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Abstract 

Synthesis of novel polymers can offer us a chance to improve our quality of life. In this thesis, 

the author describes the first synthesis of γ-polyketones directly functionalized with ester groups. 

These polymers were achieved by copolymerization of inexpensive petrochemicals, i.e., polar 

vinyl monomers and carbon monoxide. The catalyst employed for these reactions was a series of 

palladium phosphine–sulfonate complexes. 

 

 

 

In Chapter 1, motivation and detailed background of this work are explained. Then in Chapter 2, 

scope of the monomers is disclosed. In Chapters 3 and 4, the detailed structural analyses and the 

reaction mechanisms are described for methyl acrylate and vinyl acetate cases, respectively. 

Through the detailed study, the role of unique sulfonate group is analyzed. Next, the author shows 

the use of P-chiral phosphine–sulfonate ligand enables the microstructure regulation of the 

resulting γ-polyketone (Chapter 5). In addition, terpolymerizations of polar vinyl monomers, 

carbon monoxide, and ethylene are also shown in Chapter 6. Finally, physical properties of these 

co- and terpolymers are investigated to reveal the effect of ester groups into γ-polyketone. 

The research regarding this dissertation has been performed through 2006–2012 under the 

guidance of Prof. Kyoko Nozaki and supported by JSPS. 
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要旨 

新たな高分子材料を生み出すことは、我々の生活を豊かにするための重要なアプローチである。

本博士論文研究では、直接エステル基で修飾されたγ-ポリケトンの合成に初めて成功した。このポ

リマーは、安価な石油化学製品である極性ビニルモノマーと一酸化炭素の共重合反応によって得ら

れた。この反応は、パラジウム／ホスフィン－スルホナート配位子系の錯体を、触媒として用いる

ことが鍵であった。 

 

 

 

第１章では、本研究の動機と背景について詳細に説明する。次に第２章でモノマーの適用範囲に

ついて述べる。第３章と第４章では、それぞれアクリル酸メチルと酢酸ビニルを用いた場合につい

て、ポリマーの構造解析と反応機構を調べる。これらの章を通して、本触媒の特徴であるスルホナ

ート部位の役割について考察する。続いて、P-キラルな配位子を用いることで共重合体の一次構造

が制御可能であることを示す（第５章）。さらに極性ビニルモノマー・一酸化炭素・エチレンの三

元共重合にも言及し（第６章）、第７章でこれらエステル置換ポリケトンの物性解析結果を示す。 

 

この博士論文に関する研究は、2006 年から 2012 年にかけて、野崎京子教授のご指導のもと、日本

学術振興会の支援を得て行われた。 
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1.1 Synthetic Polymers 

 

“For some time I have been hoping that it might be possible to tackle this 

problem from the synthetic side. The idea would be to build up some very large 

molecules by simple and definite reactions in such a way that there could be no 

doubt as to their structure.” 

―Wallace Hume Carothers (1927)1 

 

It would be difficult to overestimate the importance of polymer science in our daily life. Since 

the advent of the concept Makromoleküle by Hermann Staudinger in 1920,2 we have intentionally 

created numerous numbers of polymeric materials which did not exist in nature. On each occasion, 

our quality of life has improved significantly. For example, synthetic fibers represented such as 

Nylon enhanced our quality of life after the Second World War. Now in the 21st century, most of 

the packaging, tubing, fibers, and films we use are man-made polymers.3 Recently, new materials 

such as electroluminescent polymers and polymer drugs were invented.4 Throughout the history 

of synthetic polymers, chemists have driven the development of this indispensable family of 

materials that continues even today to revolutionize our society.  

For the pursuit of interesting properties of synthetic polymers, their microstructures are one of 

the most important factors. 5  Since polymers can be built up by linking monomers, their 

microstructures are defined by the choice of monomers and polymerization mechanism. Thus far, 

varieties of monomers have been adapted to polymerization process. Especially, readily available, 

inexpensive petrochemicals are advantageous to the industrialization. 

Depending on the reactivity pattern of each monomer, suitable polymerization methodology 

should be selected. According to the definition by IUPAC, there are three major types of the 

methodologies: polycondensation, polyaddition, and chain polymerization (Figure 1.1).6  
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[1] Polycondensation: Px + Py Px+y + L

HO2C (CH2)4 CO2H H2N (CH2)6 NH2+
H2O– n

C (CH2)4 C
O O

N (CH2)6 N
H H n

6,6-Nylon

[2] Polyaddition: Px + Py Px+y

[3] Chain Polymerization: Px + m Px+1 (+ L)

(i) Ring-Opening Polymerization

(ii) Radical Polymerization

(iii) Cationic Polymerization

(iv) Anionic Polymerization

(v) Coordination–Insertion Polymerization

HO (CH2)4 OH +

Polyurethane

CH2 NCOOCN CH2 NN
HO

O (CH2)4 O
H O n

O

O
O

O
n

catalyst

catalyst

OAc OAc OAc

n

catalyst

OEt OEt OEt

n

catalyst

CO2Me CO2Me CO2Me

n

catalyst
n

M
 

 

Figure 1.1. Classification of the synthetic methodologies and representative examples of the 
polymer production. Px and Py denote the growing chains of degree of polymerization x and y, 
respectively, m a monomer, and L a low-molar-mass by-product formed in the growth step. {x}  
{1,2,…,∞}, {y}  {1,2,…,∞}. 
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Polycondensation and polyaddition includes the reaction between two chain-end of the 

polymers. On the other hand, propagation reaction in chain polymerization occurs exclusively 

between chain-end of the polymer and a monomer. Representative polymerization mechanisms in 

this third category are ring-opening,7 radical,8  cationic,9  anionic,10  and coordination–insertion 

polymerizations. These reactions are often catalyzed by transition-metal complexes to control the 

reactive sites. Precise control of the reaction leads highly controlled molecular weight and 

microstructures. Especially, the catalysts for coordination–insertion polymerization of olefins 

have been actively investigated thus far.  

In this dissertation, the author describes synthetic studies for the new polymeric materials by 

using coordination–insertion polymerization method. Following sections show the background of 

this chemistry. 

