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الخالصة
اإلسم :رامي خالد محمد سليمان
عن وان الرس الة :األلكوكسيكاربونيلي شين و األماينوكاربونيل شين المحف ز ب البالديوم لأللكاين ات
الطرفية :تصنيع و تطبيقات اإلسترات و األميدات الغير مشبعة و الدراسة الحاسوبية آللية التفاعل
التخصص :الكيمياء
تاريخ التخرج :آذار 2010
إن تف اعالت األلكوكسيكاربونيلي شن و األم اينو كاربونيلي شن المحف زة ب البالديوم الت ي تج رى بوج ود
األمين ات و الكح والت تنتم ي إل ى التف اعالت المحف زة المتجان سة األوس ع إس تخداما ف ي الكيمي اء
التصنيعية ،حيث ان األميدات و اإلسترات الناتجة م ن التف اعالت ال سابقة ھ ي وس ائط مھم ة ف ي ع دد
كبير من التفاعالت العضوية.
لقد قمنا في ھذه الدراسة بتطوير نظام محفز لتفاعل االلكوكسيكاربونيليشن لمادة فني ل أس تيلين مك ون
من  palladium-dppb-salicylborateو يتميز بإنتقائية عالية إلنتاج اإلستر الط ولي ف ي ظ روف
تفاعل معتدلة.
كم ا ت م الح صول عل ى ظ روف معتدل ة ج دا لتف اعلي األلكوكسيكاربونيلي شن و األماينوكاربونيلي شن
لأللكاينات الطرفية باستخدام نظام تحفيز مك ون م ن Pd(OAc)2/dppb/p-TsOH/CH3CN/CO
ف ي م ذيب األس يتونايترايل ،حي ث أظھ رت النت ائج إختالف ا واض حا ف ي تحولي ة األلكاين ات الطرفي ة و
انتقائية التفاعلين نحو تكوين إسترات و أميدات طولية و متفرعة عند تغير ن وع النيوكلوفاي ل  .لق د ت م
تط وير النظ ام المحف ز األكث ر فعالي ة بدراس ة عوام ل التفاع ل المختلف ة )المحف ز اإلبت دائي ،المت صل،
ضغط اول أكسيد الكربون ،المذيب و درجة الحرارة(.
لق د ت م أي ضا تح ضير مركب ات السك سينامايد الحلقي ة األحادي ة و الثنائي ة ع ن طري ق تفاع ل
األلكوكسيكاربونيليشن المحفز بالبالديوم لإليناميدات متبوعة بتحلق الناتج.
ت م تح ضير و وتوص يف معق دات بالدي وم ثنائي ة الن واة جدي دة تعتم د عل ى مت صالت ثنائي ة األم ين و
أخ رى ج سرية واص لة ب ين ذرت ي البالدي وم مكون ة م ن مت صالت ثن ائي الفوس فين او ثن ائي األم ين،
حي ث أظھ رت المعق دات الجدي دة فعالي ة م شجعة ف ي تف اعالت ال ربط الكيمي ائي ب ين مركب ات
األريلبورونيك أسيد مع األلكينات مشبعة و غير مشبعة اإللكترونات.
لق د أجرين ا أبحاث ا حاس وبية آللي ات التفاع ل المقترح ة لتف اعالت األلكوكسيكاربونيلي شن و األم اينو
كاربونيلي شن م ن أج ل وص ف س بب الفعالي ة و اإلنتقائي ة الممي زة ألنظم ة البالدي وم المحف زة الت ي ت م
تطويرھا في ھذه الدراسة.
درجة الدكتوراة في الفلسفة
جامعة الملك فھد للبترول و المعادن
الظھران-المملكة العربية السعودية
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction
Homogeneous catalysis has played an important role in the development of chemical
industry, which includes the development of new technologies as well as solving
environmental problems. Particularly, the advances in conversion of cheaper feedstock to
value-added chemical products, new synthetic routes for pharmaceuticals, fine and
specialty chemicals to replace stoichiometric routes, waste minimization, pollutants
removal and global preservation, have been significant. Homogeneous catalysis by metal
complexes has some unique features of high activity and selectivity at milder operating
conditions, which lead to major breakthrough in reactions such as carbonylation,
hydroformylation, oxidation, hydrogenation, oligomerization and metathesis etc (1).
Palladium complexes are among the most extensively used in catalysis, and are best
known for their excellent performance in C-C (and C-heteroatom) bond forming
reactions and are utilized as versatile synthetic tool in many research laboratories (2).
Palladium catalyzes efficiently the carbonylation reactions of allene, alkenes and alkynes.
The palladium-catalyzed carbonylation of alkynes represents an important and attractive
route for the production of ,-unsaturated carboxylic acids and their derivatives (3).
The ,-unsaturated amides or esters produced from the above reactions are important
intermediates in a many industries and can be also employed in a wide range of organic
reactions.
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1.2

Literature background

The term “carbonylation” was coined by W. Reppe during the thirties and is generally
used to refer to those reactions in which CO alone or CO combined with other
compounds (especially nucleophiles with mobile H-atom) are introduced into particular
substrates (saturated or unsaturated). ‘Carbonylation’, used here as a generic term,
includes reactions such as formylation, hydroformylation, carboxylation, and
homologation, which involve the introduction of a carbonyl group into an organic
substrate. Group VIIIB metals, especially Fe, Co, Ni, in the form of metal carbonyls or
other derivatives catalyze these reactions. More recently Ir, Rh, Ru, Os, Pt, and Pd
complexes have been widely used as catalysts (4,5).
Carbonylation reactions rank among the most useful transformations homogeneously
catalyzed by transition-metal complexes, forming the basis for industrial and laboratory
processes currently in practice (6). Some of the initial scientific discoveries in this field
gradually evolved into large-scale commercial carbonylation processes. Noteworthy
among the commercial carbonylation processes are the ‘oxo’ process (olefin
hydroformylation), the Reppe process (hydrocarboxylation of acetylene to acrylic acid)
and Monsanto process (carbonylation of methanol to acetic acid) (6-8). These processes
are employed worldwide to prepare millions of tones of commodity chemicals each
year. In addition, it has been predicted that the importance of carbonylation reactions in
the total chemical output will continue to grow as several new carbonylation processes
are expected to reach commercialization. The basic reason is that the feedstock i.e.
syngas (carbon monoxide & hydrogen) are versatile and inexpensive (7).
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The carbonylation of alkenes and alkynes with CO and water is known as
hydrocarboxylation reaction. If alcohol is used in place of water it is referred to as
hydroesterification. While, addition of CO and amines or CO and thiols to unsaturated
compounds are referred to as aminocarbonylation and thiocarbonylation, respectively
(4) (Scheme 1.1).
O
H 2O

H 2C

C H C -O H

H Y D R O C A R B O X Y LA TIO N

O
ROH
HC

H 2C

C H + C O C at.

C H -C -O R H Y D R O ESTER IFIC A TIO N
O

R SH

H 2C

C H -C -SR

TH IO C A R B O N Y L A TIO N

O
RNH2

H 2C

C H -C -N H R A M IN O C A R B O N Y LA TIO N

Scheme 1.1. Different carbonylation reactions of alkynes.

1.2.1

Carbonylation of alkenes

The synthesis of carboxylic acids or their ester derivatives, by the reaction of an olefinic
substrate with CO and water or alcohol, catalyzed by phosphoric acid or other Lewis
acids has been known since 1931 (9); branched aliphatic acids and esters are obtained. In
the presence of H2SO4, the reaction may be carried out under milder conditions (10). This
synthesis, however, has a serious limitation due to the experimental conditions and the
complex mixture of products. Much more interesting, is the carbonylation of olefinic
substrates conducted in the presence of metal carbonyls or metal compounds which under
the reaction conditions may be transformed into metal complexes containing carbonyls
groups. This reaction, discovered by Reppe and Kroper around 1940 (11, 12), consists of
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the addition of hydrogen and carboxyalkyl, thiocarboxyalkyl, amide, or similar group to
an olefinic substrate (eq. 1.1).

The standard carbonylation catalysts such as Co2(CO)8 and Ni(CO)4 have been used to
prepare fatty-acid esters (13). Other catalysts based on Pd, Pt, Rh, and Ru found
widespread use because of their better performance under milder reaction conditions
(4,6). Molecules containing both olefinic unsaturations at suitable distance and a group
having active hydrogen (1.1) may react with CO to give cyclic compounds (1.2) (14-16)
(eq. 1.2).

OH + CO
1.1

PdCl2, CuCl2
THF, HCl, O2
1 atm., r.t

eq. 1.2
O

O

1.2

The regioselectivity of linear versus branched products is an important issue, because
mixtures of isomeric carboxylic acids or esters are usually obtained, owing to
Markovnikov and anti-Markovnikov addition of the metal hydride to the alkene. In fatty
acids synthesis linear isomer is preferred (15) (1.4) (eq. 1.3), whereas the converse is the
case in carbonylation of pro-chiral styrene related compounds to give chiral
arylpropionic acids (1.5), an important class of non-steroidal anti-inflammatory agents
(17-20). The regioselectivity in palladium-catalyzed reactions, involving phosphine
ligands, are largely controlled by the variation of the ligands (eq. 1.3). PPh3 promotes
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preferential carbonylation of alkenes toward the branched acid (1.3), whereas bidentate
phosphine ligands give linear products (1.4) overwhelmingly (21-24).

+ CO + H2O

PdCl2(PPh3)2, THF

+

o

CO2H

CO2H

100 C, HCl, 30 atm.
1.3

eq. 1.3

1.4

The steric and electronic effects of the chiral phosphine ligands exert a dramatic
influence on the yield and selectivity of the reaction. In fact, the hydrocarboxylation
reaction of 6-methoxynaphthalene under mild experimental conditions in the presence of
(S)-(+)-binaphthyl-2,2’-diyl hydrogen phosphate (BNPPA) gave optically active
naproxen (1.5) (72-91% ee) in good chemical yields (46-71 %) (eq. 1.4) (19,25).
CO 2H

+ CO
CH 3O

PdCl2, CuCl2, BNPPA

eq. 1.4

THF, r.t, H 2O, O 2, HCl CH 3O
1.5

S-isomer

The development of two-phase catalysis processes, where the catalyst can be
separated from the products and recycled, is an important step toward economical and
friendly environmental processes. For example, the catalytic system composed of
water-soluble triphenylphosphine trisulfonate (TPPTS), Pd complex as a catalyst, and
acid as a promoter (26) gave very high yield and selectivity of carboxylic acids (eq.
1.5).
PdCl2, TPPTS, THF
CH3(CH2)3CH CH2 + CO + H2O

HCl, 100 oC, 50 bars

CH3(CH2)5CO2H + CH3(CH2)3CH(CH)3CO2H eq. 1.5
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The methoxycarbonylation of styrene has been studied using Pd(OAc)2/L/acid catalytic
systems with L being chiral ferrocene- and biphosphole-based ligands. Good activities
are obtained in mild conditions. The Chemoselectivities and regioselectivities (up to 98
% in favor of the branched isomer) are excellent but the enantioselectivities remain
moderate (ee up to 17 %) (27). Very recently, hydroesterfication and hydroformylationacetalization of 1-hexene in ethanol catalyzed by rhodium complexes immobilized on
poly(4-vinylpyridine) were achieved. The reaction products distribution depends on the
nature of the coordinate amine to the rhodium center (28). Recently, Alper et al. reported
a

highly

regioselective

anti-Markovnikov

palladium-borate-catalyzed

methoxycarbonylation of terminal alkyl and aryl olefins (eq. 1.6). Very good yields (up
to quantitative) and excellent regioselectivities towards the linear ester were obtained
(29).

Linear esters were also obtained as major product when [BMM][PF6] ionic liquid was
applied in the palladium-catalyzed hydroalkoxycarbonylation of styrene (30).

1.2.2

Carbonylation of alkynes

The high reactivity of the acetylenic compounds with CO in the presence of transition
metals, particularly group VIII, including the great industrial importance of the products
obtained, led to a significant scientific and industrial activity in this field since these
discoveries. The scope of the reaction of the carbonylation of alkynes was extended to
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obtain a large variety of derivatives of mono- and dicarboxylic acids, keto acids, esters of
aldehydo-acids, cyclic ketenes and hydroquinones (5).
The first research on addition of CO to acetylene in the presence of transition metal
compounds or metal carbonyls was carried out in Germany between 1938 and 1940 by
two different industrial research groups, working under the supervision of Reppe (31)
and Roelen (32). Reppe was investigating new aspects of acetylene chemistry when he
reacted acetylene with Ni(CO)4 and water (eq. 1.7) and obtained acrylic acid (eq. 1.8)
instead of the expected aldehydes. As a logical extension, Roelen was investigating the
hydroformylation of olefins in the presence of cobalt catalysts. He tried to carry out the
hydroformylation of acetylene. He obtained, however, high-molecular-weight products
containing only traces of acrolein, which was the intended product (31, 32).
CH

CH + CO

CH

CH + CO

Ni(CO)4
Ni(CO)4

CHO

CH2

CH

CH2

CHCO2H

eq. 1.7
eq. 1.8

H 2O

The most widely used catalysts for commercial alkynes carbonylation were the Ni(CO)4
and Co2(CO)8, or their precursors. In general, these catalytic systems require high
temperature (100-200 oC) and pressure (30-200 atm); milder conditions (25-100 oC, 1-10
atm) usually were used in stoichiometric reactions (33). Attempts to decrease the
Ni(CO)4 consumption have led to “semi-catalytic” processes in which CO gas was used
in addition to the Ni(CO)4 (5). An important disadvantage of using this catalyst was the
formation of the volatile and highly toxic Ni(CO)4 during the reaction. PPh3 ligand, has
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been used to counteract this problem (34), but the presence of the ligand reduced the
catalytic activity.
Other cobalt compounds were used in the stoichiometric and catalytic carbonylation of
alkynes under milder conditions. In general, however, the stoichiometric carbonylation of
alkynes with Co2(CO)8 and HCo(CO)4 is rather unsuccessful, because these compounds
form very stable and unreactive complexes with alkynes (5). In contrast, under more
severe conditions (100-200 oC, 200-300 atm. of CO), cobalt compounds show high
catalytic activity for carbonylation of alkynes.
The reactivity of iron, ruthenium, rhodium and osmium have not yet been investigated
systematically, but the existing reports indicate that products such as quinines,
hydroquinones (eq. 1.9) and lactones are formed, in the reactions of these metals with
alkynes. In general, the catalytic reactions are sluggish and the product distributions are
poor (5).
OH
CH

CH + Fe(CO)5

+ H 2O

+

[Fe(CO)3]

eq. 1.9

OH

Synthesis of Maleimides (1.6) was recently achieved by the Rh-Catalyzed carbonylation
of alkynes with pyridin-2-ylmethylamine (35).
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Ph

Me

O

O

N

N

1.6
The use of palladium-catalysts in carbonylation of alkynes was first reported in 1962
(36,37). Tsuji and co-worker were the first to study the carbonylation of alkynes with
palladium complexes involving the catalytic system PdCl2/CuCl2/HCl/O2 to produce
mainly products of dicarbonylation (eq. 1.10) (38-42).

RC

CH + CO

H

PCl2/CuCl2/
HCl/O2/H2O

C
HO2C

H

R
C

+
CO2R

C
H

R

eq. 1.10

C
CO2R

R = alkyl or aryl

(Z)-3-Haloacrylates were also synthesized successfully via palladium-catalyzed
carbonylation of terminal alkynes in the presence of a catalytic amount of PdX2 and
equivalent amount of CuX2 (X = Cl and Br) (43).

1.2.3 Thiocarbonylation of alkynes
The transition-metal-catalyzed carbonylation of organic sulfur compounds has been the
subject of few investigations (44). It was previously considered that many transition
metals, including palladium, have strong affinity to thiols, which make the catalytic
reactions

ineffective.

A

series

of

transition-metal-catalyzed

addition

and

carbonylation/addition reactions of organic disulfides and thiols to acetylenes has been
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developed (45); Pd(PPh3)4 and PdCl2(PPh3)2 gave a complex mixture of products (eq.
1.11) in carbonylative addition of thiophenol with 1-octyne (46).
R

R

Pd(PPh3)4, THF,

PhSH + R

o

70 C, 16 h, CO

R
SPh

+

O

PhS

SPh

SPh
9%

8%

15 %

R = C6H13-

+

eq. 1.11

R

R

COSPh

COSPh

+

SPh

10 %

7%

Pt(PPh3)4 gave predominately branched isomer thioester via carbonylation acetylene with
benzothiol (47). Alper and coworkers have introduced new interesting methods of
palladium-catalyzed thiocarbonylation of propargylic alcohols (48) (eq. 1.12), allylic
alcohols (49) allenes (50), and enynes (51).
R2
R4SH + R1

R3
OH

Pd Cat./L.
o

PCO, T ( C)

R1,R2,R3 = akyl, R4 = aryl

R1
O

R1

SR4
R2 + R
4
O

R3

R2

R1
+ R4

R3

R3
O

R2

O

O

eq. 1.12

SR4

The control of the regioselective thiocarbonylation of RC≡CH [R = Pr, pentyl, Me3C,
(CH2)3NC, Ph] with 4-R1C6H4SH (R1 = H, Me) was successfully achieved by using
Pd(OAc)2

and

1,4-bis(diphenylphosphino)butane

bis(diphenylphosphino)propane (dppp) as catalyst systems.

(dppb)

or

1,3-

The formation of the

corresponding thioesters 1.7 and 1.8 depends mainly on the type of ligand (dppp or dppb)
and the type of solvent (THF or CH2Cl2) under CO/H+ or syngas mixture (52) (eq. 1.13).
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CH 2
Ar-SH + R-C

Pd(OAc)2 , ligand

CH

Ar-S-C-C-R + Ar-S-C-C H

o

Solvent, h, T ( C)
CO/H + or H 2

eq. 1.13

O

O

1.8

1.7

Ar = Ph or p-CH 3 C 6 H 4

CH-R

1.2.4 Aminocarbonylation of alkynes
Reppe was the first to synthesize substituted acrylamides from acetylene and various
amines in the presence of Ni(CO)4. He prepared many acrylamides by reacting acetylene
or phenyl acetylene with carbon monoxide in the presence of primary or secondary
amines, aniline, urea, pyrolidone or acetamide. Stoichiometric quantities of Ni(CO)4
were employed along with polymerization inhibitors such as hydroquinine (53).
Similarly, the use of nickel halides as catalyst has also been reported in xylene or
benzene as a solvent at 100-190 oC to give isolated yield of amides ranging between 2050 % (54) (eq. 1.14).
Ni Cat.,C6H6
RNH2 + HC

CH + CO
o

CH2

CHCONHR

eq. 1.14

HCl, 150 C

Naher et al. reported in 1956 the first semi-catalytic synthesis of acrylamides. They
reacted acetylene and Ni(CO)4 in acrylic acid and then successively added CO, HCl, and
excess ammonia, at 50-90 oC (55). The highest yields were obtained with aniline and
secondary amines; however, with primary amines, secondary reactions sometimes
occurred to yield bisacryloylamines (eq.1.15).

CH2

CHCONHR + HC

CH + CO

Ni Cat.,C6H6

CH2

CHCO

HCl, T (oC)

CH2

CHCO

NR

eq. 1.15
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Acetylene reacted with diethylamine to form succinic acid and diethyl acrylamide with
12 % and 66 % yield, respectively, by using Ni(CN)2 catalyst. Co2(CO)8 was found to
catalyze the reaction of aniline, CO and acetylene to giving succinic acid dianiline (1.9)
(56) (eq. 1.16).

Co2(CO)8
CH CH + 2PhNH2 + 2CO

PhNHCOCH2CH2CONHPh eq. 1.16

o

Tol. T ( C)

1.9

Palladium-complexes were also used in the synthesis of 2-substituted acrylamides via
carbonylation of various terminal alkynes with diethyl amine in the presence of organic
iodides or HI salt (57). Similarly, palladium-catalyzed carbonylation of allylamines
(1.10) under CO (50 atm) at 110 oC proceeded efficiently to give the corresponding ,-

unsaturated amides (1.11). The carbonylation occurred at the less substituted carbon of
the allyl units to give linear amides with high regioselectivity (58) (eq. 1.17).

NEt2

Ph

+

CO

Pd(OAc)2/dppp, 110 oC.
Tol., 50 atm, 20 h

1.10

NEt2

Ph
1.11

eq. 1.17

O

The selective synthesis of ,-unsaturated amides (1.13) has been achieved via
palladium (0)-catalyzed insertion of carbon monoxide into an unactivated carbonnitrogen bond of propargylamines (52) (1.12) (eq. 1.18) and 2,3- dienylamines (60).
Me Me
NH
1.12

O

CO/Pd Cat./H+
Ph

100 oC, CH2Cl2, 48 h

Ph

NH

eq 1.18
1.13

Me
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Gem-α,β-unsaturated amides (1.14) were prepared as major isomers (82%) by
regioselective carbonylative addition. of alkyl alkynes, to anilines, in the presence of
Pd(OAc)2/1,3-bis(diphenylphosphino)propane/p-toluenesulfonic acid/CO as the catalytic
system.

However,

the

reaction

catalyzed

by

Pd(OAc)2/1,4-

bis(diphenylphosphino)butane/H2/ CO in CH2Cl2 as a solvent affords trans-α,βunsaturated amides, (1.15) as the major isomer (82 %) (3,61,62) (eq. 1.19).
CH2

Pd(OAc)2, ligand
Ph-NH2 + R-C

CH

Ph-NH-C-C-R + Ph-NH-C-CH
Solvent, h, T (oC)
CO/H+ or H2

R = alkyl or phenyl

CH-R

eq. 1.19

O

O

1.15

1.14

The aminocarbonylation of phenylacetylene has been studied in the presence of the
catalytic

system

formed

by

palladium

acetate

in

combination

with

(2-

pyridyl)diphenylphosphine and methanesulfonic acid. The catalytic activity is strongly
influenced by the nature of the amine. Good reaction rates are achieved using amines of
low basicity such as aniline. The solvent influences both the activity and the selectivity
of the catalyst. The highest reaction rates accompanied by complete regioselectivity
towards

the

branched

amide

are

obtained

working

in

dichloromethane/N-

methylpyrrolidinone mixtures. Also the acid to palladium molar ratio and the P(CO)
affect to a lower extent the process. The highest catalyst activity is obtained operating at
a methanesulfonic acid/Pd molar ratio of 30:1 and at P(CO) = 20 atm (63).
Very recently, Park et al reported the cobalt-rhodium heterobimetallic nanoparticlecatalyzed aminocarbonylation of internal alkynes (eq. 1.20) (64).
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R

R

+

HN R'R''

Co2Rh2, CO (5 atm)
MS 4 , 130 oC, 24 h
Toluene

R

R
eq. 1.20

H

O
R'

N
R''

Recently, Alper et al. reported the Pd(OAc)2/dppp-catalyzed aminocarbonylation of
alkynes with amines in ionic liquid [bmim][Tf2N] under mild conditions. However, their
catalytic system is effective in the presence of relatively high CO pressure (200 psi) (eq.
1.21) (65).
O
R

+

HN R'R''

+

CO

NR'R''

Pd(OAc)2, dppp
[bmim][Tf2N], 200 psi

eq. 1.21
R

110 oC, 22 h

1.2.5 Hydrocarbonylation of alkynes

The synthesis of ,-unsaturated acids is one of the most important of the acetylene
carbonylation reactions and it has found practical application in laboratory and industrial
scale. Unsubstituted and substituted acrylic and succinic acids are the main products
prepared from acetylenic substrates, CO, and water; moreover, other mono- and
polycarboxylic acids were obtained in smaller amount (31, 32). The reactions can be
carried out either at 90-200 oC under CO pressure (30-200 atm) in the presence of metal
carbonyl (group VIII), or milder conditions with stoichiometric amount of Ni(CO)4 (5).
Most of the hydrocarboxylation reactions were carried out in acidic medium; however,
Sternberg and coworkers reported the hydrocarboxylation of diphenylacetylene in
alkaline medium using Ni(CO)4 (66). Alkynes are hydrocarboxylated with formic acid in
the presence of Pd(OAc)2 and suitable phosphine ligand to give both linear and branched
unsaturated carboxylic acids (eq. 1.22).
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The reagent generated in situ in THF was used also for the regio and stereoselective
hydrocarboxylation of terminal and internal alkynes (67).
In hydrocarboxylation of substituted diphenylacetylene, electron-donating substituents
(methoxy, methyl, etc) in para-position favored the carbonylation of the acetylenic
carbon atom adjacent to the para-substituent (eq. 1.23), opposite behavior was observed
with electron-withdrawing groups (Cl, NO2, etc). The presence of a substituent in the
ortho-position induces carbonylation of the carbon adjacent to the substituted phenyl

group (4,6-8,68).

Anomalous results occur when hydrogen of the acetylenic carbon is replaced by a
halogen (1.16) and propargylic halides (1.17). The former gave hydrocarbons (eq. 1.24),
whereas the later gave allenic acids (1.18) (eq. 1.25) (69). Cylocarbonylation of
unsaturated alcohols, amines, and other suitable substrates, produce lactones, lactams or
other cyclic compounds (70).
2CH3C

CI + 2Ni(CO)4 + 2AcOH
1.16
Ni(CO)4
HC CCH2Cl + H2O
1.17

-HCl

2CH3C
CH2

CH + NiI2 + Ni(OAc)2 + 8CO

C CHCOOH
1.18

eq. 1.24
eq. 1.25
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Yamamato et al. achieved the suppression of -hydride elimination in the intramolecular
hydrocarboxylation of alkynes leading to the formation of lactones (71).

