 3H, COCH3), 2.61 (s, 3H, Ar-CH3), 7.17 (d , J = 1.8 Hz, 1H, 

Ar), 7.55-7.63 (m, 3H, Ar), 7.67 (AB pattern, J = 8.9 Hz, 2H, Ar), 8.87 (dd, J = 1.8, 

7.3 Hz, 1H, Ar) , 9.03 (dd, J = 1.2, 8.3 Hz, 1H, Ar) . Anal. Calcd for C17H14 0 2: C, 

81.58; H, 5.64. Found C, 81.54; H, 5.73. 

2-Acetoxymethyl-4-phenanthryl acetate (4c). Colorless blocks. 1.H NMR 1i 2.15 (s, 

3H, CH3), 2.55 (s, 3H, CH3), 5.30 (s, 2H, CH0, 7.33 (d , J = 1.8 Hz, 1 H, Ar), 

7.58-7.65 (m, 2H, Ar), 7.73 (AB, J = 8.9 Hz, 2H, Ar), 7.78 (d, J = 1.8 Hz, 1H, Ar), 

7.88-7.90 (m, lH, Ar), 9.07 (d, J = 8.2 Hz, 1H, Ar) . 

1-Anthryl aceta te (Sa). Prepared by literatu re procedures11l 9,1 0-Anthraqu inone-1-

sulfonic acid sodium salt was commercially obtained as the starting material. Colorless 

needles from hexane. mp. 13.t.1-135.7 °C (lit12) 129-130 °C). 1H NMR li 2.55 (s, 

3H, COCH3), 7.25 (d , J = 7.3 Hz, 1H, Ar), 7A2-7.50 (m, 3H, Ar), 7.91 (dd, J = 0.6, 

8.5 Hz, 1H, Ar), 7.99-8.03 (m, 2H, Ar), 8.43 (s, 1 H, Ar), 8 . .t7(s, I H, Ar) . 

References and Notes for Chapter 2. 

I) a) Y. Koyasu, H. Matsuzak a, Y. Hi roc, Y. Uchida, and M. Hidai, J. Chcm. Soc., Chern. Comrwm. , 

575 (1987). 

b) H. Matsuzaka, Y. Hiroc, M. Iwasaki, Y. Ishii, Y. Koyasu, and M. Hidai, J. Org. Chern. , 53, 3832 

(1988). 
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2) Several reported data for the electrophilic substitution of toluene are summarized in the Table 2.3. 

Table 2.3 

Reaction Reagents Partial rate factors 

or mr Pr 

Nitration HN03(CH3NOz) 38 .9 1.3 45 .7 

Chlorination CI2(Ac0H) 617 5 820 

Bromination Dr2((Ac0H-H20) 600 5.5 2-l20 

Benzoylation PhCOCI(AlC13, PhNOz) 32.6 5.0 83 1 

Acetylation AcCl(AlCI3, CICH2CH2CI) 4.5 -<.8 749 

Benzylation PhCH2CI(AJCI3) -l.2 0.4 10.0 

Methylation CH3Br(GaBr3) 9.5 1.7 11.8 

3) Two typical exceptions which include the substitution at the P-position arc the sulfonation at high 

temperatures and the acylation with AICJ3 in nitrobenzene. The fanner is a reversible reaction and 

the B- sclectivity is explained by thcnnodynamic reasons. That of the latter is due to the steric 

hindrance of a bulky reactant fanned from an acid chloride, AICJ 3, and nitrobenzene. Like many 

acylation reactions, the present cyclocarbonylation is considered to be in·evcrsible and controlled 

kinetically. With regard to steric factors, the a-selectivity of the present reaction indicates that they 

arc not operative, which is also discussed in the Chapter 4. 

-l) H. Matsuzaka, Y. Hiroe, M. Iwasaki, Y. Ishii, Y. Koyasu, and M. Hidai, Chem. Leu., 377 (1988). 

5) Y. Fujiwara, R. Asano, I. Moritani, and S. Tcraoishi, Chem. Lert. , 1061 (1975). 

6) H. Burton, J. Chcm. Soc., 759 (193 1). 

7) C. S. Mmvel and W. B. King, Or g. Syn., Col/. Vol. 1, 252 (1967). 

8) W. E. Parham, H. E. Reiff, and P. Swm1zcntruber, J. Am. Clrcm. Soc., 78, 1437 (1956). 

9) H. Uno, J. Org. Chern., 51 , 350 (1986). 

10) H. M. Duvall and E. Moscttig, J. Am. Chcm. Soc., 60, 2409 (1938). 

II ) a) R. E. Schmit, Chern. Ber., 37, 66 (1904). 

b) H. Dicnel, Clzem. Ber., 38, 2862 (1905). 

12) H. E. Frictz-David, L. Blangcy, and H. Streiff, 1/c/v. Chim. Acw, 29, 17 18 (1946). 
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Chapter 3 

Palladium-Catalyzed Cyclocarbonylation of 3-(Heter-oaryl)allyl Acetates 

Abstract 

Acetoxybenzofurans, acetoxybcnzothiophenes, acetoxy indoles, and acetoxycarbazoles 

were obtained in high yields by the cyclocarbonylation of 3-furyl-, 3-thienyl-, 3-

pyrrolyl-, and 3-indolylallyl acetates, respectively, in the presence of Ac20, NEt3, and 

a catalytic amou nt of PdCI2(PPh3)z at 130-170 oc under 50-70 at m of CO. 3-

(3-Furyl)all yl and 3-(3-thienyl)allyl acetates cycl ized select ively at the 2-position of the 

heterocyclic nucleus to give 7-acetoxybenzofuran and 7-acetoxybenzot hiophene, 

respectively. The synthetic utility of the react ion was demonstrated by the synthes is of 

cannabifuran from isothymol. 
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3-1. Introduction. 

As mentioned in Chapter I, the p:1lladium - catalyzcd cyclocarhonylation had not 

been applied to the synthesis of heterocyclic comrounds when the author started his 

work. Fused hctcroaromatics such as bcnzofuran, bcnzothiophcnc, indole, and carbazole 

arc among the most attractive groups of compounds as targets in organic synthesis 

because of their wide occurrence in natura l products. Especia lly desirab le is the 

development of a selective synthetic route for fused hcteroaromatics having funct ional 

groups at specific positions. In their respect, cyclocarbony lation of hctcroaromatic 

compounds seems to be promising. Although there have been a few reports dea ling 

with a catalytic cyclocarbony lation (sec Chapter I, 1- 4-1 ), no such reaction of hctcro-

aromatic substrates has appeared In a literature. The cyclocarlmny lation is 

synthetically advantageous in that substrates of cinnamy l acetate type is easily 

accessible. Sim ilar cyclocarbonylation of 3-(heteroary l)al lyl acetates was expected 

to afford various fused heteroaromatic compounds having an acetoxy group. In th is 

chapter, the author wish to describe the resu lts of this approach in detai l. 

3-2. Results and Discussion. 

The cyclocarbonylat ion of various 3- (hctcroary l)a ll yl acetates was cata lyzed by 

PdC12(PPh3)z. NEt3 and Ac20 were used to esterify, in situ, phenols initia ll y produced. 

Reaction temperatures above 130 °C were necessary to obtain high (> 80 %) yields. 

Therefore, most of the reactions were performed at 170 °C. At lower temperatures, 

lower yields were obtained . Side reactions at lower temperatures afforded unident ifiab le 

high- boi li ng by-products. For example, at IOU oc, Ia gave 2a in on ly 48% yield, 

although Ia was completely consumed (Table 3.3, Run 3). 
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3-2-1. Synthesis of Benzofurans and Benzothiophenes. 

OAc 

~OAc 
Pd catalyst 

cO X 
(1) 

X • O. S 

As shown in Table 3.1 and Eq (1), cyclocarbonylation of 3-(furyl)allyl acetates 

and 3-(thienyl)ally l acetates gave acetoxybenzofurans and acetoxybcnzothiophenes, 

respectively, in high yields. Only with lb, a secondary allylic acetate, no cyclo-

earbonylation product was isolated. In this case, elimination of acetic acid and 

polymerization of the resulting diene were, possibly, competing reactions. 1l The y-

substituted ally l acetate ld gave acetoxybenzofuran 2d, but the yiclu w;ts relatively low 

(Table 3.1, Run 4) . Here also, diene formation and subsequent po lymeri za tion probab ly 

occurred. The secondary allylic alcohol 3 also gave 2a in moderate yield (Run 7). 

Here, acetylation apparently preceded carbonylation.* The dibenzofuran skeleton was also 

constructed from 3-(2-benzofuranyl)allyl acetate (7) (Run I 0). It is of great interest that 

3-(3-furyl)all yl acetate (4a) and 3-(3-thienyl)allyl acetate (4b) selectively cyclizeu at 

the 2-position of the heterocyclic nucleus to give 7-aceloxybenzofuran (Sa) and 

7-acetoxybenzot hiophene (Sb), respectively , as the only products (Run 8,9) . No 

3-acetoxyisobenzofuran (lia), 3-acetoxyisobenzothiophene (lib), or re lated compounus 

formed by cyclization at the 4-position of the heterocyclic nucleus were detected 

(Scheme 3.1 ). 

' 1-l'hcnylallyl alcohol was also cyclocarbonylaled to ! -naphthyl acetate in 45 % yield (isolated). 

OH 

~ 
lJ Pd catalyst 

45% 

OAc 
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Table 3_ 1 Synthesis of Benzofurans and Benzothiophenes. 

Run 

2 

3 

4 

5 

5 

7 

8 

9 

10 

Substrate 

~OAc la 

~OAc lb 

CH3 

C H3 

QLoAc 1c 

~0Ac 1d 
C H3 

~OAc 1e 
CH3 0 

~OAc lf 

3 

OH 

~0Ac 43 
0 

~0Ac 4b 
s 

~OAc7 

Product 

OAc 

cO 0 

2a 

OAc cO 2c 

0 CH3 
OAc 

v¢2d 
C H3 

OAc 

~2e 
CH3)LO~ 

OAc 

c62f 
s 

OAc 

00) 8 

Iso lated 
Yield I % 

85 

78 

55 

75 

79 

55 

89 

85 

70 

Typical reaction condi tions: substrate 3 mmol, PdCI2(PPh3)2 0.15 mmol, Ac20 
5 mmol , NEt3 5 mmol , benzene 2 ml, CO 50 atm at room temp., 170 •c. 1.5 h. 
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Aco-{) 
0 . ll 

X 

6 

~OAc __ --.

X 

4 

Scheme 3.1 
a: X= 0 
b: X= S 

OAc 

5 

The synthetic utility of the reaction was demonstrated in a facile synthesis of 

eannabifuran (14), a naturally occurring dibenzofuran derived from Canna/Jis satim L.2J 

Benzofuran 12 was easily obta ined by reduction and subsequent acety lation of the 

condensation product of aldehyde 9 (prepared from isothymo1 3)) and ethyl heptano:1tc. 

Cyclocarbonylation of 12 proceeded smoothly, and acetoxydibenzofuran 13 was obtained 

in 74% yield. Hydro lysis of 13 afforded J4 in 9-l% yield (Scheme 3.2). 

9 
10: R = COOEt 
11 : R = CH20H 
12: R = CH20Ac 

13: R' = OAc 
14: R' = OH (cannabifuran) 

Scheme 3.2 Synthesis of Cannabifuran. 
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Table 3.2 Synthesis of lndoles and Carbazoles.
8 

Run Substrate 

4 

5 

6 

~OAc 
N 
I 

MOM 
15a 

~OAc 
N 
I 
BOM 

15b 

~OAc 

I 18a 
MOM 

~OAc 
V N.!J CH3 

I 
MOM 18b 

a) Reaction conditions: 

Substrate 3 mmol 
PdCI2(PPh3 )2 0.15 mmol 
Ac20 6 mmol 
NEt3 6 mmol 
benzene 2 ml 

Product ( Yleldb I% ) 

OAc 

c0 16a 
N 
I 

MOM 

OAc 

(52) 

(57) 

(52,69
8

) 

cO 16b (36) 
N 
I 
BOM 

~ 
~OM o6 17 

N 
I 

MOM 

(28) 

(trace) 

(6) 

ON 19a (53) ON 20(6) 

I OAc 
MOM 

CO 70 atm at room temp. 
130 •c 
1.5 h 
MOM = -CH20CH3 
BOM = -CH20CH2Ph 

I OAc 
CHa 

b) Isolated yield based on substrate. 
c) reaction temperature 170 •c. 
d) Ac20 12 mmol , NE!J 12 mmol, 

benzene 4 ml. 
e) Determined by GLC. 

~OAc 
N 

CO I A~O I NE!J 
no cyclization ~OAc 

21 22 

Scheme 3 .3 
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3-2- 2. Synthesis of lndoles and Carbazoles. 

All yl acetates substituted with a pyrrolc or indole ring undcr.vcnt cyclo

carbonylation at 130 °C. Thus, 3- (2- pyrrolyl)- and 3- (3- indolyl)ally l acetates ga\-c 

4- acctoxyindolcs and 1-:Icctoxycarbazolcs, respectively (Table 3.2). llowever, the yields 

were somewhat lower than those obta ined from furan or thiophene systems. probably 

because of the relative instabi lity of five-membered nitrogen hctcrocyclcs.4l On the 

other hand, 3-(2-pyridy l)- and 3-(3-pyridyl)a ll yl acetates (21 and 22, rcspecti,·ely) ga,·e 

110 cyclocarbonyla tion products, even at 170 °C (Scheme 3.3). 

Compound !Sa gave not only 16a but also dimcric 17. Compound 17 was 

possibly formed from the reaction of 4-hydroxy- l - (methoxymcthyl)indolc and an 

intermediate acy lpa lladium complex (vide inji·a). The formation of 17 was suppressed 

either by performing the reaction at a higher temperatu re (Table 3.2, Run 2), or by 

using a large excess of Ac20 and NEt3 (Run 3). In both cases, there was no 

significant change in the yield of 16a. ln the cyclocarbonylati on of 18a , in addi tion to 

the expected product 19a, a small amount of the N-met hylca rbazo lc 20 was obtained. 

The mechanism of the formation of thi s by- product is not cic<u. 

3-2- 3. The Reaction Mechanisms. 

Based on the results of stoichiometric model cyclocarbonyla ti on of the cinnamyl 

acetates, it was proposedGa.bJ that intermed iate unsaturated acy lpa lladium complexes, such 

as I(Z)- ArCH=CII CII 2CO IPd(OAc)(PPh3)
11 

or I(Z)-ArCII 2CI-I=CI-ICOIPd(OAc)(PPh1)
11 

(n 

l or 2), could be formed by successive ox idati ve addition of all yli c acetate, CO 

inse11 ion, and C=C double bond E- Z isomerization . It is reasonable to assume that 

sim ilar in termediates arc invo lved in the cyclocarbonylation of 3-(hctcroary l)a ll yl acetates. 
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Table 3.3 Effect of Reaction Temperature: Relative Reactivity of 
Furan and Benzene Ring in the Cyclocarbonylation* 

Reaction Conv. Yield** 
Run Substrate 

Temperatu re I oc Product 
1% l'lo 

170 100 OAc (85) 

2 ~OAc 130 100 Q) 98(83) 
0 

3 100 97 48(41) 

4 ---------------~~--------~~---------------3 _____ _ 

5 

6 
CQ # ~OAc 170 100 

100 99 

"Reaction conditions: 
Substrate 10 mmol, PdCI2(PPh3)2 0.5 mmol, Ac20 20 mmol, 
NEt3 20 mmol, benzene 10 ml , 
CO 70 atm at room temperature, 1.5 h. 

**Determined by GLC, isolated yield in parentheses. 

OAc 

IPd(OAc)L0f\ O 

)_A Pdl0 , AcOH 

Pd(OAc)L, ___..- l~V ---<____ 
~~ 

""" ):;~~ 

81 

2 

OH 

o6 X 

Scheme 3.5 Possible Mechanisms for the Cyclization Step. 

In the latter case, intramolecular cyc!ization of the intermediates would produce bicyc! ic 

ketones. Isomerization of the ketones to phenols, followed by acetylation, would yield 

the final products (Scheme 3.-1) . Reaction between an unsaturated acylpalladium complex 

and a phenol would explain the fom1a tion of 17 in the carbonylation of ISa (vide 

supra). 

The detailed mechanism of the ring closure of the acyl complexes is st ill 
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unknown. However, SC\'Cral facts valuable in elaborating the mechanism were obtained. 

It was obscrved6c) that the cyclization of 3-(2-naphthyl)allyl acetate occurred selccti\'cly 

at the 1-position of the aromatic nucleus , despite greater stcric hindrance, to gi\'c 

4-phcnanthryl acetate (sec Chapter 2, Scheme 2.3). In the reaction of 3-(hctcroaryl)-

allyl acetate, described above , Sa and Sb were similarly selectively formed, in good 

yields, from 4a and 4b, rcspccti\'cly. Furthermore, cinnamyl acetate gave !-naphthyl 

acetate in only 2% yield (98% conversion) at 100 °C, whereas la at 100 °C afforded 

2a in a moderate yield (Table 3.3). Finally, 3-(pyridyl)allyl acetates, 21 and 22 gave 

no cyclocarbonylation product even at 170 °C (vide supra) . These facts indicate that 

the order of reactivity of aromatic rings in the cyclocarbonylation is furan > benzene 

> pyridine ring. Furthermore, the findings strongly suggest that the ring closure step 

is an electrophilic addition and may in\'olvc either direct electrophilic attack of the acyl 

moiety on the aromatic ring or, alternatively, cyclization of a vinylkctcne intermediate 

formed from the acylpalladium complex (Scheme 3.5). A reaction mechanism in\'oh·ing 

a viny l ketene intermediate has been proposed 7) for the benzannulation of chromium-

arylcarbcne complexes (Scheme 3.6). Further discussion on the comparison of the both 

reactions is described in Chapter 4. 