 

1.2 Coordination–Insertion Polymerization 

In 1950s, Karl Ziegler discovered that the mixture of TiCl4 and Et3Al led to the formation of 

organometallic catalysts which oligomerize and polymerize ethylene.11,12 In contrast to the free 

radical ethylene polymerization, developed by ICI during the mid-thirties, Ziegler’s process did 

not require high pressure and high temperature. The potential of this novel method was expanded 

substantially when Giulio Natta prepared and characterized isotactic polypropylene.13 Since these 

innovations and successive discovery of MgCl2-supported heterogeneous Ziegler–Natta catalyst,14 

several processes have been introduced on the commercial scale to produce a large variety of 

materials such as high-density polyethylene (HDPE) and isotactic polypropylene. These 

polyolefins account for more than half of the annual world-wide polymer of production of 

approximately, 2000,000,000 metric tons.15 

Understanding of the reaction mechanism was advanced by Cossee and Arlman.16 Now the 

term “coordination–insertion polymerization” normally refers to their model, which is realized by 
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the migratory insertion of a coordinated olefin into a metal–alkyl bond via a four-membered 

transition state (Scheme 1.1). Particularly attractive as model systems of this kind appeared 

alkylaluminum-activated metallocenes such as Cp2TiCl2 because they showed moderate activity 

toward ethylene insertion. 

Scheme 1.1. Cossee–Arlman’s model for the ethylene polymerization. 

M
L

L M
L

L

Poly
Poly
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The development of metallocene-based catalysts was stimulated by the discovery of highly 

effective activators. 17  Sinn and Kaminsky found the addition of water boost the olefin 

polymerization activity. Since then, methylalmoxanes (MAO), prepared from AlMe3 and H2O has 

been widely used as an activator. This discovery enabled the synthesis of polyolefins with narrow 

polydispersity index (PDI) because of its uniform, well-defined catalyst structure. Furthermore, 

tuning catalysts’ geometries can regulate the microstructure of polypropylene. For example, C2 

symmetric metallocene catalyst affords isotactic polypropylene while Cs symmetric one gives 

syndiotactic polypropylene (Figure 1.2). 

In 1990s, choice of the ligand structure was diversified.18,19 For instance, so-called constrained 

geometry complexes (CGC)20 exhibited high activity toward copolymerization of ethylene with α-

olefins. Fujita at Mitsui Chemical has developed bis(phenoxy–imine) early transition metal 

complexes (named FI catalysts) which recently showed the highest activity in ethylene 

polymerization.21 These catalysts need to be used with activators such as MAO. 

 

Figure 1.2. Early transition metal catalysts for olefin polymerization. 
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In contrast to the wealth of developments by early transition metal catalysts,22 there were 

relatively few reports of late transition metal catalysts for the polymerization of olefins. This is 

because late metal catalysts generally exhibit reduced activities for olefin insertion relative to 

early metal catalysts, and β-hydride elimination typically competes with chain growth, resulting in 

the formation of dimers or oligomers. In fact, this is the basis for the Shell Higher Olefin Process 

(SHOP).23 

The effective late transition metal catalysts24,25 for olefin polymerization were achieved by 

Brookhart and coworkers in late 1990s.26 They used Pd and Ni complexes with bulky α-diimine 

ligands which suppress the chain transfer to afford highly branched polyethylene. General 

explanation is described in Scheme 1.2. During chain propagation (A1 and A2), β-agostic metal–

alkyl intermediates (A1) can undergo a series of β-H elimination and reinsertion into the metal–

hydride bond of A3 in the opposite direction. When ethylene is incorporated after this 

isomerization, a methyl branch can be formed (A5 and A6). Longer chain walks 

(isomerizations)27 introduce longer branches. In addition, chain transfer (A3 → A4) in the α-

diimine system is so slow that high-molecular-weight polyethylene can be formed. In the case of 

Pd catalysts, since olefin exchange proceeds via an associative pathway, the steric bulk in the 

axial sites of the square plane of these α-diimine complexes is a critical requirement for retarding 

the chain transfer.28  

 

Figure 1.3. SHOP catalyst and late transition metal catalysts for olefin polymerization which are 
compatible with functionalized monomers. 
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Scheme 1.2. Mechanism for ethylene polymerization and polymer branch formation with Pd and 
Ni α-diimine complexes. 

-H
elimination

: polymer chain

chain-
walking

propagation
chain transfer

branch formation
P

P

P

: Pd or NiM

suppressed

A3

A2 A4

A1 A5 A6

N

N
:N

N
M

H

N

N
M

H

N

N
M

P

N

N
M

P

H N

N
M

P
H

N

N
M

P
H

N

N
Ar

Ar
R

R

 

Scheme 1.3. Copolymerization of ethylene with methyl acrylate by palladium α-diimine catalyst 
and its mechanism for the incorporation of methyl acrylate at the branch end. 

 

A great feature of late transition metal catalysts is functional group compatibility.29 Introduction 

of some functional groups into polyolefins has attracted considerable attention because it 

improves polymer properties such as adhesion and dyeability.30,31,32,33 The most straightforward 
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approach for the preparation of functionalized polyolefin is direct copolymerization of olefin with 

functionalized olefins. For early transition metal catalysts, polymerization in the presence of such 

functional groups is difficult due to their high oxophilicity. They are prone to be poisoned by 

oxygen and nitrogen functionalities. In contrast, the lower oxophilicity of late transition metals 

relative to early metals make them likely targets for the development of catalysts for the 

copolymerization of polar comonomers under mild conditions. In fact, Brookhart catalyst can 

produce copolymer of ethylene with methyl acrylate with highly branched architecture with 

acrylate incorporation only at the branch end (Scheme 1.3).34 

The mechanism of the copolymerization of ethylene and methyl acrylate catalyzed by Pd α-

diimine complexes was confirmed by low-temperature NMR experiments34 as well as theoretical 

calculations35,36,37 (Scheme 1.3). The complex A7, which is formed by the reaction of complex 

A1 with methyl acrylate, undergoes migratory insertion into the Pd–alkyl bond in a 2,1-mode with 

>95% regioselectivity to form a four-membered chelate A9. The complex A9 is believed to have 

a C-enolate structure of as opposed to an O-enolate structure (A10). The subsequent rapid β-H 

elimination and reinsertion leads to the formation of the most stable six-membered chelate A12 

via a five-membered chelate A11. Theoretical calculations have suggested that ethylene can be 

further incorporated not from the six-membered chelate intermediates A12 because the overall 

barriers of subsequent ethylene insertion become minimum. Insertion of ethylene to A12 leads the 

formation of a branched polyethylene with an ester group at the branch end. 