1.2.6 Alkoxycarbonylation of alkynes

The transition-metal catalyzed carbonylation of alkynes known since the pioneering work
of Reppe has been optimized for nickel carbonyls and variety of cobalt and iron
carbonyl. Platinum complexes needed SnCl2 as a promoter. Palladium-catalyzed
hydroesterification of 1-alkynes normally gives rise to linear and branched ,unsaturated esters. The ratio depends on the reaction conditions employed (72) (eq. 1.26).

RC

CH + CO

Cat., Ligand, T(oC)

R

R
+

R'OH, Solvent

R'O2C

CO2R'

eq 1.26

R' = aryl, Ph, alkyl. Pd = Pd(PPh3)4 or Pd(OAc)2/dppf

Usually, the regioselectivity for the formation of branched (acrylates) has been observed
with the system comprising of palladium black and HI in the hydroesterification of
phenylacetylene and propyne to afford the branched esters selectively (73). Similarly, the
regioselective hydroesterification of terminal alkynes catalyzed by Pd(dba)2/dppb gives
branched esters (74), and the reaction occurred well even with tertiary alcohols. Aryland alkyl-acetylenes are carbonylated in the presence of Pd(PPh3)4 or Pd(OAc)2/dppf
using phenol as nucleophile to give branched esters in good selectivity and yield (75).
The hydroesterification of terminal alkynes with 1-butanol by the catalytic system
Pd(dba)2/PPh3/p-TsOH also proceeds smoothly under the normal pressure of CO to
afford branched esters selectively (76). The regioselective hydroesterification of alkynes
and alkynols (1.19) using formate esters catalyzed by Pd(OAc)2/dppb/ PPh3/P-TsOH
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have been reported (77) (eq. 1.27). Pd(OAc)2/PPh2Py/MeSO3H gives very active system,
which catalyzes the hydroesterification of propyne with excellent selectivity toward
branched ester (99.95 %) (78).

CH3(CH3)CC
1.19

CO2C4H9

H

OH
CH + HCO2C4H9 + CO

C C

Pd(OAc)2/dppb/PPh3
+

o

THF/H /100 C/48 h

H

CH2 C
1.20

eq. 1.27

CH3

On the other hand, different catalytic systems capable of giving selectively the linear
esters have been reported. For instance, Knifton reported the monophosphine-stabilized
Pd(II)/Sn(II) system which catalyzed the hydroesterification of 1-heptyne at 80 oC and
240 atm with 81 % selectivity for the linear ester and 65 % combined yield (79). Thus,
Pd(dba)2/dppb catalyzed the regioselective conversion of terminal alkynes and formate
esters into linear ,-unsaturated esters (eq. 1.28) at 100 oC under CO pressure of 80 atm
(80).

Similarly, PtCl2(dppb) with SnCl2 as a promoter were reported to give the linear isomer
as a major product, however, the chemoselectivity of the reaction was poor due to the
formation of high molecular mass by-products, and to partial polymerization of both
substrate and carbonylation products (81).
Pd(II) regioselectively catalyzes the hydroesterification of terminal alkynes under syngas
forming α,β-unsaturated esters in excellent yields under neutral conditions. A high
selectivity for linear esters was obtained with the catalytic system that includes Pd(II),
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1,4-bis(diphenylphosphino)butane (dppb), and CO/H2 in CH2Cl2 as a solvent.

The

control of the regioselectivity depends strongly upon the type of ligand, the solvent, and
the use of the syngas mixture (82).
Palladium complexes of 2-pyridyldiphenylphosphine anchored on polystyrene,
poly(methylmethacrylate) and styrene-methylmethacrylate copolymer form highly active
heterogeneous catalysts for the alkoxycarbonylation of terminal alkynes with activities
approaching those obtained under homogeneous conditions (83).

1.2.7 Conventional methods for the synthesis of unsaturated amides

The classical synthesis of 2-substituted acrylamides, important intermediates for polymer
synthesis (84), was mostly achieved by reacting substituted amines (or derivatives of
aniline or acrylonitriles) (85) with acryloyl chlorides or substituted acrylic acids (86)
(Scheme 1.2).

RC

CH + CO + HCl

Rh/Ru, 120-200 oC
500-100 atm.

H

R
C

C

H

R 1NH 2

COCl

H

R
C

H

Step 1

R = aryl or alky

C
CONHR 1

Step 2

Scheme 1.2. Conventional method for the synthesis of unsaturated amides.

While ,-unsaturated amides could be synthesized by the olefination of aldehyde with
carbamidomethylene triphenylphosphorane (1.21) (87) (eq. 1.29).
PhCHO + Ph3P

CHCONH2
1.21

PhCH CHCONH2 + Ph3PO
1.22

eq. 1.29
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1.3

Objectives of this work


To develop a catalyst system for the alkoxycarbonylation of terminal alkynes
using various alcohols affording the trans ,-unsaturated esters in high
conversions and regioselectivities under mild reaction conditions.



To develop a catalyst system for the aminocarbonylation of terminal alkynes
using alkyl amines yielding the gem and trans ,-unsaturated amides in high
conversions and total control of regioselectivity under mild reaction conditions.



To apply the optimal reaction conditions of the alkoxycarbonylation and
aminocarbonylation catalyst systems on the carbonylation of di-acetylenes.



To employ the products of the alkoxycarbonylation and aminocarbonylation
reactions as substrates in alkoxycarbonylation reactions to produce -amido
esters.



To synthesize new palladium(II)-binuclear complexes based on chelating
diimines ligands and bridging diphosphine or diimine ligands. The catalytic
activity of the new complexes will be tested in the reaction of coupling of olefins.



To

address

the

origin

of

the

activity

and

regioselectivity

of

the

alkoxycarbonylation and aminocarbonylation reactions by carrying out a full DFT
computational study on the proposed catalytic cycles of the above mentioned two
reactions.
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CHAPTER 2

PALLADIUM-DPPB-BORATE-CATALYZED REGIOSELECTIVE SYNTHESIS

OF CINNAMATE ESTERS BY ALKOXYCARBONYLATION OF

PHENYLACETYLENE

2.1 Introduction
The synthesis of carboxylic esters from easily available starting materials is one of the
basic reactions in synthetic chemistry. The use of carbon monoxide as a ‘carboxylsource’ in palladium-catalyzed hydroalkoxycarbonylation reaction is a widely known
methodology for the synthesis of esters (88,89). Cinnamic acid and its derivatives are
important intermediates for the production of pharmaceuticals, fragrances, lightsensitive, electrically conductive materials and agrochemicals (90). Cinnamate esters are
made conventionally through Claisen condensation from benzaldehyde and alkylacetate
in the presence of sodium alkoxide (91) or by esterification of cinnamic acid (92), or by
using palladium acetate-tertiary phosphine as a catalyst in the reaction of phenyl bromide
and an alkyl acrylate (93).
Many publications and patents disclose oxidative carbonylation of olefins to α,βunsaturated esters by reacting an olefin with carbon monoxide, oxygen, and an alcohol in
the presence of palladium and copper salts (90,94-96). The disadvantages of these
methods are a large excess of oxidant (copper (II) salt) (97), and lack of selectivity due to
many side products (90).
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Alkoxycarbonylation of phenylacetylene with alcohols normally gives gem- and transα,β-unsaturated esters (3 and 4) (Equation 2.1). The ratio of these products strongly
depends on the catalytic system and the reaction conditions employed (72,76,81,82). The
regioselective synthesis of the gem-α,β-unsaturated ester 3 has been achieved by various
methods (73,74,76). However, there is only one report that describes the regioselective
alkoxycarbonylation of phenylacetylene into trans-α,β-unsaturated esters (89 %) using
the cationic palladium complex [(Pd(dppf)(PhCN)]BF4 (72).
The recent report on palladium-borate-catalyzed methoxycarbonylation of alkenes (98)
encouraged us to investigate in this chapter the effect of salicylborate on the one step
synthesis

of

cinnamic

acid

esters

by

palladium

catalyzed

regioselective

alkoxycarbonylation of phenylacetylene (Equation 2.1).

2.2 Results and discussion
The regioselective synthesis of gem- or trans-α,β-unsaturated ester was achieved by the
direct carbonylation of phenylacetylene with methanol catalyzed by palladium (II) in the
presence of a diphosphine ligand and suitable additives. The reaction conditions were
optimized and the effect of various reaction parameters on the activity and selectivity
were determined.
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2.2.1 Effect of the type of palladium complex
The activity and the selectivity of various palladium catalysts and their effects on the
selectivity of the catalytic alkoxycarbonylation of phenylacetylene with methanol were
studied and the results are summarized in Table 2.1. The reaction is carried out by adding
the required amount of the palladium complex, dppb, salicylic acid, boric acid and
methanol in 10 ml acetonitrile under CO (200 psi) at 90 oC for 3 h. Conversions higher
than 96 % were obtained with Pd(OAc)2, Pd(NO3)2, PdSO4 and Pd/C. However,
palladium catalysts containing chloride ions gave no products under the reaction
conditions, whereas Pd(CN)2 gave only 12 %. It seems that the presence of ligands
having higher binding ability such as chloride (Table 2.1, entries 6-8) reduces the
availability of the coordination sites around palladium, hence leading to lower catalytic
activity (99,100). This is probably related to the strong interaction of the chloride ion
with the active center compared to the relatively easy replacement of NO3-, SO42- and
OAc- anions by the bidentate phosphine ligand. A salicylborate complex (BSA) is
probably formed in-situ between boric and salicyclic acid (Equation 2.2) (98).
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Table 2.1. Alkoxycarbonylation of phenylacetylene by [Pd] / dppb / BSA.
Effect of the type of palladium catalyst.a

Entry

a.

Conversionb

4ac1 / 3ac1c

(%)

(%)

Palladium Catalyst

1

Pd(OAc)2

99

92 / 8

2

Pd(NO3)2

99

84 / 16

3

PdSO4

98

91 / 9

4

Pd/C (5%)

97

90 / 10

5

Pd(CN)2

12

97 / 3

6

PdCl2

Traces

-

7

Pd(PhCN)2Cl2

0

-

8

Pd(PPh3)2Cl2

0

-

Reaction conditions: [Pd] (0.02 mmol), dppb (0.08 mmol), phenylacetylene (2.0
mmol), B(OH)3 (0.30 mmol); salicylic acid (0.60 mmol), methanol (8.0 mmol),
CH3CN (10.0 ml), CO (200 psi), 90 oC, 3 h.

b.

Determined by GC.

c.

Determined by GC and 1H NMR.
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2.2.2 Effect of the type of ligand
The effect of the type of ligand on the conversion and the selectivity toward both transand gem-,-unsaturated ester were investigated. Different bidentate phosphine ligands
with wide range of bite angles and also monodentate phosphine ligands were used in the
study. The results, summarized in the Table 2.2, showed an increase in the conversion of
phenylacetylene and in the selectivity toward trans-,-unsaturated ester (methyl
cinnamate) with the increase in the bite angle of the ligands. A correlation between
diphosphine ligand bite angle, rate and selectivity has been observed. Dppe, [1,2bis(diphenylphosphino)ethane], with the bite angle of 85o gave only 3 % conversion of
phenylacetylene

into

mainly

styrene,

while

dppf,

[1,1’-bis-

(diphenylphosphino)ferrocene], and dppp, [1,3-bis(diphenylphosphino)propane], with
bite angles 96o and 91o gave conversions of 99 % and 88 % and selectivities in the trans
isomer 4 of 86 % and 76 %, respectively. A further increase in the bite angle to 98o in
dppb, [1,4-bis(diphenylphosphino)butane], led to a total conversion and a selectivity of
92 % in methyl cinnamate. The only exception was observed with BINAP, [2,2'bis(diphenylphosphino)methyl)1,1'-binaphthyl],

and

BIPHEN,

[2,2'-bis-

(diphenylphosphino)methyl)1,1'-biphenyl], which is probably related to the narrow
flexibility range and more rigid backbone that reduces the range of bite angle (61). A
similar correlation between the increase in bite angles of diphosphine ligands and the rate
or selectivity were also reported in the hydrocarboxylation of styrene (101) and
carbonylative coupling of aniline with 1-heptyne (61).
The major reasons for these variations in the conversion and selectivity toward the trans
isomer 4 are related to both steric and electronic effects of the ligands, with the steric
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effect to be the major determinant in this catalytic system. The steric nature of the
catalytic intermediate ensures that the hydropalladation process exhibits high
regioselectivity, resulting in cis-addition of Pd complex to a less hindered carbon atom,
which finally yields the trans isomer 4. With dppp and dppb, the organic backbone is
bent out of the plane of coordination and that in contrast, a skew conformation observed
for dppe. In complexes with dppp and dppb, the phenyl groups can bend away from the
remaining two coordination sites (102,103). Flexible backbones also impose low-energy
barriers for the variation of the P-Pd-P angle and Pd-P distances. Moreover, theoretical
calculations indicate such flexibility may enhance migration reactions (104,105).
Extended Huckel calculations indicate that in the diphosphine complexes with small
ligand bite angles, the electron density is shifted to the hydride ligand. Therefore, the
increase of the bite angle of the ligand increases the hydride ligand acidity, hence the
basicity of the following ligands increases in the order: dppe > dppp > dppb. This order
suggests a possible reason for the reduced activity of dppe (106).
It was suggested that availability of two coordination sites is crucial to the possible
formation of active cationic palladium complex in the alkoxycarbonylation of
phenylacetylene (1a) (107). Another key to the formation of trans isomer may be the
ability of dppb to coordinate to palladium through one or both phosphine atoms
depending on the circumstances inferring the result that dppb is effective, whereas dppe
is almost ineffective for this carbonylation process (108-110).
Basic monophosphine ligand such as PBu3 show less catalytic activity with 11 %
conversion and 80 % selectivity in gem isomer 3 (Table 2.2, entry 7).
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Table 2.2. Alkoxycarbonylation of phenylacetylene by Pd(OAc)2 / ligand / BSA.
Effect of the type of ligand.a

Bite angle
Entry

a

Conversionb

4ac1 / 3ac1c

(%)

(%)

Ligand

1

dppb

98

100

92 / 8

2

dppf

96

99

86 / 14

3

dppp

91

88

76 / 24

4

BIPHEN

92

100

46 / 54

5

BINAP

92

99

34 / 66

6d

dppe

85

3

-

7e

Bu3P

-

11

20 / 80

8

PPh3

-

24

14 / 86

Reaction

conditions:

Pd(OAc)2

(0.02

mmol),

ligand

(0.08

mmol),

phenylacetylene (2.0 mmol), B(OH)3 (0.30 mmol); salicylic acid (0.60 mmol),
methanol (8.0 mmol), CH3CN (10.0 ml), CO (200 psi), 90 oC, 3 h.
b

Determined by GC.

c

Determined by GC and 1H NMR.

d

3 % Styrene

e

6 % Styrene
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Similarly, low conversion (24 %) of phenylacetylene and higher selectivity (86 %) for
the gem isomer 3 was observed when triphenylphosphine was used as a ligand, (Table
2.2, entry 8).

2.2.3 Effect of the ratio of dppb / Pd(OAc)2
The ratio of dppb / Pd(OAc)2 is also found to have a significant role on the catalyst
activity and the selectivity of the reaction (Figure 2.1). The conversion increases from 66
% (dppb / [Pd] = 1), to 100 % (dppb / [Pd] = 2) and the total conversion was maintained
up to a ratio of dppb / [Pd] of 5 after which the conversion decreased significantly (51
%). The selectivity in trans ester 4 increases from 70 % to 90 % then to 92 % and finally
remains 92 % at dppb / [Pd] ratio of 1, 2, 4 and 5, respectively.

Substantial

decomposition of the active catalyst into palladium metal was observed only with ratio
dppb / [Pd] =1. The use of excess ligand increased probably the steric and electronic
density around the palladium center so that the equilibrium shifts towards the direction of
pro-trans intermediate.

2.2.4 Effect of the type and the amount of additives
Table 2.3 shows the effect of the type and the amount of additives on the catalytic
alkoxycarbonylation of phenylacetylene with methanol. The presence of acid is
necessary to form the catalytically active species. The results show no reaction in the
absence of salicylborate (BSA) (Table 2.3, entry 1). The catalytic activity is considerably
low (10 %) with 0.03 mmol of salicylborate, and complete conversions were obtained
when the amounts of salicylborate were increased to 0.30 mmol and 0.45 mmol (Table
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100

100

100
90

100

92

96
92

Conversion / Selectivity (%)

90
80
70

66

70

60

51

50
40

30

30
20

10

8

8

4

10
0
0.02

0.04

0.08

0.10

0.16

dppb (mmol)
Conversion (%)

Trans (%)

Gem (%)

.
Reaction Conditions: Pd(OAc)2 (0.02 mmol), phenylacetylene (2.0 mmol), methanol (8.0
mmol), B(OH)3 (0.30 mmol); salicylic acid (0.60 mmol), CH3CN (10.0 ml), CO (200 psi),
90 oC, 3 h.
(trans + gem = 100 %)
Figure 2.1. Alkoxycarbonylation of phenylacetylene with methanol by Pd(OAc)2 / dppb /
BSA.
Effect of the amount of ligand
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2.3, entries 2-5). The results indicate that the acid should be present in significant excess
to achieve maximum activity and selectivity (Table 2.3, entries 1-5). At lower acid
concentrations and in the presence of excess of methanol, lower activities were observed
(111, 112).
A decrease in both conversion and selectivity towards the trans isomer was observed
when salicyclic acid alone was used as promoter (Table 2.3, entry 6). The total
conversions obtained with sulfonic acid derivatives such as methanesulfonic and ptoluenesulfonic acid (Table 2.3, entries 8-9) have encouraged us to pursue further these
systems in order to improve both conversions and selectivities using a variety of alkyl
and aryl alkynes.
The basic question concerns the role of the acid in this carbonylation reaction. The acid
may react forming metal hydride species through protonation of the electron-rich Pd(0)
species which is formed from in situ reduction of Pd(II) when heated in the presence of
CO (113). These species are electron-rich and known to form Pd-H in the presence of
strong acid. The salicylborate anion can either coordinate to the metal center forming
neutral complex, or act as a counter-ion to the cationic palladium species. The later is
more plausible in the present system for three reasons: firstly, the coordination of the
salicylborate anion would render it prone to hydrogenation of the alkynes to alkenes and
alkanes (114), the second reason is the displacement of weakly coordinating labile anions
from the sphere of metals by less labile ligands (115), and finally, the weakly
coordinating anions, because of their easier dissociation from ion-pair, generate a more
electrophilic palladium center (13,116).

30
Table 2.3. Alkoxycarbonylation of phenylacetylene by Pd(OAc)2 / dppb.
Effect of the type of additives.a

Entry

Additive

Conversionb

4ac1 / 3ac1c

mmol / mmol

(%)

(%)

-

0

-

10

88 / 12

91

85 / 15

100

92 / 8

100

91 / 9

22

47 / 53

0

-

100

86 / 14

100

89 / 11

1
2
3
4
5
6
7
8
9
a

Reaction

B(OH)3 / Salicylic acid
0.03 / 0.06
B(OH)3 / Salicylic acid
0.10 / 0.20
B(OH)3 / Salicylic acid
0.30 / 0.60
B(OH)3 / Salicylic acid
0.45 / 0.90
Salicylic acid
0.60
B(OH)3
0.30
p-TSOH
0.30
CH3SO3H
0.30
conditions:

Pd(OAc)2

(0.02

mmol),

dppb

(0.08

mmol),

phenylacetylene (2.0 mmol), methanol (8.0 mmol), CH3CN (10.0 ml), CO
(200 psi), 90 oC, 3 h.
b

Determined by GC.

c

Determined by 1H NMR and GC.
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2.2.5 Effect of type of solvent
Table 2.4 contains the results of the effect of various solvents on the catalytic
alkoxycarbonylation of phenylacetylene with methanol. No clear correlation was found
between the conversion, the selectivity and the dielectric constant of the solvents. Noncoordinating solvent, such as n-hexane, dichloromethane and toluene gave conversions of
35 %, 43 %, and 89 % with the corresponding selectivities in trans isomer 4 of 39 %, 41
% and 24 %, respectively (Table 2.4, entries 5-7).
Almost complete conversions were obtained with polar coordinating solvents such as
acetonitrile, benzonitrile, DMF, and DMSO (Table 2.4, entries 1-4). However, when
methanol was used alone as a solvent and a nucleophile under similar conditions, only 32
% conversion was obtained after 3 hours of reaction (Table 2.4, entry 9). This may be
due to the formation of less active palladium carbomethoxy complex (111,112). As
described earlier, the coordination of the anions to the cationic palladium center may
depend strongly on the polarity of the reaction medium (13). Solvation of the ion-pair by
the polar solvents is expected to facilitate cation-anion dissociation and, therefore,
renders the metal center more electrophilic and more easily accessible by the substrate
molecules (13).
Among all used solvents, only acetonitrile and benzonitrile gave complete conversions
and with the trans-α,β-unsaturated ester 4 formed as the major product. The reason for
the high selectivity for the trans isomer exclusively in these solvents is not yet totally
clear. It could be explained by the fact that acetonitrile is acting as both solvent and coligand (90,117). In cationic complexes the fourth coordination position could be
occupied by acetonitrile that probably plays an active role in the migratory insertion
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Hydroesterification of phenylacetylene by Pd(OAc)2 / dppb / BSA.Effect

Table 2.4.

of the type of solvent.a

Entry

a

Conversionb

4ac1 / 3ac1c

(%)

(%)

Solvent

1

CH3CN

100

92 / 8

2

PhCN

100

86 / 14

3

DMSO

100

18 / 82

4

DMF

96

12 / 88

5

Toluene

89

24 / 76

6

CH2Cl2

43

41 / 59

7

Hexane

35

39 / 61

8

THF

8

24 / 76

9

CH3OH

32

30 / 70

Reaction

conditions:

Pd(OAc)2

(0.02

mmol),

dppb

(0.08

mmol),

phenylacetylene (2.0 mmol), B(OH)3 (0.30 mmol); salicylic acid (0.60 mmol),
methanol (8.0 mmol), solvent (10.0 ml), CO (200 psi), 90 oC, 3 h.
b

Determined by GC.

c

Determined by GC and 1H NMR.
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(118). It is apparent that the nucleophilic character of the co-ligand may remarkably
affect the rate of conversion of [Pd(P-P)H]+ into [Pd(P-P)OMe]+ and hence promote the
products of carbonylation whose formation required Pd-H bond (116).
The influence of the co-ligand on the stability of the hydride metal initiator and hence on
product selectivity has previously been reported for palladium-catalyzed enantioselective
carbonylation of styrene (119).

2.2.6 Effects of the temperature
A systematic study on the influence of the temperature on the regioselectivity and the
catalytic activity in the alkoxycarbonylation of phenylacetylene with methanol was
achieved at a variety of temperatures ranging from 70 oC to 110 oC (Figure 2.2). The
formation of the trans-,-unsaturated esters prevailed in all temperatures. An increase
in the temperature, however, increased the amount of the trans-,-unsaturated ester up
to 90 oC above which the selectivity in trans ester 4 started dropping.
At higher temperature (110 oC), complete conversion was obtained while the selectivity
for the trans isomer decreased to 78 %; this decrease could be related to the displacement
of phosphine by CO which is favored at higher temperature (120). This makes the
palladium center less crowded and therefore less selective for the trans isomer. Similarly,
the lower temperature (80 oC) resulted in lower selectivity in trans isomer 4 with
conversion remain the same (100 %). The conversion of phenylacetylene and the
selectivity toward the trans-,-unsaturated ester were deteriorated as the reaction
temperature decreased to 70 oC.
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Conversion / Selectivity (%)

90

100

100

100

100

92
83

86

100
90

85
78

80
70
60
50
40
30

22

20

15

14

10

8

10
0
70

80

90

100

110

o

T, C
Conversion (%)

trans (%)

gem (%)

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), phenylacetylene (2.0
mmol), methanol (8.0 mmol), B(OH)3 (0.30 mmol); salicylic acid (0.60 mmol), CH3CN
(10.0 ml), CO (200 psi), 3 h.
(trans + gem = 100 %).
Figure 2.2. Alkoxycarbonylation of phenylacetylene with methanol by
Pd(OAc)2/dppb/BSA.
Effect of the temperature.
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2.2.7 Alkoxycarbonylation of Phenylacetylene with different Alcohols
The effect of different alcohols as esterifying reagents were studied and the results are
presented in Table 2.5. The conversions and selectivities remained fairly constant with
increasing numbers of carbons in the alcohol. This shows that the alkoxy mechanism is
playing a minor role in this process because the initial formation of palladium
carboalkoxy will be expected to decrease with the increase in the number of carbons of
alcohols (111,112,121).