Ph-{ OMe t-MeO C ~ ~ Ph 

0Cr(C0)5 + ttl -- ~Cr(C0)4 
~ 

0
.,· Ph 

Ph 

OMe 

c» Ph 

-Cr(C0)3 
..-9 

Ph 
OH 

K.H .Dotz (1978) 

Sc heme 3 .6 Benzannulation Reaction of Arylcarbene-Chromium Complex with Alkyne 

The present cyclocarbonylation requires rather drastic reaction temperature (160-
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170 °C), and it is important to know which step is rate-determining . According to the 

Scheme 3.4, the catalytic cycle of the cyclocarbonylation consists of following step; (I) 

The oxiuativc addition of cinnamy l compound onto low-valent palladium complex. (2) 

The CO insertion into palladium - allyl bond. (3) The E/Z isomerization of allyl moiet y . 

(4) The cyclization to form a cyclic ketone. (5) The isomerization of the ketone into 

a phenol. (G) T.hc acetylation of the phenol. It is conce iva ble that the first two steps 

can proceed at lower temperatures because the start ing material was consumed even at 

100 °C (Table 3.3, Run G), and a drop of CO pressure was obscr\'cd after this reaction. 

In the Int roduct ion of the Chapter 2, it was already mentioned that the fourth, 

cycl iza tion step is not rate- determining at 160 °C. E\'idcntly the fifth , isomerization 

step proceeds smoot hl y at much lower temperature because naphthols, ha\'ing momaticity, 

must be much more stable than naphtlwlcnoncs. The final acety lation step can be 

carried out even at room tcrnpcmture. Based on the discuss ion abo,·c, the third, E/Z 

isomerization step is considered to be rate-determining at present time. 

This consideration is a lso supported by the fact that , even when cis-cinnamy l 

bromide was allowed to react with ze ro-va lent palladium or platinum complexes under 

pressurized CO, the resulting butcnoyl complexes were all trans with regard to C=C 

double bond (Sec Chapter I , Scheme 1.21 and 1.22)6 b) These results arc indic;Jting 

that the £-configurations arc much more favored than the Z-configurations in these 

systems. Therefore, the high reaction temperature is considered to be needed for the 

formation of the 2-butcnoyl complexes quantitatively enough for the cyclization to 

proceed at sufficient rate to minimize side reactions. 

Conclusion 

In conclus ion, palladium-catalyzed cyclocarbonylation was successfully app li ed to 
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the construction of fused- ring heteroaromatic compounds. The utility of the reaction as 

a synthetic tool was demonstrated by its usc in the synthesis of cannabifuran . The 

relative reactivity ;rntl the cydization selectivity suggested the cycli z; rtion step to he an 

electrophilic attack on an aromatic ring. 

3-3. Experimental. 

11-1 and tJc NMR spectra of CDCI3 solutions were recorded with a JEOL 

GX- .JOO spectrometer. SiMe4 served as an internal standard. Fast atom bombardment 

mass spectra (FAUMS) were recorded with a JEOL OX- 300 instrument, using a 

m-nitrobenzylalcohol matrix. lligh resolution electron impact mass spectra (II REIMS) 

were recorded with a JEOL JMS AX-50511 mass spectrometer. GLC ana lyses was 

performed with a Shimadzu GC- 14A instrument equ ipped with a name ionization 

detector and a 25 m l-lic;rp- CBP1 capillary column. Helium was the c;micr gas. 

PdC1z(PPh3)2 was prepared by a published mcthod8 ) All so lvents were dried, and 

then were distilled under nitrogen. With the exception of compounds I a, I b, and 3, 

the 3-subst ituted all yl acetates were prepared from the appropriate aromat ic alc.Jchydc in 

a manner similar to that usec.J for the preparation of compou nd 7. Un less indicated 

otherwise, Solid products were purified by recrystallization a rH.l oils were purified by 

Kugclrohr distillation. 

3-(2-Fury1)allyl acetate ( Ia). To an icc-cooled solution of 3-(2- furyl)acrolcin (5.01 

g, 41 mmol) in McOII (120 mL) was adc.Jcd Nal3 1!4 (2.3 g, (j() mmol) in smal l portions 

unc.Jcr N2. The mixture was warmed to room temperature and st irred for I h. 

Evaporation of so lvent gave a white slurry, which was dissolved in wa ter (I()() mL). 

The solution was extracted with ether. The extract was dried (MgS04). The solvent 
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was evaporated to give crude 3-(2-furyl)allyl alcohol (5 .08 g, 100%) as a pale yellow 

oil. The crude alcoho l was stirred with Ac20 (5.7 mL) , NEt3 (11.2 mL), and 4-(N./1"

dimethylamino)pyridine (DMAP) (50 mg) in ether (100 mL) for 12 h at room 

temperature. The mixture was then washed (1 N aq HCI, saturated aq NaHC03, and 

water) and dried (MgSO.~). Solvent was evaporated to give crude Ia as a yellow oil. 

Kugelrohr disti llation ga,·e a colorless oil (5.58 g, 33.6 mmol): 1 H NMR & 2.08 (s, 3 

H), 4.67 (dd, .I = 1.4, 6.4 Hz, 2 H), 6.20 (dt , .I = 16.0, 6.4 Hz, 1 H) , 6.28 (d, .I = 

3.1 Hz, 1 H), 6.36 (dt, .I = 1.8, 3.1 Hz, 1 H), 6.45 (dt, .I = 16.0, 1.4 Hz, 1 H), 7.35 

(d, J = 1.8 Hz, 1 H); IR (neat) 1745cm- 1 (C=O). Anal. Calcd for C9H100 3: C, 65.05; 

H, 6.07. Found : C, 64.88; H, 6.25 . 

3-(2-Furyl)-1-methylallyl acetate ( I b). To a suspension of LiAIH-1 (4 .0 g, 105 mmol) 

in THF (40 mL) at -20 °C was added , drop-by-drop, a solu tion of furfu ralacctone 

(13.01g, 96 mmol) and THF (40 mL). The mixtu re was stirred at -20 to -10 °C for 

3 h. Then the mixture was carefully hydrolyzed with 1 N aq HCI (100 mL). The two 

liquid layer was separated and the aqueous layer was extracted with ether several times. 

The combined organic layers were washed (sat urated aq NaHC0 3 and water) and dried 

(MgSO .~). Evaporation of so lvent gave 3-(2-furyl)-1-methylall yl alcohol as a pale 

yellow oil. The crude product was acetylated as described fo r la . Distillation ga,·e lb 

as a colorless oil (12.97 g. 68 % from furfuralacetone): bp 71-74 °C (0.5 mmHg); 1H 

MR & 1.39 (d, .I = 6.4 Hz, 3 H), 2.07 (s, 3 H), 5.48 (quin tet of d, .I = 6.6, 0.9 Hz, 

1 H), 6.12 (dd, .I = 6.6, 15.9 Hz, 1 H), 6.26 (d, .I = 3.2 Hz, 1 H), 6.37 (dd, .! = 1.8, 

3.2 Hz, 1 H), 6.42 (dd, .I = 0.9, 15.9 Hz, 1 H), 7.35 (d, .I = 1.8 Hz, 1 H); IR (neat) 

1735 cm- 1 (C=O). Anal. Calcd for C10H1z03: C, 66.65; H, 6.71. Found: C, 66.52; 

H, 6.91. 
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3-(2-Fur~· l)-2-methylallyl acetate (lc). Colorless oil (2~% from furfural): 1H NMR 

1i 2.02 (d. 1 = 0.6 Hz, 3 H) , 2.11 (s, 3 H), HO (s, 2 H), 6.30-6.31 (m, 2 H), 6Al 

(dd, .! = 1.8, 3.3 Hz, 1 H), 7.39 (d, .I = 1.8 Hz, 1 H); IR (neat) 1739 cm- 1 (C=O) . 

Anal. Calcd for C10H120 3 : C, 6!i .65; 1-1. 6.71. Found: C, 66.17; H, 6.58. 

3-(2-Fur~· l)-3-methylallyl acetate ( ld). Colorless oil (~2% from 2-acetylfuran): 1H 

NMR b 2.00 (s, 3 H), 2.07 (s, 3 1-1), 4.77 (d, .I = 7.3 Hz, 2 H), 6.16 (t , .I = 7.3 Hz. 

1 H), 6.32 (d, .I = 3A Hz. 1 H), 6.37 (dd, .I = 1.8, 3.4 Hz, 1 H), 7.35 (d, J = 1.8 

Hz, 1 H): IR (neat) 17~0 cm- 1 (C=O). Anal. Calcd for C10H120 3: C, 66.65; H, 6.71. 

Found: C. 66.28; H, 6.87. 

3-(5-1\lethyl-2-furyl)allyl acetate (I e). Colorless oil (39% from 5-methy lfurfura l): 

1H-NMR li 2.08 (s, 3 H) , 2.29 (s, 3 H), 4.68 (dd, .I = 1.2, 6.7 Hz, 2 H), 5.96 (dq, 

.I = 3.2, 0.9 Hz, 1 H), 6.13 (dt, .I = 15.7, 6.7 Hz, I H), 6.!6 (d, .I = 3.2 Hz, 1 H), 

6.39 (dt, J = 15.7, 1.2 Hz, 1 H); IR (neat) 1740 cm- 1 (C=O). Anal. Calcd for 

C10H120 3: C, 66.65; H, 6.71. Found: C, 65.99; H, 6.72. 

3-(2-Thienyl)allyl acetate ( Lf). Colorless oil (9% from 2-thiophenaldehyde): 1 H-NMR 

li 2.07 (s, 3 H), H6 (d, .I = 6.6 Hz, 2 H), 6.09 (dt, .I = 15.5, 6.6 Hz, 1 H), 6.75 (d , 

J = 15.5 Hz, 1 H), 6.93-6.97 (m, 2 H), 7.15 (d, J = 5.2 Hz, 1 H); IR (neat) 17~3 

cm- 1 (C=O). Anal. Calcd for C9H100 2S: C, 59.32; H, 5.53. Found: C, 59.05; H, 5.71. 

1-(2-Furyl)a llyl alcohol (3). A 1 M solution of Yinylmagnes ium bromide in THF (37 

mL) was added drop-by-drop to a solution of furfural (3.16 g) in ether (10 mL) at 

room temperature. The mixture was stirred for 3 h, then was hydrolyzed with saturated 

aq NH4CI (100 mL). The two liquid layer was separated and the aqueous layer was 

extracted with ether. The combined organic layers were dried (MgS04) , and solvent was 

evaporated to gi,·e an orange oil. Purification by Kugclrohr distillation gave 3 (3.21 g) 



as a colorless oil: 1 H NMR & -1.55 (d, J = 5.5 Hz, 1 H, 0~0-cxchangeable) , 

5.06-5.09 (m, 2 H), 5.27 (dt, J = 17.2 Hz, 1 H), 6.00 (ddd, J = 17.2, 10.1 , 5.9 Hz, 

1 H), 6.1-1 (dt, J = 3.1, 0.9 Hz, 1 H), 6.25 (dd, J = 3.1, 1.8 Hz, 1 H), 7.35 (dd, J 

= 1.8, 0.9 Hz, 1 H); IR (neat) 3320 cm- 1 (OH). Anal. Calcd for C7H80 2: C, 67.73; 

H, 6.50. Found: C, 67 .50; H, 6.72 . 

3-(3-Fur~· J )ally l acetate (-Ia) . Colorless oil (-16% from 3-furanaldehyde) : 11-1 NMR 

o 2.09 (s, 3 H), -1 .67 (dd, J = 1.2, 6.7 Hz, 2 H), 6.02 (dt, J = 15.9, 6.7 Hz, H), 

6.53 (m, 1 H), 6.53 (dt, J = 15.6, 1.2 Hz, 1 H), 7.37 (m, 1 H), 7.-1-1 (s, I H); IR 

(neat) 17-12 em- 1 (C=O). Anal. Calcd for ~H802 : C, 67.73; H, 6.50. Found: C, 

67.50; H, 6.72. 

3-(3-Thienyl)allyl acetate (4b). Colorless oil (28% from 3-thiophcnaldchydc): 1 H 

NMR & 2.09 (s, 3 H), -1.69 (dd, .I = 1.2, 6.4 Hz, 2 H), 6.1-1 (dt, J = 15.6, 6.4 Hz, 

1 H), 6.66 (br d, J = 15.6 Hz, 1 H), 7.19-7.22 (m, 2 H), 7.28 (m, 1 H); IR (neat) 

1735 cm- 1 (C=O). Anal. Calcd for C9H100 2S: C, 59.32; H, 5.53. Found : C, 59.63; 

H, 5.35. 

3- (2-Benzofuran~· l)allyl acetate (7). A solution of 2-benzofuranaldehydc (3.8 g, 26 

mmol) in EtOAc(IO mL) was added drop-to-drop to a suspension of Na sand (0.80 g, 

35 mmol) and absolute EtOH (0.1 mL) in EtOAc (10 mL) at -15 °C. The mixture 

was stirred for 2 h at -15 to -5 °C. AcOH (15 mL) and water (30 mL) were then 

carefully added. The two liquid layers were separated and the aqueous layer was 

extracted with EtOAc. The combined organic layers were washed (saturated aq aHC03 

and water) and dried (MgS04). Solvent was evaporated to gh·e crude ethyl 

3-(2-bcnzofuranyl)acrylate as orange crystals (2 .33 g, 10.7 mmol). The ester (2.33 g) 

was dissolved in toluene (30 mL), and diisobutylaluminium hydride (24 mmol) in toluene 



(2-1 mL) was added drop-to-drop at 0 °C. The mixture was warmed to room 

temperature and stirred for 15 h. It was then hydrolyzed with 1 N aq HCI (50 mL), 

and the two liquid layers were separated. The aqueous laver was extracted with ether. 

The combined organic layers were washed (saturated aq NaHC03 and water) and dried 

(MgS04). The soh·ent was e\·aporated to give crude 3-(2-benzofuranyl)a llyl alcohol as 

a yellow solid (1.76 g, 10.1 mmol). Acetylation as described above for la gave 7 as 

a colorless solid (1.79 g, 8.3 mmol). Recrystallization (hexane/Et~O, 95:5) gave colorless 

needles: mp 53-5-l °C; 1H NMR o 2.12 (s, 3 H), -1.77 (d, J = 5.7 Hz, 2 H), 6.50 

(dt, J = 15.6, 5.7 Hz, 1 H), 6.58 (d, J = 15.6 Hz, 1 H), 6.61 (s, I H), 7.19 (td, J = 

7.6, 1.2 Hz, 1 H), 7.27 (td, J = 7.6, 1.2 Hz, 1 H), 7.-13 (br d, J = 7.6 Hz, I H), 7.52 

(br d, J = 7.6 Hz, 1 H) ; IR (KBr) 1738 cm- 1 (C=O). Anal. Calcd for C13H120 3: C, 

72.21; H, 5.59. Found: C, 72.10; H, 5.71. 

3-(1-1\lethoxymethyl-2-pyrrolyl)allyl acetate (15a) . Slightly red oil after purification 

by icc-cooled silica gel chromatography (ether/hexane, 1:2) (71% from N-methoxy

methyl-2-pyrrolealdehyde): 1H NMR o 2.07 (s, 3 H), 3.23 (s, 3 H), -1.68 (dd, J = 1.2, 

6.7 Hz, 2 H), 5.19 (s, 2 H), 6.09 (dt, .! = 15.8, 6.7 Hz, 1 H), 6.13 (dd, .! = 3.9, 2.7 

Hz, 1 H), 6.-13 (dd, .! = 3.9, 1.7 Hz, 1 H), 6.63 (br d, .I = 15.8 Hz, 1 H), 6.73 (dd, 

.! ·= 2.7, 1.7 Hz, 1 H); IR (neat) 1735 cm- 1 (C=O). Anal. Calcd for C
11

H
15

N0
3

: C, 

63.14; H. 7.23; N, 6.69. Found: C, 63.17; H, 7.35; N, 6.95. 