Scheme 1.4. Copolymerization of ethylene with functionalized norbonene by nickel 
salicylaldimine catalyst. 
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Olefins bearing functional group at remote position are relatively easy to copolymerize with 

ethylene. For example, Grubbs and coworkers reported copolymerization of ethylene with 

functionalized norbornenes (Scheme 1.4). However, in-chain, direct incorporation of functional 

groups into linear polyethylene had been a big challenge.29,32,3839 For example, vinyl acetate, 

acrylonitrile, and vinyl chloride could not be copolymerized with ethylene by palladium α-diimine 

complex. Electron-withdrawing or -donating groups directly attached to the vinyl moiety 

significantly affect the reaction. In the next section, the author describes the nature of these 

important monomers. 

 

1.3 Fundamental Polar Vinyl Monomers 

Polar vinyl monomers such as methyl acrylate (MA), methyl methacrylate (MMA), vinyl 

acetate (VAc), acrylonitrile (AN), vinyl chloride (VC), and vinyl ethers (VE) are the main 

compounds that can be used for overcoming the challenges posed by coordination polymerization. 

They are readily available and are widely used for the manufacturing of the polymers. These 

fundamental polar vinyl monomers are expected to exhibit reactivities different from that of 

ethylene because electron-withdrawing or -donating groups are directly attached to the olefin 

moiety.29,32 The functional groups strongly influence the energies of the frontier molecular 

orbitals of the monomers, as indicated by the calculated (Kohn–Sham) orbital energy diagrams 

shown in Figure 1.4. 40  These monomers have been used in radical, anionic, and cationic 

polymerization rather than coordination–insertion polymerization. 

A prerequisite for the incorporation of vinyl monomers in coordination–insertion mechanism is 

π coordination of an olefin double bond to a metal center. As far as electron-deficient metals are 

concerned, the energy of π(C=C), generally the HOMO level of the monomer, becomes an 

important factor in estimating the stability of the metal–olefin bond, because electron-donation 

from the C=C π orbital to the empty dσ orbital on the metal center is generally more dominant 



 
 

Chapter 1. General Introduction 

10 

 

 

than back-donation from the metal dπ orbital to the empty C=C π* bond.41,42,43 As exemplified by 

Pd(II) α-diimine complexes, the more electron-deficient the monomer is (i.e., the lower the π-

orbital of olefins is), the weaker the bonding to the metal is.41 This preference is opposite to that 

of electron-rich metals, where back-donation from the metal to the olefin’s C=C π* orbital 

dominates for the formation of metal–olefin complexes.44,45 

 

Figure 1.4. Key molecular orbitals of the monomers described in this article as calculated by the 
B3LYP/6-311G(d,p) method.40,46 

 

In the case of polar vinyl monomers, competitive heteroatom σ-coordination over olefin π-

coordination would constitute a serious problem (Figure 1.5).35,42 Acrylonitrile prefers N-

coordination to form the most stable σ complex among the polar monomers, and methyl acrylate 

and vinyl acetate follow. Vinyl chloride forms the weakest bond to the cationic Pd center via its 

chlorine atom among the monomers compared by Ziegler et al.42 The influence of the charge of 

metal centers on the preference of a π complex over a σ complex has been also studied for these 
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monomers by using the α-diimine catalysts (Figure 1.6).42 In going from a positive to a negative 

charge, the relative preference switched from σ complexation to π complexation, due to the 

increased back-donation from the electron-rich Pd center to the olefin. The strong preference of σ 

coordination over π coordination in the case of electron-deficient metals may be a major obstacle 

to successful polymerization. However, this is just a matter of pre-equilibrium. Eventually, 

acrylonitrile insertion does take place when the activation energy for acrylonitrile insertion is 

reasonably low, even if the N-coordination predominates over π-complexation. 

 

Figure 1.5. σ- and π-coordination of polar vinyl monomers to a metal center. 

 

 

Figure 1.6. Cationic, neutral, and anionic Pd(II) diimine catalysts investigated by the DFT 
calculations by Ziegler et al.42 

 

The rate of migratory insertion of polar vinyl monomers depends on the character of transition 

metal complexes. In the case of Pd α-diimine complexes, the rate of olefin insertion increased 

with the electron-withdrawing effect of the substituent on the olefin.41,47 This tendency is opposite 

to that observed in (tBu3SiO)3TaH2, where the insertion rate decreased for electron-deficient 

monomers (it should be noted that coordination of the monomers was not observed 

experimentally and could not be confirmed by DFT calculation).48 The influence of electron-

withdrawing or -donating substituents on the olefin moiety has been extensively investigated by 

using para-substituted styrene derivatives.43,44,45 These reports suggested that the direction of 

insertion (2,1- or 1,2-mode) has a strong influence on the insertion rate.43,44 
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Figure 1.7. The origin of regioselectivity in the insertion of polar vinyl monomers into metal–
alkyl bonds. 
 