2.2.8 Proposed Mechanisms
There are two main mechanisms that have been proposed for alkoxycarbonylation of
alkynes with alcohols: the hydride and alkoxy mechanisms (72,99,101,121,122). It was
reported that the insertion of styrene into metal acyl bond led to gem products, while
insertion into hydrides led to trans products (123). Based on the analysis of the literature
and the present experimental results we tentatively proposed two possible schemes,
where the hydride mechanism represents the major route towards the trans product
(Scheme 2.1). This was clear from the promoting effect of a hydride source observed
with acid (Table 2.3) (99,123).
The first step in the proposed mechanism was the formation of palladium hydride species
A by the reaction of Pd(OAc)2, dppb, CO and acid (61). The coordination of alkyne to
palladium center will give intermediate B which depends on the nature of the palladium
center, polarity of the solvent, steric and electronic effect of the ligand.
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Table 2.5. Alkoxycarbonylation of phenylacetylene by [Pd] / dppb / BSA in the
presence of different alcohols.a

Entry
1
2
3
4
5
6
7
a

Alcohol

Conversionb

trans / gemc

ROH

(%)

(%)

100

92 / 8

99

91 / 9

99

92 / 8

99

91 / 9

99

91 / 9

99

90 / 10

100

89 / 11

CH3OH
2c1
CH3CH2OH
2c2
CH3(CH2)2OH
2c3
(CH3)2CHOH
2c4
CH3(CH2)3OH
2c5
CH3(CH2)4OH
2c6
CH3(CH2)6OH
2c7

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol),
phenylacetylene (2.0 mmol), ROH (8.0 mmol), B(OH)3 (0.30 mmol);
salicylic acid (0.60 mmol), CH3CN (10.0 ml), 200 psi of CO, 90 oC, 3 h.

b

Determined by GC.

c

Determined by GC and 1H NMR.
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A literature precedent describes that the regiochemistry can be attributed to mainly steric
effects (114). Thus (dppb)Pd-H bond tends to add preferentially to the less crowded
carbon, i.e., to the terminal carbon forming intermediate C.
With the monodentate phosphine, the lower conversion and selectivity is related to the
lower steric crowdeness and preference for the trans orientation of the monodentate
phosphine ligand due to both steric and electronic reasons. It is well known that the gemtrans ratio is rapidly changed at high temperature and affected by the use of excess of
ligand (Table 2.2, entries 7 and 8) (13).
The charge distribution in phenylacetylene indicates that the terminal carbon is more
nucleophilic than the internal carbon, because of the electron withdrawing effect of the
phenyl group. Theoretical calculations (using Gaussian 03) gave the charge distribution
as -0.452 for the terminal carbon and 0.094 for the internal carbon, therefore, it is
expected that the terminal carbon of the triple bond will have more affinity for the
cationic palladium than the internal; hence more trans isomer will be expected with
cationic palladium species.
Solvation by the polar solvents is expected to facilitate and stabilize cation-anion
dissociation and therefore render the metal center more electrophilic and more easily
accessible by the substrate molecules (13). Claver and co-wokers have proposed that
high gem selectivity proceed through a neutral catalytic cycle, while the trans preference
follows a cationic catalytic cycle (101). Carboalkoxy mechanism can also play a major
role in forming the gem isomer. The assumption of the formation of the two isomers
regioselectively through different catalytic cycles could be valid for our system, where
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the product distribution percent can be explained by the difference in thermodynamic
stability of the regioselectivity key intermediates in the same catalytic cycle.

Ph

CO
P
P

Pd
H
B

C

+

C

XPh-C

H

CH

Ph
+

P

Pd

P

Hydride
pathway

-

CO

X

P
P

C

+

dppb

Pd H X

Pd(OAc)2

HX = BSA
A

O
O
P

OCH3
trans

Ph X-

Pd

P

Ph

+

D

CH3OH

Scheme 2.1. Proposed mechanism for the formation of the trans products.
The presence of coordinating acetonitrile solvent molecules can in principle affect the
stability of palladium acyl intermediates. However, literature data prove the absence of
this effect. In complex [Pd(13C(O)Me)(P-P’)MeCN](OTf) (P=PPh2, P’=(toly)2), no
displacement of MeCN by 13CO was observed at 1 atm (13). A similar result was already
found for the complex [Pd(13COMe)(BINAPHOS)CD3CN](OTf) (124). Thermodynamic
consideration may explain the stability of these palladium acyl complexes without the
displacement of acetonitrile.
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The reactions in DMF and DMSO gave gem-,-unsaturated ester selectively (Table 2.4
entries 3, 4). The gem isomer was also produced when other alcohols such as 1-butanol
and 2-propanol were used in place of methanol. Also the gem-,-unsaturated ester was
produced as the major product when neat methanol was used in the absence of any other
solvent. As already described in the literature, the formation of gem isomer was
explained by the initial formation of carboalkoxy species (alkoxy mechanism). CO
insertion into the palladium-oxygen bond affords acylpalladium, and finally methanolysis
of the acyl yields the final product (Scheme 2.2) (110).

Scheme 2.2. Proposed mechanism for the formation of the gem products.
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2.3 Conclusions
Palladium (II) and 1,4-bis(diphenylphosphino)butane in the presence of a mixture of
salicylic and boric acids (BSA) and in acetonitrile was an effective and selective catalyst
system for the regioselective alkoxycarbonylation of phenylacetylene into trans-,unsaturated ester (trans-methyl cinnamate). Polar coordinative solvents were found to be
more active compared the non-polar solvents or polar non-coordinative solvents.
Acetonitrile was the most effective solvent for high selectivity toward the formation of
trans isomer. This is may be due to its ability to act as co-ligand with low binding
affinity and also to stabilize palladium cationic species, which may be responsible for
high selectivity towards trans isomers. Monophosphines as ligands in acetonitrile gave
low conversion with gem-,-unsaturated ester as the major product. It was found that
the suitable conditions for the formation of the trans-,-unsaturated ester appear to be
the combined use of bulky diphosphines, acetonitrile and palladium cationic species as a
catalyst. It was observed that the selectivity towards trans isomer increases with the
increase in bite angles of the diphosphine ligands.

2.4 Experimental section
2.4.1 Materials
Phenylacetylene, palladium catalysts, phosphine ligands and acids were purchased from
Aldrich Company and were used without further purification. The alcohols and the
solvents were distilled under N2 and dried before use.
1

H and 13C NMR spectra were recorded on 500 MHz Joel 150 NMR machine. Chemical

shifts were reported in ppm relative to tetramethyl silane (TMS) using CDCl3. The
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products of the reactions were analyzed on gas chromatography (Agilent GC 6890 plus
Series) equipped with a split–splitless injector (split ratios of 20:1). The temperature of
the injector was 250 oC, with 10 psi constant pressure. The column was an HP-5 column
(30 m × 0.25 mm i.d., 0.25 μm film thickness). Helium was the carrier gas with a flow
rate of 1.5 mL/min, and programmed temperature was applied to obtain the separation of
the compounds; precisely the initial temperature was 50 °C, hold 2 min, then ramped at
10 °C/min to 140 °C (hold time 0 min), then finally ramped at 20 °C/min to 250 °C (hold
time 20 min). The detector was flame ionization detector (FID), with hydrogen and air
flow of 40.0 and 450.0 ml/min, respectively. Makeup flow was on with 45.0 ml/min of
helium.
The products of the reactions were also analyzed on GC-MS (Varian Saturn 2000)
equipped with HP-5 MS column (30 m × 0.25 mm i.d., 0.25 μm film thickness). Helium
was the carrier gas at a flow rate of 1.0 mL/min and programmed temperature was
applied to obtain the separation of the compounds; precisely the initial temperature was
50 °C, hold 2.0 min, then ramped at 10 °C/min to 140 °C (hold time 0 min), then finally
ramped at 20 °C/min to 250 °C (hold time 20 min). The temperatures of injector, transfer
line and ionization source were 250, 225 and 270 °C, respectively. NIST MS search was
used for compound identification.

2.4.2 General procedure for the alkoxycarbonylation of phenylacetylene with
alcohols
A mixture of Pd(OAc)2 (0.02 mmol), 1,4-bis(diphenylphosphino)butane (0.08 mmol),
boric acid (0.3 mmol), salicyclic acid (0.6 mmol), phenylacetylene (2.0 mmol), and
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alcohol (8.0 mmol) in 10 ml of acetonitrile was placed in the glass liner, equipped with a
stirring bar, fitted in a 45 ml Parr autoclave. The autoclave was purged three times with
carbon monoxide, pressurized with 200 psi of CO. The mixture was stirred and heated
for the required time (Appendix A1). After cooling the pressure was released, the
mixture was diluted with ethyl ether, washed with water, dried with anhydrous MgSO4,
and analyzed by GC.
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CHAPTER 3

PALLADIUM (II)-CATALYZED CATALYTIC AMINOCARBONYLATION

AND ALKOXYCARBONYLATION OF TERMINAL ALKYNES:

REGIOSELECTIVITY CONTROLLED BY THE NUCLEOPHILES

3.1 Introduction
Palladium–catalyzed carbonylation reactions, carried out in the presence of various
nucleophiles like amines and alcohols, belong to the most widely used homogeneous
catalytic reactions in synthetic chemistry (125). ,-Unsaturated amides or esters can be
prepared by a direct carbonylation of alkynes in the presence of appropriate nucleophiles
such as amines (aminocarbonylation) or alcohols (alkoxycarbonylation).
Aminocarbonylation plays a special role in synthesizing carboxamides which are difficult
to prepare via conventional carboxylic acid/carboxylic halide-carboxamide route (e.g.,
with bulky substituents at the amide nitrogen) from easily available starting materials
(13). The acrylic esters derivatives produced by the above reaction are employed in a
wide of organic reactions such as nucleophilic additions and cycloaddition reactions
(126). They are also extensively used in the synthesis of polymeric materials (127).
Cinnamic acids and their esters are important intermediates for the production of
pharmaceuticals, fragrances, light-sensitive materials, electrically conductive materials,
and agrochemicals (90). The development of more efficient aminocarbonylation and
alkoxycarbonylation catalytic systems in terms of conversion, selectivity and diversity of
synthesized products is still a challenging area. It is well-known that the ratio of products
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from aminocarbonylation and alkoxycarbonylation reactions depends strongly on the
catalytic system and the reaction conditions employed (61,72).

The regioselective

synthesis of the gem-α,β-unsaturated esters has been achieved easily by various methods
(52,74,82). However, the research reports that describe the regioselective synthesis of the
trans-α,β-unsaturated esters are still limited (72). Many aminocarbonylation reactions of
alkynes have been reported in the literature (62,64,65). Nevertheless, only limited work
has been done towards the selective aminocarbonylation of terminal alkynes using
primary and secondary alkylamines; high regioselectivities and yields for the aimed
products were achieved under relatively mild conditions (63,65,128). The use of the
same catalytic system for the aminocarbonylation and alkoxycarbonylation of terminal
alkynes has been reported (13,99). However, no apparent change on the selectivity of the
reaction was observed by changing the type of nucleophile. In the present chapter, we
wish to report the results of the comparative study of the aminocarbonylation and
alkoxycarbonylation

of

terminal

alkynes

using

the

same

catalyst

system

Pd(OAc)2/dppb/p-TsOH/CH3CN/CO. A careful screening of the various reaction
conditions including the type of catalyst, the type and amount of ligand, the amount of
additive, the type of solvent, and the type of amines or alcohols has been considered.

3.2 Results and discussion
The aminocarbonylation and alkoxycarbonylation of phenylacetylene (1a), adopted as a
model alkyne, using diisobutylamine (2b1) and methanol (2c1) was carried out using the
system Pd(OAc)2/dppb/p-TsOH/CO/CH3CN (Table 3.1). Excellent conversion and
regioselectivity towards the formation of gem isomer 3ab1 (2-acrylamide) were obtained
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with the alkylamine 2b1, while trans isomer 4ac1 (cinnamate ester) was the predominant
product with methanol (2c1) as a nucleophile. The reaction conditions were optimized
and the effect of various reaction parameters on the activity and selectivity were
determined.

3.2.1 Effect of the type of palladium complexes
The presence of metal catalyst is essential for the catalytic carbonylation of alkynes. No
reaction was observed in the absence of palladium catalysts. We have considered various
palladium

complexes

in

the

aminocarbonylation

and

alkoxycarbonylation

of

phenylacetylene (1a) using diisobutylamine (2b1) and methanol (2c1). The results are
summarized in Table 3.1. No significant change on the selectivity of the reaction was
observed in the aminocarbonylation experiments by changing the type of palladium
catalysts (Table 3.1, entries 1-7), where the gem isomers 3ab1 were obtained as major
products. Different ratios of products (3ac1 / 4ac1) were obtained in the
alkoxycarbonylation experiments using different palladium catalysts (Table 3.1, entries
1-7). It seems that the presence of ligands having higher binding ability such as chloride
or cyanide (Table 3.1, entries 2-5) reduces the availability of the coordination sites
around palladium, hence leading to lower catalytic activity in alkoxycarbonylation of
terminal alkynes (99,100). With methanol as a nucleophile, low yields (7-27 %) were
obtained with PdCl2, PdCl2(PPh3)2, Pd(PhCN)2Cl2, and Pd(CN)2. While lower selectivity
(3ac1/4ac1= 62/38) was observed with PdSO4.
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Table 3.1. Palladium(II)-catalyzed aminocarbonylation and alkoxycarbonylation of
phenylacetylene (1a) using diisobutylamine (2b1) and methanol (2c1). Effect
of the type of palladium catalysts.a
O
Pd(OAc)2, dppb
Ph

+

HNu

+

CO
p-TsOH, CH 3 CN, 100 psi
110 oC, 1 - 20 h

1a

a

+

Ph

Nu

O

Nu (2b 1 ) : N[C H 2CH(CH 3)2]2

3ab 1

4ab 1

Nu (2c 1) : OCH 3

3ac 1

4ac 1

Conversion 1a (%)b
Entry

Nu

Ph

Product Distributionc (%)

Catalyst
2b1

2c1

3ab1 / 4ab1

3ac1 / 4ac1

1

Pd(OAc)2

99

99

97 / 3

12 / 88

2

PdCl2

100

27

95 / 5

25 / 75

3

PdCl2(PPh3)2

91

7

97 / 3

10 / 90

4

Pd(PhCN)2Cl2

88

4

97 / 3

11 / 89

5

Pd(CN)2

38

22

97 / 3

35 / 65

6

PdSO4

56

99

96 / 4

62 / 38

7

Pd/C (5%)

34

97

97 / 3

13 / 87

Reaction conditions: catalyst (0.02 mmol), dppb (0.08 mmol), phenylacetylene (2.0
mmol), diisobutylamine (2b1) (2.0 mmol) or methanol (2c1) (8.0 mmol), CO (100
psi), p-TsOH (0.3 mmol), CH3CN (10 ml), 110 °C, 20 h (1a+2b1) and 1 h (1a+2c1).

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR
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3.2.2 Effect of the type of ligand
The effect of the type of the ligand on the carbonylative coupling of phenylacetylene (1a)
with diisobutylamine (1b1) and methanol (2c1) was investigated. Different bidentate
phosphine ligands with wide range of bite angles, and also monodentate phosphine
ligands were used in the study. The results, summarized in Table 3.2, showed no catalytic
activity in the aminocarbonylation reaction of phenylacetylene and an excellent activity
in alkoxycarbonylation reaction when monodentate ligand PPh3 was used (Table 3.2,
entry 1). The use of P(OPh)3 ligand inhibits completely both reactions, which may be
due to the formation of stable complexes (Table 3.2, entry 2). A correlation between
diphosphine ligand bite angle, rate and selectivity has been observed for the two studied
reactions. For example, an increase in the bite angle of the diphosphine ligand used
resulted in an increase in both activity and selectivity to produce selectively 3ab1 and
4ac1 in the aminocarbonylation and alkoxycarbonylation reactions, respectively (Table
3.2, entries 3-6). A similar correlation between diphosphine ligand bite angle, catalytic
efficiency and selectivity were also observed in palladium-catalyzed alkoxycarbonylation
of phenylacetylene (see section 2.2.2), and palladium-catalyzed cross coupling reactions
of Grignard reagents with organic halides (129). Extended Huckel calculations indicate
that in the diphosphine complexes with small ligand bite angles, the electron density is
shifted to the hydride ligand (106). Therefore, the increase of the bite angle of the ligand
increases the hydride ligand acidity, hence the basicity of the following ligands increases
in the order: dppe > dppp > dppb. This order suggests a possible reason for the reduced
activity of dppe in alkoxycarbonylation of (1a) (106). In the alkoxycarbonylation
mechanism, the hydropalladation process exhibits high regioselectivity, resulting in cis-

48
addition of Pd hydride complex to a less hindered carbon atom, which finally yields the
trans isomer 4ac1 (102,103). Our postulation about the early coordination of amine and
diphosphine ligand to the active palladium center can be used to explain the insensitivity
for the type of phosphine ligands on the selectivity of the aminocarbonylation reaction
(Table 3.2, entries 3-6).
The study of the effect of different dppb/Pd ratios is found to have significant effect on
the catalytic activity and product distribution of the alkoxycarbonylation reaction (Figure
3.1), while only significant improvement in catalytic activity was observed for the
aminocarbonylation catalyst system (Figure 3.2). No change in the activity and the
selectivity for both reactions were observed at the ratios of dppb / Pd = 3-4. However, in
the aminocarbonylation experiments, the use of excess amounts of dppb ligand (> 0.08
mmol) resulted in lowering the rate of the reaction, which could be explained by
competing dppb ligand with the reactant molecules for co-ordination, causing decrease in
the activity, but with no effect on the product distribution.

3.2.3 Effect of the solvent
The study of the effect of solvent is extremely important in the aminocarbonylation and
alkoxycarbonylation reactions of alkynes (Table 3.3). The results showed no clear
correlation between the dielectric constant of the solvent and the outcome of the
reactions. Various polar and non-polar solvents tested with alkoxycarbonylation of
phenylacetylene led to excellent conversions (except n-hexane) producing mainly the
gem isomer as predominant product, except with acetonitrile where trans-unsaturated ester 4ac1 was the major product. This lower activity with n-hexane (Table
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Table 3.2. Palladium(II)-catalyzed aminocarbonylation and alkoxycarbonylation of
phenylacetylene (1a) using diisobutylamine (2b1) and methanol (2c1).
Effect of the type of ligand.a
Conversion 1a (%)b
Entry

a

Product Distributionc (%)

Ligand
2b1

2c1

3ab1 / 4ab1

3ac1 / 4ac1

1

PPh3

0

99

-

14 / 86

2

P(OPh)3

0

0

-

-

3

dppe

12

0

85 / 15

-

4

dppp

59

0

97 / 3

-

5

dppf

78

12

97 / 3

62 / 38

6

dppb

99

99

97 / 3

11 / 89

Reaction conditions: Pd(OAc)2 (0.02 mmol), Ligand (0.08 mmol) except PPh3, and
P(OPh)3 (0.16 mmol), phenylacetylene (2.0 mmol), diisobutylamine (2b1) (2.0
mmol) or methanol (2c1) (8.0 mmol), CO (100 psi), p-TsOH (0.3 mmol), CH3CN
(10 ml), 110 °C, 20 h (1a+2b1) and 1 h (1a+2c1).

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR.

50

90

99

99

88
82

99

88

89

88

80
76

80
Conversion / Selectivity (%)

99

96

100

70
60
50
40
30

24
20

20

12

12

12

11

0.06

0.08

0.1

0.12

10
0
0.02

0.04

dppb (mmol)

Conversion of 1a

gem (3ac1)

trans (4ac1)

Reaction conditions: Pd(OAc)2 (0.02 mmol), 1a (2.0 mmol), 2c1 (8.0 mmol),
CO (100 psi), p-TsOH (0.30 mmol), CH3CN (10 ml), 110 °C, 1 h.
Figure 3.1. Alkoxycarbonylation of phenylacetylene (1a) using methanol (2c1) by
Pd(OAc)2/dppb/p-TsOH.
Effect of the amount of dppb.
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99 98

97 97

96

100

93

97

97

97

Conversion / Selectivity (%)

90
77

80

69

70
60
50
40

38

30
20
10

4

3

3

2

3

3

0
0.02

0.04

0.06

0.08

0.1

0.12

dppb (mmol)
Conversion of 1a

gem (3ab1)

trans (4ab1)

Reaction conditions: Pd(OAc)2 (0.02 mmol), 1a (2.0 mmol), 2b1 (2.0 mmol),
CO (100 psi), p-TsOH (0.30 mmol), CH3CN (10 ml), 110 °C, 20 h.
Figure 3.2. Aminocarbonylation of phenylacetylene (1a) using diisobutylamine (2b1) by
Pd(OAc)2/dppb/p-TsOH.
Effect of the amount of dppb.
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3.3, entry 5) compared to other solvents is due probably to the fact that this non-polar
solvent favors the coordination of the counter ion to the complex cation, so that it
competes with the reacting molecules (99).
The opposite regioselectivity of the alkoxycarbonylation reaction was only achieved
when CH3CN was used as solvent (Table 3.3, entry 7). The reason for the high selectivity
for the trans isomer 4ac1 exclusively in acetonitrile as a solvent is not yet very clear, but
it is possible that acetonitrile acts both as a solvent and a co-ligand (90).
The drastic increase in the catalytic activity in the aminocarbonylation reaction was only
observed with acetonitrile as a solvent. The change in the reaction rate was also
accompanied with excellent selectivity of the reaction (Table 3.3, entry 7).

3.2.4 Effect of the amount of p-TsOH additive
The reaction of carbonylative coupling of phenylacetylene (1a) with diisobutylamine
(2b1) and methanol (2c1) catalyzed by Pd/dppb in acetonitrile was carried out in the
presence of different amount of p-TsOH additive. The results of the aminocarbonylation
reaction (Figure 3.3) clearly showed that the presence of acid additive is not crucial for
the reaction, since a conversion of 27 % of phenylacetylene was obtained in the absence
of p-TsOH. This yield was increased to 44 % by elongating reaction time to 36 hours.
However, the addition of p-TsOH led to a significant increase in the activity (93 %) and a
slight increase in the selectivity of the reaction towards gem isomer 3ab1 (97 %). It
seems that acid as additive is not an essential part of the active starting catalytic species,
and its role appears as a promoter in the process of formation of the active catalytic
species, or in the successive transformation of catalytic intermediates in the catalytic
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Table 3.3.

Palladium(II)-catalyzed aminocarbonylation and alkoxycarbonylation of
phenylacetylene (1a) using diisobutylamine (2b1) or methanol (2c1). Effect
of the type of solvent.a
Conversion 1a (%)b

Entry

a

Product Distributionc (%)

Solvent
2b1

2c1

3ab1 / 4ab1

3ac1 / 4ac1

1

DMF

Traces

93

-

82 / 18

2

DMSO

28

99

67 / 33

87 / 13

3

DCM

19

99

94 / 6

75 / 25

4

THF

Traces

99

-

90 / 10

5

n-Hexane

22

72

89 / 11

69 / 31

6

Toluene

14

100

42 / 58

79 / 21

7

CH3CN

93

99

97 / 3

12 / 88

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), phenylacetylene (2.0
mmol), diisobutylamine (2b1) (2.0 mmol) or methanol (2c1) (8.0 mmol), CO (100
psi), p-TsOH (0.3 mmol), Solvent (10 ml), 110 °C, 20 h (1a+2b1) and 1 h (1a+2c1).

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR
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cycle. Also, the acid can create a free site at the metal center by the acid-base equilibrium
with acetate ion on the metal center (90).
Unlike aminocarbonylation, the presence of acid additive in the alkoxycarbonylation
reactions is absolutely necessary to form the active species; no reaction occurred in the
absence of p-TsOH. The effect of the concentration of p-TsOH on the catalytic activity
and the selectivity is shown on Figure 3.4. The acid may react forming metal hydride
species through protonation of the electron-rich Pd(0) species, which is formed in situ
from the reduction of Pd(II) (113). These species are electron-rich and known to form
Pd-H in the presence of strong acid. The selectivity is not affected by change in p-TsOH
concentration, which suggests that OTs- may not be very strongly coordinated to the Pd
center (99).