3-(1-Benzyloxymethyl-2-pyrrolyl)allyl aceta te (15b). Pale yellow oil after purification 

by ice-cooled silica gel chromatography (ether/hexane, 1:2) (80% from N-bcnzyloxy

methyl-2-pyrrolcaldchyde) : 1 H NMR (aeetone-d6) o 2.06 (s, 3 H), 4.-10 (s, 2 H), 5.26 

(s, 2 H). -1.66 (d, J = 6.7 Hz, 2 H), 6.12 (dt, J = 15 .7, 6.7 Hz, 1 H), 6.14 (dd, .! = 

3.7 2.8 Hz, 1 H), 6.45 (dd, J = 1.5, 3.7 Hz, 1 H), 6.64 (d, .! = 15.7 Hz, 1 H), 6.71 
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(dd, J = 1.5, :2.8 Hz, 1 H) , 7.:27-7.36 (m, 5 H); 13C-NMR (acetone-c/6) o 21.3, 66.:2, 

70.6, 76.8, 109.7, 109.9, 1:2:2.:2 , 1:24.5, 1:'5.1, 1:28.9, 129.0, 1:29.6, 13:2.0, 139.1 , 171.2. 

IR (neat) 1738 cm- 1 (C=O). HREIMS Calcd for C17H19N03: 285.137. Found: 285.138. 

3-(J-Mcthoxymethyl-3- indo lyl)a llyl aceta te (18a). Pa le yellow oil after purification 

by icc-cooled silica gel chromatography (ether/hexane/benzene, I :3:3) (12% from !1'

methoxymethyl-3-indolealdehyde): 1H NMR o 2.08 (s, 3 H), 3.19 (s, 3 H), 4.74 (d, 

J = 7.0 Hz, :2 H), 5.35 (s, 2 H), 6.:29 (dt, J = 16.0, 7.0 Hz, I H), 6.80 (d, J = 16.0 

Hz, 1 H), 7.16-7.:27 (m, 3 H), 7.44 (d , J = 8.:2 Hz, 1 H), 7.84 (d,.! = 8.5 Hz, 1 H); 

IR (neat) 173:2 cm-1 (C=O). Anal. Calcd for C15H17N03: C, 69.-18; H, 6.61; N, 5.-10. 

Found: C, 69.59; H, 6.57; N, 5.02. 

3- (1 - Methoxy methyl-3-indolyl)-2-methyla llyl acetate (18b). Pa le yellow oil after 

purification by ice-cooled silica gel chromatography (ether/hexane:/benzene, 1:3:3) (53% 

from N-methoxymethyl-3-indolealdehyde): 1 H NMR 0 1.99 (s, 3 H), 2.13 (s, 3 H), 

3.25 (s, 3 H), 4.72 (s, 2 H), 5.46 (s, 2 H), 6.71 (s, 1 H), 7.14-7.:29 (m, 3 H), 7.47 

(d, J = 8.2 Hz, 1 H), 7.66 (d, J = 7.9 Hz, 1 H); lR (neat) 1734 cm- 1 (C=O). Anal. 

Calcd for C16H19N03: C, 70.31; H, 7.01; N, 5.12. Found: C, 70.53; H, 6.99; N, 5.11. 

3- (2-Pyridyl)a llyl ace ta te (21). Pale yellow oil after purification by sil ica gel 

chromatography (EtOAc/hcxane/benzene, 2:2:1) (18% from 2-pyridinealdehycle). 1 H 

NMR (acetone-c/6) o 1.99 (s, 3 H), 4.69 (cld, J = 1.5, 5.8 Hz, 2 H), 6.69 (dt , J = 15.7, 

1.5 Hz, 1 H), 6.80 (cit, J = 15.7, 5.8 Hz, I H), 7.1-l (dd, J = 4.6, 7.6 Hz, 1 H), 7.31 

(d, J = 7.6 Hz, 1 H), 7.6-l (t, J = 7.6 Hz, 1 H), 8.-17 (d, J = 4.6 Hz, 1 H). 13c 

NMR (acetone-c/6) o :21.:2, 65.1, 1:23.1, 123.8, 129.5, 133.6, 137.8, 150.9, 156.0, 171.1. 

HREIMS Calcd for C10H11 N02: 177.079. Found: 177.080. 

3- (3- Pyridy l)a llyl aceta te (22). Pale ye llow oil after purification by si lica gel 
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chromatography (EtOAc/hcxane/benzene, 2:2 :1) (18% from 3-pyridinealdehyde). 1 H 

NMR (acctone-d6) & 1.99 (s, 3 H), 4.66 (d, J = 6.1 l-Iz, 2 H), 6.-11 (dt , J = 16.0, 6.1 

Hz, 1 H), 6.65 (d, .I = 16.0, 1 H), 7.25 (dd, .I = -1.9, 8.1 l-Iz, 1 H), 7.79 (dt , .I = 1.8, 

8.1 Hz, 1 H), 8.40 (dd, J = 1.8, 4.9 Hz, 1 H), 8.58 (d, .I = 1.8 Hz, 1 H). 13C NMR 

(acctone-d6) & 21.2, 65.-1, 124.7, 127.5, 130.8, 133.3, 13-1.0, 1-19.7, 150.2, 171.2. 

HREIMS Calcd for C10H11 N02: 177.079. Found: 177.078. 

Palladium-Catalyzed Cyclocarbonylation of 3-(Heteroaryl)allyl Acetates. The 

following procedure is representative. A mixture of la (10 mmol), PdCI2(PPh,)2 (0.5 

mmol), Ac20 (20 mmol), NEt3 (20 mmol), and benzene (10 mL) in a stainless steel 

autoclave was pressurized with CO (70 kg/cm 2 at room temperature) and was heated at 

170 °C for 1.5 h, with stirring. Then the autoclave was cooled and CO was discharged. 

The mixture was diluted with ether, was washed (di lute aq HCl, saturated aq Nai-IC03, 

and water) and dried (MgS04). Solvent was evaporated and the crude product was 

purified by silica gel column chromatography (1,2-dichloroethane/hexane, 1:2) to give 

4-acetoxybenzofuran (2a) (85%) as a colorless oil. 1H NMR & 2.34 (s, 3 H), 6.65 (dd, 

J = 0.9, 2.1 Hz, 1 H), 6.99 (d, J = 8.2 Hz, 1 H), 7.26 (t, J = 8.1 Hz, 1 H), 7.38 (dd, 

.I = 0.9, 8.2 Hz, 1 H), 7.57 (d, J = 2.1 1-lz, 1 H); IR (neat) 1769 cm- 1 (C=O) . Anal. 

Calcd for C10H80 3: C, 68.18; I-1 , 4.58. Found: C, 67.87; ·H, -1.56. 

Additional amounts of Ac20 ( 4 eq) and NEt3 ( 4 eq) were used for the reactions 

of 3 and 1-phcnylallyl alcohol. 

4-Aceloxy-6-methylbenzofuran (2c). Colorless oil: 11-1 MR & 2.37 (s, 3 H), 2.46 

(s, 3 H), 6.61 (dd, J = 0.9, 2.1 Hz, 1 H), 6.83 (s, 1 H), 7.20 (d, .I = 0.9 Hz, 1 1-1), 

7.53 (d, J = 2.1 Hz, 1 H); IR (neat) 1764 cm- 1 (C=O). Anal. Calcd for C
11

H
10

0
3

: 

C, 69.-16; I-1, 5.30. Found: C, 69.91; H, 5.29. 
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4- Ace toxy- 7-methylbcnzofuran (2d). Colorless prism~ (hexane): mp 49-50 °C; 1 H 

MR & 2.37 (s, 3 H), 2.50 (s, 3 H) , 6.66 (d, J = 2.1 Hz, I H), 6.89 (d, J = 8.0 Hz, 

1 H), 7.07 (d, J = 8.0 Hz, I H), 7.60 (d, J = ~ - 1 Hz, 1 H); IR (KBr) 1766 em- 1 

(C=O). 13c NMR & 14.7, 20.9, 104.1 , 115.1, 119.6, 120.4, 125.0, 141.8, 144.7, 154.9, 

169.1. HREIMS Caled for C11 H100 3: 190.063. Found: 190.061. 

4-Acetoxy-2-methylbenzofuran (2e). Colorless prisms (hexane): mp 50-51 °C; 1 H 

NMR 6 ~.36 (s, 3 H), 2.44 (d, J = 0.9 Hz, 3 H), 6.28 (m, 1 H), 6.92 (dd, J = 0.9, 

8.1 Hz, I H), 7.18 (t, J = 8.1 Hz, 1 H), 7.29 (d, J = 8.1 Hz, 1 H); IR (KBr) 1764 

em- 1 (C=O). Anal. Caled for C11 H100 3: C, 69.46; H, 5.30. Found: C, 69.37; H, 5.22. 

4-Acetoxybenzothiophene (21) : Colorless needles (petroleum ether). mp 33-34 °C (lit 9 

38.5-40.0 °C); 1H NMR & 2.4 1 (s, 3 H), 7.12 (dd, J = 0.9, 7.9 Hz, 1 H), 7.25 (dd, 

J = 0.9, 5.2 Hz, 1 H), 7.35 (t, J = 7.9 Hz, 1 H), 7.44 (d, J = 5.2 Hz, 1 H), 7.75 (dt, 

J = 0.9, 7.9 Hz, l H); IR (KBr) 1769 em- 1 (C=O). Anal. Caled for C10H80 2S: C, 

6::!.48; H, 4.20. Found: C, 62.84; H, 4.16. 

7-Acetoxybenzofuran (Sa). Colorless oil: 1H NMR 6 2.41 (s, 3 H), 6.80 (d, J = 2.1 

Hz, I H), 7.05 (dd, J = 7.9, 0.9 Hz, I H), 7.21 (t, J = 7.9 Hz, 1 H), 7.47 (dd, J = 

0.9, 7.9 Hz, 1 H), 7.61 (d, J = 2.1, 1 H); lR (neat) 1771 em- 1 (C=O). Anal. Caled 

· for C10H80 3: C, 68.18; H, 4.58. Found: C, 68.53; H, 4.43. 

7- Aeetoxybenzothiophene (Sb). Colorless oil: 1H NMR 6 2.42 (s, 3 H), 7.15 (d, J 

= 7.9 Hz, 1 H), 7.35 (d, J = 5.4 Hz, I H), 7.37 (t, J = 7.9 Hz, I H), 7.43 (d, J = 

5.4 Hz, 1 H), 7.69 (d, J = 7.9 Hz, 1 H); IR (neat) 1768 em- 1 (C=O). Anal. Caled 

for C10H80 2S: C, 6~ .4 8; H, 4.20. Found: C, 62.65; H, 4.16. 

1-Acetoxydibcnzofura n (8). Colorl ess prisms (hexane): mp 77-78 °C; 1 H NMR & 2.50 

(s, 3 H). 7.16 (dd, J = 6. 1, 2.8 Hz, 1 H), 7.35 (ddd, J = 7.7, 7.3, 1.1 Hz, 1 H), 7.46 
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(d, J = 6.1 Hz, 1 H), 7.47 (d . .! = 2.R Hz, 2 H), 7..18 (ddd, J = 8.3, 7.3 , 1.3 Hz, 

1 H), 7.58 (ddd, J = 8.3, 1.1. 0.7 Hz, 1 H), 7.85 (ddd, J = 0.7, 1.3, 7.7 Hz, 1 H); 

!R (KBr) 1746 cm- 1 (C=O). Anal. Calcd for C 1 ~H 1003 : C, 74.43; H, 4.46. Found: 

c, 74.17: H, 4.52. 

4-Aeetox:--1-(methoxymethyl)indolc ( Ilia). Colorless prisms (hexane) : mp 60-61 °C; 

1H NMR o 2.83 (s, 3 H), 3.23 (s, 3 H), 5.42 (s, 2 H), 6..13 (d , J = 3..1 Hz, 1 H), 

6.90 (d, J = 7.9 Hz, 1 H), 7.15 (d , J = 3.4 Hz, 1 H), 7.21 (t , J = 7.9 Hz, 1 H), 7.36 

(d, J = 7.9 Hz, 1 H); IR (neat) 1764 cm- 1 (C=O); FABMS m/e 219 (M+). Anal. 

Calcd for C12H13 ' 0 3: C, 65.74 ; H, 5.98; N, 6.39. Found: C, 65.99; H, 6.00; N, 6.37. 

4-Aeetoxy-1-(bcnzyloxymethyl)indole (16b). Colorless prisms (hexane) : mp 73-75 °C; 

1H NMR o 2.39 (s, 3 H), 4.41 (s, 2 H), 5.52 (s, 2 H), 6.44 (d, .! = 3.2 Hz, 1 H), 

6.91 (d, J = 6.6 Hz, 1 H), 7.15 (d, J = 3.2 Hz, 1 H), 7.20-7.38 (m, 7 H); lR (KBr) 

1759 em- 1 (C=O). Anal. Caled for C18H17N03: C, 73.20; H, 5.80; N, 4.74. Found: 

C, 73.46: H, 5.77; N, 4.60. 

1-1\lethoxymethyl-4- [(E)-4-(1-methoxymethyl-2-pyrrolyl)-3-butenoyloxy] indole(17) . 

Orange oil after purification by icc-cooled silica gel column chromatography 

(ether/hexane, 1:2): 1H NMR o 3.23 (s, 3 H), 3.25 (s, 3 H) 3.55 (dd, .I = 1.5, 7.3 Hz, 

2 H), 5.2 1 (s, 2 H), 5.42 (s, 2 H), 6.15 (t, .! = 3.0 Hz, 2 H), 6.28 (dt , .I = 15.9, 7.3 

Hz, 1 H). 6.42 (d, .I = 3.2 Hz, 1 H), 6.44 (dd, J = 3.0, 1.5 Hz, J H), 6.63 (br d, J 

= 15.9 Hz. 1 H), 6.73 (dd, .I = 3.0, 1.5 Hz, 1 H), 6.92 (d, .! = 8.1 Hz, 1 H) 7.14 (d, 

1 = 3.2 Hz, 1 H), 7.21 (t, .I = 8.1 Hz, 1 H), 7.36 (d, J = 8.1 Hz, 1 H); IR (neat) 

1756 cm-
1 

(C=O). HREIMS Calcd for C20H22 z04 : 354.158. Found: 354.159. 

1-Acctox:-·-9-(methoxymethyl)carbazole (19a) . Colorless needles (benzene-hexane): mp 

105-107 , C; 1H NMR o 2.41 (s, 3 H), 3.21 (s, 3 H), 5.77 (s, 2 H), 7.16 (dd, J = 
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1.0, 7.9 Hz, 1 H), 7.'25 (t , J = 7.9 Hz, I H), 7.'27 (ddd, J = 7.8, 6.7 , 1.'2 Hz, 1 H), 

7.48 (ddd. J = 8.'2, 6.7, 1.'2 Hz, 1 H), 7.5'2 (br d. J = 8.'2 Hz, I H), 7.95 (dd, .I = 7.9. 

1.0 Hz, I H), 8.06 (d, .I= 7.6 Hz, 1 H); IR (KBr) 1765 cm- 1 (C=O). FABMS 111/e 

269 (M+). Anal. Calcd for C16H15N03: C, 71.36; H, 5.61; N, 5.'20. Found: C, 71..+7; 

H, 5.71: '<, 5.18. 

t-Aeetoxy-3- mcthyl-9-(methoxymethyl)earbazole (19b ). Colorless needles 

(ether-hexane): mp 111-114 °C; 1H MR 0 '2.-tl (s, 3 H), 2.52 (s , 3 H), 3 .19 (s, 

3 H), 5.73 (s, '2 H), 6.99 (s, 1 H), 7.'25 (t, J = 7.9 Hz, 1 H), 7.-15 (t , .I = 7.9 Hz, 

1 H), 7.-19 (d, .I = 7.9 Hz, 1 H), 7.74 (s, 1 H), 8.0'2 (d , .I = 7.9 Hz, 1 H); IR (KBr) 

1769 cm- 1 (C=O). Anal. Ca lcd for C17H17N03: C, 7'2.07; 1-1 , 6.05; N, -1.94. Found: C, 

72.11; H, 6.11 ; N, 4.95. 

1-Aeetoxy- 9- methylcarbazole (20). Colorless needles (ether-hexane): mp 1'23-1'25 °C; 

1H NMR o '2.44 (s, 3 H), 3.98 (s, 3 H), 7.14 (dd, .I = 7.7, 1.4 Hz, 1 H), 7.18 (t, .I 

= 7.7 Hz. 1 H) 7.'24 (br t, J = 7.6 Hz, 1 H), 7.37 (br d, .I = 8.9 Hz, 1 H), 7.47 (ddd, 

J = 8.9, 7.6, 1.'2 Hz, 1 H), 7.96 (dd, .I = 7.7, 1.4 Hz, 1 H), 8.07 (br d, .I = 7.6 Hz, 

I H); IR (KBr) 1764 cm- 1 (C=O); FABMS m/e '239 (M+). Ana l. Calcd for 

CtsH 13N02: C, 75.30; H, 5.48; N, 5.85. Found : C, 75.01 ; H, 5.45; N, 5.71. 

Synthesis of Cannabifuran. To a so lution of lithium diisopropylamide (-17 mmol) in 

toluene (30 mL) at -78 °C were successively added ethyl hcptanoatc (7 .33 g) and a 

toluene so lution (-10 mL) of 4-isopropyl-7-mcthy l-2-bcnzofuranaldehydc3) (9, 6.06 g) . 