The origin of regioselectivity (2,1- or 1,2-mode) in the insertion of polar vinyl monomers has 

not yet fully clarified (Figure 1.7). Thus far, with regard to insertion into Pd–alkyl bonds, 

electron-deficient monomers such as methyl acrylate, vinyl acetate, and acrylonitrile favor 2,1-

insertion and electron-rich monomers such as vinyl ethers prefer 1,2-insertion. Intrinsically, 

mono-substituted ethenes prefer 2,1-insertion due to the steric repulsion between a migrating 

alkyl group and the substituent on the olefin.41 This theory has been also accepted in the 

Mizoroki–Heck reaction, where the regioselectivity originates from the 2,1- vs 1,2-olefin 

insertion to an organopalladium intermediate. 49  In addition, the energies required for the 

distortion of the monomers in insertion TS favor 2,1-insertion.36,42 The steric repulsion between 

the ligand and the substituent on an olefin can affect the regioselectivity.36,38c The electronic 

effect (LUMO orbital (2pz) coefficients of the sp2 carbons and charge difference between the two 

sp2 carbons) induced by substituents also modifies the selectivity (Figure 1.7).41 Electron-rich 

vinyl ethers and propylene override the inherent 2,1-insertion preference to undergo 1,2-insertion 

due to their substantial electronic difference of two sp2 carbons.41 In contrast, electron-deficient 

monomers have similar coefficients and charges on the two sp2 carbons while the slight 

difference can strengthen 2,1-selectivity.41,50 Although it is expected from the calculations that 

vinyl chloride prefers 2,1-insertion,35,51 the actual direction of vinyl chloride insertion into M–

alkyl bonds has not yet been clarified. 



 

 

13 

 

 

Scheme 1.5. Reactions of polar vinyl monomers with palladium α-diimine complex. 
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There are three critical problems after the migratory insertion of polar monomers.32,38a First, the 

resulting alkylmetal complexes can form strong chelates or aggregates via the intra- or 

intermolecular coordination of polar groups to the metal center, which would prevent further 

coordination of the monomers (Scheme 1.5). For example, 2,1-insertion of vinyl acetate affords 

strong chelate complex A13 that does not react with ethylene.52 In the case of acrylonitrile, 2,1-

insertion result in the formation of stable aggregates A14.53,54 Second, the electron-withdrawing 

substituents on the alkyl group of the intermediate, LnMCH(FG)CH2R, dramatically retards the 

reactivity of the subsequent insertion. For instance, 2,1-insertion of methyl acrylate results in the 

formation of complex A9 which does not react directly with ethylene.34,35,36,37 As discussed in 

Scheme 1.3, isomerization predominates to afford A12, which is the reason for the ester 

incorporation at the branch end. Third, β-heteroatom elimination55 is also problematic if the polar 
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groups (–OAc,52 –Cl,51,56,57 –OR58,59,60) are located at the β-position from the metal center. In the 

case of vinyl chloride, 2,1-insertion product does not react with ethylene. Instead, isomerization 

occurs to afford A16, which is susceptible to β-Cl elimination. 

Incorporation of these monomers is a straightforward way to introduce any functional groups in 

polyolefins. However, this was not successful due to the several problems described above. 

Utilization of these monomers in coordination–insertion methodology witnessed a major advance 

in 2002 when Pugh and Drent used phosphine–sulfonate ligand, which will be discussed in 

Section 1.5.3. 

Another method for the introduction of functional groups into the polymer chain is the use of 

carbon monoxide, which can generate ketone functionality. In next section, the author describes 

the background of this chemistry. 

 

1.4 γ-Polyketones 

Carbon monoxide (CO) is a cheap and readily available C1 source which can be used for the 

production of functional polymeric materials. Late transition metal-catalyzed alternating 

copolymerization of olefins with CO is one of the most efficient processes for producing γ-

polyketones.61,62 Ethylene/CO copolymer and ethylene/propylene/CO terpolymer are engineering 

thermoplastics which possess high crystallinity, mechanical property, and chemical resistance.63 

Thus far, some olefin/CO copolymers have been produced industrially, for example, Carilon® by 

Shell, Ketonex® by BP, and CyberlonTM by Asahi Kasei Fibers Co.64 

Scheme 1.6. Polyketone formation by alternating copolymerization of ethylene with CO.65 
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One of the most widely used catalysts for the production of ethylene/CO copolymer is a series 

of palladium(II) complexes with cis-chelating bidentate bisphosphine ligands such as DPPP (1,3-

bis(diphenylphosphino)propane) (Scheme 1.6).65An acid, such as TsOH, is used as a very weakly 

or a noncoordinating counteranion (−OTs). An oxidant, such as benzoquinone, is often used 

together with the palladium complexes to prevent the formation of inactive Pd0 species, especially 

for the reaction in methanol. In this case, completely alternating copolymer is formed. The 

initiation step is reported to be a carbonyl insertion to a Pd–OMe bond (Scheme 1.7, B1 → B2), 

followed by the subsequent alternating insertion of ethylene and CO (B3 and B4). Chain transfer 

occurs either by protonolysis of B3 to regenerate Pd–OMe species B5 or by methanolysis of B4 to 

generate Pd–H species B6. From the resulting complexes B5 and B6, monomer insertions take 

place to go back to the catalytic cycle between B3 and B4. 

 

Scheme 1.7. Initiation, propagation, and chain transfer of the ethylene/CO copolymerization. 

 

Despite numerous reports on the transition metal-mediated copolymerization of ethylene and 

CO, all of them afforded strictly alternating copolymers (Scheme 1.8). The alternating nature can 

be attributed to (i) the formation of a five-membered cationic palladacycle B1, which kinetically 

favors CO insertion over ethylene insertion to form a six-membered chelate complex B2,66,67 and 

(ii) thermodynamically disfavored double insertion of CO.68 In 2002, the first non-alternating 
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copolymerization was achieved by Drent and Pugh with palladium phosphine–sulfonate catalyst, 

which will be discussed in Section 1.5.4. 

Scheme 1.8. Mechanism of the alternating copolymerization of ethylene with carbon monoxide. 

 

Although the activity is lower compared to ethylene, substituted ethylenes, such as 1-alkenes or 

vinylarenes, are also applicable to the alternating copolymerization with CO. For example, the 

catalysts for copolymerizations of propylene/CO and styrene/CO have well been investigated. 