3.2.5 Effect of the reaction temperature
The effect of temperature was also carefully studied. Similar reaction conversions were
obtained with the aminocarbonylation and the alkoxycarbonylation reactions at 90 °C
(Table 3.4, entry 1). The 10 °C increment in the reaction temperature resulted in almost
complete conversion for alkoxycarbonylation system, and doubling the activity for the
aminocarbonylation reaction (Table 3.4, entry 2). Maximum conversion of the
aminocarbonylation reaction was obtained at 120 °C (Table 3.4, entry 4), but the catalyst
partially decomposed and Pd black precipitated was formed. The selectivity of both
reactions was not almost affected by the change of the reaction temperature.
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99
100
89

90

97

93

90

91
97

83

93

91

Conversion / Selectivity (%)

80
70
60
60
50
40
30

27

20
11

10

7

10

3

9

3

0
0

0.03

0.06

0.15

0.3

0.6

p -TsOH (mmol)
Conversion of 1a

gem (3ab1)

trans (4ab1)

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), 1a (2.0 mmol),
2b1 (2.0 mmol), CO (100 psi), CH3CN (10 ml), 110 °C, 20 h.
Figure 3.3. Aminocarbonylation of phenylacetylene (1a) using diisobutylamine (2b1) by
Pd(OAc)2/dppb/p-TsOH.
Effect of the amount of p-TsOH.
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99

99

100

99

90

88
84

Conversion / Selectivity (%)

80

86

89

85

70
63

60
50
40
30
23

20

11

10

12

16

15

14

0.06

0.09

0.15

0

0
0

0.03

0.3

0.6

p -TsOH (mmol)
Conversion of 1a

gem (3ac1)

trans (4ac1)

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), 1a (2.0 mmol),
2c1 (8.0 mmol), CO (100 psi), CH3CN (10 ml), 110 °C, 1 h.
Figure 3.4. Alkoxycarbonylation of phenylacetylene (1a) to methanol (2c1) by
Pd(OAc)2/dppb/p-TsOH.
Effect of the amount of p-TsOH.
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Table 3.4. Palladium(II)-catalyzed aminocarbonylation and alkoxycarbonylation of
phenylacetylene (1a) using diisobutylamine (2b1) and methanol (2c1). Effect
of the temperature.a
O
Pd(OAc)2, dppb
Ph

+

HNu

+

CO
p-TsOH, CH 3CN, 100 psi
110 oC, 1 - 20 h

1a

Nu

Ph

+

Ph

Nu

O

Nu (2b 1) : N[C H 2CH(CH 3)2]2

3ab 1

4ab 1

Nu (2c 1) : OCH 3

3ac 1

4ac 1

Temperature

Conversion 1a (%)b

Product Distributionc (%)

Entry

a

(oC)

2b1

2c1

3ab1 / 4ab1

3ac1 / 4ac1

1

90

30

30

88 / 12

10 / 90

2

100

57

99

97 / 3

11 / 89

3

110

93

99

97 / 3

12 / 88

4

120

99

99

96 / 4

14 / 86

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), phenylacetylene (2.0
mmol), diisobutylamine (2b1) (2.0 mmol) or methanol (2c1) (8.0 mmol), CO (100
psi), p-TsOH (0.3 mmol), CH3CN (10 ml), 20 h (1a+2b1) and 1 h (1a+2c1).

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR

58
3.2.6 Effect of the type of nucleophile
The carbonylative coupling of phenylacetylene (1a) with a variety of primary and
secondary amines 2b1-6 and alcohols 2c1-4 was studied. The results are presented in
Tables 3.5 and 3.6.
In the aminocarbonylation reaction, no correlation was found between the catalytic
activity and the basicity of the amines employed in the carbonylative reactions. Moderate
to complete conversions were obtained with different alkyl amines affording the gem
isomers 3ab1-4 in excellent regioselectivity (Table 3.5, entries 1-4). Surprisingly, the
employment of aromatic amines 2b5-6 with the same catalytic system afforded the trans
isomer 4ab5-6 as a major product. Reversing the selectivity of the reaction by changing
the type of amine is now reported for the first time for the aminocarbonylation of
alkynes. The results obtained with aromatic amines 2b5-6 leading to the regioselectively
formation of trans isomer 4ab5-6 were similar to already published data by our laboratory
(130).
For alkoxycarbonylation reaction, neither conversion nor selectivity were significantly
changed by modifying the type of alcohol used (Table 3.6). Complete conversion and
excellent selectivity towards the trans isomer 4ac were obtained with alcohols 2c1-4 with
different number of carbon atoms. This method provides advantages in terms of both
catalytic activity and regioselectivity compared to the systems described in the literature
(72). It seems that the alkoxy mechanism is playing a minor role in this process because
the initial formation of palladium carboalkoxy decreases with the increase in the number
of carbons of alcohols (111,112).
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Table 3.5. Aminocarbonylation of phenylacetylene (1a) using various amines 2b1-6.a
O

Pd(OAc)2, dppb

Ph

+

HNu

+

CO
p-TsOH, CH 3CN, 100 psi
110 oC, 20 h

1a

2b 1-6

Nu

Ph

+

Ph

O
4ab1-6

3ab1-6

Amine

Conversion 1a

2b

(%)b

Nu

Product Distributionc (%)

Entry
3ab

4ab

97

3

2b1

3ab1

4ab1

n-Hexylamine

95

5

2b2

3ab2

4ab2

Cyclohexylamine

96

4

2b3

3ab3

4ab3

Benzylamine

88

12

2b4

3ab4

4ab4

Aniline

34

66

2b5

3ab5

4ab5

N-methylaniline

44

56

3ab6

4ab6

Diisobutylamine
1

93

56

2

3

63

100

4

100

5

100

6
2b6
a

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), amine (2.0 mmol),
phenylacetylene (2.0 mmol), p-TsOH (0.3 mmol), CH3CN (10 ml), CO (100 psi), 110
°C, 20 h .

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR
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Table 3.6. Alkoxycarbonylation of phenylacetylene (1a) using various alcohols 2c1-4.a
O

Pd(OAc)2 , dppb

Ph

+

HNu

+

CO
p-TsOH, CH 3 CN, 100 psi

2c 1-

1a

Nu

Ph

Ph
4ac1-4

3ac1-4

Alcohol

Conversion 1a

2c

(%)b

Nu

O

110 oC, 1 h
4

+

Product Distributionc (%)

Entry

MeOH
1

4ac

11

89

3ac1

4ac1

11

89

3ac2

4ac2

15

85

3ac3

4ac3

13

87

3ac4

4ac4

100
2c1
EtOH

2

100
2c2
n-PrOH

3

100
2c3
i-PeOH

4

100
2c4

a

3ac

Reaction conditions: Pd(OAc)2 (0.02 mmol), dppb (0.08 mmol), alcohol (8.0 mmol),
phenylacetylene (2.0 mmol), p-TsOH (0.30 mmol), CH3CN (10 ml), CO (100 psi),
110 °C, 1 h.

b

Determined by GC based on phenylacetylene.

c

Determined by GC and 1H NMR.
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It is also important to note that the aminocarbonylation and alkoxycarbonylation
reactions take place not only with terminal aromatic alkynes but also selectively with
terminal alkyl alkynes such as 1-heptyne 1b (equation 3.1).
O
Pd(OAc)2, dppb
R

+

HNu

+

CO
p-TsOH, CH3CN, 100 psi
110 oC, 1- 20 h

1b
R = CH3(CH2)4

Nu

R

+

R

Nu

3.1

O

Nu (2b1) : N[CH2CH(CH3)2]2

Conv. = 57 %

3bb1 (97 %)

4bb1 (3 %)

Nu (2c1) : OCH3

Conv. = 85 %

3bc1 (15 %)

4bc1 (85 %)

3.2.7 Proposed Mechanisms
The mechanism of the aminocarbonylation and alkoxycarbonylation reactions of terminal
alkynes catalyzed by Pd(OAc)2 / dppb / p-TsOH / CO is not yet well understood. Based
on the literature and the present experimental observations, we tentatively propose two
mechanisms for the alkoxycarbonylation and aminocarbonylation of terminal alkynes
using different amines and alcohols (Schemes 2.1 and 3.1).
On the basis of the promoting effect of a hydride source such as p-TsOH, it is likely that
this mechanism plays a major role with alcohol nucleophile (see section 2.2.8). The first
step in the proposed mechanism is the formation of active cationic palladium hydride
species A (Scheme 2.1). This intermediate is formed by the reaction of Pd(OAc)2, dppb
and acid (61). The tosylate, in comparison with acetate, seems to be preferable for the
formation of such species because it is a less coordinating ligand compared to acetate, so
that the subsequent incorporation of alkynes proceeds smoothly (76). Thus, the next
proposed step is the coordination of alkyne on A to yield B. The formation of
intermediate C includes the insertion of the coordinated alkyne into a Pd-H bond to give
a (σ-vinyl) palladium complex followed by the coordination of CO molecule.

62
Experimental results obtained in this study suggest three factors that control hydride
addition to the triple bond to produce trans isomer: the nature of the catalyst precursor
[PdCl2; Pd(OAc)2], nature of the solvent, and steric and electronic effect of the ligand.
Migratory insertion of CO into the palladium-vinyl bond leads to the formation of
intermediate D. Finally, the methanolysis of the acyl complex produces the trans isomer
4 and regenerating the hydride species A.
The results of the aminocarbonylation of phenylacetylene are totally different in the
presence of the same catalyst system and at the same experimental conditions. The gem
,-unsaturated amides are formed as the major products. We believe that this reaction
proceeds via a mechanism similar to alkoxy mechanism we already proposed for the
formation of gem ester in the alkoxycarbonylation reaction (Scheme 2.2). While we
proposed a plausible reaction mechanism (Scheme 3.1), the stepwise details for this
aminocarbonylation process are still open to debate and remain subject to further
experimental and computational investigations. The key of our suggested mechanism
will be the formation of active cationic species AM' via the reaction of amine with
Pd(OAc)2 and dppb. The experimental results for the effect of type of amine obtained in
this study supported the assumption of early coordination of amine nucleophile. This
type of coordination makes the electronic effect as predominant factor in determining the
activity and selectivity of the reaction. Experimental results for the effect of ligand
suggests also an important role of this effect in determining the conversion and
selectivity of the aminocarbonylation reaction, and hence the formation of the active
species AM'.
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The next step will involve the coordination of CO molecule forming the intermediate
BM'. Insertion of CO into Pd-N bond will produce intermediate CM' with amide group
on palladium center (64). The isolation of traces amount of urea derivatives as
byproducts in aminocarbonylation reaction gives more support for the existence of CM'.
Coordination of alkyne on metal center and then alkyne insertion in Pd-C bond will lead
to the formation of intermediate EM'. The final step will be the protonolysis of
intermediates EM' yielding the final gem product and the active startup species AM'.
The role of p-TsOH in enhancing the catalytic activity of the aminocarbonylation
reaction can be explained by its utility in promoting the protonolysis step.

Scheme 3.1. Palladium-catalyzed aminocarbonylation of phenylacetylene. Palladiumamine pathway leading to 2-acrylamides
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3.3 Conclusions
The regioselective control in the synthesis of 2-acrylamides 3ab and cinnamate esters
was

4ac

achieved

by

the

aminocarbonylation

and

alkoxycarbonylation

of

phenylacetylene (1a) using various amines and alcohols, respectively. A simple catalytic
system Pd(OAc)2/ dppb / p-TsOH / CH3CN / CO under relatively mild experimental
conditions was used. The selectivity of the reactions depends strongly on the type of
nucleophile. However, the nature of the catalyst precursor, the type of solvent, and the
steric and electronic effects of the ligand play also a significant role. The results obtained
showed great advantages in terms of both catalytic activity and regioselectivity in
producing the 2-acrylamides 3ab and cinnamate esters 4ac compared to other systems
reported in the literature.

3.4 Experimental section
3.4.1 Materials and instruments
Alkynes,

amines,

alcohols,

palladium

catalysts,

phosphine

ligands,

and

p-

toluenesulphonic acid (p-TsOH) are highly pure commercially available materials and
were used without any purification. Dry solvents have been used in all experiments. 1H
and

13

C NMR spectra were recorded on 500 MHz Joel 1500 NMR machine. Chemical

shifts (δ) were reported in ppm relative to tetramethyl silane (TMS) using CDCl3. IR
spectra were recorded on Perkin-Elmer 16F PC FT-IR spectrometer and reported in wave
numbers (cm-1). Gas chromatography (GC) analyses were realized on Agilent GC 6890.
The products of the reactions were also analyzed on GC-MS Varian Saturn 2000
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equipped with 30 m capillary column (HP-5). Thin-layer chromatography (TLC)
analyses were performed on silica gel Merck 60 F254 plates (250 m layer thickness).

3.4.2 General procedure for the carbonylative coupling of phenylacetylene (1a) with
amines or alcohols
A mixture of Pd(OAc)2 (0.02 mmol), 1,4-bis(diphenylphosphino)butane (dppb; 0.08
mmol), p-toluenesulphonic acid (p-TsOH; 0.3 mmol), alkyne (2.0 mmol) and amine (2.0
mmol) or alcohol (8.0) in 10 ml acetonitrile was placed in the glass liner, equipped with a
stirring bar, fitted in 45 ml parr autoclave. The autoclave was vented three times with CO
and then pressurized at room temperature with 100 psi CO. The mixture was stirred and
heated at 110 ºC for the required time. After cooling, the pressure was released, the
reaction mixture was filtered and a sample of this solution was immediately analyzed by
GC and GC-MS. The solvent was then removed and the products were separated by
preparative TLC (30% EtOAc/petroleum ether 40-70 oC). The products were identified
by 1H and

13

C NMR, FT-IR and GC-MS analyses. Compounds 3ab1-4 prepared in this

study are new amides and their spectral data are given below, while the other products
(3ab5-6 (62), 4ac1-4 (131)) are known compounds. Representative NMR spectra for
compound 3ab1 are given in appendix AII.

3.4.3 Spectral and analytical data for some ,-unsaturated amides
N,N-Diisobutyl-2-phenylpropeneamide (3ab1)
Oil, IR (CHCl3) v (cm-1) 1633 (CO); 1H NMR  (CDCl3): 0.71 (d, 6H, CH(CH3)2, J =
5.00 Hz), 0.91 (d, 6H, CH(CH3)2, J = 5.00 Hz), 1.82 (m, 1H, CH(CH3)2), 2.10 (m, 1H,
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CH(CH3)2), 2.99 (d, 2H, NCH2, J = 7.50 Hz), 3.31 (d, 2H, NCH2, J = 7.50 Hz), 5.28 (d,
1H, =CH2, J = 1.50 Hz), 5.64 (d, 1H, =CH2, J = 1.50 Hz), 7.22-7.45 (m, 5H arom.); 13C
NMR  (CDCl3): 19.0 (CH3)2, 19.4 (CH3)2, 25.4 (CH), 26.0 (CH), 50.4 (NCH2), 54.9
(NCH2), 113.6 (=CH2), 125.0 (C4'), 127.6 (C3', C5'), 127.8 (C2', C6'), 135.5 (C1'), 145.4
(C=CH2), 170.4 (C=O); GC-Ms m/z 259 (M+); Analysis calculated for C17H25NO
(259.38): C, 78.72; H, 9.71; N, 5.40. Found: C, 78.69; H, 9.83; N, 5.54.

N-Hexyl-2-phenylpropenamide (3ab2)
Oil, IR (CHCl3) v (cm-1) 1657 (CO), 3299 (NH); 1H NMR  (CDCl3): 0.83 (t, 3H,
CH3CH2, J = 7.72 Hz), 1.21-1.48 (m, 6H, -(CH2)3-), 2.31 (m, 2H, NCH2CH2), 3.28 (t,
2H, NCH2, J = 6.40 Hz), 5.56 (s, 1H, =CH2), 5.98 (s, 1H, =CH2), 6.30 (s, 1H, NH), 7.117.72 (m, 5H arom.);

13

C NMR  (CDCl3): 14.0 (CH3), 22.5 (CH3CH2), 26.5

(CH3CH2CH2CH2), 29.3 (CH3CH2CH2CH2), 31.4 (NCH2CH2), 39.9 (NCH2), 120.8
(=CH2), 125.9 (C4'), 127.9 (C3', C5'), 128.6 (C2', C6'), 137.0 (C1'), 145.1 (C=CH2),
167.8 (C=O); GC-Ms m/z 231 (M+); Analysis calculated for C15H21NO (231.33): C,
77.88; H, 9.15; N, 6.05. Found: C, 78.02; H, 9.04; N, 6.17.

N-Cyclohexyl-2-phenylpropenamide (3ab3)
White solid, m.p 102-104 °C; IR (CHCl3) v (cm-1) 1641 (CO), 3279 (NH); 1H NMR 
(CDCl3): 0.83-2.33 (m, 10H, -(CH2)5-), 3.88 (m, 1H, NCH), 5.58 (d, 1H, =CH2, J = 1.60
Hz), 5.79 (s, 1H, NH), 6.03 (d, 1H, =CH2, J = 1.60 Hz), 6.98-7.48 (m, 5H arom.);

13

C

NMR (CDCl3): 24.7 (2CH2), 25.7 (CH2), 32.8 (2CH2), 48.5 (NCH), 121.2 (=CH2),
125.9 (C4'), 127.9 (C3', C5'), 128.6 (C2', C6'), 137.0 (C1'), 145.1 (C=CH2), 166.6 (C=O);
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GC-Ms m/z 229 (M+); Analysis calculated for C15H19NO (229.32): C, 78.56; H, 8.35; N,
6.11. Found: C, 78.69; H, 8.41; N, 5.97.

N-Benzyl-2-phenylpropenamide (3ab4)
Oil, IR (CHCl3) v (cm-1) 1652 (CO), 3403 (NH); 1H NMR  (CDCl3): 4.14 (s, 1H, NH),
4.37 (s, 2H, NCH2), 5.50 (s, 1H, =CH2), 5.90 (s, 1H, =CH2), 6.79-7.62 (m, 10H arom.);
13

C NMR  (CDCl3): 43.1 (NCH2), 120.7 (C4'), 125.4 (C4 benzyl), 126.5 (C3', C5'),

126.8 (C3, C5 benzyl), 127.4 (C2', C6'), 127.8 (C2, C6 benzyl), 136.2 (C1'), 137.8 (C1
benzyl), 144.3 (C=CH2), 167.6 (C=O); GC-Ms m/z 237 (M+); Analysis calculated for
C16H15NO (237.29): C, 80.98; H, 6.37; N, 5.90. Found: C, 80.86; H, 6.45; N, 5.98.
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CHAPTER 4

PALLADIUM-CATALYZED SELECTIVE ALKOXYCARBONYLATION OF
GEM -ENAMIDES: NOVEL APPROACH TOWARDS NEW -AMIDO

ESTERS AND N-SUBSTITUTED CYCLIC SUCCINIMIDES

4.1 Introduction
N-substituted cyclic succinimides represent a group of imide derivatives that have good
antifungal, antidepressant and antituberculosis activities (132,133). Numerous methods
have been reported for the synthesis of cyclic succinimides (134-136). However, the
availability of simple routes for their synthesis is still limited. Moreover, carbonylation
methodology has never been reported as a route for the synthesis of such compounds.
The alkoxycarbonylation of enamides represents a potential method for the synthesis of
-amido esters, which can be converted into N-substituted cyclic succinimides. The
synthesis of a variety of -amido ester precursors in high yields and regioselectivity
using carbonylation methodology represents a significant advantage for the synthesis of
N-substituted cyclic succinimides. The alkoxycarbonylation of enamides with alcohols
normally leads to -amido esters and -amido esters. Catalytic systems developed for the
alkoxycarbonylation of enamides have focused on the production of ,-amido esters,
since these products are good precursors for the synthesis of amino acids (137-139). To
the best of our knowledge, there are no reports describing the production of -amido
esters regioselectively via the alkoxycarbonylation of enamides. Moreover, the
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carbonylation of a double bond conjugated to carbonyl and phenyl groups in enamides
has not been reported.
Considering the synthetic importance of the alkoxycarbonylation of enamides for the
preparation of ,-amido esters, we report here in this chapter the palladium-catalyzed
synthesis of mono and di-,-amido esters in high yields and regioselectivity.

In

addition, the synthesized mono and di--amido esters undergo elimination of an alcohol
group to yield the corresponding N-substituted cyclic succinimides.

4.2 Results and discussion
The

alkoxycarbonylation

of

N-cyclohexyl-2-phenylpropenamide

(3b3,

R=Ph;

R'=cyclohexyl), adopted as a model substrate, using palladium–phosphine systems was
studied by varying the reaction parameters (Equation 4.1) in order to optimize the
reaction conditions. -Amido ester 6b3c1 was the desired product, while the
hydrogenation product 5ab3 was considered a by-product of the reaction. It is worth
mentioning that the branched isomeric ester that normally results from carbonylation of
an internal olefin was not detected in this reaction.

Since varying the solvent had a noticeable influence on both the conversion and the
regioselectivity of the catalytic reactions, we carried out the alkoxycarbonylation of 3ab3
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using Pd(PPh3)2Cl2 as catalyst in the presence of different solvents and the results are
summarized in Table 4.1. No conversion of 3ab3 in n-hexane and dichloromethane was
observed (Table 4.1, entries 1 and 2), while THF led to moderate conversion, but mainly
to formation of the hydrogenation product 5ab3 (Table 4.1, entry 3). Promising
regioselectivity in the formation of -amido ester 6b3c1 was obtained when acetonitrile
was used as the solvent (Table 4.1, entry 4). Our attempts to increase the conversion and
the regioselectivity of the alkoxycarbonylation reaction forming 6b3c1 were successful
using neat methanol which acts as both the solvent and trapping agent (Table 4.1, entry
5), and also by adding an optimum amount of H2O (8 mmol) (Table 4.1, entry 6). The
addition of water may be necessary to improve the reactivity of the enamide; perhaps a
water molecule remains in close proximity to the palladium throughout the catalytic
cycle (140).
In order to better understand of the nature of the active palladium catalytic species
involved

in

the

alkoxycarbonylation

of

gem

enamides,

we

studied

the

alkoxycarbonylation of 3ab3 using different palladium complexes (Table 4.2). A
preliminary experiment with Pd(PhCN)2Cl2 as the catalyst precursor showed no catalytic
activity in the absence of any added ligand (Table 4.2, entry 1). The crucial role of a
phosphine ligand in enhancing the activity of the catalyst system was proved with the
addition of monodentate or bidentate phosphine ligands. In these cases, good conversions
and complete regioselectivity for the -amido ester 6b3c1 were achieved (Table 4.2,
entries 2-4). The good conversions obtained with PPh3 as the ligand (Table 2, entry 4)
encouraged us to examine the Pd(PPh3)2Cl2 complex for the alkoxycarbonylation of
3ab3 (Table 4.2, entries 5-7); excellent conversions and regioselectivities were obtained
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Table 4.1. Palladium-catalyzed alkoxycarbonylation of 3ab3 by Pd(PPh3)2Cl2.
The effect of the type of solvent.a
Products
Conversion
Entry

Distribution (%)c

Solvent
3ab3 (%)b

a

5ab3

6b3c1

1

n-hexane

0

-

-

2

CH2Cl2

0

-

-

3

THF

64

93

7

4

CH3CN

40

38

62

5

CH3OH

84

1

99

6d

CH3OH

100

0

100

Reaction conditions: Pd(PPh3)2Cl2 (0.04 mmol), 3ab3 (0.50 mmol),
CH3OH (8.0 mmol), Solvent (8 ml), CO (100 psi), 110 °C, 6 h.

b

Determined by GC

c

Determined by GC and 1H-NMR spectroscopy

d

H2O = 8 mmol
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even in the absence of any added phosphines (Table 4.2, entry 6). The use of PdCl2/PPh3
as the catalyst system produced comparable activity and regioselectivity as that obtained
with Pd(PPh3)2Cl2 (Table 4.2, entry 8). Again, the presence of the phosphine ligand was
crucial for the reaction since no catalytic activity towards forming 6b3c1 was observed
with PdCl2 alone as the catalyst (Table 4.2, entry 9). No catalytic activity was observed
in the absence of chloride; Pd(OAc)2 gave no reaction even in the presence of different
monophosphine ligands in the alkoxycarbonylation of 3ab3 (Table 4.2, entries 11-13).
The use of Pd(PPh3)2Cl2 as the catalyst has been reported before in the
alkoxycarbonylation of

N-vinylphthalimide (141). However, our proposed method

showed opposite regioselectivity under milder reaction conditions.
Furthermore, we carried out the alkoxycarbonylation of different enamides, prepared by
aminocarbonylation of terminal alkynes (see chapter 3), using various alcohols and the
results are presented in Table 4.3. In the majority of cases, the reactions proceeded
cleanly to give the desired products 6bc in high yields (Table 4.3, entries 1-4,6).
Surprisingly, the alkoxycarbonylation of enamide precursor 3ab5 was accompanied by
formation of the corresponding cyclic product 7b5 in moderate yield (Table 4.3, entry 5).
This result encouraged us to pursue this system further to improve the selectivity for the
formation of N-substituted cyclic succinimide products. It was interesting to observe that
the activity and selectivity of the alkoxycarbonylation of enamides was not affected by
the type of alcohol (Table 4.3, entries 1-3). On the other hand, the catalyst system
promoted alkoxycarbonylation of the geminal bond in 3ab7 selectively, and not the other
olefinic bond present in the same molecule (Table 4.3, entry 6).
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Table 4.2. Palladium-catalyzed alkoxycarbonylation of 3ab3. The effect of
different palladium complexes and phosphine ligand.a
Products
Entry

a

Catalyst

Ligand

Conversion
3ab3 (%)b

Distribution (%)c
5ab3

6b3c1

1

Pd(PhCN)2Cl2

-

0

-

-

2

Pd(PhCN)2Cl2

t-Bu(Ph)2P

64

0

100

3

Pd(PhCN)2Cl2

dppb

64

0

100

4

Pd(PhCN)2Cl2

PPh3

69

1

99

5

Pd(PPh3)2Cl2

t-Bu(Ph)2P

98

0

100

6

Pd(PPh3)2Cl2

-

100

0

100

7d

Pd(PPh3)2Cl2

-

84

1

99

8

PdCl2

PPh3

89

3

97

9

PdCl2

-

15

100

0

10

PdCl2

t-Bu(Ph)2P

46

10

90

11

Pd(OAc)2

t-Bu(Ph)2P

0

-

-

12

Pd(OAc)2

PPh3

0

-

-

13

Pd(PPh3)4

-

0

-

-

Reaction conditions: Catalyst (0.04 mmol), Ligand (0.08 mmol), 3ab3 (0.50
mmol), CH3OH (8.0 ml), H2O (8.0 mmol), CO (100 psi), 110 °C, 6 h.

b

Determined by GC

c

Determined by GC and 1H-NMR spectroscopy

d

No H2O added
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Table 4.3. Alkoxycarbonylation of different enamides 3ab using various alcohols 2c.a

Entry

Enamide

Alcohol

Conversion

3ab

2c

3ab (%)b

Product Distributionc
(%)
5ab

1

3ab3

2c1

R= Ph, R' = Cy

R''= Me

2

3ab3

3

3ab3

4
5d

3ab4
R= Ph, R' = Bnz
3ab5
R= Ph, R' = Ph

100

0

99

3

93

4

2c1

100

0

2c1

97

0

2c2
R''= Et
2c4
R''= i-pr

R= Cyclohexenyl,

100
6b3c1
97
6b3c2
96
6b3c3
100
6b4c1
100
6b5c1
100

3ab7
6

6bc

2c1

89

0

6b7c1

R' = Cy
a

Reaction conditions: Pd(PPh3)2Cl2 (0.04 mmol), enamide (0.50 mmol), CH3OH (8.0
ml), H2O (8.0 mmol), CO (100 psi), 110 °C, 6 h.

b

Determined by GC and 1H-NMR spectroscopy

c

Determined by GC

d

A 56 % yield of cyclic product 7b5 was obtained
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It is also important to note that the alkoxycarbonylation reaction takes place selectively
with N,N-disubstituted gem-enamides also, e.g. 3ab8 (equation 4.2).