The mixture was wam1ed to -10 oc and stirred for 2 h. The mixture was then 

hydrolyzed with a so lution of AeOH (3.5 g) and water (50 mL), and was extracted with 

ether. The extract was dried (MgSO~) and solvent was evaporated to give a 

~-hydrowester as an orange oil: IR (neat) 3-150 cm- 1 (br, OH). A benzene so lution 
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(!50 mL) of the ester and p-toluenesulfonic acid (0.5 g) was boiled under reflux for 

1 h to effect dehydration. Silica gel column chromatography (ether/hexane, 1 :19) of the 

crude product afforded unsaturated ester 10 as a pale yellow oil (5.1 g): IR (neat) 1709 

em- 1 (C=O), 1632 cm- 1 (C=C). Compound 10 was stirred with diisobutylaluminium 

hydride (36 mmol) in toluene (50 mL) for 4 h at room temperature. The mixture was 

then treated with 1 N aq HCI (I 00 mL), and was extracted with ether. The extract was 

dried (MgS04). Evaporation of solvent gave allylic alcohol 11 (-1 .3 g). The alcohol 

was st irred with Acp (2.0 g), NEt3 (2.5 g), DMAP (-1 mg), and ether (20 mL) for 2 

h at room temperature. The mixture was then diluted with ether, and was washed 

(diluted aq HCI, saturated aq NaHC03, and water) and dried (MgSO 4). Evaporation of 

solvent ga,·e crude acetate ester 12. Purification by column chromatography on silica 

gel (ether/hexane, 1:19) gave pure (£)-3-( -1-isopropyl-7-methyl-2-benzofuranyl)-2-

pemylallyl acetate (12) as a colorless oil (3.88 g, 38% from 9): 1H NMR li 0.91 (t, 

J = 7.2 Hz, 3 H), 1.33 (d, J = 7.0 Hz, 6 H), 1.26-1.46 (m, 4 H), 1.61 (m, 2 H), 2.13 

(s, 3 H). 2.48 (s, 3 H), 2.61 (t, J = 8.1 Hz, 2 H), 3.18 (septet, J = 7.0, H), 4.68 

(d, J = 1.2 Hz, 2 H), 6.39 (s, 1 H), 6.68 (s, 1 H), 6.96 (d, J = 7.8 Hz, H), 7.01 

(d, J = 7.8 Hz, 1 H). Anal. Calcd for C22H300 3: C, 77.16; H, 8.83. Found : C, 77.38; 

H, 8.77. The £-configuration of 12 was established by an NOE experiment. Irradiation 

of at li -1.68 (AcOCH0 increased the intensity of the signal at /) 6.39 (vinyl H) by 

20%. 

Ester 12 (1.027 g, 3 mmol) was cyclocarbonylated as described above. The 

reaction mixture was washed (diluted aq HCI , saturated aq NaHC03, and water) and 

dried (l\\gS04) . Solvent was evaporated to give a brown oi l, which was purified by 

column chromatography on silica gel (ether/hexane, 1:30) to give 1-acetoxy-9-isopropyl-
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6-methyi-3-pentyldibenzofuran (13, 0.78-+ g, 7-+%) as a pale yellow oil: 1H NMR & 

0.90 (t, J = 7.0 Hz, 3 H), 1.35 (d , J = 6.8 Hz, 6 H), 1.30-1.40 (m, -+ H), 1.70 (m, 

2 H), 2.42 (s, 3 H), 2.53 (s, 3 H), 2.75 (t , J = 7.8 Hz, 2 H), 3.97 (septet , .I = 6.8 Hz, 

1 H), 6.89 (d, .! = 1.2 l-Iz, 1 H), 7.15 (d , .I = 7.6 Hz, I H), 7.22 (d, J = 7.6 Hz, 

1 H), 7.31 (d, J = 1.2 Hz, I H); IR (neat) 1778 em - t (C=O). Anal. Calcd for 

G
3
H

28
0 3: C, 78.38; H, 8.01. Found: C, 78.51; H, 7.85. 

Acetate 13 (336 mg), KOH (440 mg) , and MeOH (10 mL) were stirred for 1 

h at room temperature. The mixture was acidified with 6 1 aq HCI (5 mL), and was 

extracted with ether. The extract was dried (MgS04). Evaporation of solvent gave 

crude 9-isopropyl-6-mcthyl-3-pentyldibenzofuran-1-ol (14, 277 mg, 9-+ %) as a pale 

yellow solid. Recrystallization (hexane) gave colorless prisms: mp 80-81 °C (lit3 ) mp 

78-79 °C, lit. 10
) mp 80-81 °C); 1H NMR2

·
3l 6 0.89 (t, J = 7.0, 3 H), 1.28-1.30 (m, 

-+ H), 1.34 (d, J = 7.0, 6 H), 1.65 (m, 2 H), 2.53 (s, 3 H), 2.65 (t, .I = 7.6 Hz, 2 H), 

4.39 (septet, .I = 7.0 Hz, 1 H), 5.23 (s, 1 H), 6.43 (s, 1 H), 7.01 (s, 1 H), 7.16 (d, 

J = 7.9 Hz, 1 H), 7.17 (d, .I = 7.9 l-Iz, 1 H); IR (KBr) 3500 cm- 1 (OH); 13c 1MR 16 

& 1-+.0, 15 .0, 22.6, 2-+.3 (2C), 30.5, 31.0, 31.-+, 35 .8, 10-+.1, 109.8, 110.7, 118.4, 118.9, 

121.3, 127.4, 142.0, 143.2, 149.7, 154.4, 158.3. 

Acknowledgment. The author wishes to express his thanks to Professor Takamichi 

Yamagishi of Tokyo Metropolitan University for the recording of mass spectra. 
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CIJapter 4 

Palladium-Catalyzed Cyclocarbonylation of 3,3-Di(aryl)allyl Acetates 

Abstract 

Palladium-catalyzed cyclocarbonyla tion of 3,3-di(aryl)all yl acetates afforded p

(aryl)-substituted fused phenyl acetates where the cyclizati on occurred selecti vely on the 

more electron rich ring. 
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4-1. Introduction 

In the course of the study on the palladium complex-catalyzed cyclocarbonylation 

of cinnamyl compounds, it was found that some selectivities of this reaction arc very 

similar to those of benzannulation reaction of chromium-arylcarbcne complexes with 

alkyncs. When 3-(2-naphthyl)-, 3-(3-furyl)- , and 3-(3-thicnyl)allyl acetates were 

cyclocarbonylated by a palladium catalyst, 4-phcnanthryl acetate, 7-acctoxybenzofuran, 

and 7-acctoxybcnzothiophenc were selectively obtained, respecti vely , in good yields 

(Chapter 2, Scheme 2.3 and Chapter 3, Scheme 3.1)1
), while it was reported that, when 

2-naphthyl- and 3-furylcarbcne-chromium complexes were allowed to react with tolan, 

phenanthrene and benzofuran skeletons were selectively formed, respectively (Scheme 

(cr(C0)5 

~~ + 

6 6JC0)
5 

0 

Scheme 4.1 

Ph 
I 
c 
Ill 
c 
I 
Ph 

Ph 
I 
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--Cr(C0)3 
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K.H.Dotz (1978) 

Benzannulation Reaction of Chromium-Arylcarbene 
Complexes with Tolan 

These selectivities arc in good accordance with those of clcctrophilic substitution of 

aromat ic rings, and the similarities between the catalytic cyclocarbonylation and the 

benzannulation suggest that the cyclization step of these reactions proceeds through a 
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mechanism . Especially, the latter reaction has been considered to proceed via an 

alkcnylketenc chromium complex as an intermediate (sec note) 2 a) On the other hand, 

Dotz reported that the benzannulation of some diaryl-carbene chromium complexes 

having different aryl groups with tol an gave products formed by the cyclization at the 

more electron deficient aryl groups (Scheme 4.2)2bl. in order to obtain informat ion on 

the reaction mechanism of the catalytic cyclocarbonylation, the selectivity in the cyclo-

carbonylation of 3,3-di(aryl)ally l acetates has been investigated. 

~ 
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CF3~\ 
Cr(C0)5 

J 
CH3 
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+Ill~ 
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___:F3~1 ::':' _:_Cr(COh 

cH3 K.H.Dotz (1978) 

Scheme 4 .2 Benzannu lation Reaction of Unsymmetric 
Diarylcarbene-Chromium Complexes with Tolan. 

4-2. Results and Discussion 

3,3-Diphcnylallyl acetate (la) was cyclocarbonylated to give 4-phenyl-1-naphth yl 

acetate (2a) in a good yield in the presence of CO, Ac20, NEt3, and a catalytic amount 

of PdC12(PPh3) 2 (Table 4.1 , Run 1). The reaction was much slower than that of 

cinnamyl acetate, and the reaction time of 5-6 h was necessary to bring the reaction 

to completion even in the presence of 5% Pd-catalyst3
) 

When an unsymmetrically disubstituted substrate was used, eyclization can a priori 
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~ CO I A"20 I NEt3 J J OAc 

0 and/or 
PdCI2(PPh3l2 0 

I OAc OAc 

2 

Scheme 4.3 Palladium Catalyzed Cyclocarbonylationof y,y·Diarylallyl Acetates. 

Table 4 . 1 Palladium Catalyzed Cyclocarbonylation of y,y-Diarylallyl Acetates• 

Run Substrate Ar Ar' Reaction 

3 

4 
5 
6 

7 

8 

9 

Temp. t•c 

1a o- o- 160 

1b 
CH3-o- CH3-o-

160 

1c 
CH3-o- CF3-o-

160 

1d 

fJl o- 160 
130 

0 100 

Cl 

1e CH3-o- P- 160 

Cl 

Cl 

1f CH3o-Q- P- 160 

Cl 

CH3 

1g CH3-o- p- 160 

CH3 

•Reaction conditions: 

Substarte 5 mmol, PdCI2(PPh3)2 0.25 mmol, PPh3 0.25 mmol, 

Ac20 10 mmol, NEt3 11 mmol , benzene 5 ml, CO 55 kg/cm
2 

at room temp., 160 •c, 6 h . 

.. Determined by GLC 

Isolated Yield I 'lo 

2 

72 

84 

56 33 

48 " }·· 55 23 
trace trace 

41 0 

29 5 

39 .. 39 .. 
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occur at two different positions (Scheme 4.3) . In the case of 3-(2-furyl)-3-phenylallyl 

acetate (ld), annulation occurred both at the furan and benzene ring to form 7-phenyl

bcnzofuran and 4-(2-furyl)naphthalene skeletons, respectively (Run 4), where the 

bcnzofuran derivative (2d) was predominantly formed, although the selectivity was not 

so remarkable probably because of high reaction temperature . It is clear that this 

selectivity did not arise from the E/Z isomer ratio of substrate because, with regard to 

ld, £-isomer (91 %) was contained much more than Z-isomer (9 %). If there was 

no Ell isomerization under reaction conditions, the latter would have afforded 2d, the 

major product in the actual reaction. The selectivity was not affected when the reaction 

was carried out at 130 °C (Run 5), but the reaction itself did not proceed at 100 °C 

(Run 6). 

Similar selectivity was also found in the cyclocarbonylation of 3-(4-methyl

phenyl)-3-(4-trifluoromethylphenyl)allyl acetate (l c) (Run 3), where the two ary l 

substituents are expected to have the same steric effect on the annulation. The 

selectivity becomes more obvious when dichlorophenyl group was employed as the 

substituent of substrates (le and lf) (Run 7, 8). Especially in the case of le, although 

the starting material consisted of pure Z-isomcr having acetoxymethyl moiety cis- to the 

dichlorophenyl group, the only product Dbtained from the reaction mixture was 2e which 

was formed from the annulation on the tolyl group. The selectivities found for the 

reaction of le and 1f arc considered to arise not from the stcric hindrance by the chloro 

groups but from their electronic effect because the cyclocarbonylation of 3-(3,5-di

methylphenyl)-3-(4-methylphcnyl)allyl acetate (lg) resulted in the formation of a 1:1 

mixture of two isomeric products 2g and 3g (Run 9). These results clearly shows that 

eyclization occurred at the more electron rich rings. 
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We have already proposedla,b) a reaction mechanism for the cyclocarbonylation, 

which in\'olves a intramolecular cyclization of intermediary acyl-palladium complexes 

such as (Z-ArCH=CHCH2CO)Pd(OAc)(PPh3)
11 

or (Z-ArCH2CH=CHCO)Pd(OAc)(PPh3)
11 

(n = 1,2), to afford cyclic ketones (Scheme 4.4). The subsequent isomerization to 

naphthol and acetylat ion produce the final product. At present two mechanisms are 

considered to be possible for the cyclization step. One involves the intramolecular 

electrophilic attack of the acy l group coordinated by palladium on the aromatic ring 

(path i) analogously to the Friedel-Crafts acylation. In the other mechanism, cyclization 
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proceeds via an alkcny lketcne intermediate fom1cd by the ~-elimination of the butenoyl-

palladium complex (path ii). Participation of an alkcnylketcne intermediate was also 

proposed for the bcnzannulation reaction where the intermediate was formed by the 

coupling of a coordinating CO and the alkenylcarbcne ligand2 a) The selectivity shown 

here is consistent with electrophilic reaction on an aromatic ring, and is in good 

accordance with those which has already been found for the cyclocarbonylation. 1l On 

the other hand, these selectivities are opposite to those reported for benzannulation (vide 

supra). 

Furthermore, it was reported4) that a (1,4-dimethoxy-2-naphthylcarbene)chromium 

complex gives cyclization product in a good yield under bcnzannulation conditions 

(Scheme 4.5), although the cyclocarbonylation of 3-(1,4-dimethoxy-2-naphthyl)allyl 

acetate gave no cyclization product (Chapter 2, Scheme 2.4). 

OMe 

~OMo • 

MaO-- Cr(C0)4 

t-BuOMe 

so ·c 

Scheme 4.5 Benzannulation reaction of 
(1,4-dimethoxy-2-naphthyl)carbenecomplex. 

K.H.Dotz (1985) 

Considering these differences between both reactions, the mechanism including 

clectrophilic attack of the acyl group (path i) seems to be more probable, although the 
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participation of the alkenylketene intermediate (path ii) cannot be completely denied 

because there is a large difference in reaction temperature between them, that is, 160 

oc for the palladium catalyzed cyclocarbonylation and 50-70 °C for the benzannulation 

of arylcarbene complexes. 

Conclusion 

The cyclocarbonylation is shown to be effective for the synthesis of biaryl 

systems and its cyclization step is proved to be an electrophilic reaction by nature. 

4-3. Experimental. 

1H and 13C NMR spectra of CDCI3 solutions were recorded with a JEOL-GX400 

spectrometer. Tetramethylsilane served as an internal standard. GLC analysis was 

performed with Shimadzu GC-14A instrument equipped with a fl ame ionization detector 

and a 25 m Hicap-CBP1 capillary column. Helium was the carrier gas. 

PdClz(PPh3)z was prepared by a published method.5) Ac20, NEt3, and all 

solvents were dried, and then were distilled under nitrogen. General procedure for the 

preparation of substrates was described for lb. The substrates lc, d, f, and g were 

obtained as E/Z mixtures and employed in the catalytic reaction without separation. The 

E/Z configurations of lc-f were determined by 1H- 1H 20-NOESY NMR. The E/Z 

configuration of lg was not determined. 

3,3-Diphenylallyl acetate (la). Colorless oil after purification by silica gel column 

chromatography (EtOAc/hexane, 1: 19). Obtained in 73 % yield from benzophenone. 

1H NMR6) 6 2.03 (s, 3H,-COCH3) , 4 .63 (d, J = 7.0 Hz, 2H, CHz), 6.18 (t, J = 7.0 

Hz, 1H, vinyl) , 7.15-7.34 (m, 10H, Ar). 13C NMR 6 20.8, 62.5, 122.3, 127.5, 127.6, 

127.7, 128.1, 128.2, 129.5, 138.6, 141.4, 146.2, 170.5. 
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3,3-Di(4-methylphenyl)a llyl acetate (lb). A mixture of ~,4 '-dimethylbcnzophenone (50 

mmol), ethyl bromoacetate (55 mmol), zinc (coarse powder, 55 mmol), (MeOhB (20 

mL), and THF (20 mL) was stirred for 16 h at room temperature. The mixture was 

then hydrolyzed with glycerin (20 mL) and aqueous NH3 (28 %, 20 mL), and was 

extracted with ether. The extract was washed (H20) and dried (MgS04), and the 

solvent was evaporated to give a 13-hydroxy ester (9.3 g, 63 %) as yellow blocks: IR 

(KBr) 1711 cm-1 (C=O), 3500 cm- 1 (OH). A benzene solution (100 mL) of the ester 

(9.3 g) and p-toluenesulfonic acid (0.3 g) was boiled under reflux for 5 h to effect 

dehydration. The mixture was washed (10 % NaHC03, H20 ) and evaporation of the 

solvent gave a crude unsaturated ester as an yellow oil (9 .0 g): IR (neat) 1726 cm- 1 

(C=O), 1610 cm- 1 (C=C). The crude ester (9.0 g) was stirred with diisobutylaluminium 

hydride (75 mmol) in toluene (100 mL) for 16 h at room temperature. The mixture was 

then treated with 1 N aq HCI (1 00 mL) and was extracted with ether. Evaporation of 

the solvent and recrystallization from hexane gave allylic alcohol as colorless blocks 

(5.64 g). The alcohol (10 mmol) was stirred with Ac20 (12 mrnol), NEt3 (15 mmol), 

DMAP (20 mg), and ether (20 mL) for 36 h at room temperature. The mixture was 

then diluted with ether, and was washed (d ilu ted aq HCI, 10 % aq NaHC03, and 

water), and dried (MgS04). Evaporation of the solvent gave a White powder (2.6 g, 93 

%). Recrystallization from hexane gave pure I b as colorless blocks. Mp 85-87 °C. 