These copolymers possess side chains, which are methyl and phenyl groups, and thus there exist 

possible regioisomers and stereoisomers (Figure 1.8). Regiochemistry, i.e., head-to-tail, head-to-

head and tail-to-tail, is simply determined by the selection of 2,1- or 1,2-insertion of olefin into 

acylpalladium complex. The detailed background about stereochemistry (and enantioselectivity) 

will be discussed in Section 5.1. 

 

Figure 1.8. Possible regio-, stereo-, and enentioselectivities in copolymer of substituted alkenes 
and CO. R = Me for propylene and R = Ph for styrene. 
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Alternating polyketones exhibit high levels of crystallinity of 35–50% as determined by X-ray 

diffraction (XRD) or differential scanning calorimetry (DCS) studies.63a Crystallization is 

relatively fast even at modest levels of undercooling, probably because high degree of molecular 

symmetry. Because of the presence of ketone functionality in polyketones, dipole–dipole 

interaction can be found between the ketones in the molecular chains. Ethylene/CO copolymer 

generally suffers from low processibility due to its insolubility in common solvents and very high 

Tm (~260 °C). The incorporation of a small amount of propylene in addition to ethylene is one 

solution to obtain a melt-processible polymer. 

Scheme 1.9. Functional group interconvertion of γ-polyketones. 

 

Another interesting aspect connected to the presence of the ketone functionality in the polymer 

chain is the possibility of chemical modification which can give rise to completely different 

polymers.63a Some examples are shown in Scheme 1.9. The 1,4-diketone structure can be 

transformed into pyrroles, thiophenes, and furanes upon treatment with primary amines, 69 

Lawesson’s reagent,70 and phosphorus pentoxide,70 respectively. A conjugated polymer can be 

prepared through condensation and subsequent bromination–elimination sequence. 71  Ketone 

moiety can also be converted to alcohol, methylene, and ester groups by reduction with Bu4NBH4 
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or Ir-catalyzed hydrogen transfer, 72  olefination with CH2(ZnI)2–TiCln, 73  and Baeyer–Villiger 

oxidation.74 

 

1.5 Phosphine–Sulfonate Bidentate Ligands 

The palladium complexes bearing a phosphine–sulfonate ligand have played an important role 

in the polymerization of polar vinyl monomers since pioneering works by Pugh and Drent in 

2002.32,75,76,77 In this chapter, the feature of this catalyst system will be summarized. It should be 

noted that the research regarding to this dissertation started in 2006, when the most of the paper 

referred in this section were not on public yet. Nevertheless, here the author will be showing all 

related papers up to now on January, 2012. 

 

1.5.1 History, Preparations, Complexes and Miscellaneous Reactions 

The typical structure of the ligands reported to be effective for palladium-catalyzed 

coordination–insertion polymerization is Ar2P(C6H4-ortho-SO3
–). Complexes of phosphines with 

sulfonated aromatic substituents such as P(C6H4-meta-SO3Na)3 have long been used as water-

soluble phosphine ligands for organic syntheses.78 In contrast, the synthetic applications of its 

ortho-substituted ligand were limited. 

In 1987, Murray at the Union Carbide Corporation first applied late transition metal complexes 

bearing phosphine–sulfonate ligands to ethylene oligomerization.79 Since 1988, researchers at 

chemical companies including Shell (Drent, Van Leeuwen, et al.),76b,77b, 80  Rohm and Haas 

(Goodall et al.),81 and others82 have filed several patents for polymerization processes using 

phosphine–sulfonate ligands. Immediately after the first academic reports in 2002,76a,77a these 

catalysts have attracted considerable attention from a wide range of research groups. 
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Table 1.1. A series of phosphinoarylsulfonate ligands 1-H reported with experimental details. For 
other ligands, see patents 79, 81, and 82. 

 
R1 R2 R3 Ref R1 R2 R3 Ref 

  
H 
Me 

83, 84 
85 

 
H 86 

  
H 
Me 83 

 
H 87 

  
Me 88   H 82j,89 

  
H 
Me 

77a 
88,90   H 91 

  
H 77a   H 82j 

  
H 77a   

H 
Me 

92 
93 

  
H 94   H 95 

  
H 96   

H 97 

  
H 98  H 97 

  
H 96  H 99 

 
H 98  

 
H 100 

  

H 98   
H 
Me 

87 
101 
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A family of phosphinoarylsulfonate ligands (1 in Table 1.1) has been synthesized by the 

reaction of ortho-lithiated benzenesulfonate derivatives with diorganophosphine chloride or 

diorganomethoxyphosphine. Alternatively, the monoorganophosphine dichloride and 

trichlorophosphine can be used as a starting material with various order addition of organolithium 

reagents. The in situ-generated [P–O]Li can be converted to [P–O]M complexes by 

transmetallation with Pd or Ni precursors, and to [P–O]H ligands by protonation with acids. With 

regard to pKa of ArSO3H and Ar3P+H (≤ 2.7),102 the proton should be located on the phosphorous 

atom rather than the oxygen atom. In fact, P–H coupling can be observed in the 31P NMR spectra 

of some ligands. Phosphinoferrocene sulfonate103 and phosphinoalkylsulfonate104,105 ligands were 

also reported (Figure 1.9). Generally, these ligands are stable in water and air. 

PHAr2

S
n

O
O

O

n = 1, 2

Fe PHAr2

S
O O

O

PAr2 = PPh2 , P

MeO
2

,

P

O

MeMe

 

Figure 1.9. Phosphinoferrocene sulfonate103 and phosphinoalkylsulfonate104 ligands. 