The successful preparation of the -amido esters 6bc encouraged us to examine the
cyclization of these compounds to afford the corresponding N-substituted cyclic
succinimides 7b (Equation 4.3). The cyclic products were obtained in moderate to
excellent yields by reacting 6bc with CaH as a base in DMF at 50 °C. Addition of the
base was essential for this cyclization step, since simple heating gave no product. DMF
was the only solvent that led to good conversions compared to other polar and non-polar
solvents.
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Using a similar strategy, novel N-substituted di-cyclic succinimides 11 were synthesized
in good yields via alkoxycarbonylation of N-substituted diacrylate amides 9, followed by
ring closure of the resulting -di-amido esters 10 (Scheme 4.1). To the best of our
knowledge, the alkoxycarbonylation of diacrylate amides has not been reported in the
literature. It is worth noting that compounds 9ab3 and 9bb3 have been successfully
synthesized

in

high

yields

and

regioselectivity

via

palladium-catalyzed

aminocarbonylation of diacetylenes 8a,b with cyclohexylamine (2b3).

Scheme 4.1. The synthesis of N-substituted di-cyclic succinimides 11 starting from
diacetylenes 8 and cyclohexylamine (2b3).
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4.3 Proposed mechanism
The results reported in Tables 4.1 and 4.2 encouraged us to propose a mechanism for this
reaction (Scheme 4.2).

Scheme 4.2. Possible mechanism for alkoxycarbonylation of enamide 3ab3 with 2c1.

The mechanism suggests the formation of the palladium hydride species from palladium
catalyst and methanol. There is a crucial need for chloride and PPh3 ligands on the
palladium center throughout the cycle.
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4.4 Conclusions
The synthesis of mono and di-N-substituted cyclic succinimides has been successfully
achieved via alkoxycarbonylation of enamides followed by ring closure. The
alkoxycarbonylation of enamides proceeds smoothly and effectively to afford the
corresponding -amido esters using the catalyst Pd(PPh3)2Cl2 under mild experimental
conditions. This method tolerates a variety of enamides and alcohols. This carbonylation
methodology also represents an attractive and effective procedure for the synthesis of Nsubstituted cyclic succinimides.

4.5 Experimental section
4.5.1 Materials and instruments
Alkynes,

amines,

alcohols,

palladium

catalysts,

phosphine

ligands,

and

p-

toluenesulphonic acid (p-TsOH) are highly pure commercially available materials and
were used without any purification. Dry solvents have been used in all experiments. 1H
and

13

C NMR spectra were recorded on 500 MHz Joel 1500 NMR machine. Chemical

shifts (δ) were reported in ppm relative to tetramethyl silane (TMS) using CDCl3. IR
spectra were recorded on Perkin-Elmer 16F PC FT-IR spectrometer and reported in wave
numbers (cm-1). Gas chromatography (GC) analyses were realized on Agilent GC 6890.
The products of the reactions were also analyzed on GC-MS Varian Saturn 2000
equipped with 30 m capillary column (HP-5). Thin-layer chromatography (TLC)
analyses were performed on silica gel Merck 60 F254 plates (250 m layer thickness).
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4.5.2. General procedure for the synthesis of enamides and diacrylate amides
Enamides 3ab3,4,7,8 were synthesized according to procedure in section 3.4.2, while
enamide 3ab5 was prepared using the reference literature method (62). 3ab7 and 3ab8 are
novel enamides while enamides 3ab3-5 are known and their spectral data are reported in
section 3.4.2 and reference 62.
The method reported in section 3.4.2 was adopted for the synthesis of diacrylate amido
esters 9ab3 and 9bb3, but with a slight modification:
A mixture of Pd(OAc)2 (0.02 mmol), 1,4-bis(diphenylphosphino)butane (dppb, 0.08
mmol), p-toluenesulfonic acid (p-TsOH, 0.3 mmol), dialkyne (1.0 mmol) and
cyclohexylamine (2.0 mmol) in acetonitrile (10 ml) was placed in a glass liner, equipped
with a stirrer bar, and then placed in a 45 ml Parr autoclave. The autoclave was vented
three times with CO and then pressured at room temperature with CO (200 psi). The
mixture was stirred and heated at 110 ºC for 24 h. After cooling, the pressure was
released, and the products were collected on a filter paper, washed with methanol and
dried under vacuum. The products were identified by 1H and
MS analyses.

2-Cyclohexenyl-N-cyclohexylacrylamide (3ab7):

13

C NMR, FT-IR and EI-
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White solid, m.p 120-121 °C; IR (KBr) v (cm-1): 1637 (CO), 3287 (NH); 1H NMR 
(CDCl3): 1.14-2.34 (m, 18H, -(CH2)5- amine and -(CH2)4- alkyne moiety), 3.84 (m, 1H,
NCH), 5.18 (s, 1H, =CH2), 5.29 (s, 1H, =CH2), 5.69 (t, 1H, =CH, J = 6.20 Hz ), 5.99
(brs, 1H, NH); 13C NMR (CDCl3): 21.8, 22.4, 24.7, 25.5, 33.0, 47.9, 48.1, 112.6, 129.3,
133.0, 147.9, 168.8; GC-Ms m/z 233 (M+); Analysis calculated for C15H23NO (233.35):
C, 77.21; H, 9.93; N, 6.00. Found: C, 77.25; H, 9.77; N, 5.84.

1-(Piperidin-1-yl)-2-p-tolylprop-2-en-1-one (3ab8):

Oil, IR (CHCl3) v (cm-1) 1631 (CO); 1H NMR  (CDCl3): 1.59 (m, 2H, CH2 piperidinyl
ring), 2.31 (s, 3H, CH3 tolyl), 2.33 (m, 4H, CH2 piperidinyl ring), 3.27 (t, 2H, NCH2, J =
4.85 Hz), 3.65 (t, 2H, NCH2, J = 4.85 Hz), 5.25 (s, 1H, =CH2), 5.65 (s, 1H, =CH2), 7.14
(d, 2H arom., J = 7.30), 7.37 (d, 2H arom., J = 7.30); 13C NMR  (CDCl3): 21.1, 24.4,
25.6, 26.2, 42.3, 47.9, 112.2, 125.5, 129.4, 132.7, 138.4, 145.0, 169.3; GC-Ms m/z 229
(M+); Analysis calculated for C15H19NO (229.14): C, 78.62; H, 8.36; N, 6.11. Found: C,
78.55; H, 8.29; N, 6.22.

2,2'-(1,4-Phenylene)bis(N-cyclohexylacrylamide) (9ab3):
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White solid, m.p 215-216 °C; IR (KBr) v (cm-1): 1636 (CO), 3263 (NH); 1H NMR 
(CDCl3): 1.10-1.97 (m, 20H, -(CH2)5-), 3.91 (m, 2H, NCH), 5.63 (br s, 2H, NH), 5.65 (s,
2H, =CH2), 6.02 (s, 2H, =CH2), 7.40 (s, 4H arom.);

13

C NMR (CDCl3): 24.8, 25.4,

32.9, 48.5, 121.1, 128.1, 137.0, 144.7, 166.5; EI-Ms m/z 380 (M+); Analysis calculated
for C24H32N2O2 (380.64): C, 75.73; H, 8.47; N, 7.39. Found: C, 75.66; H, 8.43; N, 7.33.

N1,N8-Dicyclohexyl-2,7-dimethyleneoctanediamide (9bb3):

White solid, m.p 153-154 °C; IR (KBr) v (cm-1): 1615 (CO), 3286 (NH); 1H NMR 
(CDCl3): 1.15-2.31 (m, 28H, CH2 in amine and alkyne moeity), 3.81 (m, 2H, NCH), 5.21
(s, 2H, =CH2), 5.51 (s, 2H, =CH2), 5.71 (brs, 2H, NH);
25.5, 27.5, 32.1, 33.1, 48.2, 116.8, 146.0, 168.1;

13

C NMR  (CDCl3): 24.9,

EI-Ms m/z

360 (M+); Analysis

calculated for C22H36N2O2 (360.53): C, 73.29; H, 10.06; N, 7.77. Found: C, 73.52; H,
9.96; N, 7.84.
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4.5.3 General procedure for the alkoxycarbonylation of mono and diacrylate amides
A mixture of Pd(PPh3)2Cl2 (0.04 mmol), enamide (0.5 mmol) and H2O (8.0 mmol) in
methanol (8 ml) was placed in glass liner, equipped with a stirring bar, and placed in a 45
ml Parr autoclave. The autoclave was vented three times with CO and then pressurized at
room temperature with CO (100 psi). The mixture was stirred and heated at 110 ºC for 6
h. After cooling, the pressure was released, the reaction mixture was filtered after adding
anhydrous Na2SO4 and a sample of the filtrate was immediately analyzed by GC and GCMS. The solvent was removed and the products were separated by preparative TLC (30
% EtOAc/petroleum ether 40-70 oC). The products were identified by 1H and 13C NMR,
FT-IR and GC-MS analyses. All the -amido esters obtained in this study are new
compounds and their spectral data are given below, while the hydrogenation byproduct
5ab3 is a known compound (142).
Methyl 4-(cyclohexylamino)-4-oxo-3-phenylbutanoate (6b3c1):

White solid, m.p 98-99 °C, IR (KBr) v (cm-1): 1637 (CO amide), 1729 (CO ester), 3272
(NH); 1H NMR  (CDCl3): 0.90-1.81 (m, 10H, -(CH2)5-), 2.26 (m, 1H, CH2COOMe),
3.12 (m, 1H, CH2COOMe), 3.57 (s, 3H, OCH3), 3.60 (m, 1H, PhCH), 3.85 (m, 1H,
NCH), 5.65 (brs, 1H, NH), 7.24-7.87 (m, 5H arom.); 13C NMR (CDCl3): 24.6, 25.2,
32.4, 32.6, 37.6, 48.2, 48.3, 51.5, 127.4, 127.7, 128.8, 131.9, 139.0, 171.1, 172.4; GC-Ms
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m/z 289 (M+); Analysis calculated for C17H23NO3 (289.36): C, 70.56; H, 8.01; N, 4.84.
Found: C, 70.71; H, 7.97; N, 5.03.

Ethyl 4-(cyclohexylamino)-4-oxo-3-phenylbutanoate (6b3c2):

Oil, IR, (CHCl3) v (cm-1): 1649 (CO amide), 1730 (CO ester), 3273 (NH); 1H NMR 
(CDCl3): 0.90-1.95 (m, 13H, -(CH2)5- and CH3), 2.28 (m, 1H, CH2COOEt), 3.18 (m,
1H, CH2COOEt), 3.64 (m, 1H, PhCH), 3.84 (m, 1H, NCH), 4.03 (brs, 2H, OCH2), 5.58
(brs, 1H, NH), 7.09-7.90 (m, 5H arom.);

13

C NMR (CDCl3): 13.9, 24.1, 24.5, 25.2,

32.4, 32.5, 37.8, 48.3, 48.5, 50.5, 60.4, 127.3, 128.7, 132.4, 139.0, 171.1, 172.0; GC-Ms
m/z 303 (M+); Analysis calculated for C18H25NO3 (303.38): C, 71.25; H, 8.31; N, 4.62.
Found: C, 70.91; H, 8.22; N, 4.71.
Isopropyl 4-(cyclohexylamino)-4-oxo-3-phenylbutanoate (6b3c3):
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Oil, IR, (CHCl3) v (cm-1): 1650 (CO amide), 1720 (CO ester), 3272 (NH); 1H NMR 
(CDCl3): 0.93-1.97 (m, 16H, -(CH2)5- and CH3), 2.33 (m, 1H, CH2COOi-pr), 3.21 (m,
1H, CH2COOi-pr), 3.69 (m, 1H, PhCH), 3.88 (m, 1H, NCH), 4.94 (brs, 2H, OCH), 5.59
(brs, 1H, NH), 7.14-7.75 (m, 5H arom.);

13

C NMR (CDCl3): 21.5, 21.6, 24.1, 24.6,

25.3, 30.5, 32.6, 32.7, 38.1, 48.3, 48.6, 50.5, 67.7, 126.9, 127.7, 128.7, 130.4, 132.5,
139.0, 171.2, 171.5; GC-Ms m/z 303 (M+); Analysis calculated for C19H27NO3 (317.41):
C, 71.89; H, 8.57; N, 4.41. Found: C, 71.85; H, 8.42; N, 4.45.
Methyl 4-(benzylamino)-4-oxo-3-phenylbutanoate (6b4c1):

Oil, IR, (CHCl3) v (cm-1): 1681 (CO amide), 1722 (CO ester), 3402 (NH); 1H NMR 
(CDCl3): 2.55 (m, 1H, CH2COOMe), 3.22 (m, 1H, CH2COOMe), 3.50 (s, 3H, OCH3),
4.27 (m, 1H, PhCH), 4.62 (s, 2H, NCH2), 6.70 (brs, 1H, NH), 7.01-7.73 (m, 10H arom.);
13

C NMR (CDCl3): 37.2, 43.3, 48.0, 51.3, 126.8, 127.0, 127.2, 127.5, 127.7, 128.1,

128.4, 128.5, 128.8, 130.1, 138.1, 138.7, 172.1, 172.2; GC-Ms m/z 297 (M+); Analysis
calculated for C18H19NO3 (297.33): C, 72.71; H, 6.44; N, 4.71. Found: C, 72.49; H, 6.53;
N, 4.85.
Methyl 4-oxo-3-phenyl-4-(phenylamino)butanoate (6b5c1):
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Oil, IR, (CHCl3) v (cm-1): 1681 (CO amide), 1711 (CO ester), 3402 (NH); 1H NMR 
(CDCl3): 2.67 (m, 1H, CH2COOMe), 3.00 (m, 1H, CH2COOMe), 3.61 (s, 3H, OCH3),
4.20 (m, 1H, PhCH), 6.95 (brs, 1H, NH), 7.15-7.69 (m, 10H arom.);

13

C NMR

(CDCl3): 37.1, 45.7, 51.7, 119.5, 123.6, 126.2, 127.1, 127.7, 128.3, 128.6, 128.9, 131.7,
136.7, 137.8, 138.2, 170.3, 172.1; GC-Ms m/z

283 (M+); Analysis calculated for

C17H17NO3 (283.32): C, 72.07; H, 6.05; N, 4.94. Found: C, 69.96; H, 6.18; N, 4.86.
Methyl 3-cyclohexenyl-4-(cyclohexylamino)-4-oxobutanoate (6b7c1):

Oil, IR, (CHCl3) v (cm-1): 1632 (CO amide), 1733 (CO ester), 3268 (NH); 1H NMR 
(CDCl3): 0.99-2.27 (m, 18H, -(CH2)5- amine and -(CH2)4- alkyne moiety), 2.28 (m, 1H,
CH2COOMe), 2.80 (m, 1H, CH2COOMe), 3.17 (m, 1H, CHCH2COMe), 3.50 (s, 3H,
OCH3), 3.59 (m, 1H, NCH), 5.53 (t, 1H, =CH, J = 6.26 Hz ), 5.76 (brs, 1H, NH);

13

C

NMR (CDCl3): 21.7, 22.4, 24.4, 24.9, 25.1, 32.4, 33.8, 47.7, 50.2, 51.1, 125.6, 128.0,
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131.6, 135.4, 170.6, 172.6; GC-Ms m/z 293 (M+); Analysis calculated for C17H27NO3
(293.40): C, 69.59; H, 9.28; N, 4.77. Found: C, 69.66; H, 9.12; N, 4.75.
Methyl 4-oxo-4-(piperidin-1-yl)-3-p-tolylbutanoate (6b8c1):

Oil, IR, (CHCl3) v (cm-1): 1637 (CO amide), 1736 (CO ester); 1H NMR  (CDCl3): 1.46
(m, 2H, CH2 piperidinyl ring), 1.82 (m, 4H, CH2 piperidinyl ring), 2.54 (s, 3H, CH3
tolyl), 2.88 (m, 1H, CH2COOMe), 3.04 (m, 1H, CH2COOMe), 3.27 (t, 4H, NCH2, J =
4.85 Hz), 3.65 (s, 3H, OCH3), 4.32 (m, 1H, PhCH), 7.14 (d, 2H arom., J = 7.30), 7.37 (d,
2H arom., J = 7.30); 13C NMR (CDCl3): 19.4, 19.7, 20.9, 27.4, 28.1, 39.5, 44.8, 51.2,
52.6, 125.6, 127.2, 136.5, 139.4, 171.9, 172.3; GC-Ms m/z

289 (M+); Analysis

calculated for C17H23NO3 (289.16): C, 70.61; H, 8.01; N, 4.84. Found: C, 69.92; H, 8.14;
N, 4.95.

Dimethyl 3,3'-(1,4-phenylene)bis(4-(cyclohexylamino)-4-oxobutanoate) (10ab3c1):
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White solid, m.p 175-176 °C, IR (KBr) v (cm-1): 1639 (CO amide), 1738 (CO ester),
3324 (NH); 1H NMR  (CDCl3): 0.95-1.89 (m, 20H, -(CH2)5-), 2.61 (m, 2H,
CH2COOMe), 3.22 (m, 2H, CH2COOMe), 3.63 (s, 6H, OCH3), 3.69 (m, 2H, PhCH),
3.89 (m, 2H, NCH), 5.80 (brs, 2H, NH), 7.37 (s, 4H arom.); 13C NMR (CDCl3): 24.5,
25.2, 32.5, 37.5, 48.0, 48.2, 51.5, 128.0, 138.2, 170.9, 172.3; EI-Ms m/z 500 (M+);
Analysis calculated for C28H40N2O6 (500.62): C, 67.18; H, 8.05; N, 5.59. Found: C,
67.24; H, 7.89; N, 5.64.

Dimethyl 3,8-bis(cyclohexylcarbamoyl)decanedioate (10bb3c1):

White solid, m.p 139-140 °C, IR (KBr) v (cm-1): 1636 (CO amide), 1732 (CO ester),
3284 (NH); 1H NMR  (CDCl3): 1.14-1.87 (m, 28H, CH2), 2.37 (m, 2H, CH2COOMe),
2.72 (m, 2H, CH2COOMe), 3.64 (s, 6H, OCH3),

3.73 (m, 4H, NCH and

CHCH2COOMe), 6.00 (brs, 2H, NH); 13C NMR (CDCl3): 24.7, 25.3, 26.7, 31.9, 32.8,
36.6, 42.7, 47.9, 51.4, 172.8, 173.1; EI-Ms m/z 480 (M+); Analysis calculated for
C26H44N2O6 (480.63): C, 67.18; H, 8.05; N, 5.59. Found: C, 67.24; H, 7.89; N, 5.64.
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4.5.4 General procedure for the ring closure of -amido esters
In a 50 ml round bottom flask, -amido ester (0.50 mmol) and CaH (1.0 mmol) were
dissolved in DMF (30 ml) and the mixture heated at 50 °C with stirring for 12 h. The
mixture was filtered, poured onto water (30 ml), extracted with dichloromethane (50 ml),
concentrated to dryness and purified by preparative TLC plate eluting with a mixture of
EtOAc-petroleum ether (2:8) to afford pure products. The cyclic succinimides 7b3, 7b4
and 7b6 are known compounds (143,133,136), while the other cyclic sccinimides are new
products and their spectral data are given below:

3-Cyclohexenyl-1-cyclohexylpyrrolidine-2,5-dione (7b7):

Oil, IR, (CHCl3) v (cm-1): 1698 (CO); 1H NMR  (CDCl3): 1.23-2.17 (m, 18H, -(CH2)5amine and -(CH2)4- alkyne moiety), 2.48 (m, 1H, CH2CON), 2.81 (m, 1H, CH2CON),
3.30 (m, 1H, NCH), 3.97 (m, 1H, CHCH2CON), 5.63 (t, 1H, =CH, J = 6.26 Hz );

13

C

NMR (CDCl3): 21.9, 22.4, 25.0, 25.1, 25.8, 27.7, 28.6, 28.9, 29.4, 33.9, 34.1, 51.8,
126.5, 133.2, 176.8, 178.3; GC-Ms m/z 261 (M+); Analysis calculated for C16H23NO2
(261.17): C, 73.58; H, 8.88; N, 5.36. Found: C, 73.45; H, 8.69; N, 5.44.
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3,3'-(1,4-Phenylene)bis(1-cyclohexylpyrrolidine-2,5-dione) (11ab3):

White solid, m.p 185-186 °C; IR, (KBr) v (cm-1): 1696 (CO); 1H NMR  (CDCl3): 1.051.76 (m, 20H, -(CH2)5-), 2.68 (m, 2H, CH2CON), 3.15 (m, 2H, CH2CON), 3.60 (m,
2H, PhCH), 3.89 (m, 2H, NCH), 7.37 (m,4H arom.);

13

C NMR (CDCl3): 24.9, 25.7,

28.7, 30.9, 36.8, 45.1, 51.9, 128.4, 131.9, 176.0, 177.5; EI-Ms m/z 436 (M+); Analysis
calculated for C26H32N2O4 (436.54): C, 71.53; H, 7.39; N, 6.41. Found: C, 71.67; H,
7.54; N, 6.22.

3,3'-(Hexane-1,6-diyl)bis(1-cyclohexylpyrrolidine-2,5-dione) (11bb3):

Oil, IR, (CHCl3) v (cm-1): 1697 (CO); 1H NMR  (CDCl3): 1.04-1.84 (m, 28H, CH2),
2.28 (m, 2H, CH2CON), 2.88 (m, 2H, CH2CON), 3.65 (m, 2H, COCH), 3.86; (m, 2H,
NCH); 13C NMR (CDCl3): 24.6, 24.8, 25.7, 28.6, 32.4, 34.1, 39.1, 48.6, 176.4, 179.8;
EI-Ms m/z 444 (M+); Analysis calculated for C26H40N2O4 (444.60): C, 70.24; H, 9.07; N,
6.30. Found: C, 70.47; H, 8.85; N, 6.33.
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION, AND CATALYTIC APPLICATIONS OF

NEW BINUCLEAR Pd(II) DIIMINE AND PHOSPHINE MIXED-LIGAND

COMPLEXES

5.1 Introduction
Palladium complexes based on pyridine-containing ligands have been used effectively as
catalysts in different organic and polymeric reactions for the last years. For example,
PdCl2(bpy) complex shows high efficiency as a catalyst for Heck reaction in glycerolorganic

biphasic

medium

(144).

Pd(II)-catalyzed

intramolecular

addition

of

vinylpalladium species to the nitrile groups was achieved in the presence of 2,2'bipyridine (bpy) as a ligand (145). Pd-2,2'-bipyridyl complex also catalysed the oxidative
carbonylation of phenol to diphenyl carbonate (146). Palladium complexes containing
bulky dinitrogen ligands (5.1 – 5.3) have been used in the olefin-methyl acrylate
copolymerization (147).
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Polynuclear palladium-dinitrogen complexes are receiving more interest nowadays. One
of the shortcomings in this research is the lack of versatile and general precursors that
allow di- and polynuclear complexes to be constructed from mononuclear sources. Square
planar Pd(II) complexes have been used in conjugation with a range pyridine-containing
ligands to generate two- or three-dimentional arrays via self-assembly (148). Palladium
dinitrogen-diphosphine complexes have been synthesized successfully (5.4 and 5.5) and
they showed high catalytic activity in CO-ethylene polymerization (149). However,
reports on palladium dinitrogen-diphosphine bridged complexes are limited in the
literature (150).

This chapter consists of the results of the synthesis, characterization and catalytic
application of new Pd(II) bimetallic mixed ligand complexes based on chelating diimines
and having bridging diphosphines or dimines ligands (Figure 5.1).
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Figure 5.1. Pd(II) bimetallic mixed ligand complexes.
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5.2 Synthetic strategy


The precursor for the Pd(II) binuclear complexes based on diphosphines and
diimines bridging ligands were [Pd(X)(OTf)2] (OTf = trifluroacetate , X = 2,2'bipyridine, 4,4'-dimethyl-2,2'-bipyridine, 5,5'-dimethyl-2,2'-bipyridine) which were
prepared by mixing 1:1 ratio of Pd(OAc)2 and X ligand, and then adding an excess
amount of 100 % HOTf.