I H NMR & 2.06 (s, 3H, COCH3), 2.32 (s, 3H, Ar-CH3), 2.37 (s, 3H, Ar-CH3), 4.63 

(d, J = 7.0 Hz, 2H, CHz), 6.11 (t, J = 7.0 Hz, 1H, vinyl), 7.04-7.21 (m, 8H, Ar). 

13C NMR & 21.0, 21.1, 21.2, 62.8, 121.1, 127.6, 128.8, 128.9, 129.6, 135.8, 137.4, 

137.6, 138.9, 146.2, 170.8. 

3- {4-Methylphenyl)-3-(4-tri nuoromethylphenyl)a llyl aceta te (l c, E/Z = 36:64). Pale 
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yellow solid after puri ficat ion by silica gel column chromatography (EtOAc/hexane, 1 :1-l). 

Obtained in 69 % yield from (4-methylphcnyl)-(4-trifluoromethylphenyl)ketonc. £

isomer; 1H NMR 6 2.07 (s, 3H, COCH3), 2.38 (s, 3H, Ar-CH3), 4.67 (d, J = 6.9 Hz, 

2H, CH~, 6.20 (t, J = 6.9 Hz, 1H, vinyl), 7.05 (d, J = 7.9 Hz, 2H, Ar), 7.20 (d, J 

= 7.9 Hz, 2H, Ar), 7.36 (d, J = 7.9 Hz, 2H, Ar), 7.52 (d, J = 7.9 Hz, 2H, Ar). Z

isomer; 1H NMR 6 2.06 (s, 3H, COCH3), 2.33 (s, 3H, Ar-CH3), 4.59 (d, J = 7.1 Hz, 

2H, CH~, 6.23 (t, J = 7.1 Hz, 1H, vinyl), 7.11 (s, 4H, Ar), 7.31 (d, J = 7.9 Hz, 2H, 

Ar), 7.64(d, J = 7.9 Hz, 2H, Ar). 

3-(2-Furyl)-3-phenylallyl acetate (ld, Ell = 91 :9). Colorless oil after purification by 

silica gel column chromatography (EtOAc/hexane, 1:9). Obtained in 49 % yield from 

(2-furyl)phenylketone. £-isomer; 1H NMR 6 2.03 (s, 3H, COCH3), 4.58 (d, J = 7.3 

Hz, 2H, CH~, 5.91 (d, J = 3.4 Hz, lH, fury!), 6.31 (dd, J = 1.8, 3.4 Hz, 1H, fury!), 

6.37 (t, J = 7.3 Hz, lH, vinyl) , 7.24-7.28 and 7.33-7.48 (m, 6H, Ph and fury!) . z

isomer; 1H NMR 6 2.09 (s, 3H, COCH3), 5.10 (d, J = 6.1 Hz, 2H, CH~, 5.78 (t, J 

= 6.1 Hz, 1H, vinyl), 6.24 (d, J = 3.4 Hz, lH, fury!), 6.41 (dd, J = 1.8, 3.4 Hz, 1H, 

fury!), 7.24-7.28 and 7.33-7.48 (m, 6H, Ph and fury!). 

(Z)-3-(2,5-Dichlorophenyl)-3-(4-mcthylphenyl)allyl acetate (le). Colorless oil after 

purification by silica gel column chromatography (ether/hexane, 1 :9). 39 % yield from 

(2,5-dichloropheny1)(4-mcthylphenyl)ketone. 1 H NMR 6 2.08 (S, 3H, COCH3), 2.34 (s, 

3H, Ar-CH3), 4.58 (d, J = 7.0 Hz, 2H, CH~, 6.18 (t, J = 7.0 Hz, 1H, vinyl), 7.09 (d, 

J = 1.8 Hz, 2H, Ar), 7.10-7.11 (m, 4H, Ar) , 7.35 (d, J = 1.8 Hz, 2H, Ar) . 

3-(2,5-Dichlorophenyl)-3-(4-methoxyphenyl)allyl acetate (If, E/Z = 36:64). Colorless 

oil after purification by sil ica gel column chromatography (EtOAc/hexane, 1:7). Obtained 

in 78 % yield from (2,5-dichlorophenyl)(4-methoxyphenyl)ketone. Major isomer 1H 
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NMR li 2.08 (S, 3H, COCH3) , 3.81 (s, 3H, OCH3), 4.56 (d, J = 7.0 Hz, 2H, CHz), 

6.14 (t, J = 7.0 Hz, 1H, viny l), 6.84 (d, J = 9.2 Hz, 2H, Ar), 7.09 (d, J = 1.9 Hz, 

2H, Ar), 7.14 (d, J = 9.2 Hz, 2H , Ar), 7.38 (t, J = 1.9 Hz, 1H, Ar). Minor isomer 

1H NMR li 2.05 (s, 3H, COCH3), 3.85 (s, 3H, OCH3), 4.65 (d, J = 7.0 Hz, 2H, CHz), 

6.11 (t, J = 7.0 Hz, lH, vinyl), 6.93 (d, J = 8.9 Hz, 2H, Ar), 7.07 (d, J = 8.9 Hz, 

2H, Ar), 7.13 (d, J = 1.8 Hz, 2H, Ar), 7.26 (t, J = 1.8 Hz, 1H, Ar). 

3-(2,5-Dimethylphenyl)-3-(4-methylphenyl)allyl acetate (lg, E/Z or Z/E = 53:47). 

Colorless oil after purification by si lica gel column chromatography (EtOAc/hexanc, 1:24). 

Obtained in 65 % yield from (2,5-dimcthylphcnyl)(4-methylphenyl)ketone. 1H NMR 

li 2.05 (s, 6H, COCH3), 2.25 (s, 3H, m-CH3), 2.29 (s, 3H, m-CH3), 2.32 (s, 3H, p'

CH3), 2.37 (s, 3H, p'-CH3), 4.62 (d, J = 7.0 Hz, 2H, CHz), 4.63 (d, J = 7.0 Hz, 2H, 

CHz), 6.100 (t, J = 7.0 Hz, 1H, vinyl), 6.104 (t, J = 7.0 Hz, 1H, vinyl), 6.78 (s, 2H, 

o-H), 6.87 (s, 2H, o-H), 6.90 (s, 1H, p-H), 6.95 (s, 1H, p-H), 7.06 (d, J = 7.9 Hz, 

2H, Ar), 7.07 (d, J = 7.9 Hz, 2H, Ar), 7.15 (d , J = 7.9 Hz, 2H, Ar), 7.17 (d, J = 7.9 

Hz, 2H, Ar). 

Palladium Catalyzed Cyclocarbonyla tion of 3,3-Diarylallyl Acetates. The following 

procedure is representative. A mixture of la (5 mmol), PdC1 2(PPh3)z (0.25 mmol), 

Ac20 10 mmol), NEt3 (11 mmol), and benzene (4 mL) in a stainless steel autoclave 

was pressurized with CO (55 kg/cm2 at room temperature) and was heated at 160 oc 

for 6 h with stirring. Then the autoclave was cooled and CO was discharged. The 

mixture was diluted with ether, washed (dilute aq HCl, saturated aq NaHC03, and 

water), and dried (MgS04). Solvent was evaporated and crude product was purified by 

silicagel column chromatography (EtOAc/Hexane, 1:19) and recrystallization (hexane) to 

give 4-phenyl-1-naphthyl acetate (2a) as pale orange blocks. Mp 69-70 oc. 1H NMR 
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o 2.-H (s, 3H, COCH3), 7.29 (d, J = 7.6 Hz, 1H, AI), 7.37 (d, J = 7.6 Hz, 1H, Ar), 

7.39-7.52 (m, 6H, Ar), 7.80 (d, J = 8.4 Hz, 1H, Ar), 7.97 (d, J =8.4 Hz, 1H, Ar). 

13c NMR o 21.0, 117.6, 121.3, 126.3, 126.4, 126.48, 126.50, 126.9, 127..!, 128.3, 130.1, 

132.8, 138.5, 140.2, 146.1, 169.5. 

7-Methyl-4- (4-methylphenyl)-1-naphthyl acetate (2b). Pale orange blocks from 

hexane. Mp 107-109 oc. 1H NMR o 2.44 (s, 3H, AI-CH3), 2.49 (s, 3H, COCH3), 

2.51 (s, 3H, AI-CH3) , 7.23 (d, J = 7.6 Hz, 1H, AI) , 7.27 (d, J = 8.5 Hz, 1H, Ar), 

7.28 (d, J = 8.0 Hz, 2H, AI), 7.31 (d, 1 = 7.6 Hz, 1H, AI) , 7.36 (d, J = 8.0 Hz, 2H, 

Ar), 7.65 (s, 1H, AI) , 7.81 (d, J = 8.5 Hz, 1H, AI) . 13C NMR & 21.0, 21.2, 21.8, 

117.7, 120.1, 125.4, 126.5, 127.1, 128.7, 128.9(2C), 130.0(2C), 131.2, 136.1, 136.9, 

137.4, 138.3, 145.4, 169.7. 

7-Methyl-4-(4-trifluoromethylphenyl)-1-naphthyl acetate (2c). Colorless needles from 

hexane. Mp 96-97 °C. 1H NMR & 2.50 (s, 3H, COCH3), 2.52 (s, 3H, Ar-CH3) , 7.26 

(d, J = 7.6 Hz, 1H, Ar), 7.30 (d, J = 8.5 Hz, 1H, Ar), 7.31 (d, J = 7.6 Hz, lH, Ar), 

7.57 (d, 1 = 7.9 Hz, 2H, Ar), 7.69 (s, 1H, Ar), 7.69 (d, J = 8.5 Hz, 1H, Ar), 7.73 (d, 

J = 7.9 Hz, 2H, Ar). 

4- (4-Methylphenyl)-7-trinuoromethyl-1-naphthyl acetate (3c). Colorless needles from 

hexane. Mp 120-122 °C. 1H NMR & 2.45 (s, 3H, Ar-CH3), 2.51 (s, 3H, COCH3), 

7.31 (d, J = 8.4 Hz, 2H, AI), 7.33 (d, J = 8.4 Hz, 2H, Ar), 7.39 (d, J = 7.9 Hz, 1H, 

Ar), 7.52 (d, 1 = 7.9 Hz, lH, AI) , 7.60 (d, J = 9.1 Hz, 1H, Ar), 8.03 (d, J = 9.1 Hz, 

1H, Ar) , 8.24 (s, lH, Ar). 

4-Acetoxy-7-phenylbenzofuran (2d). Pale brown blocks from benzene-hexane. Mp 

52-54 oc. 1H NMR & 2.41 (s, 3H, COCH3), 6.74 (d, 1 = 2.3 Hz, lH, furyl), 7.09 (d, 

1 = 7.09 Hz, 1H, Ar), 7.39 (t, J = 8.0 Hz, 1H, Ar) , 7.44 (d, 1 = 7.9 Hz, 1H, Ar), 
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7.49 (t, J = 8.0 Hz, 2H, Ar), 7.66 (d, J = 2.3 Hz, 1H, fury!) , 7.81 (d, J = 8.0 Hz, 2H, 

Ar). 13C NMR li 21.0, 104.0, 115.8, 121.6, 123.8, 124.1, 127.7, 128.58, 128.61, 135.9, 

143.0, 145.1, 153.2, 169.0. 

4- (2-Furyl)-1-naphthyl acetate (3d). Pale brown blocks from benzene-hexane. Mp 

86-89 oc. 1H NMR li 2.48 (s, 3H, COCH3) , 6.58 (dd, J = 1.8, 3.4 Hz, 1H, fury!), 

6.69 (dd, J = 0.6, 3.4 Hz, 1H, fury!), 7.29 (d, J = 7.9 Hz, Ar), 7.53-7.58 (m, 2H, Ar), 

7.62 (dd, J = 0.6, 1.8 Hz, 1H, fury !), 7.70 (d, J = 7.9 Hz, 1H, Ar), 7.92-7.94 (m, 1H, 

Ar), 8.39-8.41 (m, 1H, Ar). 13C NMR li 21.0, 109.4, 111.4, 117.7, 121.5, 125.9, 126.0, 

126.5, 127.00, 127.04, 127.1, 131.7, 142.5, 146.6, 152.9, 169.3. 

4-(2,5-Dichlorophenyl)-7 -methyl-I -naphthyl acetate (2e). Colorless needles from 

hexane. Mp 159-161 °C. 1H NMR li 2.51 (s, 3H, COCH3), 2.54 (s, 3H, Ar-CH3) , 

7.25 (d, J = 7.5 Hz, 1H, Ar) , 7.30 (d, J = 7.5 Hz, 1H, Ar), 7.33 (d, J = 8.6 Hz, 1H, 

Ar), 7.36 (d, J = 2.1 Hz, 2H, Ar), 7.43 (t, J = 2.1 Hz, 1H, Ar), 7.68 (s, 1H, Ar) , 7.70 

(d, J = 8.6 Hz, lH, Ar). 13C NMR & 21.1, 21.9, 117.7, 120.5, 125.62, 125.64, 127.2, 

127.5, 128.5, 129.4, 130.6, 134.8, 135.4, 136.6, 143.4, 16.4, 169.5. 

4-(2,5-Dichlorophenyl)-7-methoxy-1-naphthyl acetate (21). Pale yellow needles from 

hexane. Mp 163-165 °C. 1 H NMR & 2.49 (s, 3H, COCH3), 3.92 (s , 3H, OCH3), 

7.14-7.17 (m, 2H, Ar), 7.20 (d, J = 7.8 Hz, lH, Ar), 7.25 (d, J = 7.8 Hz, 1H, Ar); 

7.34 (d, J = 1.8 Hz, 2H, Ar), 7.41 (t, J = 1.8 Hz, 1H, Ar), 7.70 (d, J = 8.9 Hz, 1H, 

Ar) . 13C NMR & 21.1, 55.3, 100.0, 11 8.2, 119.5, 124.2, 127.46, 127.49, 127.8, 128.3, 

128.5, 134.8, 135.4, 143.3, 145.8, 158.2, 169.3. 

6,8-Dichloro-4-(4-methoxyphenyl)-1-naphthyl acetate (31) . Pale yellow needles from 

hexane. Mp 131-135 oc. 1H NMR li 2.44 (s, 3H, COCH3), 3.89 (s, 3H, OCH3) , 7.03 

(d, J = 8.4 Hz, 2H, Ar) , 7.21(d, J = 7.8 Hz, 1H, Ar), 7.3 1 (d, J = 8.4 Hz, 2H, Ar), 
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7A3 (d, J = 7.8 Hz, 1H, Ar), 7.55 (d, J = 2.1 Hz, 1H, Ar), 7.79 (d , .! = 2.1 Hz, 1H, 

Ar) . 13C NMR & 21.7, 55.4, 114.1 , 121.3, 125.3, 128.6, 129.4, 129.9, 130.6, 131.1, 

131.3, 131.8, 135.7, 138.7, 145.1, 159.4, 170.2. 

4-(2,5-Dimethylphenyl)-7-methyl-1-naphthyl acetate (2g). Obtained as a colorless oil 

which was a mixture with 3g. 1 H NMR & 2.39 (s, 6H, m-CH3) , 2.49 (s, 3H, CH
3
) , 

2.52 (s, 3H, CH3), 7.06-7.08 (m, 3H, Ar), 7.21-7.33 (m, 3H, Ar), 7.65 (s, 1H, Ar), 

7.81 (d, J = 8.5 Hz, 1H, Ar). 

6,8-Dimethyl-4-(4-methylphenyl)-1-naphthyl acetate (3g). Recrystallization of a 

mixture with 2g from hexane gave pure 3g as colorless blocks. Mp 118-120 oc. 1H 

NMR & 2.34 (s, 3H, Ar-CH3), 2.42 (s, 3H, COCH3) , 2.45 (s, 3H, Ar-CH
3
), 2.78 (s, 

3H, Ar-CH3) , 7.07 (d, J = 7.9 Hz, 1H, Ar), 7.11 (br s, 1H, Ar) , 7.27-7.34 (m, 5H, 

Ar), 7.49 (br s, lH, Ar). 13C NMR & 21.2, 21.5, 21.7, 23.8, 118.5, 124.2, 124.8, 

126.5, 128.9, 130.0, 131.8, 132.3, 134.7, 135.4, 136.8, 138.2, 138.6, 146.8, 170.1. 
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Notes 

On the mechanism of the bcnzannulation, the following results arc reported as the 

evidences which suggest the existence of a lkenylkctene intermediates. 

1) Formation of alkenylketene complexes from carbene complexes and alkynes. 