 

When a Pd(0) source such as Pd(dba)2 (dba = dibenzylideneacetone) is mixed with a 

phosphonium–sulfonate salt, a Pd(II) hydride complex, [P–O]Pd–H, should be formed (Scheme 

1.10), given that the formation of similar metal–H species was reported in the case of SHOP 

catalysts.106 Although the direct observation of the Pd–H species has not yet been reported, the 

Pd–H bond formation was supported by the end-group analyses of some polymers obtained by in 

situ generated catalysts. Pd complexes bearing a phosphine–sulfonate ligand can be prepared by 

the addition of general catalyst precursors. The reaction with PdMeCl(cod) (cod = 1,5-

cyclooctadiene) in the presence of base affords an anionic palladium complex.107,108 One of the 
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useful method to prepare neutral complexes is the reaction with PdMe2(tmeda) (tmeda = 

N,N,N',N'-tetramethylethylenediamine) in the presence of base (L).88  In the resulting neutral 

methylpalladium complex, base occupies the fourth coordinating site. Thus far, a variety of fourth 

coordinating ligand has been investigated to tune the reactivity and solubility of the complex.109 

For example, hydrocarbon-soluble101,110 and water-soluble111,112 complexes are known. For more 

types of palladium complexes, see Chemical Reviews in 2009.32 Other than Pd complexes, 

Ni,100,110,112,113,114,115,116 Rh,117 and Ru95,118,119,120,121 complexes have also been  reported. 

  
Scheme 1.10. Formation of the palladium complexes bearing phosphine–sulfonate ligand. 

 

 

In parallel with extensive researches in polymerization studies from next section, some organic 

reactions catalyzed by phosphine–sulfonate metal complexes have been appeared. Table 1.2 

summarizes such reactions. 
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Table 1.2. Miscellaneous reactions catalyzed by phosphine–sulfonate metal complexes. 

ROM (Romerosa, Peruzzini, 2000)119 

 

Transetherification (Romerosa, Peruzzini, 2003)120 

 

Mizoroki–Heck (Pfaltz, 2005)122 

 

Suzuki–Miyaura (Castillon, Claver, 2007)104a 

 

Hydroformylation (Oberhauser, 2008)117 

 

Reductive amination (Bruneau, 2011)123 

 

Regioselective allylic alkylations (Bruneau, 2010)121 

 

Hydrogen transfer/alkylation (Bruneau, 2010, 
2011)95, 124 

 

 

 

1.5.2 Homopolymerization of Ethylene 

One of the key characteristics of Pd phosphine–sulfonate polymerization catalysts is the ability 

to produce highly linear polyethylenes without any activators 125  or noncoordinating 

counterions.126 Under typical reaction conditions (Scheme 1.11), the polymerization catalyzed by 

Pd phosphine–sulfonate systems proceeds with the activity of 10−1–102 g·mmol−1h−1bar−1, and the 

resulting polyethylene has molecular weights of 103–105 and highly linear structures with less 

than 1–10 branches per 1000 carbons. Thus far, Pd complexes with bulky 2-[bis(2',6'-dimethoxy-
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biphenyl-2-yl)phosphanyl]benzenesulfonate ligand give the highest activity (985 g·mmol–1h–1bar–

1) and molecular weight (Mn = 227,000).86 However, bulky substituents on the phosphorous atom 

do not always have a favorable effect on the productivity and molecular weight.96,98 

Scheme 1.11. Homopolymerization of ethylene with palladium phosphine–sulfonate catalyst.88 

 

The mechanism of ethylene homopolymerization catalyzed by the palladium phosphine–

sulfonate system has been investigated experimentally88,127,128 and theoretically.127,129 Here, the 

essential part of the study is summarized below in order to clarify how Pd phosphine–sulfonate 

complexes catalyze the ethylene polymerization to afford highly linear polyethylenes. 

Because of the unsymmetrical nature of phosphine–sulfonate ligands, both cis and trans 

isomers should be considered in their square planar metal complexes. In this dessertation, the 

isomers of the alkyl group or hydride located at the cis position of the phosphorous atom are 

described as “cis” and vice versa. It has been confirmed by X-ray crystallographic analyses that 

the alkyl chain is located at the cis to the phosphorous atom in the more stable isomer. This is 

because the strong trans influence of the phosphorous atom does not favor the existence of an 

alkyl chain trans to the phosphorous atom (Figure 1.10). 

 

Figure 1.10. Standard cis/trans preference of Pd–alkyl complex D2cis and D2trans. 
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Plural cis/trans isomerization mechanism, such as isomerization between D2cis and D2trans, was 

proposed. A simple rotation via a tetrahedral transition state and dissociative pathway via three-

coordinate species were found to be less likely.89,127 Two more probable pathways are shown in 

Scheme 1.12. DFT calculations suggested that cis/trans isomerization can proceed via 

unimolecular Berry’s pseudorotation of pentacoordinated complexes involving the exchange of 

the oxygen atoms in the sulfonate group (a).127 This is one of the most unique characteristics of 

Pd phosphine–sulfonate complexes because the participation of sulfonate group decreases the 

barrier of cis/trans isomerization. Another possibility is associative cis/trans isomerization 

through five-coordinate intermediate (b).89 While this pathway is supported by experiment, the 

model complex (R = Cl, L = P(O-o-tolyl)3) is quite different from the real polymerization 

condition. Whichever the real pathway is, required barriers for the isomerization are not 

problematic. 

Scheme 1.12. Cis/trans isomerization reaction via (a) unimolecular Berry’s pseudorotation 
transition state and (b) associative pathway. 

 

Ethylene insertion occurs with a lower barrier from the isomer C2trans than from C2cis (Scheme 

1.13). This is because the migrating ability of the alkyl chain is enhanced by the strong trans 

effect of the phosphorous atom. Ethylene insertion from C2trans affords alkylpalldium complex 

C1cis. 

Similarly, β-H elimination from the alkylpalladium complexes occurs with a lower barrier from 

the isomer C1trans than from C1cis (Scheme 1.14). However, it was found that all the routes to 
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reach C1trans require as high energy as β-H elimination from C1cis. Thus, these two routes are 

comparable in energy. Furthermore, the energy required for the ethylene insertion from C2trans is 

also comparable to these β-H elimination pathways. These results suggest that the preference 

between ethylene insertion and β-H elimination depends on the concentration factor of ethylene, 

i.e., ethylene pressure. 

Scheme 1.13. Ethylene insertion catalyzed by Pd phosphine–sulfonate complexes. 
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Scheme 1.14. β-H elimination catalyzed by Pd phosphine–sulfonate complexes. 