Pd(II) binuclear complexes based on chelating diimines and bridging diphosphines
ligands were prepared by reacting Pd-precursor with the bridging diphosphines
ligands (DPA or DPE) in 1:1 ratio to produce [Pd2(X)2(DPA)2](OTf)4 and
[Pd2(X)2(DPA)2](OTf)4. The triflate ion was converted to hexafluorophosphate by
reacting the resulted complexes with an excess amount of NH4PF6 (Scheme 5.1).

Scheme 5.1. General synthetic strategy for Pd(II) binuclear complexes based on chelating
diimines and bridging diphosphine ligands



In order to produce Pd(II) binuclear complexes based on chelating diimine and
bridging diimine ligands, the same Pd-precursor was allowed to react with diimine
bridging ligands Y (Y = 4,4'-bipyridine or trans 1,2-bis(4-pyridyl)ethylene) in 1:1
ratio. The resulting complexes [Pd2(X)2(Y)2](OTf)4 were converted into
hexafluorophosphate salts form by reacting with an excess amount of NH4PF6
(Scheme 5.2).
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Scheme 5.2. General synthetic strategy for Pd(II) binuclear complexes based on chelating
and bridging diimine ligands.

5.3 Results and Discussion
5.3.1 Synthesis of Palladium(II) 4,4'-2,2'-bipyridine bridged diphosphine and
diimine ligands complexes
5.3.1.1 (4,4'-Dimethyl-2,2'-bipyridyl)bis(trifluroacetato)palladium(II); [Pd11]
To prepare Pd11, a modified method of Milani et al (151) was used. In 250 mL
Erlenmeyer flask, 6.000 mmol (1.347 g) palladium acetate were dissolved in 100 mL of
anhydrous methanol. After stirring for 30 minutes, the orange-red mixture was filtered off
to remove undissolved palladium acetate. After that 7.200 mmol (1.326 g) 4,4'-dimethyl2,2'-bipyridine were added to the filtrate under nitrogen with constant stirring. The
mixture was then stirred for 30 minutes. The solution turned intense red. Subsequently,
12.3 mL of 100 % trifluroacetic acid were added slowly to the solution to precipitate the
trifluroacetate salt (Scheme 5.3). Immediately after the addition of trifluroacetic acid, a
light green creamy suspension was obtained. Stirring was continued for another 30
minutes. The mixture was thoroughly washed with cold methanol to remove excess of
trifluroacetic acid. The yellow precipitate was dried under vacuum (yield: 2.581 g, 83.2
%).
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Scheme 5.3. Synthesis of [Pd11]

5.3.1.2

Bis(4,4'-Dimethyl-2,2'-bipyridyl)bis(2-bis(diphenylphosphino)acetylene)
palladium(II) hexafluorophosphate; [Pd111]

0.500 mmol (0.257 g) of Pd11 were dissolved in 50 ml acetonitrile in 125 ml Erlenmeyer
flask. Separately, 0.500 mmol (0.197 g) of bis(diphenylphosphino)acetylene (DPA) were
dissolved in 10 ml methanol. The two solutions were mixed and stirred for 16 h at room
temperature. The color of the mixed solution changed from light orange to dark orange
and finally it became light yellow. The volume of the later solution was reduced to 50 mL
in vacuum, then a solution of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml methanol was added.
The resulted solution was stirred at room temperature for 30 minutes. A light green
precipitate was formed, which was next washed with methanol and dried under vacuum
(yield: 0.514 g, 52.7 %).
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5.3.1.3

Bis(4,4'-Dimethyl-2,2'-bipyridyl)bis(2-1,2-bis(diphenylphosphino)ethylene)
palladium(II) hexafluorophosphate; [Pd112]

0.500 mmol (0.257 g) of Pd11 were dissolved in 50 ml acetonitrile in 125 ml Erlenmeyer
flask. Separately, 0.500 mmol (0.198 g) of trans-1,2-bis(diphenylphosphino)ethylene
(DPE) were dissolved in 10 ml methanol. The two solutions were mixed and stirred for
16 h at room temperature. The color of the mixed solution changed from light orange to
dark green. The volume of the later solution was reduced to 50 mL in vacuum, then a
solution of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml methanol was added. The resulted solution
was stirred at room temperature for 30 minutes. A light yellow precipitate was formed. It
was then washed with methanol and dried under vacuum (yield: 0.965 g, 98.9 %).

5.3.1.4

Bis(4,4'-Dimethyl-2,2'-bipyridyl)bis(2-4,4'-bipyridine)palladium(II)
hexafluorophosphate; [Pd113]

0.500 mmol (0.257 g) of Pd11 were dissolved in 50 ml acetonitrile in 125 ml Erlenmeyer
flask. Separately, 0.500 mmol (0.078 g) of 4,4'-bipyridine were dissolved in 10 ml
methanol. The two solutions were mixed and stirred for 16 h at room temperature. The
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color of the mixed solution turned light green. The volume of this solution was reduced to
50 mL in vacuum, then a solution of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml methanol was
added. The resulted light green creamy solution was stirred at room temperature for 30
minutes. A light green precipitate was formed, which was next washed with methanol and
dried under vacuum (yield: 0.725 g, 98.4 %).

5.3.1.5

Bis(4,4'-Dimethyl-2,2'-bipyridyl)bis(2-trans-1,2-bis(4-pyridyl)ethylene)
palladium(II) hexafluorophosphate; [Pd114]

0.500 mmol (0.257 g) of Pd11 were dissolved in 50 ml acetonitrile in 125 ml Erlenmeyer
flask. Separately, 0.500 mmol (0.0911 g) of trans-1,2-bis(4-pyridyl)ethylene were
dissolved in 10 ml methanol. The two solutions were mixed and stirred for 16 h at room
temperature. The color of the mixed solution is light yellow. The volume of this solution
was reduced to 50 mL in vacuum, then a solution of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml
methanol was added. The resulted light green creamy solution was stirred at room
temperature for half an hour. A light green precipitate was formed. It was then washed
with methanol and dried under vacuum (yield: 0.758 g, 99.4 %).
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5.3.2 (5,5'-Dimethyl-2,2'-bipyridyl)bis(trifluroacetato)palladium(II); [Pd12]
To prepare Pd12, the same method used for the preparation of Pd11 was followed
(Scheme 5.4). The color of the final precipitate is light green (yield: 2.114 g, 68.2 %).

Scheme 5.4. Synthesis of [Pd12]

5.3.2.1

Bis(5,5'-Dimethyl-2,2'-bipyridyl)bis(2-bis(diphenylphosphino)acetylene)
palladium(II) hexalfluorophosphate; [Pd121]

0.500 mmol (0.257 g) of Pd12 were dissolved in 50 ml acetonitrile/methanol (3:1) in 125
ml

Erlenmeyer

flask.

Separately,

0.500

mmol

(0.197

g)

of

bis(diphenylphosphino)acetylene (DPA) were dissolved in 10 ml methanol. The two
solutions were mixed and stirred for 16 h at room temperature. The color of the mixed
solution changed from light orange to dark orange and finally it became light yellow. The
volume of the light yellow solution was reduced to 50 mL under vacuum, then a solution
of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml methanol was added. The resulting solution was
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stirred at room temperature for half an hour. A light orange precipitate was formed, which
was next washed with methanol and dried under vacuum (yield: 0.776 g, 79.6 %).

5.3.2.2

Bis(5,5'-Dimethyl-2,2'-bipyridyl)bis(2-1,2-bis(diphenylphosphino)ethylene)
palladium(II) hexafluorophosphate; [Pd122]

0.500 mmol (0.257 g) of Pd12 were dissolved in 50 ml acetonitrile/methanol (3:1) in 125
ml

Erlenmeyer

flask.

Separately,

0.500

mmol

(0.198

g)

of

trans-1,2-

bis(diphenylphosphino)ethylene (DPE) were dissolved in 10 ml methanol. The two
solutions were mixed and stirred for 16 h at room temperature. The color of the mixed
solution changed from light green to dark green. The volume of the light green solution
was reduced to 50 mL under vacuum, then a solution of NH4PF6 (3.0 mmol, 0.49 g) in 5
ml methanol was added. The resulting solution was stirred at room temperature for 30
minutes. A light green precipitate was formed. It was then washed with methanol and
dried under vacuum (yield: 0.964 g, 98.7 %).
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5.3.2.3

Bis(4,5'-dimethyl-2,2'-bipyridyl)bis(2-4,4'-bipyridine)palladium(II)
hexafluorophosphate; [Pd123]

0.500 mmol (0.257 g) of Pd12 were dissolved in 50 ml acetonitrile/methanol (3:1) in 125
ml Erlenmeyer flask. Separately, 0.50 mmol (0.078 g) of 4,4'-bipyridine were dissolved in
10 ml methanol. The two solutions were mixed and stirred for 16 h at room temperature.
The color of the mixed solution is light green. The volume of this solution was reduced to
50 mL under vacuum, then a solution of NH4PF6 (3.0 mmol, 0.49 g) in 5 ml methanol
was added. The resulted light green creamy solution was stirred at room temperature for
30 minutes. A light green precipitate was formed, washed with methanol and dried under
vacuum (yield: 0.720 g, 97.7 %).
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5.3.2.4

Bis(5,5'-dimethyl-2,2'-bipyridyl)bis(2-trans-1,2-bis(4-pyridyl)ethylene)
palladium(II) hexafluorophosphate; [Pd124]

0.500 mmol (0.257 g) of Pd12 were dissolved in 50 ml acetonitrile/methanol (3:1) in 125
ml Erlenmeyer flask. Separately, 0.50 mmol (0.0911 g) of trans-1,2-bis(4pyridyl)ethylene were dissolved in 10 ml methanol. The two solutions were mixed and
stirred for 16 h at room temperature. The color of the mixed solution is light green. The
volume of this solution was reduced to 50 mL under vacuum, then a solution of NH4PF6
(3.0 mmol, 0.49 g) in 5 ml methanol was added. The resulting light green creamy solution
was stirred at room temperature for 30 minutes. A light green precipitate was formed,
washed with methanol and dried under vacuum (yield: 0.755 g, 99.0 %).

102
5.3.3 Characterization of the complexes
5.3.3.1 Elemental Analysis and Melting points
The elemental analysis and melting point measurements were carried out for all
complexes. The samples were dried under vacuum after washing with cold methanol to
remove the free ligand and excess of trifluroacetate or ammonium hexaflurophosphate.
The results of analysis of the complexes are given in Table 5.1.
Comparison of melting points of these complexes showed that complexes with diimines
bridging ligands have slightly higher melting points than complexes containing
diphosphines bridging ligands.

5.3.3.2 Ultraviolet and Visible Spectroscopy
The spectra of all complexes were recorded in a mixture of dimethylformamide and
dichloromethane (1: 49).

5.3.3.2.1 Electronic spectra of the ligands
The absorption spectra of all chelating and bridging ligands used were recorded
(Appendix AIV). The chelating 4,4'-dimethyl-2,2'-bipyridine ligand has two specific
absorption bands, one at 283 nm with shoulder at 290 nm and the second one is at 246
nm. The 5,5'-dimethyl-2,2'-bipyridine ligand has similar specific absorption bands, at 290
nm with shoulder at 300 nm and at 247 nm. DPA and DPE as bridging ligands showed
one absorption band at 246 nm and 244 nm, respectively, while 1,2-bis(4pyridyl)ethylene ligand has 3 absorption bands at 300, 288 and 246 nm.
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Table 5.1 Results of elemental analysis and melting points of complexes
Complex
Calculated

C%

H%

N%

46.81

3.31

2.87

Pd111

171-173
Found

46.55

3.45

3.06

Calculated

46.72

3.51

2.87

Found

46.44

3.59

2.98

Calculated

35.86

2.73

7.60

Pd112

170-173

Pd113

180-183
Found

35.67

2.58

8.04

Calculated

37.79

2.91

7.34

Found

37.88

3.06

7.65

Calculated

46.81

3.31

2.87

Pd114

181-184

Pd121

169-171
Found

46.68

3.57

3.11

Calculated

46.72

3.51

2.87

Pd122

175-176
Found

46.83

3.76

3.12

Calculated

35.86

2.73

7.60

Pd123

Pd124

M.p (°C)

185-188
Found

35.59

2.88

7.77

Calculated

73.79

2.91

7.34

Found

73.96

3.09

7.64

182-184
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5.3.3.2.2 Electronic spectra of the complexes
The spectra of all complexes are given in Appendix AIV. The spectra showed absorption
bands in the region of 240 – 250 nm similar to those in free ligands but with slight change
in max upon complexation. Most of the complexes absorb in the region of 350-300 nm
with high absorption coefficient . These can be assigned to metal to ligand charge
transfer (MLCT) transitions. For example, the MLCT transition of Pd123 was observed at
319 nm.

5.3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)
The FT-IR spectra were recorded using KBr pellets in the range of 4000 – 400 cm-1. The
spectra of free ligands and complexes are given in Appendix AIII.
All spectra showed a strong absorption range from 820 to 830 cm-1 corresponding to
aromatic C-H out of plane bending modes. The spectra showed also a shift in the
absorption in the range 1350-1600 cm-1 after complexation. These shifts are attributed to
the change in electron density in the pyridine ring when the non-bonding pair of electrons
on the nitrogen atom is donated to the metal ion (152). The aromatic C=C and C=N
stretching absorptions are found in the range of 1400-1650 cm-1.

5.3.3.4 1H and 31P NMR Spectroscopy
NMR Techniques are highly useful techniques for assigning the complexation process
especially for phosphorus-containing ligands. The complexation process for complexes
Pd111, Pd112, Pd121 and Pd122 can be easily proved by observing the

31

P chemical

shifts of free bridging diphosphines ligands and their related complexes, which are
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reported in Table 5.2. A significant increase in the chemical shift of

31

P coordinating

atom by more than 60  ppm have been observed for DPA complexes (Table 5.2, entries
1,3,5), while and DPE bridged complexes show an increase in the 31P chemical shift by
more than 40  ppm (Table 5.2, entries 2,4,6).
For bridging diimine complexes, the change in the 1H NMR chemical shifts of protons in
the chelating and bridging diimine ligands can be used to predict the formation of the new
Pd-N bonds in complexes Pd113, Pd114, Pd123 and Pd124. The complexation process in
the above complexes resulted in an increase in the chemical shifts of ligand protons by
the order of 0.10 to 0.80  ppm.
A representative 1H NMR spectrum for complex Pd124 is shown in Figure 5.2, while 1H
NMR spectra of free ligands and bridged diimines complexes are in appendix AV.
It is worth mentioning that X-ray analysis of the new complexes was not accomplished
since trials to obtain good crystal growth in different solvents were not yet successful for
any of these complexes.

5.3.4 Catalytic applications of the new complexes
5.3.4.1 Introduction
The use of mononuclear Pd(bpy) complexes as catalyst for the conjugate addition and
Heck coupling of arylboronic acid to ,-unsaturated esters (153), encouraged us to
investigate the catalytic activity of the new binuclear Pd(II) complexes in the coupling
reactions of arylboronic acid derivatives with various olefins. The conjugate addition of
organometallic reagents to olefins represents an example of transmetalation between
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Table 5.2

31

P chemical shifts () (in DMSO-d6) relative to H3PO4 for phosphorus-

containing free ligand and their complexes.
31

Entry

Compound

1

DPA

-33.58

2

DPE

-9.13

3

Pd111

32.13

4

Pd112

34.78

5

Pd121

32.18

6

Pd122

35.63

P Chemical shift ()

Figure 5.2. 1H NMR spectrum of Pd124.
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organometallic reagents and transition metals, which represents a powerful tool for the
construction of C-C bonds (154).
After the first report of Heck (155) and further development by Uemura (156) and Mori
(157), the transition metal-catalyzed coupling of organoboronic acids and olefins, known
as the oxidative Heck reaction, had been extensively investigated (158), particularly by
Jung (158c,d,m), Larhed (158b,e,h,i), Lautens (158j), and Brown (158f), mainly because
boronic acids are stable, nontoxic, and easily available. The methods developed thus far
require the presence of an oxidant to reoxidize Pd(0), for example, Cu(OAc)2, quinone, or
O2, producing stoichiometric amounts of metal waste or being associated with potentially
hazardous handling and not suitable for air-sensitive conditions. The development of
efficient palladium catalysts for the conjugate addition and Heck coupling of arylboronic
acid to olefins without adding any oxidant additives is still a challenging area for
researchers.
With any binuclear-bridged synthetic strategy, a certain amount of rigidity is necessary to
generate active catalyst in terms of selectivity and yield, although, in most cases, it is a
mistaken strategy to target only the most rigid structures, since the proceeding of some
elementary steps required in the catalytic cycle will not be possible with rigid catalysts
(159).

5.3.4.2 Results and discussion
The coupling reaction of phenylboronic acid (13a) with trans-cinnamate ester (4ac1),
adopted as model substrate, was carried out using Pd113 as catalyst precursor in a solvent
(Equation 5.1).
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The effect of varying different types of solvent on the yield and chemoselectivity of the
reaction was carefully studied and data are reported in Table 5.3. Low to moderate
catalytic activities were obtained with all solvents when reaction carried out in 8 mL
solvent (Table 5.3, entries 1-8). Although methanol showed the highest conversion of
4ac1 (Table 5.3, entry 3), acetonitrile produced the Heck-coupling product (15aa) in
higher chemoselectivity (Table 5.3, entry 5). The use of glacial acetic acid (reported in
reference 153) mixed with tetrahydrofuran and in the presence of 8.0 mmol water gave a
result comparable to acetonitrile experiment (Table 5.3, entries 7,8). Changing the
reaction time to approach Pd(bpy) catalytic system reported previously (153) did not
significantly enhanced the activity and selectivity of the reaction (Table 5.3, entries 9,10).
When smaller volumes of solvent were used, significant improvements in the conversion
of 4ac1 were obtained, but surprisingly with increase in the yield of conjugate addition
product 14aa (Table 5.3, entries 11,12). The conversion of 4ac1 reached 92 % by
doubling the amount of palladium catalyst ((Table 5.3, entry 13). The addition of acid or
base additive to the reaction mixture inhibited the reaction and produced also unexpected
change on product distribution (Table 5.3, entries 15,16). The addition of acid additive
enhanced the formation of 15aa, while the addition of base allows the formation of 14aa
chemoselectively, which suggests that the formation of 14aa and 15aa takes place via two
different catalytic pathways. Trials to increase the yield of 14aa by adding H2 or
isopropanol were not successful since first additive produced the hydrogenated starting
material (Table 5.3, entry 17), and the second one produced the Heck-coupling product
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15aa in higher selectivity (Table 5.3, entry 18). As expected, the addition of pbenzoquinone oxidant increased the catalytic activity (Table 5.3, entry 19) which can be
explained by the role of oxidant in regeneration of Pd(II) after the catalytic cycle (Scheme
5.5) (160).

Scheme 5.5. Oxidative coupling of arylboronic acid to olefins.

Next, we examined the catalytic activity of the new binuclear palladium(II)-bridged
complexes in the vinylation of arylboronic acid in acetonitrile (4 ml) and at 110 °C
(Equation 5.1) and data are summarized in Table 5.4. The catalytic activity of the new
complexes ranges from moderate for the bridging diphosphine palladium complexes
Pd111 and Pd121 to very good and excellent activity with the other complexes.
It is important to note that the increase in the conversion of 4ac1 was accompanied in
most cases with an increase in the chemoselectivity of 14aa, which encouraged us to
conclude that the formation of the conjugate addition product 14aa was by a
thermodynamically controlled process, and the formation of 15a was by a kinetically
controlled process. Theoretical calculations using DFT (B3LYP/6-31G(d)) method have
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Table 5.3. The coupling of arylboronic acid (13a) to 4ac1 reaction. Effect of varying
different solvents.a

Entry

Solvent

1
2
3
4
5

9d
10e
11f
12g
13h
14f

THF
CH2Cl2
CH3OH
CH3COOH
CH3CN
CH3CN
/CH3COOH (3:1)
THF/CH3COOH
(3:1)
THF/CH3COOH
(1:1)
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3OH

15f

CH3CN

16f

CH3CN

17i

CH3CN
CH3CN/i-PrOH
(1:1)

6
7
8

18f

Additive
mmol

Conversion
4ac1 (%)b

H2O
8.0
H2O
8.0
H2O
8.0
64
p-TsOH
0.50
K2CO3
0.50
H2 (100 psi)
-

19
14
58
13
48

Products
Distribution (%)c
14aa
15aa
100
6
94
32
68
100
100

31

9

91

48

6

94

41

-

100

44
67
76
80
92
64

6
16
28
34
36
20

94
84
72
66
64
80

65

8

92

20

100

-

-

100

-

30

2

98

1,490
12
88
benzoquinone
a
Reaction conditions: Pd113 (0.02 mmol), 4ac1 (0.50 mmol), 13a (1.0 mmol)
19

CH3CN

Solvent (8 ml), 110 °C, 16 h.
b

Determined by GC

c

Determined by GC and 1H-NMR

d

Temperature = 70 °C

e

Reaction time = 3 days

f

Solvent = 4 ml

g

Solvent = 2 ml, h Catalyst = 0.04 mmol, i 93 % Hydrogenation product
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been carried out for determining the most thermodynamically stable product and the
results showed that 14aa is more stable than 15aa by 30.4 Kcal/mol.
Using the optimized conditions, we then examined the reaction of various arylboronic
acids 13a-b with different olefins. The results are summarized in Table 5.5.
Cinnamate esters 4ac1-2 reacted efficiently with 13a but with lower chemoselectivity in
case of 4ac1 (Table 5.5, entries 1,2) even in the absence of any base or oxidant as
additives. Comparable reaction conversion and chemoselectivity were obtained when 1a
was allowed to react with phenyboronic acid derivative 13b (Table 5.5, entry 3).
Unsaturated esters containing geminal double bond reacted in moderate activity with 13a
(Table 5.5, entries 4,5). Excellent catalytic activity and chemoselectivity of the new
palladium complex Pd113 with ketone 12e is expected since palladium(II) catalysts
promote 1,4-additions to unsaturated ketones more efficiently than to unsaturated esters
(Table 5.5, entry 6). This is mainly due to a slow equilibration between C-enolate and
water-sensetive O-enolate (see mechanism below) for ester derivatives (161).
Surprisingly, aldehyde 12f showed poor reactivity with phenylboronic acid 13a using the
optimized catalyst system (Table 5.5, entry 7). For more screening of different electronrich and deficient olefins, we explored the reactivity of substrates 12g-i with 13a under
optimized reaction conditions, where only 12g was arylated effectively with higher
chemoselectivity (72 %) forming the heck-coupling product 15fa (Table 5.5, entries 810).
It is worth noting that compounds 14 and 15 are known compounds and their spectral data
are available in literature.
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Table 5.4. Coupling of arylboronic acid (13a) to 4ac1 catalyzed by new binuclear
palladium complexes Pd111-Pd124.a
Products
Conversion
Entry

Distribution (%)c

Complex
4ac1 (%)

a

b

14aa

15aa

1

Pd111

48

20

80

2

Pd112

76

33

67

3

Pd113

76

28

72

4

Pd114

76

33

67

5

Pd121

53

14

86

6

Pd122

85

30

70

7

Pd123

86

38

62

8

Pd124

87

29

71

Reaction conditions: Complex (0.02 mmol), 4ac1 (0.50 mmol), 13a (1.0
mmol), CH3CN (4 ml), 110 °C, 16 h.

b

Determined by GC

c

Determined by GC and 1H-NMR
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Table 5.5. Reaction of arylboronic acids 13a-b with various olefins.
Products
Olefin

Boronic acid

12

13

Conversion Distribution

Entry

1

12 (%)b

(%)c
14

15

28

72

14aa

15aa

40

60

14ba

15ba

32

68

14ab

15ab

36

64

14ca

15ca

24

76

14da

15da

76
4ac1

2

13a

13a

75

4ac2

3

72

4ac1

13b

4

13a

60

3ac1

5

13a
12d

44
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Table 5.5. Continued

6d

13a

91

9

14ea

15ea

-

-

28

72

14ga

15ga

-

-

23

77

14ia

15ia

100

12e

7

13a

-

12f

8

13a

79

12g

9

13a

-

13a

11

12h

10
12i
a

Reaction conditions: Pd113 (0.02 mmol), 12 (0.50 mmol), 13 (1.0 mmol), CH3CN (4
mL), 110 °C, 16 h.
b
Determined by GC
c
Determined by GC and 1H-NMR
d
27 % double conjugate addition products
e
82 % Stilbene
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5.3.4.3 Proposed mechanism
The coupling of organoboronic acids with alkenes in a Heck-type reaction has been
extensively investigated (158). The reaction is known as “oxidative Heck reaction” and
involves the use of a Pd(II) catalyst which transmetalates with the organoboron
compound to form a Pd-aryl species. After the insertion in the olefinic double bond, the
-hydride elimination leads to the coupling product and to Pd(0) which is re-oxidated to
Pd(II) by an additional oxidant. According to mechanistic studies, the presence of a base
and water is necessary for the reaction to occur (160). The base leads, via the formation of
OH-, to the generation of a boronate species [RB(OH)3]- which undergoes the
transmetalation. Without the addition of a base, the energy barrier for the transmetalation
process is too high (162).
The proposed general catalytic cycle for the conjugate addition of arylboronic acids is
shown in Scheme 5.6 (163). The cationic palladium species A' transmetalates to the
activated arylboronic acid, giving species B'. After coordination of the palladium
complex to the carbon-carbon double bond of the enone, the aryl group is transferred to
the  position forming -palladate species D', which is in equilibrium with the Pd-O
enolate E'. Pd is known to be bounded mainly to the carbon atom in contrast to analogous
Rh systems. If the electronic properties of the enolate and its geometry allow the Pd and
the hydrogen next to it to be in a syn orientation, -hydride elimination can occur
affording the Heck product 15. Alternatively, the protonolysis of species D' or E' leads to
the conjugate addition product, 14 and the initial cationic species A'. Cationic palladium
enolates are much more susceptible to hydrolytic Pd-C bond cleavage than neutral
palladium species and this is essential to avoid competing -hydride elimination (164).
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Scheme 5.6. Proposed catalytic cycle in literature for the Pd-catalyzed conjugate addition
of arylboronic acids and formation of Heck coupling product.
The interesting catalytic activity of our new binuclear palladium complexes even in the
absence of any base, water and oxidant additives suggests some modifications on the
above proposed mechanism. Previous studies suggest that the regeneration of Pd(II) after
each catalytic cycle is the key step for the Pd-catalyzed oxidative Heck reaction.
Following the release of the coupling product from Pd(II), the X-Pd-H intermediate might
be intercepted by a hydrogen acceptor, such as solvent or substrate, thus regenerating the
Pd(II) without forming Pd(0) and so circumventing the need for traditional oxidants or
base (Scheme 5.5) (160).
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Since the new synthesized binuclear palladium complexes have two types of ligands:
chelating and bridging; it is worth indicating the ligand type that played the crucial role in
developing the assigned interesting catalytic activity. To achieve this, we have examined
the catalytic activity of catalyst systems composed of Pd(OAc)2 with chelating or
bridging ligands or a mixture of both in our model reaction. The results are presented in
Table 5.6. We can conclude easily based on these results that chelating ligands are
essential for producing the catalytic activity, while bridging ligands are slightly
influencing the chemoselectivity of the reaction by providing certain electronic properties
and rigidity to the active palladium complexes.