OMe 

~Cr(CO)s + 

~iMe3 

c 
Ill 
c 
I 
SiMe3 

MeO 

p\SiMe3 

I M s· ·~ (CObCr e 3 I 0 

K.H.Dotz (1980) .71 

benezene 
NMe2 CH 
~3 

IC0)5Cr .p 
70 "C, 2 h 

43 'lo 

W.D.Wulff (1990).81 

2) Isolation of cyclobutenones possibly formed by cyclization of alkcnylketene moieties . 

F OMe 

OCCr( C0)5 + 

F 

OMe 

~ + 
Me Cr(C0)5 

Ph 
I 
c 
111-
c 
I 
Ph 

nOMe Ph 

Me 
• Cr(COb 

0 Ph 

K.H.Dotz (1978) .91 
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Abstract 

Chapter 5 

Novel Synthesis of Phenol Derivatives by Palladium- Catalyzed 

Cyclocarbonylation of 2,4-l'entadienyl Acetates 

Palladi um-catalyzed cyclocarbonylation of 2,4-pentadienyl acetates in the presence 

of NEt3 and AC20 selectively gives phenyl acetates in good yields . This reaction 

provides a versatile and general synthetic route for the synthesis of substituted phenols 

including 3,5- or 2,3-disubstituted phenyl esters, which are hardly obtainable by 

conventional electrophilic substitution reactions of phenol. 
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s-1. Introduction 

As described in the preceding chapters, the palladium catalyzed cyclocarbonylation 

is considered to proceed via an acyl-palladium complex (1) deri ved from allylic 

compound, CO, and palladium(O) complex (Scheme 5.1). It is expected that a sui table 

choice of substrates would make it possible for such an acy l complex to react with an 

organic moiety other than aromatic rings. Among such reactions, the carbonylation of 

an allyl compound having another C=C double bond within a molecule seems attractive 

because the double bond would insert into the acyl-palladium bond (Scheme 5.2). The 

insertion of a carbon-carbon multiple bond into an acyl-metal bond is known as "acyl-

metalation", (Chapter 1, 1-3-1). Typical examples of them arc illustrated in Scheme 

5.3,1) and 5.42 ) The reactions illustrated in Scheme 5.4 are discussed later in this 

chapter. Although so many are reported on acyl-metalation, their application for the 

syntheses of six-membered aromatic rings arc very few. One example is the nickel 

catalyzed synthesis of m-cresol from mcthallyl chloride, acetylene, and CO (Scheme 

5.5).3) It was proposed that this reaction involved an intramolecular acyl-nickclation of 

~OAc~O (j\t 
. Pd ~dl,~ 

0 OAc 

Scheme 5.1 Cinnamyl System. 

/~OAc 
R - e-C) 

Pdln 0 

----------~Pd~~~ 
acyl-palladation 

0 

1' 

Scheme 5.2 2,4-Pentadienyl System. 
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+co 

~Br 

+c-c-ct 
II n 
0 

CO 42 atm o 
Pd(OAc)2- PPh3 5 mol 1o 
NEt3 1.5 eq 
MeOH 4 eq 

100 ·c. 14-24 h 
Y ~ H2 

co 42 atm 
Pd(dba)2 5 mol% 
NEt3 1.5 eq 

100 ·c. 14-24 h 
Y=O 

~ 
Ph 

-2o•c 

(a) 

A. Sen ( 1982) 1 
a) 

0 COOMe 

O)b 

(b) 

0 1b) 
E.Negishi (1986) 

F.Ozawa an · d A Yamamoto (1990) 
1C) 

1. Na2Fe(C0)4, PPh3 
2. AcOH 

0 

(d) 

1d ,e) 
J .P.Collman (1975) 

Sche me 5 .3 Acyi-Metalation Reactions. 
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n-Hex 

J=\_CI 

CO 42 atm 
NEt3 1.5 equiv. 
MeOH 4 equiv. 
PdCI2(PPh3)2 5 'to 

100"C, 24 h 
C6H6-CH3CN 

n-Hex n-Hex 

MeOOC~ MeOOC~ 
0 0 

50 % 2-3 Ofo 

Ph 
Ph 

MeOOC~ J=\_x ~ 
0 

n-Hex 

MeOOC~ 
0 

2-3 'to 

33 'to (X= Cl) 
39%(X=Ms) 

~Br ~COO Me 

94 'to 

E.Negishi (1988)21 

Sche me 5.4 Palladium Catalyzed Carbonylation of Z -2,4-Pentadienyl Compounds. 

(1 atm) Acetone 
20 ·c 

2 
G.P.Chiusoli (1971)31 

Sc heme 5 .5 Ni-Catalyzed Formation of m-cresol 
from Metallyl Chloride , Acetylene, and CO. 

an intermediary acyl-nickel complex (2). As another application of the palladium-

catalyzed cyclocarbonylation, the author wishes to describe that of 2,4-pcntad icnyl 

acetates affording substituted phenyl acetates in this chapter. 
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s-2. Results and Discussion. 

In the presence of NEt3, Ac20 , and a catalytic amount of PdCii PPh3) 2, 5-

phenyl-2 ,4-pentadienyl acetate (3) was smoothly cyclocarbonylated to give 2-acetoxy-

biphenyl 4. No other identifiable product was detected by GC analys is. Reaction 

temperatures of 120-140°C were adequate for the reaction, and both of Ac20 and NEt3 

were essential to obtain the carbonylation product in a high yield. A react ion in the 

absence of Ac20 gave 2-biphenylol in 16% and 4 in 11% (conv. 100%) as ident ifi able 

products, while a reaction in the absence of NEt3 gave 4 in 9% (based on the starting 

3, conv. 52%). The effect of catalyst are summarized in Table 5.1. Palladium and 

Table 5.1 Effect of Catalyst on the Cyclocarbonylation of platinum phosphine complexes such as 
5-Phenyl-2,4-pentadienyl Acetate (3)'). 

Run Catalyst Conv. I% Yield of 4b) I% 

PdCJ2(PPh3)z 100 74 

2 PdCJ2(PMezPh)z 100 75 

Pd(PPh3)4 100 76 

Pd(0Ac)2 0 

NiBr2(PPh3)z 0 

PtCJ2(PPh3)z 91 76 

RhCI(PPh3)3 0 

RuCJ2(PPh3)] 44 26 

a) Reaction conditions: 3 3 mmol, catalyst 0.09 

mmol, AezO 6 mmol, NEt3 6 nunol, bcn.zene 5 

mL, CO 50 atm (at r.t.), 140 °C, 3h . 

b) Dctem1incd by GLC 

effective catalysts, and some ruthenium 

complexes such as RuCli PPh3)3 

showed a low catalytic activity (run 8). 

Other group 8 metal compounds 

including a nd 

RhCI(PPh3)3 were inactive. 

It should be noted that acetate 3 

was converted to 4 in a much higher 

yield than the corresponding chloride 

(33%, Table 5.2, Run 2) or ethyl carbonate (29%, Run 3), al though allylic acetates 

have been claimed to be poor substrates for carbonylation reactions 4 ) 

As shown in Table 5.2 and 5.3, various substituted phenyl esters were obtained 

in moderate to high yields by this unique cyclocarbonylation. Especially, 5-aryl-2 ,4-
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Table 5.2 Cyclocarbonylation of Substituted 5-Aryl-2,4-pentadienyl Acetate~• 

Run Substrate Product Isolated Yie ld (% )
0 

~OAc 
3 Q-0 4 69 (74) 

OAc 

2 ~CI I 3' Q-0 4 
(33) 

OAc 

3 ~OCOOEt Q-0 (24) 

3" OAc 
4 

4 ~OAc Q-OoMe 73 

MeO 5 OAc 6 

Cl 

5 ~OAc o-b 84 

8 ,.__ Cl 7 
OAc 

6 ~OAc Q-o 57 

9 10 
OAc 

7 ~OAc --Q-0 46 
12 

11 OAc 

8 ~ o-8 79 ;} OAc 
13 14 

OAc 

9 ~OAc Q-D 57 
15 

OAc 16 

10 ~OAc Q-D I 53 
OAc 

a Reaction conditions: 0 
GC yield in parentheses. 

substrate 3 mmol, PdCI2(PPh3)2 0.09 mmol , Ac20 6 mmol, 

NEt3 6.6 mmol, benzene 5 ml, CO 50 atm, 140 •c, 3h. 
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pentadienyl acetates arc good substrates for this reaction and substitucnts at 2- or 

4-position of the substrates seem to lower the yields of the products. In the reaction 

of rrans,trans,trans-2,4 ,6-undecatrienyl acetate, the six-membered ring formation again 

exclusively occurred to give o-(1-hexenyl)phenyl acetate, but the product was a mixture 

of the cis and trans isomers (Table 5.3, run 3). It is noteworthy that the present 

carbonylation is applicable to the synthesis of 3,5- and 2,3-disubstitutcd phenyl acetates 

(Table 5.2, run 6 and Table 5.3, run 2, respectively), which are difficult to be prepared 

by conventional electrophilic substitution reactions of phenol. This exemplifies the 

effectiveness of the cyclocarbonylation as a synthetic method for substiruted phenols. 

However, when E-3,5-di(p-tolyl)-2,4-pentadienyl acetate (23) was carbonylated under 

similar reaction conditions, cyclization toward the tolyl group at 3-position competed 

with the phenyl acetate formation to give naphthyl acetate 24 (17%) concurrent with the 

expected 2,4-di(p-tolyl)phcnyl acetate (38%) in spite of the E configuration of the 

substrate (Scheme 5.6). 

Table 5.3 Cyclocarbonylation of Substituted 2,4-Pentadienyl Acetates• 

Run 

2 

Substrate 

~OAc 
17 

'llOAc 

19 

3 Bun~OAc 
21 

Product Isolated Yield (%) 

Q- 16 51 

OAc 

--q 20 
40 

OAc 

~Bu
0 

~ 
OAc 

22 

52 .. 

"Reaction conditions: substrate 3 mmol, PdCI2 (PPh3 )2 0.09 mmol, 
Ac20 6 mmol, NEt3 6.6 mmol, benzene 5 ml , CO 50 atm, 140 ·c. 3h . 

.. trans I cis = 79 I 21. 
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Previously, Ncgishi reported that palladium-catalyzed cyclocarbonylation of cis-

2,4-pcntadicnyl chlorides in the presence of McOH and NEt3 yields cyclopcntenone 

derivatives, and that the cis configuration of the substrates is required for the cyclizarion 

(Scheme 5.4).2
) Although the catalytic systems arc closely rel ated to each other, the 

cyclocarbonylation described here is in sharp contrast to Negishi's reaction in that only 

six-membered products, but not fi ve-membered ones, arc selectively obtained and that 

substrates of trans configuration smoothly undergo the cyclization. The latter point is 

especially advantageous from a synthetic point of view. As expected, carbonylation of 

3 under Negishi's conditions resulted in the fom1ation of methyl (3£,5£)-6-phenyl-3,5-

hexad ienoatc (60%) and methyl (2£,4£)-6-phcnyl-2,4-hexadienoate (13%, Scheme 5.7). 

The present reaction is considered to proceed via a hexadienoylpalladium complex 

(Scheme 5.2) , which is generated by oxidative addition of a pcntadienyl acetate to 

0 CO I Ac20 I NEt3 N-\ PdCI2!PPh3)2 

OAc 
23 

Scheme 5.6 

~OAc CO I MeOH I NEt3 

3 

Scheme 5.7 

+ OAc 

OAc 

24 (17 %) 25 (38 %) 

~OMe 26(60 %) 

+ 

~OMe 27(13 % ) 
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a Pd(O) species followed by CO insertion. In the absence of a nudeophilc such as 

MeOH, the hexadienoylpalladium complex would undergo cis-trans isomerization of the 

internal double bond and intramolecular insertion of the terminal C=C double bond into 

the Pd-C bond. Subsequent ~-elimination gives a cyclohexadienone, which tautomerizes 

to afford the corresponding phenol and is finally acetylated by Ac20. Further 

investigation is necessary to elucidate the reason why the hexadienoyl palladium species 

selectively cyclizes to form a six-membered ring but not a five-membered one under 

the present reaction conditions. 

Conclusion 

The palladium cyclocarbonylation of 2,4-pentadienyl acetates was found to be 

effective for the general preparation of substituted phenols including 3,5- or 2,3-di

substituted phenyl esters which were hardly obtainable by conventional electrophilic 

substitution reaction of phenol. 

5-3. Experimental. 

Palladium catalyzed cyclocarbonylation of 2,4-pentadienyl acetates. The following 

procedure is representative. A mixture of 5-phenyl-2,4-pentadienyl acetate (0.606 g, 

3 mmol), PdC12(PPh3) 2 (63.2 mg, 0.09 mmol), AczO (0.613g, 6 mmol), NEt3 (0.668g, 

6.6 mmol), and benzene (1 0 mL) in a sta inless steel autoclave was pressurized with CO 

(50 atm) and was heated at 140°C for 3 h with stirring. Then the autoclave was 

cooled and CO was discharged. GLC analysis of the reaction mixture revealed that 

2-acetoxybiphenyl was formed in 71 %. The reaction mixture was diluted with ether, 

was washed with water, and dried over MgS04. Solvent was evaporated and the crude 

product was purified by sil ica gel column chromatography (hexane/ether, 6:1) and 
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bulb-to-bulb distillation to give pure 2-acctoxybiphenyl (69%) as colorless crystals. 

1H and 13c NMR spectra were recorded in CDC13 as solvent and with SiMe4 

as an internal standard. 

5-Phenyl-2,4-pentadienyl acetate (3). Colorless crystals: mp 60-62 °C; 1H NMR 6 

2.09 (3 H, s), 4.65 (2 H, d, J = 6.6 Hz), 5.87 (1 H, dt, J = 15.2, 6.6 Hz), 6.45 (1H, 

dd, 15.2, 10.5 Hz), 6.59 (1 H, d, 15.5 Hz), 6.77 (1 H, dd, 15.5, 10.5 Hz); 13C NMR 

o 170.7, 136.9, 134.5, 133.8, 128.6, 127.8, 127.7, 126.9, 126.5, 64.7, 20.9; iR (KBr) 

1740 cm-1 (C=O); HREIMS calcd for C13H140 2 202.0994, found 202.1011. 

(lE,3E)-5-Chloro-1-phenyl-1,3-pentadiene (3') . Pale yellow crystals: mp 43-48 °C 

(lit.S) mp 50-51 °C); 1H NMR 6 4.18 (2 H, d, J = 7.3 Hz), 5.92 (1 H, dt, J = 15.0, 

7.3 Hz), 6.46 (1 H, dd, J = 15.0, 10.1 Hz), 6.60 ( 1 H, d, J = 15.5 Hz), 6.77 (1 H, 

dd, J = 15.5, 10.1 Hz), 7.22-7.45 (5 H, m); 13C NMR 6 45.2, 126.6, 127.3, 128.0, 

128.5, 128.7, 134.3, 134.6, 136.8; HREIMS calcd for C11 H11 Cl 178.0550, found 

178.0565. 

Ethyl (2E,4E)-5-phenyl-2,4-pentadienyl carbonate (3"). Colorless oil: 1H NMR 6 

1.32 (3 H, t, J = 7.2 Hz), 4.22 (2 H, q, J = 7.2 Hz), 4.71 (2 H, d, J = 6.7 Hz), 5.89 

(1 H, dt, J = 14.9, 6.7 Hz), 6.49 (1 H, dd, J = 14.9, 10.5 Hz), 6.60 (1 H, d, J = 15.6 

Hz), 6.7J (1 H, dd, J = 15.6, 10.5 Hz), 7.22-7.41 (5 H, m); 13C NMR & 14.3, 64.0, 

67.9, 126.2, 126.5, 127.6, 127.9, 128.6, 134.1, 135.0, 136.8, 155.0; IR (neat) 1745 em-! 

(C=O). 

(2E,4E)-(4-Methoxyphenyl)-2,4-pentadienyl acetate (5). Colorless crystals: mp 63-64 

°C; 1H NMR & 2.08 (3 H, s), 3.81 (3 H, s), 6.64 (2 H, d, J = 6.7 Hz), 6.82 (1 H, 

dt, J = 15.1, 6.7 Hz), 6.43 (1 H, dd, J = 15.1, 10.3 Hz), 6.54 (1 H, d, J = 15.6 Hz), 

6.65 (1 H, dd, J = 15.6, 10.3 Hz), 6.86 (2 H, d, J = 8.7 Hz), 7.33 (2 H, d, J = 8.7 
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Hz); 13C NMR o 21.0, 55.3, 64.9, 114.1, 125.66, 125.70, 127.7, 129.8, 133.4, 135.0, 

159.5, 170.8; IR (KBr) 1740 cm-1 (C=O). 

(2E,4E)-5-(2-Chlorophenyl)-2,4-pentadienyl acetate (7). Colorless oil: 1H NMR o :2.10 

(3 H, s), 4.67 (2 H, d, J = 6.4 Hz), 5.93 (1 H, dt, J = 15.3, 6.4 Hz), 6.52 (1 H, dd, 

J = 15.3, 10.7 Hz), 6.75 (1 H, dd, J = 15.6, 10.7 Hz), 6.99 (1 H, d, J = 15.6 Hz), 

7.17 (1 H, td, J = 7.6, 1.5 Hz), 7.23 (1 H, td, J = 7.6, 1.5 Hz), 7.36 (1H, dd, J = 

7.6, 1.5 Hz), 7.56 (1H, dd, J = 7.6, 1.5 Hz); 13C NMR o 20.9, 64.5, 126.3, 126.8, 

128.1, 128.7, 129.4, 129.8, 130.1, 132.3, 134.1, 134.9, 170.7; IR (neat) 1740 cm- 1 

(C=O); HRE!MS calcd for C13H130 2CI 236.0605, found 236.0581. 