 

As summarized in Scheme 1.15, Pd phosphine–sulfonate systems produce linear polyethylene 

because β-H elimination is suppressed under the ethylene pressure. It should be noted that this 

catalytic system can cause β-H elimination in the absence of ethylene. If C3trans or C3cis once 

form by β-H elimination, the subsequent chain transfer and branch formation are suggested to 

take place with reasonable energy barriers. In fact, this is consistent with experimental results by 

Jordan et al., who observed the isomerization of α-olefin in the absence of ethylene.88 
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Scheme 1.15. Mechanism for ethylene polymerization and linear polyethylene formation with Pd 
phosphine–sulfonate complexes.  

 

Recently, it is found that the reactivity of the palladium phosphine–sulfonate complex can be 

dramatically changed by tuning the substituents on phosphorous atom and the solvent. Utilization 

of dicyclohexylphosphanylbenzenesulfonate ligand in the presence of protic solvent, MeOD, 

affords linear polyethylene with in-chain incorporation of deuterium atoms (Scheme 1.16).130 

This is indicative that β-H elimination followed by SO3–H reductive elimination, H/D exchange, 

and SO3–D oxidative addition occurs during the polymerization. Considering a theoretical 

calculation revealing that the reductive elimination of SO3–H requires high activation energy in 

gas phase,131 protic solvents may have the ability to assist these processes. The polymerization in 

the presence of water has also been reported either in emulsion94,132,133,134or in solution.111 

Scheme 1.16. Homopolymerization of ethylene in the presence of MeOD. 
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As a different approach, Shen and Jordan employed an insoluble, heterogeneous catalyst in 

hexane.101 A self-assembled tetranuclear palladium cluster with phosphine–sulfonate bearing 

pendant ArSO3Li groups, which does not dissolve in hexane, was found to be an active catalyst 

for homopolymerization of ethylene. The resulting polyethylene has a high molecular weight and 

significantly broad molecular weight distribution (PDI = 60). 

Linear, high molecular weight polyethylene can also be obtained by Ni phosphine–sulfonate 

catalysts.100,110,112,113,114,115,116 With a Ru phosphine–sulfonate catalyst, cross-linked polyethylene 

devoid of short branches was generated.118 

 

1.5.3 Copolymerization of Ethylene with Polar Vinyl Monomers 

In 2002, Pugh, Drent, and coworkers reported copolymerization of ethylene with methyl 

acrylate.76 The resulting copolymer was a linear polyethylene with isolated acrylate units being 

incorporated in-chain for the first time. The catalyst was generated by in situ mixing of Pd(OAc)2 

or Pd(dba)2 with the phosphonium–sulfonate. Also by using well-defined, isolated Pd complexes 

in Scheme 1.10, the linear copolymers were obtained.86,107 Most catalysts afford polymethylene 

with about 10% methyl acrylate incorporation. In contrast, Mecking demonstrated that DMSO-

bound complex exhibited the highest productivity (26 g·mmol–1h–1bar–1) for the copolymerization 

of ethylene and MA to afford the copolymer with the MA incorporation ratio of 52%.113,135 NMR 

studies showed that there exist consecutive acrylate units in the linear polymer chain. Actually, 

the homooligomerization of MA can be performed, and it is suggested to proceed via the 

coordination–insertion mechanism. 

These significant discoveries brought about subsequent intense studies of copolymerization of 

ethylene with other polar vinyl monomers. Table 1.3 summarizes the results. Fundamental polar 

vinyl monomers such as vinyl acetate and acrylonitrile are also applicable to this system, 

affording linear copolymer with polar group being incorporated in-chain. 
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Table 1.3. Copolymerization of ethylene with functionalized olefins by palladium phosphine–
sulfonate complexes. 

 

 

 

 

Acrylates76,86,87,107,113,134

,135,136,137 

CO2H

 

Acrylic acid138,139 

OAc

 

Vinyl Acetate92 

 

Acrylonitrile87,108 

 

COMe

 

Methyl Vinyl Ketone140 

 

Vinyl Fluoride85,141 

 

Vinyl Ethers90 

SO2R

 

Vinyl Sulfones142 

 
NO

 

N-Vinylpyrrolidinone142 

 

Acrylamide137,143 

 

Maleic Anhydride139 
 

  

Allyl Monomers144 

 

Functionalized Norbornenes94,139,145 

  

 Inapplicable 
Monomers: 

CO2Me

 

Methyl Methacrylate146 

 

Vinyl Chloride147 

 

 

Because the polar monomers were incorporated in the main-chain, it is clear that the insertion 

of ethylene occurs right after the insertion of polar vinyl monomers (Scheme 1.17). Further 

mechanistic investigations were performed both experimentally and theoretically. For example, in 

the case of methyl acrylate, Mecking et al. observed 2,1-insertion of methyl acrylate into the 

methylpalladium complex to afford C-enolate complexes. In the presence of DMSO as a fourth 

ligand (a),113 mono-inserted product was obtained which was not stable enough to investigate its 

reactivity. In the absence of fourth ligand (b),135 double insertion of methyl acrylate took place to 
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afford stable six membered-chelate (meso- and rac-) structures. From these isolated complexes, 

ethylene insertion proceeds roughly with a barrier of 25 kcal/mol estimated by DFT calculations. 

 

Scheme 1.17. Insertion of polar monomers and subsequent insertion of ethylene. 

 

Nozaki, Morokuma, and coworkers investigated the detailed mechanism of copolymerization of 

ethylene with acrylonitrile with the aid of DFT calculations (Scheme 1.18).131 After an insertion 

of acrylonitrile into Pd-alkyl bond, α-cyano alkylpalladium complex should be formed. For a 

simplified calculation, they used σ-complex of additional acrylonitrile as a model for aggregates 

observed in other cationic complexes (see Scheme 1.5). Starting from this PdCH(CN)CH2n-Pr 

complex with a σ-coordinating acrylonitrile, the successive coordination and insertion of ethylene 

requires 27.8 kcal/mol. This is much lower than that of cationic palladium complex with a 

diphosphine ligand (35.1 kcal/mol). The advantage of palladium phosphine–sulfonate complex 

can be attributed to its neutral net-charge, where the complexes are not significantly stabilized by 

σ-coordination of polar functional groups. 
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Scheme 1.18. Insertion of acrylonitrile and ethylene with palladium phosphine–sulfonate 
complex. Relative energies are given in Gibbs free energies. 