5.4 Conclusions
In summary, the synthesis of various new binuclear palladium complexes with chelating
diimines and bridging diphosphines and diimines has been acheived successfully. Their
structures have been characterized using different elemental and spectral techniques. We
have developed an efficient protocol for the conjugate addition and oxidative Heck
coupling of arylboronic acids with both electron rich and electron deficient olefins using
the new synthesized complexes. The method requires neither oxidant nor base to operate,
broadening the scope of palladium-catalyzed coupling reactions.
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Table 5.6. Coupling of arylboronic acid 13a to 4ac1 catalyzed by Pd113. Effect of
chelating and bridging ligand in Pd113 on the conversion and
chemoselectivity.a
Products
Conversion
Entry

Distribution (%)c

Ligand
4ac1 (%)

b

14aa

15aa

1

4,4'-dimethyl-2,2'-bipyridine

91

46

54

2d

4,4'-bipyridine

30

15

85

70

52

48

4,4'-dimethyl-2,2'-bipyridine/ 4,4'3
bipyridine (1:1)
a

Reaction conditions: Pd(OAc)2 (0.04 mmol), Ligand (0.08 mmol), 4ac1 (0.50
mmol), 13a (1.0 mmol), CH3CN (4 mL), 110 °C, 16 h.

b

Determined by GC

c

Determined by GC and 1H-NMR

d

15 % Hydrogenation product
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5.5 Experimental
5.5.1 Materials and instruments
Pd(OAc)2, diimine ligands, diphosphine ligands, trifluroacetic acid (TFA), ammonium
hexafluorophospate

(NH4PF6),

trans-cinnamate

esters,

and

phenylboronic

acid

[PhB(OH)2] are highly pure commercially available materials and were used without any
purification. Dry solvents have been used in all experiments. 1H and

13

C NMR spectra

were recorded on 500 MHz Joel 1500 NMR machine. Chemical shifts (δ) were reported
in ppm relative to tetramethyl silane (TMS) using CDCl3 or DMSO-d6. IR spectra were
recorded on Perkin-Elmer 16F PC FT-IR spectrometer and reported in wave numbers
(cm-1). Melting points were determined using Büchi melting point apparatus. Elemental
analysis was carried out using Euro Vector EA 3000. UV-vis of complexes was carried
out using Perkin Elmer Lambda EZ 210 spectrometer. Appropriate sample was dissolved
in dimethylformamide and then volume was adjusted to 25 ml with distilled
dichloromethane. The screening of the reactants and products of the catalytic application
part was carried out using Agilent GC 6890 Series gas chromatograph equipped with a
split–splitless injector (split ratios of 20:1). The temperature of the injector was 250 oC,
with 10 psi constant pressure. The column was an HP-5 column (30 m × 0.25 mm i.d.,
0.25 μm film thickness). Helium was the carrier gas at a flow rate of 1.5 mL/min and
programmed temperature (50 °C, hold 2 min, then ramped at 10 °C/min to 140 °C, then
finally ramped at 20 °C/min to 250 °C ,hold time 20 min). The detector was flame
ionization detector (FID), with hydrogen and air flow of 40.0 and 450.0 ml/min
respectively. Makeup flow was on with 45.0 ml/min of helium. The products of the
reactions were also analyzed on GC-MS Varian Saturn 2000 equipped with 30 m
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capillary column (HP-5). Helium was the carrier gas at a flow rate of 1.0 mL/min and
programmed temperature (50 °C, hold 2.0 min, then ramped at 10 °C/min to 140 °C, then
finally ramped at 20 °C/min to 250 °C, hold time 20 min). The temperatures of injector,
transfer line and ionization source were 250, 225 and 270 °C, respectively. NIST MS
search was used for compound identification.

5.5.2 General procedure for the conjugate addition of phenylboronic acid to transcinnamate esters catalyzed by new Pd(II) bimetallic mixed ligand complexes:
To a 45 ml glass liner tube, phenylboronic acid (0.50 mmol), trans-cinnamate ester (0.50
mmol), palladium complex (0.02 mmol), and solvent (10 mL) were added under nitrogen.
The mixture was stirred and heated at 110 °C for 24 h. After cooling, the reaction mixture
was filtered and a sample of this solution was immediately analyzed by GC and GC-MS.
The solvent was then removed and the products were separated by preparative TLC (30 %
EtOAc/petroleum ether 40-70 oC). The products were identified by 1H and 13C NMR, FTIR and GC-MS analyses.
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CHAPTER 6
A DFT STUDY ON THE MECHANISM OF PALLADIUM-CATALYZED
ALKOXYCARBONYLATION AND AMINOCARBONYLATION OF ALKYNES:
HYDRIDE VERSUS ALKOXY PATHWAYS
6.1 Introduction
It is well-known that the ratio of products from aminocarbonylation and
alkoxycarbonylation reactions depends strongly on the catalytic system and the reaction
conditions employed (61,72,125). The development of more efficient catalyst systems in
terms of conversion and regioselectivity is still a challenging area for these reactions.
However, to achieve this goal it is paramount to determine which structural
characteristics of reaction parameters are most influential in promoting the formation of
highly reactive and stable catalysts (165). Furthermore, the understanding of
regioselectivity profile of these reactions requires an insight on the structure and energy
of species involved in these reactions.
Recent progress in computational chemistry has shown that many important chemical
and physical properties of the species involved in these reactions can be predicted from
first principles by various computational techniques (166). This ability is especially
important in these reactions where experimental isolation of key intermediates is difficult
to achieve.
Many catalytic cycles have been proposed for different catalytic systems that catalyze the
alkoxycarbonylation (13,72,74) and aminocarbonylation (61,62,64,65) of alkynes. The
support of these mechanisms was based primarily on the understanding of the influence
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of different reaction parameters on the catalytic activity and regioselectivity. The use of
theoretical calculations to model catalytic cycles has been reported for metal-catalyzed
hydroformylation (167), hydrogenation (2), cross-coupling (168), etc… reactions.
However, reports on computational studies on the alkoxycarbonylation and
aminocarbonylation of alkynes are almost absent in the literature.
In this chapter, we present a theoretical study of alkyne alkoxycarbonylation and
aminocarbonylation that developed in parallel with experimental results of which have
already been reported in chapter 3. In these experimental studies, the aminocarbonylation
and alkoxycarbonylation reactions of terminal alkynes took place smoothly and
efficiently using a catalyst system Pd(OAc)2/dppb/p-TsOH/CH3CN/CO. The catalytic
system was tested and optimized using two different nucleophiles: alcohols and amines.
The alkoxycarbonylation reaction produced the trans ester 4 as predominant product
(complete conversion of alkyne and 90 % selectivity) with excellent reaction rate, while
gem isomer was the major amide product 3 (ca. 97 %) in aminocarbonylation reaction
after 20 hours reaction period. The catalytic activity and regioselectivity of the two
reactions proved to be highly sensitive to the type of solvent, where acetonitrile solvent
was the best solvent to produce the highest yield and selectivity of the desired products.
Furthermore, changing the type of solvent in alkoxycarbonylation reaction resulted in
producing the gem ester 3 as major product.
Based on experimental findings; we proposed two different catalytic cycles for
alkoxycarbonylation (hydride) and aminocarbonylation (amine) reactions in chapters 2
and 3. The aim of this DFT theoretical investigation is to validate the solution-based
observation, predicting possible catalytic cycles, key intermediates and transition states
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involved these reactions, and to address the origin of variation in rate and regioselectivity
of the two reactions.
The DFT study employs chelating phosphines based on dhpb (PH2CH2CH2CH2CH2PH2).
The validity of ligand simplification was tested by employing the real non-simplified
DPPB ligand in some intermediates. The alkyne used in this study is propyne. Methanol
is used as nucleophile in alkoxycarbonylation mechanisms, while dimethylamine is used
in aminocarbonylation study. Results map appropriate transition states and associated
energy barriers both in the gas phase and in acetonitrile (via a polarizable continuum
model (PCM)).
6.2 Computational Details
All calculations were performed using the GAUSSIAN 03 series of programs (169),
using the B3LYP functional (170,171). The structures of the reactants, intermediates,
transition states, and products were fully optimized in the gas phase without any
symmetry restrictions using an effective core potential (172) and its associated double-ζ
LANL2DZ (169,173) basis set for the palladium atom. Hydrogen atoms where
represented by the 6-31G basis set and extra series of p-polarization has been added for
hydride atoms and H atoms involved in hydrogenation processes. C, N, and O atoms
where represented by the 6-31G(d) basis set (174-176). The frequency calculations at the
same level were also carried out to confirm that the optimized structures were ground
states without imaginary frequency (NImag = 0) or transition states with one imaginary
frequency (NImag = 1). Especially, the lone imaginary frequency of each transition state
displayed the desired displacement orientation, and the validity of each reaction path was
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further examined by the intrinsic reaction coordinate calculations (IRC). Zero-point
energy corrections (ZPE), derived from the frequency calculations, were added to the
total energies of each species in the catalytic cycles. The Gibbs energies (G) were also
calculated at 298.15 K. In all cases the wave functions were found to be stable with
respect to relaxing spin and symmetry constraints. Solvent effects were taken into
account by means of PCM (177,178) (acetonitrile, ϵ = 36.64) single-point calculations at
the gas-phase optimized geometries.

6.3 Results and Discussion
6.3.1 Hydride cycle
The proposed hydride cycle for the alkoxycarbonylation of propyne is shown in Scheme
6.1. The proposed intermediates for trans isomer (major product in alkoxycarbonylation
reaction) are shown only in this cycle for simplification.

6.3.1.1 Catalyst generation. The first key step in the mechanism of the
alkoxycarbonylation of alkyne is the formation of the 14-electron active catalyst
[Pd(II)(P2)(H)]+ (1C) via reaction of Pd(OAc)2, P2 and HX (p-TsOH) (61). Acetonitrile
solvent can coordinate to this species forming intermediate 1C-S, but this assumption
was not considered since energy barrier to the next step will be endothermically high
(18.0 kcal/mol).
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Scheme 6.1. DFT-derived scheme for alkoxycarbonylation of propyne by a hydridecationic Palladium(II) bisphosphine complex.

1C (0.0 kcal/mol)
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6.3.1.2 Alkyne coordination. The optimized structure of 2C (distorted square
pyramidal) showed that the Pd-H bond occupies the equatorial position to the PdP2C≡C.
The Pd–C and C≡C bond lengths are 2.234/2.463 Å, and they are very close to those in
the propyne complex. The C≡C bond length in 2C (1.235 Å) is also longer than in the
free form (1.207 Å), and this elongation can be explained by the donation and back
donation interaction model of the frontier molecular orbital (2). The coordination of
alkyne to the precursor 1C is exothermic by a 25.6 kcal/mol.

2C (-25.6 kcal/mol)
6.3.1.3 Alkyne insertion. The insertion of terminal alkynes, except for acetylene, into
the Pd-H bond can occur in two ways, which are described as anti-Markovnikov and
Markovnikov additions. Therefore, two types of vinyl complexes, trans and gem
(therefore T and G notations are used in the text), can be formed. This alkylation reaction
was considered as the key step for the regioselectivity (167). It is necessary to rotate the
C≡C double bond into the parallel orientation to the H–Pd bond, which can facilitate the
insertion.

127
The structures of the two transition states, 2C/3CT-TS and 2C/3CG-TS, are located, and
their imaginary vibration modes (409i and 383i cm-1) indicate the migratory insertion of
hydrogen to the C≡C triple bond with the shortening of the H-C distances (1.848 and
1.849 Å). The skeleton of 2C/3CT-TS and 2C/3CG-TS around the palladium center has
a distorted square planar geometry, and the H–Pd–C≡C torsion angles in 2C/3CT-TS
and 2C/3CG-TS are -0.075° and -0.72°. Taking 2C as the starting point, the computed
activation free energies for both pathways are 0.4 and 1.7 kcal/mol, respectively. There is
therefore no kinetic control over the regioselectivity, and this is in agreement with the
findings for the olefin insertion process of the propene and acetamide complexes (138)
and with our experimental results.

2C/3CT-TS (0.4 kcal/mol)

2C/3CG-TS (1.7 kcal/mol)

The optimized geometries of 3CT and 3CG are similar to 1C where the PdP2C forms a
distorted triangle or a distorted square planar structure with vacant site on palladium
center for further molecule coordination. The vinyl moieties in the two geometries are on
same plane with dpph carbon atoms. The trans isomer 3CT is isoenergetic with 3CG
(difference is 1.0 kcal/mol), which indicates no contribution of alkyne insertion step in
accounting for the regioselectivity of the alkoxycarbonylation reaction.
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3CT (-14.5 kcal/mol)

3CG (-15.4 kcal/mol)

Since solvent has a crucial role in determining the regioselectivity of the
alkoxycarbonylation reaction, specially the role of acetonitrile solvent in producing the
trans isomer in higher regioselectivity; we tried to utilize the solvation and coordination
properties of acetonitrile in accounting for the interesting regioselectivity of
alkoxycarbonylation reaction in this solvent. The calculation of energy profile of the two
isomers 3CT and 3CG in acetonitrile using PCM resulted in further stability of 3CT over
3CG by a 1.5 kcal/mol, while solvent coordination by one molecule of acetonitrile (3CTS and 3CG-S) resulted in comparable energy of the two isomers in gas phase and slight
stability for the gem isomer 3CG-S in acetonitrile.

3CT-S (-22.7 kcal/mol)

3CG-S (-23.3 kcal/mol)
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6.3.1.4 CO addition and insertion. The following step in the catalytic cycle is the CO
addition on the coordinatively unsaturated intermediates (C3H5)PdP2 (3CT/3CG) to
produce the 16-electron saturated species (C3H5)PdP2(CO) (4CT/4CG), followed by the
insertion (carbonylation) process leading to the corresponding acyl complexes
(C3H5CO)PdP2 (5CT/5CG). The two isomers are isoenergetic with energy difference
<0.5 kcal/mol, which reveals no contribution of this step in directing the regioselectivity
of the alkoxycarbonylation reaction. Its worth to mention here that theoretical
calculations on the hydroformylation reaction of propene using HCo(CO)3 catalyst
reported in literature (179) accounted for the regioselectivity behavior of the
hydroformylation reaction based on energy difference between isomers obtained from
CO addition step. This step in our system is exergonic for the two isomers 4CT and 4CG
and our attempts to locate corresponding transition states (3CT/4CT-TS and 3CG/4CGTS) have failed due to very low barrier of this step (138).

4CT (-19.3 kcal/mol)

4CG (-19.8 kcal/mol)

The next step is the CO insertion process from the vinyl complexes 4CT/4CG to the acyl
complexes 5CT/5CG. The optimized geometries of the two isomers showed an
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interesting rotation of the ,-unsaturated acyl group to allow η2-coordination of the
double bond to the palladium center. The Pd-CO-C angle in 5CT and 5CG is 78 and 74°,
respectively, which are much smaller than mono coordinated ,-unsaturated acyl group
(121°). Moreover, the double bond in 5CT and 5CG is not coplanar with PdP2 plane and
the distances between Pd and C=C in 5CT and 5CG are 2.291/2.436 and 2.240/2.272 Å,
respectively. The difference in energy for the two complexes is very small (0.1 kcal/mol),
which indicates again no contribution of this step in accounting for the regioselectivity of
the alkoxycarbonylation reaction. The insertion of CO on Pd-vinyl bond step is
exothermic for the two isomers 5CT and 5CG by 7.2 and 7.1 kcal/mol, respectively.

5CT (-26.1 kcal/mol)

5CG (-26.7 kcal/mol)

In addition to the adducts and products, we have also investigated the corresponding
transition states. This process is well studied at various levels of theory (166). The
structures of the two authentic transition states, 4CT/5CT-TS and 4CG/5CG-TS, are
located and characterized by a decrease in the C3H5-Pd-CO angle to 57 and 55° in
4CT/5CT-TS and 4CG/5CG-TS, respectively. The negative direction modes of the
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above transition states (283i and 306i) indicate the right direction of carbonylation. The
computed carbonylation barriers for both the trans (4CT→(4CT/5CT-TS)→ 5CT) and
the gem routes (4CG→(4CG/5CG-TS)→ 5CG) are 5.9 and 8.2 kcal/mol, and they are
close to those of corresponding step in propene hydroformylation (167).

4CT/5CT-TS (5.9 kcal/mol)

4CG/5CG-TS (8.2 kcal/mol)

6.3.1.5 Solvent coordination. Since acetonitrile solvent showed experimentally an
interesting role in directing the alkoxycarbonylation of phenylacetylene reaction to favor
the trans isomer in high regioselectivity, the coordination of acetonitrile molecule to
intermediates 5CT and 5CG is studied. The skeleton around the palladium center for the
resulted isomers 6CT and 6CG is a distorted square planar and the PPdN≡C angle in
6CT and 6CG is 171°. The Pd-N distance in 6CT and 6CG is 2.160 and 2.163 Å,
respectively. Moreover, ACN addition to 5CT and 5CG is computed to be highly
exothermic by 16.9 and 12.2 kcal/mol, and from thermodynamic stability point of view
the difference in the thermodynamic stability of the products from this high exothermic
addition (6CT and 6CG) should be responsible for the observed regioselectivity. This
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clearly described the alkoxycarbonylation high regioselectivity towards the trans ester in
acetonitrile solvent (see section 3.2.3 ).

6CT (-16.9 kcal/mol)

6CG (-12.2 kcal/mol)

The attempts to locate corresponding transition states for solvent coordinated products
(6CT and 6CG) have failed.
6.3.1.6 Methanol oxidative addition and ,-unsaturated ester elimination. The
starting points of this step are isomers obtained from the carbonylation and solvent
coordination processes (6CT and 6CG). The coordination of methanol leads to the
formation of the two isomers 7CT and 7CG. Its worth to note here that isomers 7CT and
7CG can be obtained directly from coordination of methanol to isomers 5CT and 5CG.
However, the presence of catalytic amounts of methanol versus large availability of
acetonitrile molecules in reaction medium and the interesting regioselectivity of
alkoxycarbonylation reaction in this solvent encouraged us to propose the formation of
isomers 6CT and 6CG. It is interesting to note also that the H–O bonds in 7CT and 7CG
are parallel to the Pd–Cacyl bonds. One reason for this conformation in 7CT and 7CG is
the attractive electrostatic interaction (H-bonding) between the polar H–O bond and the
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acyl C=O bond. The H…O distances in 7CT and 7CG are 1.993 and 2.088 Å, while the
Pd-O distances are 2.239 and 2.242 Å

7CT (-11.9 kcal/mol)

7CG (-8.9 kcal/mol)

For the oxidative addition, the attempts to locate the corresponding intermediates (the
hydride and methoxo complex) from the oxidative addition of methanol was
unsuccessful and further optimization following the negative vibration modes lead to the
formation of intermediates 8CT and 8CG directly without any barrier. This indicates that
the potential energy surface is flat. The driving force for the simplified reaction might be
the attractive electrostatic interaction between the negatively charged oxygen center of
the CH3O ligand and the positively charged carbon center of the acyl ligand; both ligands
already have the appropriate orientation, which can facilitate further reaction.
On the basis of the most stable acyl intermediates (5CT and 5CG), the coordination of
CH3OH is exothermic by 11.9 and 8.9 kcal/mol for 7CT and 7CG. Since it is not
possible to locate the corresponding intermediates of the oxidative addition, and the
subsequent transition states for the reductive elimination, no energetic data for these
species are available. From the CH3OH adducts, the formation of the ester complex
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8CT/TEP is exothermic by 2.6 kcal/mol and endothermic by 1.3 kcal/mol for
8CG/GEP. Taking 2C and (CO + CH3OH) as the starting point, the formation of the
separated product and 1C are exothermic for the trans and gem esters by 50.3 and 49.3
kcal/mol, respectively.

8CT (-2.6 kcal/mol)
The

calculated

relative

8CG (1.3 kcal/mol)
energies

for

trans

isomer

intermediates

in

the

hydroalkoxycarbonylation of propyne in gas phase is shown in Scheme 6.2.