(2£,4£)-4-Methyl-5-phenyl-2,4-pentadienyl acetate (9). Colorless oil : 1H NMR o 

2.00 (3 H, d, J = 1.2 Hz), 2.10 (3 H, s), 4.69 (2 H, d, J = 6.7 Hz), 5.85 (1 H, dt, 

J = 15.3, 6.7 Hz), 6.49 (1 H, d, J = 15.3 Hz), 6.56 (1 H, br s), 7.21-7.36 (5 H, m); 

13C NMR o 13.8, 21.0, 65.2, 122.3, 126.8, 128.2, 129.2, 132.7, 134.7, 137.5, 139.6, 

170.9; IR (neat) 1745 cm-1 (C=O); HREIMS calcd for C14H160 2 216.1151, found 

216.1161. 

(2E,4E)-2-Methyl-5-phenyl-2,4-pentadienyl acetate (11). Colorless crystals: mp 35-

36 °C; 1H NMR o 1.89 (3 H, s), 2.10 (3 H, s), 4.58 (2 H, s), 6.24 (1 H, d, J = 11.0 

Itz), 6.58 (1 H, d, J = 15.6 Hz), 6.99 (1 H, dd, J = 15.6, 11.0 Hz), 7.22 (1 H, t, J 

= 7.3 Hz), 7.32 (2 H, t, J = 7.3 Hz), 7.42 (2 H, d, J = 7.3 Hz); 13C NMR o 14.7, 

21.0, 69.7, 124.2, 126.4, 127.6, 128.3, 128.6, 132.7, 133.3, 137.4, 170.9; IR (KBr) 1737 

cm-1 (C=O); HREIMS calcd for C14H160 2 216.1151 , found 216.1150. 

(2£,4£)-5-(1-Naphthyl)-2,4-pentadienyl acetate (13). Colorless crystals: mp 45-47 

oC; 1H NMR o 2.11 (3 H, s), 4.70 (2 H, d, J = 6.6 Hz), 5.94 (1 H, dt, J = 15.3, 6.6 

Hz), 6.61 (1 H, dd, J = 15.3, 10.7 Hz), 6.83 (1 H, dd, J = 15.3, 10.7 Hz), 7.37 (1 H, 
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d, J = 15.3 Hz), 7.45 (1 H, t, J = 7.8 Hz), 7.47-7.54 (2 H, m), 7.65 (1 H, d, J = 7.8 

Hz), 7.78 (1 H, d, J = 7.8 Hz), 7.85 (1 H, d, J = 7.3 Hz), 8.12 (1 H, d, J = 7.9 Hz); 

13c NMR o 21.0, 64.7, 123.47, 123.51, 125.6, 125.8, 126.1, 127.2, 128.2, 128.6, 130.5, 

131.1, 133.7, 134.3, 134.7, 170.7; IR (KBr) 1735 cm- 1 (C=O). 

(2E,4E)-5-(2-Furyl)-2,4-pentadienyl acetate (15). Colorless oil: 1H NMR 0 2.02 (3 

H, s), 4.57 (2 H, d, J = 6.4 Hz), 5.79 (1 H, dt, J = 15.4, 6.4 Hz), 6.22 (1 H, d, J 

= 3.4 Hz), 6.28-6.34 (3 H, m), 6.61 (1 H, dd, J = 15.6, 11.0 Hz), 7.30 (1 H, d, J = 

1.5 Hz); 13C NMR o 20.9, 64.7, 109.0, 111.6, 121.2, 126.3, 127.0, 134.1, 142.4, 152.8, 

170.7; IR (neat) 1737 cm- 1 (C=O). 

(2£,4£)-2,4-Hexadienyl acetate (17). Colorless oil: 1H NMR 0 1.77 (3 H, d, J = 6.7 

Hz), 2.06 (3 H, s), 4.57 (2 H, d, J = 6.7 Hz), 5.63 (1 H, dt, J = 15.3, 6.7 Hz), 5.76 

(1 H, dq, J = 15.0, 6.7 Hz), 6.05 (1 H, dd, J = 15.0, 10.7 Hz), 6.25 (1 H, dd, 15.3, 

10.7 Hz); 13C NMR 18.1, 21.0, 65.0, 123.7, 130.5, 131.3, 134.9, 170.8; IR (neat) 1738 

cm-1 (C=O); HREIMS calcd for C8H120 2 140.0838, found 140.0837. 

(E)-Dimethyl-2,4-pentadienyl acetate (19). Colorless oil: 1H NMR 0 1.84 (3 H, s), 

1.87 (3 H, s), 2.10 (3 H, s), 4.50 (2 H, s), 4.87 (1 H, s), 5.03 (1 H, s), 5.92 (1 H, 

s); 13c NMR o 15.5, 21.0, 23.3, 70.4, 115.9, 130.3, 131.4, 141.1, 170.9; IR (neat) 1745 

em-! (C=O); HREIMS calcd for C9H140 2 154.0994, found 154.0988. 

(2E,4E,6E)-2,4,6-Undecatrienyl-2,4-pentadienyl acetate (20). Colorless oil: 1H NMR 

0 0.89 (3 H, t, J = 7.0 Hz), 1.24-1.42 (4 H, m), 2.07 (3H, s), 2.10 (2 H, q, J = 7.3 

Hz), 4.59 (2 H, d, J = 6.7 Hz), 5.71 (1 H, dt, J = 15.0, 6.7 Hz), 5.75 (1 H, dt, J 

15.0, 7.3 Hz), 6.06 (1 H, dd, J = 15.0, 10.4 Hz), 6.10 (1 H, dd, J = 15.0, 10.4 Hz), 

6.23 (1 H, dd, J = 15.0, 10.4 Hz), 6.29 (1 H, dd, J = 15.0, 10.4 Hz); 13C NMR 0 

13.9, 21.0, 22.2, 31.4, 32.5, 64.9, 125.4, 129.0, 130.0, 134.7, 134.9, 136.7, 170.8; IR 
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(neat) 1742 cm-1 (C=O); HREIMS calcd for C13H200 2 208.1463, found 208.1488. 

(2E,4E)-3,5-Di(p-tolyl)-2,4-pentadienyl acetate (23). Colorless oil: 1H NMR & 2.10 

(3 H, s), 2.34 (3 H, s), 2.39 (3 H, s)4.95 (2 H, d, J = 7.2 Hz), 5.67 (1 H, t, J = 7.2 

Hz), 6.46 (1 H, d, J = 15.9 Hz), 7.13 (2 H, d, J = 7.9 Hz), 7.18 (1 H, d, J = 15.9 

Hz), 7.18 (2 H, d, J = 7.9 Hz), 7.24 (2 H, d, J = 7.9 Hz), 7.30 (2 H, d, J = 7.9 Hz); 

13c NMR & 21.0, 21.2, 21.3, 61.0, 123.6, 123.8, 126.6, 128.7, 128.9, 129.4, 134.2, 

134.6, 137.4, 137.9, 138.0, 143.8, 171.0; IR (neat) 1740 em- 1 (C=O). 

2-Acetoxybiphenyl (3). Colorless crystals: mp 60-62 oc (lit.6) 63-64 °C); 1H NMR 

& 2.08 (3 H, s), 7.13 (1 H, dd, J = 7.9, 1.2 Hz), 7.29-7.42 (8 H, m); 13C NMR & 

20.8, 122.8, 126.4, 127.4, 128.3, 128.5, 128.9, 130.9, 134.9, 137.7, 147.8, 169.3; IR 

(KBr) 1760 cm-1 (C=O); HREIMS calcd for C14H1p 2 212.0837, found 212.0833 . 

2-Biphenylol. Colorless crystals: mp 55-57 oc (lit.7) 59-60 °C); 1H NMR & 5.19 (1 

H, s), 6.98-7.02 (2 H, m) 7.24-7.30 (2 H, m), 7.39-7.51 (5 H, m); 13C NMR & 115.8, 

120.8, 127.9, 128.1, 129.10, 129.14, 129.3, 130.2, 137.1, 152.4; IR (KBr) 3520 cm- 1 

(0-H). 

2-Acetoxy-4'-methoxybiphenyl (6). Colorless crystals: mp 84-85 °C; 1H NMR & 2.10 

(3 H, s), 3.84 (3 H, s), 6.94 (2 H, d, J = 8.9 Hz), 7.11 (1 H, dd, J = 7.8, 1.4 Hz), 

7.27-7.40 (3 H, m) , 7.35 (2 H, d, J '= 8.9 Hz), 13C NMR & 20.9, 55.2, 113.8, 122.8, 

126.4, 128.1, 130.0, 130.8, 134.5, 147.8, 159.1, 169.4; IR (KBr) 1755 cm- 1
• 

2- Acetoxy-2' - chlorobiphenyl (8). Colorless crystals: mp 70-71 oc (lit8 ) 73 °C); 1H 

NMR & 2.00 (3 H, s), 7.20 (1 H, d, J = 7.9 Hz), 7.24-7.34 (5 H, m), 7.42-7.48 (2 

H, m); 13C NMR & 20.6, 122.4, 125.8, 126.4, 129.0, 129.2, 129.4, 131.1, 131.4, 132.4, 

133.5, 136.3, 148.1, 169.0; IR (KBr) 1760 cm- 1 (C=O); HREIMS calcd for C14H11 0 2CI 

246.0448, found 246.0439. 
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2-Acetoxy-6-methylbiphenyl (10). Colorless oil: 1H NMR 1i 1.87 (3 H, s), 2.12 (3 

H, s), 6.95 (1 H, d, J = 7.6 Hz), 7.16-7.19 (3 H, m), 7.25-7.41 (4 H, m); 13C NMR 

1i 20.4, 20.5, 119.7, 127.2, 127.8, 128.0, 128.1, 129.4, 135.0, 136.5, 138.2, 148.5, 169.7; 

!R (neat) 1765 cm- 1; HRE!MS ealcd for C15 H140 2 226.1005, found 226.0999. 

2-Acetoxy-4-methylbiphenyl (12). Colorless oil: 1H NMR 1i 2.08 (3 H, s), 2.39 (3 

H, s), 6.95 (1 H, s), 7.12 (1 H, d, J = 7.6 Hz), 7.30 (1 H, d, J = 7.6 Hz), 7.30-7.40 

(5 H, m). 13C NMR o 20.8, 21.0, 123.3, 127.2, 128.2, 128.8, 130.6, 131.9, 137.7, 138.8, 

147.6, 169.5; IR (neat) 1762 em-1. 

2-(1-Naphthyl)phenyl acetate. Pale ye llow oil: 1H NMR 0 1.75 (3 H, s), 7.24 (1 H, 

dd, J = 7.9, 1.2 Hz), 7.35-7.61 (8 H, m), 7.86-7.90 (2 H, m); 13C NMR o 20.4, 122.7, 

125.1, 125.6, 125.8, 125.99, 126.04, 127.3, 128.05, 128.08, 128.14, 128.8, 131.7, 132.0, 

133.41, 133.44, 148.7, 169.3; IR (neat) 1767 em-1 (C=O). 

2-(2-Furyl)phenyl acetate (16). Colorless oil: 1 H NMR o 2.37 (3 H, s), 6.48 (1 H, 

dd, J = 3.4, 1.8 Hz), 6.68 (1 H, dd, J = 3.4, 0.8 Hz), 7.13 (1 H, m), 7.29 (2 H, m), 

7.48 (1 H, dd, J = 1.8, 0.8 Hz), 7.82 (1 H, m); 13C NMR o 21.2, 108.9, 111.7, 123.4, 

123.8, 126.3, 127.0, 128.1, 142.2, 146.3, 149.7, 169.0; IR (neat) 1768 cm-1
. 

o-Tolyl acetate (18). Colorless oil: 1H NMR o 2.18 (3 H, s), 2.32 (3 H, s), 7.00 (1 

H, dd, J = 7.9, 1.2 Hz), 7.14 (1 H, td, J = 7.4, 1.2 Hz), 7.18-'7.24 (2 H, m), 13C 

NMR 0 16.1, 20.8, 121.9, 126.0, 126.9, 130.1, 131.1, 149.4, 169.2; IR (neat) 1760 em- 1; 

HREIMS calcd for C9H100 2 150.0681, found 150.0690. 

3,5-Dimethylphenyl acetate (20). Colorless oil: 2.28 (3 H, s), 2.31 (6 H, s), 6.69 (2 

H, s), 6.86 (1 H, s); 13C NMR o 21.1, 21.2, 119.1, 127.6, 139.3, 150.6, 169.7; IR 

(neat) 1765 em-1 (C=O); HREIMS ealcd for C10H1p 2 164.0837, found 164.0853. 

(E)-2-(1-Hexenyl)phenyl acetate (E-22). Colorless oil: 1H NMR o 0.97 (3 H, t, J 
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= 7.2 Hz), 1.32-1.57 (4 H, m), 2.21 (2 H, q, J = 7.0 Hz), 2.33 (3 H, s), 6.22 (1 H, 

dt, J = 15.9, 7.0 Hz), 6.37 (1 H, d, J = 15.9 Hz), 7.00 (1 H, dd, J = 7.4, 1.8 Hz), 

7.18 (1 H, dt, J = 7.4, 1.8 Hz), 7.22 (1 H, dt, J = 7.4, 1.8 Hz), 7.51 (1 H, dd, J = 

7.4, 1.8 Hz); 13C NMR 6 13.9, 20.9, 22.2, 31.4, 33.0, 122.5, 123.0, 126.1, 126.6, 127.6, 

130.5, 133.9, 147.6, 169.3; IR (neat) 1760 cm- 1 (C=O); HREIMS calcd for C14H180 2 

218.1307, found 218.1291. 

(Z)-2-(1-Hexenyl)phenyl acetate (Z-22). Obtained as a mixture with (£)-2-(1-

Hexcnyl)phenyl acetate. 1H NMR 6 0.85 (3H, t, J = 7.2 Hz), 1.28-1.57 (4 H, m), 

2.15-2.21 (2 H, m), 2.27 (3 H, s), 5.74 (1 H, dt, J = 11.7, 7.3 Hz), 6.27 (1 H, d, J 

= 11.8 Hz), 7.04 (1 H, dd, J = 7.9, 1.5 Hz), 7.17-7.31 (3 H, m). 

6-Methyl-4-(2-p-tolylcthenyl)-1-naphthyl acetate (24) . Colorless crystals: mp 

137-139 °C; 1H NMR 6 2.38 (3 H, s), 2.48 (3 H, s), 2.53 (3 H, s), 7.08 (1 H, d, J 

= 16.1 Hz), 7.21 (2 H, d, J = 8.1 Hz), 7.22 (1 H, d, 7.9 Hz), 7.39 (1 H, dd, J = 8.8, 

1.7 Hz), 7.49 (2 H, d, J = 8.1 Hz), 7.64 (1 H, br s), 7.64 (1 H, d, J = 7.9 Hz), 7.76 

(1 H, d, J = 16.1 Hz), 8.12 (1 H, d, J = 8.8 Hz); 13C NMR 6 21.1, 21.3, 21.8, 118.1, 

120.4, 122.1, 124.1, 124.3, 126.6, 126.9, 128.8, 129.4, 130.7, 131.7, 133.4, 134.7, 136.1, 

137.7, 145.7, 169.6; IR (KBr) 1762 cm-1 (C=O); HRElMS calcd for C22H200 2 316.1463, 

found 316.1445. 

2,4-Di(p-tolyl)phenyl acetate (25). Colorless crystals: mp 101-102 °C; 1H NMR 6 

2.12 (3 H, s), 2.39 (3 H, s), 2.40 (3 H, s), 7.17 (1 H, d, J = 8.2 Hz), 7.22-7.26 (4 

H, m), 7.36 (2 H, m), 7.49 (2 H, m), 7.54 (1 H, dd, J = 8.2, 2.2 Hz), 7.59 (1 H, d, 

J = 2.2 Hz); 13C NMR 6 20.9, 21.1, 21.2, 123.0, 126.8, 127.0, 128.7, 129.1, 129.46, 

129.52, 134.7, 135.0, 137.2, 137.3, 137.5, 139.5, 147.0, 169.6; IR (KBr) 1764 cm-1 

(C=O). 
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Methyl (3£,5£)-6-phenyl-3,5-hcxadienoate (26). Colorless crystals: mp 46-47 °C; 1H 

NMR 0 3.19 (2 H, d, 7.3 Hz), 3.70 (3 H, s), 5.89(1 H, dt, J = 15.3, 7.3 Hz), 6.30 (1 

H, dd, J = 15.3, 10.4 Hz), 6.50 (1 H, d, J = 15.7 Hz), 6.77 (1 H, dd, J = 15.7, 10.4 

Hz), 7.21 (1 H, t, J = 7.6 Hz), 7.30 (2 H, t, J = 7.6 Hz), 7.38 (2 H, d, J = 7.6 Hz); 

13c NMR o 38.0, 51.9, 125.5, 126.3, 127.5, 128.3, 128.6, 132.2, 134.0, 137.1, 171.9; 

IR (KBr) 1732 em-\ HRElMS calcd for C13H140 2 202.0993, found 202.1011. 

Methyl (2£,4£)-6-phenyl-2,4-hexadienoate (27). Obtained as a mixture with methyl 

(3£,5£)-6-phcnyl-3,5-hexadienoate. 1H NMR 0 3.35 (2 H, dd, 7.5, 1.7 Hz), 3.71 (3 

H, s), 5.68 (1 H, dt, J = 10.7, 7.5 Hz), 6.32 (1 H, m), 6.59 (1 H, d, J = 15.6 Hz), 

6.97 (1 H, ddd, J = 15.6, 11.3, 1.2 Hz), 7.16-7.43 (5 H, m). 
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Abstract 

Chapter 6 

Novel Ketene Formation by Reactions of Acid Chlorides 

with Low- Valent Platinum Complexes 

Pt(C0)
11
(PPh

3
)
4

_
11 

(n = 0, 1, 2) reacted with Ph2CHCOCI under CO to afford 

diphenylketene and trans-PtHCl(PPh3)z. For this reaction, the rate law is zero order in 

the platinum complex, first order in Ph2CHCOCl, and first order in free PPh3. A 

primary isotope effect (k 11/k0 = 4.5) was observed in the reaction of Ph2CHCOCI. A 

mechanism is proposed which involves the rate-determining enolization of Ph2CHCOCI 

by PPh
3 

followed by fast abstraction of HCl with a platinum(O) complex. 
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6-1. Introduction. 

As described in Chapters 3 and 4, a possible mechanism of the palladium 

catalyzed cyclocarbonylation involves a vinylketene intermediate.!) Furthermore, ketenes 

and ketene complexes have received increasing attention as important intermediates in 

transition metal-promoted reactions such as CO hydrogenation2) and carbonylation of 

organic or organometallic compounds.3) A variety of transition metal-ketene complexes 

have appeared in literatures.4) Although it is well-known that ketenes can be prepared 

by treatment of acid halides with bases such as tertiary amines,5) reactions of low-valent 

metal complexes with acid halides usually result in the formation of metal acyl 

complexes instead of ketenes in spite of their basic character. Only a few ruthenium 

complexes have been reported to give ketenes when reacted with acid chlorides (Scheme 

6.1).6•7) However, the reaction mechanism of this dehydrohalogenation has been still 

ambiguous, although a cationic acylruthenium complex has been proposed as an inter-

mediate. 

Scheme 6.1 
M.C.Baird (1985) 

ln relation to the study on the reaction mechanism of the cyclocarbonylation, the 

ketene formation in the presence of palladium and platinum complexes was investigated. 

ln this Chapter, the author wishes to describe the novel diphenylketene formation by the 

reaction of platinum(O) complexes with diphenylacetyl chloride found in the invetigation. 

6-2. Results and Discussion. 

When an excess amount of Ph2CHCOCl was allowed to react with Pt(PPh3)4 (1) 
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under N2 in benzene or toluene at r.t., usual oxidative addition occurred to give a 

colorless acyl complex rrans-PtCl(COCHPhz)(PPh3) 2 (2) 8 ) ln contrast , when a similar 

reaction was conducted under CO, the color of the solution gradually turned yellow 

which is characteristic of diphenylkctenc. Formation of diphenylkctenc was confirmed 

by observing a strong absorption5l at 2100 cm- 1 in the IR spectrum of the solution, but 

no absorption due to 2 was observed. The yield of diphenylketene determined by the 

absorbance at 2100 cm- 1 attained up to 88% based on 1, although it could not be 

isolated because of its instability. Addition of hexane to the reaction mixture afforded 

rrans-PtHCl(PPh3)z (3) in 89%. This result indicates that under CO only the reaction 

path (ii) proceeds and the usual oxidat ive addition path (i) is completely suppressed 

(Scheme 6.2). 

Ph2CHCOCI 
+ 

Pt(CO)n(PPh3)4-n 
( n- 0.1.2) 

under N2 

path (i) 

under CO 

path (ii) 

Scheme 6.2 

(Ph2CHCO)PtCI(PPh3)2 

t :"""co 
Ph2C•C•O + HPtCI(PPh3)2 

3 

This type of ketene formation was found to depend largely on the acid chlorides 

used. Phenylacetyl chloride also reacted with 1 under CO at r.t. to give 3 (68%) and 

the IR spectrum of the reaction mixture exhibited absorptions at 1905, 1878, and 1710 

cm- 1 indicating the formation of phcnylketene dimer.9l Other acid chlorides such as 

acetyl chloride, isobutyryl chloride, 2-phenylpropionyl chloride did not react with I under 

CO at r.t., although these chlorides gave the corresponding acyl complexes under N2. 

A similar reaction of Ph2CHCOC1 with Pt[P(OPh)3]4 also produced diphcnylkctcne, but 

the reaction was very sluggish and therefore not investigated in detail. It should be 
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mentioned that the ketene fo rmation does not proceed with palladium complexes. Thus, 

reactions of Ph2CHCOCl under CO with Pd(PPh3)4 or Pd(CO)(PPh3)3 gave only trans

PdCl(COCHPhz)(PPh3)z, and no diphenylketene was detected by IR. 

Pt(PPh3)4 (1) 

Pt(PPh3)a 

Pt(PPh3 Ja + CO 

Pt(PPh3)2 + 2CO ::;::==:::::!~ 

Scheme 6.3 

Pt(PPh3Ja + PPh3 

Pt(PPh3)2 + PPh3 

Pt(CO)(PPh3Ja (4) 

Pt(C0)2(PPh3)2 (5) 

Since I is known to be in equilibrium with Pt(CO)(PPh3h (4) and Pt(CO)z(PPh3)z 

(5) under CO (Scheme 6.3) 10l, reactions of excess Ph2CHCOCl with I , 4, and 5 were 

monitored by meas uring the rR absorption at 2100 cm-1 at different times. As shown 

in Fig. 6.1, the amount of diphenylketene increased linearly with the reaction time, and 

this suggests that the reaction rate is zero order with respect to the platinum complex 

concentration. The reaction rate was in the order I > 4 > 5. Judging from this fact, 

PPh3 dissociated from the platinum complexes seems to accelerate the reaction, although 

no reaction was observed by either 1H NMR or IR when Ph2CHCOCl was allowed to 

stand in contact with PPh3 in benzene under CO. 

In · order to clarify the mechanism of this ketene formation, kinetics of the 

reaction was studied at 29 °C in benzene. When the initial concentration of I was 

fixed, the initial rate was proportional to the initial concentration of Ph2CHCOCl (Fig. 

6.2). On the other hand, when the initial concentration of Ph2CHCOCl was fixed in 

the presence of a large excess of PPh3, the initial rate was almost independent of the 

initial platinum complex concentration (Fig. 6.3). Further, under conditions of constant 

Ph2CHCOCl and plat inum complex concentrations, addition of PPh3 to the reaction 
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Fig. 6.1 

Relat ion between time and diphenylketene 

concentration. 

Reaction conditions; 

Ph2CHCOCI 0.28 moVL, 

platinum complexes 0.055 moVL, 

in benzene 5 mL, 29 •c, CO 1 atm. 

o Pt(PPh3)4 

• Pt(CO)(PPh3 )3 

o Pt(C0)2(PPh3)2 

Fig. 6.2 

Effect of cocentration of Ph2CHCOCI. 

Reaction conditions; 

Pt(PPh3)4 0.055 moVL, 

in benzene 5 mL, 29 •c, CO 1 atm. 
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Fig. 6.3 

Effect of concentration of platinum 

complex. 

Reaction conditions; 

Ph2CHCOCI 0.24 moi!L, 

PPh3 0.19 mmol, 

in benzene 5 mL, 29 •c, CO I atm . 

Because 4 is the major platinum 

species in a solution containing excess 

PPh3 under C011l, 4 was used as the 

platinum the species charged instead of 

1 in order to minimize the change of 

PPh 3 concentration by PPh3 
6 dissociation. 

Fig. 6.4 

Effect of PPhfPt ratio. 

Reaction conditions; 

Ph2CHCOCI 0.28 moi!L, 

platinum complexes 0.055 moi!L, 

in benzene 5 mL, 29 •c, CO I ann. 

5, 4, and 1 were used as the platinum 

species charged where PPh3/Pt were 2, 

3, and >o4, respectively. 
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Fig. 6.5 

Isotope effect of Ph2CDCOC1. 

Reaction conditions; 

acid chlorides 0.28 moV!., 

Pt(PPh3)4 0.055 moV!., 

in benzene 5 mL, 29 •c, CO I atm. 

o Ph2CHCOCI 

• Ph2CDCOCI 

~ I f<o • 4.5 

system clearly increased the rate (Fig. 6.4). Unfortunately, the accurate concentration 

of free PPh3 could not be determined by 31 P NMR because 1 showed only a broad 

signal under N2 as well as CO at r.t. on account of fast phosphine exchange. However, 

according to the equilibrium shown in Scheme 6.3, it may be assumed that 4 which 

contains 3 molecules of PPh3 is the major platinum species at high PPh/ Pt ratio under 

C0. 10) The initial rate is almost proportional to the value (PPh/Pt)-3 at high PPh/ Pt 

ratio. This indicates that the initial rate is first order in the free PPh3 concentration 

[PPh3]. The deviation from linearity at low PPh/Pt ratio is probably due to PPh3 

dissociation from 4 to form 5. Based on the kinetic data shown above, the rate 

expression has been estimated as shown in Eq (1). 

rateobsd.(d[Ph2C=C=O)/dt) = kobsd.fPh2CHCOCl)[PPh3) 

kobsd. = (7.1 :t 1.2) x 10-4 Umol·s (at 29°C) 

(1) 

Furthermore, a primary kinetic isotope effect (kH/k0 = 4.5) was observed in the reaction 

of 2-deuteriodiphenylacetyl chloride at 29 oc (Fig. 6.5). This suggests that the rate 

determining step is the C-H bond cleavage in Ph2CHCOCI. 
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k., 

[Ph c-e-o·] . l 2 - Cl [HP Ph3l + PI(C0)0 (PPh3)4-n 

Ph2C-C-O + HPICI(PP~)2 + nCO + (3-n)PPh3 

Scheme 6.4 ( n ~ 1 or 2) 

A possible mechanism which is consistent with the kinetic data shown above is 

depicted in Scheme 6.4. The first step is the rate determining enolization of 

Ph2CHCOCJ by PPh3. Participation of an enol phosphonium salt has been assumed in 

the diphenylketene formation from bromodiphenylacetyl bromide and PPh3.11 l Since the 

reaction of Ph2CHCOC1 with PPh3 resulted in no change in IR and 1H NMR as 

mentioned above, k1 must be far smaller than k_1• The second step is fast formation 

of diphenylketene and 3 by the reaction of platinum carbonyl complex Pt(CO)n(PPh3) 4_n 

(n = 1 or 2) with the enolized Ph2CHCOCL Carbonyl ligands diminish the 

nucleophilicity of the platinum and prevent the oxidative addition of Ph2CHCOCJ giving 

2. However, the platinum complex have the basicity enough to abstract proton from 

HP+Ph3. Subsequent Cl- abstraction from the Ph2CHCOCl enolate anion results in the 

formation of diphenylketene. 

The rate equation obtained by applying the steady-state treatment with respect to 

the enolized Ph2CHCOC1 in Scheme 6.4 is described as follows. 

ratecalcd. 
k rkz[ Ph2CH COCI] [ PPh3] [ Pt( C0)

11
(PPh3)4_

11
] 

k_1 + k2[Pt(C0)
11
(PPh3)4_nJ 

(2) 
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Fig. 6.6 

Arrhenius plot of kobs· 

Reaction conditions; 

Ph2CHCOCJ 0.28 mol/L, 

Pt(PPh3)4 0.055 mol/L, 

in benzene 5 mL, CO I atm. 

Assuming that k2[Pt(CO)n(PPh3)4_
11

] » k_l' Eq (2) can be approximated as follows. 

This is in agreement with the observed rate expression Eq (1) . 

It should be noted that a cationic ruthenium acyl complex was previously 

considered to be an intermediate in the ketene formation by the reactions of acid 

chlorides and a ruthenium carbonyl complexes.6l A mechanism including B-hydrogcn 

elimination of the acyl complex has been proposed. However, in the case of platinum, 

an acyl complex is unambiguously excluded because the reaction rate is independent of 

the platinum complex concentration. The fact that 2 did not liberate diphcnylketene 

under CO in benzene also supports the mechanism mentioned above. 

Finally, the Arrhenius plot of kobsd. is shown in Fig. 6.6, where the equilibrium 

of Scheme 6.3 is assumed to be unchanged over the temperature range of 10-50 oc. 

The overall activation energy was determined to be 11.8 ± 1.4 kcal/mol. 

The results described here reveal a novel reactivity of low-valent platinum 

complexes and provide an important information on the mechanism for ketene formation 
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from acid chlorides and platinum complexes. Participation of the ketene formation in 

the catalytic reactions such as the cyclocarbonylation is now under investigation. 

6-3. Experimental. 

The 1H and 31 PeH} NMR spectra were recorded on a JEOL GX-400 spectro

meter at 400 MHz and 161.8 MHz, respectively. Chemical shifts are relative to internal 

SiMe4 and external H3P04, respectively. In frared spect ra were taken on a JASCO IR-

810 spectrometer. 

The reactions are perforn1ed under N2 or CO by Schlenk tube techniques. 

Pt(PPh
3

)
4

, 11 ) Pt(CO)(PPh3h, 10) Pt(C0)2(PPh3)z, 10
) Pt[ P(OPh)3)4, 

12
) Pd(PPh3)4, 

13
) 

Pd(CO)(PPh3)3
14) were prepared by published methods . Diphenylacetyl chloride, 2-

deuteriodiphenylacetyl chloride, and 2-phenylpropionyl chloride were prepared by the 

reaction of the diphenylacetic acid, 2-deuteriodiphenylacetic acid, 15
) and 2-phenyl

propionic acid, respectively, with SOCI2.16) All solvents used were purified by standard 

methods and stored under N2 or CO. 

Reaction of Acid Chlorides and Platinum or Palladium Complexes. 

The following procedure for the reaction of Ph2CHCOCI with 1 under CO is 

representative. In a measuring flask was placed a benzene solution (5 mL) of 

PhCH2COCI (240 mg, 1.0~ mmol) and 1 (3~3 mg, 0.276 mmol), and the flask was set 

in a round bottom flask settled in a thermostated oil bath under a CO atmosphere. A 

small portion of the so lut ion was withdrawn with a syringe every 10-15 min, and di

phenylkctene in the solution was determined by measuring IR the absorption at 2100 

em - 1. The initial reaction rate was determined from the linear part of the time-di

phenylketene concentration curve. 
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In a separate reaction of Ph2CHCOCI (347 mg, 1.5 mmol) with 1 (623 mg, 0.50 

mmol) in toluene (10 mL) under CO for 4 h at r.t., rrans-PtHCI(PPh3)z (3)17) (336 mg, 

89 %) was obtained by adding hexane to the reaction mixture: 1H NMR (CD2Clz) o 

-16.19 (t, 1 H, Pt-H, 2J(P-H) = 13.75 Hz, 1./(Pt-H) = 1195 Hz), 7.4-7.7 (m, 30 H, 

Ph); 31 Pe H} NMR o 28.3 (s, 1J(Pt-P) = 3012 Hz); IR (KBr) 2220 cm- 1 (v(Pt-H)). 

A reaction with Ph2CHCOCI (0.70 mg, 3.0 mmol) with 1 (1.2 mg, 1.0 mmol) 

in toluene (40 mL) under N2 gave white precipitate of rrans -PtCI(COCHPhz)(PPh3)z (2) 

and solu tion showed no IR absorption due to diphenylketene. After removal of the 

solvent, recrysta llization of the residual solid from CH2CI2-hexane gave rrans-PtCI

(COCHPhz)(PPh3)2 Y:z(CH2Clz) (0.65 g, 65 %) as white crystals. 1H N MR (CD2Clz) 

o 3.15 (s, 1 1-1, CH2Phz), 6.49-7.74 (m, 40 H, Ph); 31 Pel-l} NMR o 19.0 (s, 1J (Pt-P) 

3538 Hz); IR (KBr) 1651 em - 1 (v(C=O)). Anal. Calcd for 

C50H41 0P2PtCI ·Y,(CH2Ciz) : C, 61.09; 1-1 , 4.26. Found: C, 60.88; H, 4.45 . 

Similarly a reaction of Ph2CHCOCI (0.90 g, 3.9 mmol) with Pd(PPh3)4 (1.5 g, 

1.3 mmol), in benzene (40 mL) afforded rrans-PdCI(COCHPhz)(PPh3)z (0.92 g, 82 %) 

as pale yellow crystals: 11-1 NMR (CD2Clz) o 3.75 (s, 1 H, CH2Phz), 6.62-7.73 (m, 40 

H, Ph); 31 P{ 1H} NMR o 18.6 (s); IR (KBr) 1670 cm- 1 (v(C=O)). 
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