Scheme 6.2. Computed relative energies (kcal/mol) for the trans isomer hydride cycle in
gas phase obtained via hydroalkoxycarbonylation of propyne.
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6.3.1.7. Solvation effect. The effect of acetonitrile, as a solvent, has been taken into
account by introducing a polarizable continuum solvent model (PCM). This process
yielded results that were similar to those already discussed for the gas phase. Thus, no
significant changes in the values of the relative energies do take place and no substantive
changes in the energy profiles except for the alkyne coordination step which is now an
exothermic process by a 10.2 kcal/mol in acetonitrile. Interestingly, some of the energy
barriers are actually higher when the continuum solvent model is applied, the most
remarkable corresponding to the change 4CT→4CT/5CT-TS and 4CG→4CG/5CG-TS,
which are 5.9 and 8.2 kcal/mol in the gas phase versus 6.5 and 9.2 kcal/mol in
acetonitrile. The difference in relative energies between trans and gem intermediates
have been slightly changed for initial intermediates in the catalytic cycle. The energy
difference between intermediates 4CT and 4CG increased from a 0.5 kcal/mol in gas
phase to a 1.0 kcal/mol in acetonitrile. Interestingly, an opposite case was found with
intermediates 7CT and 7CG when the energy difference dropped from a 3.0 kcal/mol in
gas phase to a 0.7 kcal/mol in acetonitrile. Nevertheless, the regioselectivity profile in
acetonitrile still proves energy difference between intermediates 6CT and 6CG as key
intermediates for accounting the regioselectivity of the alkoxycarbonylation reaction and
hence matching the experimental results. The calculated relative energies for trans
isomer intermediates in the hydroalkoxycarbonylation of propyne in acetonitrile are
shown in Scheme 6.3.
The computed energetic data for the whole reactions in hydride-cationic cycle is shown
in Table 6.1.
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Scheme 6.3. Computed relative energies (kcal/mol) for the trans isomer hydride cycle in
acetonitrile obtained via hydroalkoxycarbonylation of propyne.
6.3.1.8. Test of validity of ligand simplification. Ligand simplification implied in
theoretical calculations is necessary to minimize the time of computation. Successful
interpretation of many physical and chemical properties of catalytic species was
computationally possible using this simplification. However, since regioselectivity of
alkoxycarbonylation and aminocarbonylation of alkynes is affected much by the steric
and electronic properties of ligands (see section 3.2.2), we decided to test the validity of
ligand simplification in our theoretical calculations. The simplification has been removed
from all trans intermediates 3CT, 4CT, 5CT, 6CT, 7CT and 8CT and their
corresponding gem isomer intermediates plus intermediates 1C and 2C for accurate
comparison with simplified intermediate results.
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Table 6.1. B3LYP/LANL2DZp computed total electronic energies (Etot, au) in gas phase,
free energies (Gtot (298 K), au), zero-point energies (ZPE, kcal/mol) as well
as number of imaginary frequencies (NImag) and (Etot, au) in acetonitrile for
cationic cycle.
Compound

Etot (gas phase)

ZPE
(NImag)

(Gtot (298 K)

Etot
(acetonitrile)

Starting
materials
Propyne

-116.653269

34.9653

-116.621778

-116.657379

DHPB
CH3OH
CH3CN
CO

-842.330685
-115.717946
-132.754928
-113.309453

93.8694
32.3883
28.6393
3.1574

-842.216197
-115.689061
-132.732268
-113.323561

-842.335259
-115.726139
-132.763073
-113.310525

101.2607
137.6996
137.1627
137.0219
140.697
140.3422
170.4127
170.2673

-969.351593
-1085.995828
-1085.993853
-1085.992217
-1086.018135
-1086.017689
-1218.772825
-1218.771625

-969.5627760
-1086.238681
-1086.236195
-1086.235280
-1086.268355
-1086.265468
-1219.052975
-1219.053398

145.6766
145.4779
145.6173
145.2904
146.7702
146.6037

-1199.356820
-1199.356724
-1199.346153
-1199.342870
-1199.366460
-1199.367108

-1199.610456
-1199.609830
-1199.600027
-1199.594928
-1199.624292
-1199.621110

176.3666 -1332.110134
176.4973 -1332.104547

-1332.401344
-1332.393743

181.3947
181.2596
180.2338
180.0826

-1315.057485
-1315.053052
-1315.061414
-1315.050311

-1315.359983
-1315.355700
-1315.359353
-1315.353358

77.8760

-345.697035

-345.795787

77.8227

-345.695261

-345.791948

Alkyne coordination and insertion
1C
-969.4755620
2C
-1086.171896
2C/3CT-TS
-1086.170368
2C/3CG-TS
-1086.168152
3CT
-1086.199036
3CG
-1086.198043
3CT-S
-1218.991888
3CG-S
-1218.992161
CO coordination and insertion
4CT
-1199.542174
4CG
-1199.542167
4CT/5CT-TS
-1199.532722
4CG/5CG-TS
-1199.528857
5CT
-1199.554705
5CG
-1199.555033
Solvent Coordination
6CT
-1332.338087
6CG
-1332.331349
Oxidative addition of methanol
7CT
-1315.295247
7CG
-1315.290766
8CT
-1315.297608
8CG
-1315.286806
Reaction
products
Trans
ester -345.788392
(TEP)
Gem
ester -345.786659
(GEP)
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Data shown in Table 6.2 for the energy of non simplified intermediates prove a great
effect of ligand simplification on the energy difference between trans and gem
intermediates in the hydride cycle. All trans intermediates are now more stable than their
corresponding gem intermediates in gas phase and this stability was further increased in
acetonitrile. These results gave further approval for obtaining trans ester regioselectively
via hydride cycle. Remarkably, the energy profile of elementary steps involved in the
hydride cycle changed significantly for first non-simplified intermediates while the
change was less significant for the late intermediates by removing ligand simplification.
Based on the above results, we believe that ligand simplification is not valid in
theoretical calculations targeting a specific explanation of energy profile of our proposed
catalytic cycle or for accounting for the origin of regioselectivity.
Comparison of energy profile of all elementary steps in the hydride cycle between
simplified and non-simplified trans intermediates in gas phase and acetonitrile is shown
in Table 6.3.
6.3.2 Alkoxy cycle
In addition to "hydride" mechanism, alkoxy mechanism based on alkoxy-palladium
active species has been proposed for alkoxycarbonylation of alkynes and alkenes (180).
In the alkoxy mechanism, the catalytic cycle is initiated by the formation of a Pd-alkoxy
complex that reacts with CO, yielding the palladium alkoxycarbonyl intermediate. In
both mechanisms the termination step involves the alcohol. A notable difference between
these two mechanisms in relation to regioselectivity is that a bulky ligand would promote
the selective formation of linear ester in the hydride
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Table 6.2. Total energy of trans and gem intermediates of no ligand simplification in the
hydride cycle.
Energy
Compound

Etot (gas phase)

difference

Energy
Etot (acetonitrile)

(kcal/mol)*

difference
(kcal/mol)*

1C-LNS

-1893.706345

-

-1893.772332

-

2C-LNS

-2010.386647

-

-2010.444452

-

3CT-LNS

-2010.421273

-2010.479785
-0.1

3CG-LNS

-2010.421076

4CT-LNS

-2123.760544

-1.6
-2010.477266
-2123.818576

-1.4
4CG-LNS

-2123.758234

5CT-LNS

-2123.776237

-1.6
-2123.816008
-2123.835803

-3.2
5CG-LNS

-2123.771195

6CT-LNS

-2256.550432

-3.6
-2123.830083
-2256.610706

-1.6
6CG-LNS

-2256.547903

7CT-LNS

-2239.506739

-2.3
-2256.607062
-2239.566999

-1.8
7CG-LNS

-2239.503874

8CT-LNS

-2239.516246

-2.3
-2239.563302
-2239.577511

-6.2
8CG-LNS

-2239.506289

* Energy difference = Etot(T) – Etot(G)

-6.4
-2239.567292
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Table 6.3. Comparison of energy profile for all elementary steps involved in hydride
cycle in case of trans simplified and non-simplified intermediates.

HPdP2
Alkyne
coordination
Alkyne
insertion
CO
coordination
CO insertion
Solvent
coordination
Alcohol
coordination

Etot (kcal/mol)

Etot (kcal/mol)

Simplified intermediates

Non-simplified intermediates

Gas phase

Acetonitrile

Gas phase

Acetonitrile

0

0

0

0

-25.6

-10.2

-17.0

-9.3

-14.9

-17.6

-21.7

-22.2

-19.3

-18.0

-18.7

-16.8

-6.7

-7.6

-9.8

-10.8

-16.9

-7.8

-12.1

-7.4

-11.9

-3.8

-7.9

-3.2

-2.6

-0.8

-7.8

-6.6

-50.3

-61.9

-50.6

-49.5

Alcohol
oxidative
addition
Reductive
elimination of
product
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mechanism, while branched ester formation would be preferred in the alkoxy mechanism
(181). cis-Chelating diphosphines would make the palladium coordination sphere more
crowded than monodentate phophine ligands would. Hence, the fact that bidentate
phophine ligands dppb and dppf promote selective formation of the linear ester might be
taken as the evidence for the hydride mechanism.
It is worth to note here that theoretical calculations based on the alkoxy mechanism have
never been reported in literature, which encouraged us to carry out simple computation
on simplified proposed alkoxy mechanism for the alkoxycarbonylation of propyne
(Scheme 6.4). The mechanism involves (i) formation of an (alkoxycarbonyl)palladium
complex generated by the insertion of CO into a Pd-O bond, (ii) migration of the
carboalkoxy moiety on a carbon atom of the triple bond of the propyne π-coordinated to
the metal center, and (iii) protonoylsis of the resulting vinyl intermediate. Here in this
mechanism, regioselectivity of the reaction can be determined by comparison of
thermodynamic stability of only one intermediate for each isomer (5AT and 5AG) unlike
cationic–hydride mechanism discussed previously in this chapter.

6.3.2.1. Catalyst generation. The first key step in the alkoxy-mechanism of the
alkoxycarbonylation of alkyne is the formation of the 14-electron active catalyst
[Pd(II)(P2)(OMe)]+ (1A) via reaction of Pd(OAc)2, P2 and CH3OH (180). the optimized
geometry of this species around palladium center is a distorted triangle with P-Pd-O
angles are 96 and 168°, and Pd-P bond distances are 2.265 and 2.370 Å.
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Scheme 6.4. DFT-derived scheme for alkoxycarbonylation of propyne by a cationic
Palladium(II) bisphosphine alkoxy complex.

1A (0.0 kcal/mol)
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6.3.2.2. CO coordination. The next step is the CO coordination to 1A. The structure of
the resulting optimized geometry 2A is a square distorted planar conformation around the
central palladium with C-Pd-O angle is 92°. The computed relative energy of 2A reveals
that this step is exothermic by a 19.1 kcal/mol.

2A (-19.1 kcal/mol)
6.3.2.3. CO insertion. The insertion of CO in intermediate 2A leads to the formation of
carboxy intermediate 3A. The Pd-C distance is 1.995 Å and the P-Pd-C angle is 111°
making the geometry around central palladium approaching a planar triangle shape. The
calculated energy for this insertion step is endothermic by a 10.0 kcal/mol which is
higher than energy for CO insertion into Pd-C bond in hydride cationic cycle (section
4.3.1.4).

3A (-9.1 kcal/mol)
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6.3.2.4. Alkyne coordination and insertion. The coordination of alkyne on palladium
central occurs with bidentate coordination of dppb ligand (4A) or can be accompanied by
dissociation of one phosphine yielding 4A-1. The energies of the two optimized
geometries are much different and the phosphine ligand bidentate fashion in 4A is more
stable than monodentate one in 4A-1 by a 15.7 kcal/mol, and so 4A will be adopted in
this study. However, Pd-C bond distances in 4A-1 (2.238/2.404 Å) are smaller than 4A
(2.316/2.586 Å) which indicates stronger π-interaction of acetylene bond with Pd atom in
4A-1 than 4A. It is worth to note here that replacing the hydride atom or the carboxy
group with amide group resulted in complete favoring of monodentate mode of
coordination for the dppb ligand, which indicates an influential role of these coordinating
groups on phosphine ligand coordination mode.

4A (-14.0 kcal/mol)
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4A-1 (1.7 kcal/mol)

The next step is the migration of the carboalkoxy moiety on a carbon atom of the triple
bond of the propyne. Again, migration can occur in two ways, anti-Markovnikov and
Markovnikov additions yielding trans (5AT) and gem (5AG) isomers, respectively. The
optimized geometry for the two isomers shows an interesting coordination of lone pair of
electrons on alcohol oxygen atom to palladium leading to the formation of planar fivemembered ring. The migration step is highly exothermic for the two isomers 5AT and
5AG by 27.2 and 29.8 kcal/mol, respectively. This difference in thermodynamic stability
for 5AT over 5AG can be also used to account for the regioselectivity of the
alkoxycarbonylation reaction to produce the gem isomer as major product starting from
palladium-alkoxy species. Removing ligand simplification from the above two key
intermediates increased the stability of 5AG-LNS over 5AT-LNS by 7.7 kcal/mol in gas
phase and 6.2 kcal/mol in acetonitrile. The above result gives more evidences for the
great role of type of solvent and ligand towards the formation palladium-hydride or
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palladium-alkoxy species, and hence different regioselectivity of the alkoxycarbonylation
reaction.

5AT (-27.2 kcal/mol)

5AG (-29.8 kcal/mol)
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5AT-LNS (Etot = -2238.295595)

5AG-LNS (Etot = -2238.307815)
It is worth noting that the geometry of the non-simplified regioselectivity key
intermediates showed longer Pd-O distance (2.338 Ǻ) than simplified intermediates
(2.180 Ǻ) which indicates great effects of ligand simplification on the energy and
regioselectivity profile of catalytic cycle intermediates.
The computed energetic data for the whole reactions in alkoxy-cationic cycle is shown in
Table 6.4.
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Table 6.4. B3LYP/LANL2DZp computed total electronic energies (Etot, au) in gas phase,
free energies (Gtot (298 K), au), zero-point energies (ZPE, kcal/mol) as well
as number of imaginary frequencies (NImag) and (Etot, au) in acetonitrile for
alkoxy cycle.
Compound

Etot (gas phase)

ZPE (NImag)

(Gtot (298 K)

Etot
(acetonitrile)

1A

-1084.000151

122.9892

-1083.845542

-1084.083497

2A

-1197.343125

128.1203

-1197.183277

-1197.416553

3A

-1197.360344

129.8516

-1197.197019

-1197.431763

4A

-1314.036626

165.2548

-1313.824371

-1314.107391

4A-1

-1314.010197

164.3279

-1313.802598

-1314.079041

5AT

-1314.085349

168.6702

-1313.864012

-1314.157035

5AG

-1314.089158

168.4367

-1313.868980

-1314.160118
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6.3.2.5. Solvation effect of alkoxy cycle
The solvation effect of acetonitrile has been studied on alkoxy cycle using PCM model.
The relative stability of most intermediates involved in the catalytic cycle was lowered in
irregular way by introducing this effect. For example, the relative stability of
intermediates 2A and 3A in acetonitrile was lowered by 6.9 and 1.3 kcal/mol,
respectively. However, the regioselectivity profile did not change by introducing this
effect and the still intermediate 5AG is more stable than 5AT by a 6.2 kcal/mol.

6.3.2.6. Study of the validity of substrate simplification
To test the validity of substrate simplifications, the structure and energy of new
regioselectivity key intermediates (with no ligand simplification) in the alkoxy cycle
based on phenylacetylene (5ATLNS-1a and 5AGLNS-1a) and 1-heptyne (5ATLNS-1b
and 5AGLNS-1b) have been obtained and compared. Results obtained showed no
change in the regioselectivity profile of the alkoxycarbonylation reaction based on
alkoxy cycle by changing the alkyne substrate. This result confirms the experimental
results obtained in chapter 3.

5ATLNS-1a (Etot = -2430.033169)

5AGLNS-1a (Etot = -2430.039687)

Energy difference = 4.1 kcal/mol
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5ATLNS-1b (Etot = -2395.548665)

5AGLNS-1b (Etot = -2395.560839)

Energy difference = 7.6 kcal/mol

6.4. Regioselectivity profile for aminocarbonylation reaction
The conclusions obtained in the alkoxycarbonylation reaction can be used as basis for the
study of regioselectivity profile of trans and gem amides obtained from
aminocarbonylation of alkynes. Using similar strategy, the energy of two different
palladium hydride (7CT-AM and 7CG-AM) and palladium-amide (5AT-AM and 5AGAM) key intermediates (T and G) were computed and compared.
The stability of regioselectivity key intermediates obtained via hydride cycle is in favor
of trans amide 7CT-AM which again supports the formation of trans ,-unsaturated
amides starting from active palladium-hydride species. On the other hand, the higher
stability of isomer 5AG-AM relative to 5AT-AM gives further approval for the
palladium-amine cycle we already proposed in chapter 3 to account the regioselectivity
of aminocarbonylation reaction towards the formation of gem isomer as predominant
product.
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7CT-AM (Etot = -1334.752917)

7CG-AM (Etot = -1334.747364)

Energy difference = 3.5 kcal/mol

5ATLNS-AM (Etot = -1333.532964)

5AGLNS-AM (Etot = -1333.537123)

Energy difference = 2.6 kcal/mol

6.5 Neutral Mechanism
We proposed different catalytic cycles based on active neutral species such as PdP2 or
HPdP2X and we investigated them computationally using similar strategy to the above
studies. However, the results obtained from all proposed intermediates were not useful in
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interpretation of experimental results obtained in chapter 3 from the energy and
regioselectivity point of views. This mismatching between the computational and the
experimental results encouraged us not to consider this mechanism any further in
explaining the results obtained for the alkoxycarbonylation and aminocarbonylation
reactions.

6.6 Conclusions
A DFT study on the palladium-bisphosphine catalyzed alkoxycarbonylation and
aminocarbonylation of alkyne (propyne) is presented. The theoretical study explores the
feasibility and regioselectivity control of two independent mechanisms for the
alkoxycarbonylation reaction, one based on the active hydride intermediates of the type
[Pd(II)(P2)(H)]+ (where P2 = PH2CH2CH2CH2CH2PH2), and the second based on active
palladium-alkoxy species [Pd(II)(P2)(OMe)]+. The study compares the theoretical results
with experimental observations which have already been reported in chapters 2 and 3.
The calculations successfully explain the role of solvent in increasing the yield and
controlling the selectivity of reaction to produce selectively the trans isomer in
alkoxycarbonylation reaction (hydride cycle) and the gem isomer in alkoxy cycle. In
hydride cycle, the regioselectivity is mainly determined by the stability of the ligand
simplified complex [Pd(II)(P2)(COC3H5)(CH3CN)]+ which is formed from the addition
of alkyne to the active intermediate, hydride migratory insertion, CO coordination and
insertion, and subsequent acetonitrile coordination. When ligand simplification was
removed, the regioselectivity is mainly due to the stability of most of trans intermediates
relative to gem intermediates. For the alkoxy cycle, the regioselectivity is mainly

153
determined by the stability of the complex [Pd(II)(P2)(COOMe)(C3H5)]+. The kinetic
data for the formation of the two key complexes in hydride and alkoxy cycles show no
difference between the gem and trans isomers which predict the regioselectivity to be
thermodynamically controlled process. The solvation data show good contribution in
directing the regioselectivity of the two mechanisms. Using similar strategy, accounting
for the regioselectivity of aminocarbonylation catalyst system was possible staring from
palladium-hydride and palladium-amine active species. Overall calculations support, for
the palladium-bisphosphine systems, a reaction mechanism based on palladium-hydride
precursor for alkoxycarbonylation and aminocarbonylation reactions to produce the trans
isomer regioselectively, and palladium-alkoxy or palladium-amine precursor for
producing the gem isomer regioselectively.

154

CHAPTER 7

CONCLUSIONS

1. The results of the study showed clearly that the homogeneous catalytic system
including palladium (II), 1,4-bis(diphenylphosphino) butane (dppb) and
salicylborate complex in acetonitrile as a solvent is highly active in the
alkoxycarbonylation of phenylacetylene. The type of catalyst precursor, the
ligand and the solvent are influential on the activity and selectivity of the catalytic
reaction. This investigation has allowed us to obtain the largely predominant
formation of cinnamate esters with excellent selectivity (90-96 %).
2. The aminocarbonylation and alkoxycarbonylation reactions of terminal alkynes
took place smoothly and efficiently using the catalyst system Pd(OAc)2/dppb/pTsOH/CH3CN/CO under relatively mild experimental conditions. The results
showed significant differences in the conversion of 1a and in the selectivity
towards the gem or trans unsaturated esters or amides with these nucleophiles.
With amine nucleophile, excellent regioselectivity towards the 2-acrylamides
(gem isomer, 3ab) was almost always observed, while trans-,-unsaturated
esters 4ac was the predominant product with alcohol nucleophile. This
remarkable sensitivity in the selectivity of the reaction indicates two different
possible mechanistic pathways for these carbonylation reactions.
3. The alkoxycarbonylation of gem-enamides proceeded smoothly and efficiently to
give -amido esters with complete conversion and total regioselectivity in the
presence of the catalyst system: Pd(PPh3)2Cl2/MeOH/CO/H2O. The presence of
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phosphine and chloride ligands was essential for the catalytic activity. The
reaction was successfully applied to the alkoxycarbonylation of diacrylamides
yielding, selectively, the corresponding di--amido esters. These mono and di-amido esters have been used as precursors for the synthesis of N-substituted
cyclic succinimides in moderate to high yields.

4. Various binuclear palladium(II)-bridged complexes based on chelating diimines
and bridging diphosphine or diimine ligands have been synthesized and
characterized successfully. The new complexes showed an interesting catalytic
activity in the coupling of arylboronic acid derivatives to various olefins under
free base or oxidant conditions.

5.

Theoretical investigations (DFT/B3LYP) on palladium-hydride and palladiumalkoxy

mechanisms,

proposed

for

the

alkoxycarbonylation

and

aminocarbonylation palladium-catalyzed reaction, were successful in the
interpretation of the difference of activity and regioselectivity of the above two
reactions. The results obtained indicate the formation of trans ester isomer via
palladium-hydride cycle, while palladium-alkoxy mechanism is the key for the
formation of gem isomer. The results prove the ligand simplification protocol to
be non-valid in this type of investigation. The role of acetonitrile solvent in
enhancing the yield and regioselectivity of the alkoxycarbonylation and
aminocarbonylation reactions was improving the stability of the cationic species
in the two proposed mechanisms.
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APPENDICES
AI. Setup for the Catalytic Reactions.
The experimental setup of the catalytic reaction is shown hereafter (Figure AI-1). The
first system includes the carbonylation system that involves a carbon monoxide cylinder,
hydrogen cylinder, high pressure houses, carbon monoxide detector, and high pressure
autoclaves. Hotplate stirrers with oil baths are used to heat the high pressure vessels. The
second system includes a gas chromatography equipped with computer and printer to
analyze the sample collected from high-pressure system after cooling down and releasing
of gases.

Figure AI-1. Setup for catalytic reactions and GC analysis
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AII. NMR spectra of some enamides, amidoesters and cyclic scuccinimides

Figure AII-1. 1H NMR spectrum of compound 3ab1.

Figure AII-2. 13C NMR spectrum of compound 3ab1.
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Figure AII-3. 1H NMR spectrum of compound 3ab8.

Figure AII-4. 13C NMR spectrum of compound 3ab8.
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Figure AII-5. 1H NMR spectrum of compound 6b8c1.

Figure AII-6. 13C NMR spectrum of compound 6b8c1.
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Figure AII-7. 13C NMR spectrum of compound 7b8.

Figure AII-8. 1H NMR spectrum of compound 9ab3.
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Figure AII-9. 13C NMR spectrum of compound 9ab3.

Figure AII-10. 1H NMR spectrum of compound 10ab3c1.
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Figure AII-11. 13C NMR spectrum of compound 10ab3c1.

Figure AII-12. 13C NMR spectrum of compound 11ab3.
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AIII. IR spectra of free ligands and new binuclear palladium(II) complexes

Figure AIII-1. IR spectrum of 4,4'-dimethyl-2,2'-bipyridine.

Figure AIII-2. IR spectrum of 5,5'-dimethyl-2,2'-bipyridine.
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Figure AIII-3. IR spectrum of DPA.

Figure AIII-4. IR spectrum of DPE.
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Figure AIII-5. IR spectrum of 4,4'-bipyridine.

Figure AIII-6. IR spectrum of 1,2-bis(4-pyridyl)ethylene.
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Figure AIII-7. IR spectrum of Pd111.

Figure AIII-8. IR spectrum of Pd112.
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Figure AIII-9. IR spectrum of Pd113.

Figure AIII-10. IR spectrum of Pd114.
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Figure AIII-11. IR spectrum of Pd121.

Figure AIII-12. IR spectrum of Pd122.

183

Figure AIII-13. IR spectrum of Pd123.

Figure AIII-14. IR spectrum of Pd134.
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AIV. UV-Vis spectra of free ligands and new binuclear palladium(II) complexes

Figure AIV-1. UV-Vis spectrum of 4,4'-dimethyl-2,2'-bipyridine.

Figure AIV-2. UV-Vis spectrum of 5,5'-dimethyl-2,2'-bipyridine.
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Figure AIV-3. UV-Vis spectrum of DPA.

Figure AIV-4. UV-Vis spectrum of DPE.
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Figure AIV-5. UV-Vis spectrum of 1,2-bis(4-pyridyl)ethylene.

Figure AIV-6. UV-Vis spectrum of Pd111.
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Figure AIV-7. UV-Vis spectrum of Pd112.

Figure AIV-8. UV-Vis spectrum of Pd113.
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Figure AIV-9. UV-Vis spectrum of Pd114.

Figure AIV-10. UV-Vis spectrum of Pd121.
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Figure AIV-11. UV-Vis spectrum of Pd122.

Figure AIV-12. UV-Vis spectrum of Pd123.
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Figure AIV-13. UV-Vis spectrum of Pd124.
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AV. 1H NMR spectra of free ligands and new binuclear palladium(II) complexes

Figure AV-1. 1H NMR spectrum of 4,4'-dimethyl-2,2'-bipyridine.

Figure AV-2. 1H NMR spectrum of 5,5'-dimethyl-2,2'-bipyridine.
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Figure AV-3. 1H NMR spectrum of 4,4'-bipyridine.

Figure AV-4. 1H NMR spectrum of 1,2-bis(4-pyridyl)ethylene.
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Figure AV-5. 1H NMR spectrum of Pd113.

Figure AV-6. 1H NMR spectrum of Pd114.
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Figure AV-7. 1H NMR spectrum of Pd123.
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Abbreviations
ar

aromatic

atm

atmosphere

B

branched

Binap 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
Binaphos (2-(diphenylphosphino)-1,1’-binaphthalene-2’-yl)-(1,1’-binaphthalene-2,2’yl)phosphate
Br

broad

Cat

catalyst

COD

1,5-cyclooctadiene

d

doublet

Dba

dibenzylidene acetone

DIOP 2,3-O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane
DME dimethyl ether
Dppb 1,4-bis(diphenylphosphino)butane
Dppe 1,2-bis(diphenylphosphino)ethane
Dppf

bis(diphenylphosphino)ferrocene

Dppp 1,3-bis(diphenylphosphino)propane
Dpppt 1,5- bis(diphenylphosphino)pentane
Dppm bis(diphenylphosphino)methane
DMA dimethyl acetamide
DMF dimethyl formamide
DMSO dimethyl sulfoxide
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Et

ethyl

Eq

equation

FT

Fourier transform

GC

Gas chromatography

GC-MS Gas chromatography mass spectroscopy
h

hour

i

iso

Hz

hertz, cycle per seconds

IR

infrared

J

coupling constant, in Hz

L

linear

m

multiplet

Me

methyl

med

medium

n

normal

NMR nuclear magnetic resonance
OAc-

acetate ion

PBD

Polybutadiene

Pd

Palladium

Ph

phenyl

PPh

triphenylphosphine

ppm

part per million

psi

pounds per square inch

3
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q

quartet

Rh

Rhodium

r.t

room temperature

s

singlet

sh

sharp

t

triplet

T

Trans

THF

Tetrahydrofuran

TLC Thin Layer Chromatography
TMS

tetramethylsilane

UV

Ultraviolet

VIS

Visible

δ

chemical shift
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