 

 

1.5.4 Nonalternating Copolymerization of Ethylene with Carbon Monoxide 

Another significant advance brought about by palladium phosphine–sulfonate system is non-

perfectly-alternating copolymerization of ethylene with carbon monoxide via the coordination 

polymerization mechanism.77 Pugh and coworkers showed that a mixture of Pd(OAc)2 and a 

phosphonium–sulfonate produced ethylene/CO nonalternating copolymers with CO contents of 

42–49% (Scheme 1.19). Since this discovery, many investigations have been performed based on 

phosphine–sulfonate ligands.83,103,105,148,149 For example, the introduction of a bulkier o-alkoxy 

group or o-methyl group on the aryl substituent led to a significant increase in the amount of 

ethylene incorporation into the copolymer up to 90%.148 

 

Scheme 1.19. Nonalternating copolymerization of ethylene with carbon monoxide. 

 

The physical properties of the non-alternating ethylene/CO copolymers have been investigated. 

The melting points of ethylene/CO non-alternating copolymers were much lower than those of 

perfectly alternating copolymers (Tm ≈ 260 °C), and decreased with increasing the multiple 

ethylene units. For example, copolymers with CO contents of 35%83 and 10%148 exhibited the 
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melting temperatures of 220 °C and 118 °C, respectively. This tendency could be attributed to the 

relatively weakened interactions between the polymer chains. 

Scheme 1.20. Plausible explanations for multiple insertion of ethylene. 

 

The origin of the multiple ethylene units was investigated through experimental105,149 and 

theoretical 150 , 151  studies (Scheme 1.20). The formation of multiple ethylene units can be 

understood as a result of ethylene insertion into the five-membered palladacycle D1cis. This 

insertion is facilitated because of the following two reasons: (i) The relative stability of chelate 

complexes D1cis over D2cis, D2trans, D3cis and D3trans is lower than those of the corresponding 

cationic complexes. Thus, opening the chelate structure of D1cis by ethylene becomes easier as 

compared to the analogous cationic Pd systems. 152   (ii) The decarbonylation from Pd–acyl 

complexes bearing a phosphine–sulfonate ligand (D4cis) is more favorable than that from cationic 

Pd–acyl complexes bearing a diphosphine ligand. The facile decarbonylation could be attributed 

to the instability of the six-membered chelate structure (D4cis). This is also supported by 

experimental results that the formation of D4cis was not observed by NMR analyses. The 

introduction of bulky substituents on the phosphorous atom of phosphine–sulfonate ligands also 

weaken the chelate structure of D4cis to promote decarbonylation followed by multiple ethylene 

insertion. Regarding these two reasons, the concentrations of ethylene adducts D2cis and D2trans 

should be higher than those of the corresponding cationic complexes. As a result, ethylene 

insertion is facilitated because of the higher concentration of precursor D2trans.153 
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1.6 Purpose and Strategy of This Dissertation 

As discussed in the previous sections, the incorporation of polar functional groups in the 

polymer chain of polyolefins is a long-standing scientific problem. Small amount of functional 

groups can change the surface property of the original polymers while condensed ketone 

functionalities in γ-polyketones exhibit completely different property from polyethylene. 

Moreover, functional groups can be chemically modified for the production of novel polymers. 

 

Scheme 1.21. Purpose: copolymerization of polar vinyl monomers with carbon monoxide. 

 

In this dissertation, the author aims at synthesizing highly functionalized novel polymers. One 

of the most straightforward approaches would be copolymerization of fundamental polar vinyl 

monomers with carbon monoxide by coordination–insertion mechanism. If such copolymers are 

available, γ-polyketones directly functionalized by polar groups will be generated, which should 

exhibit novel physical properties that are difficult to access by conventional methods. In addition, 

the highly condensed functional groups can provide us a new route to completely novel polymer 

structure by functional group interconversion of the resulting copolymers. Furthermore, this 

process is also attractive in terms of the cost of substrates because both polar vinyl monomers and 

CO are inexpensive, widely used petrochemicals. 

There was no successful coordination–insertion copolymerization of carbon monoxide with 

fundamental polar vinyl monomers, the monomers whose olefin moiety is directly 

functionalized. 154  Instead, there have been several reports on the copolymerization of 

functionalized olefins at remote site with carbon monoxide. Figure 1.11 shows the examples of 

reported monomers including the functionalized olefins possessing hydroxy155,156 and carboxy155 

groups as well as carbamates, 157  amides,157 epoxides 158  and perfluoroalkyl group. 159 
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Fluoroarenes,160 Allylbenzene derivatives,161 para-chlorostyrene,162 and bicyclic olefins bearing 

ester groups163 are also reported. Highly functionalized olefins bearing benzo-15-crown ether, 

saccharide, amino acids, and steroids have been also employed for co- or terpolymerization.164 

These special monomers are more expensive than fundamental polar monomers in Section 1.3 

and sometimes need to be synthesized or expensive. 

 

Figure 1.11. Functionalized olefins copolymerized with carbon monoxide. 

 

In contrast, all attempts to copolymerize fundamental polar vinyl monomers with carbon 

monoxide were unsuccessful. Published attempts includes reactions with methyl 

acrylate,165,66a,b,166,167,168,169,170,171 methyl vinyl ketone,167 vinyl acetate,165 vinyl chloride172 and 

ethyl vinyl ether.173 Among many problems associated with metal-catalyzed copolymerization of 

polar vinyl monomers with CO, the most critical one was believed to be the formation of chelate 

intermediates after the insertion of vinyl monomers. It was reported that these monomers can 

insert into cationic Pd–acyl bonds to give five-membered chelate intermediates with a polar group 

substituted at the α-position (E1); however, further insertion of the next monomers was not 

successful. The ligands employed for attempted copolymerization are summarized in Scheme 

1.22. 

The unreactivity of complex E1 could be attributed to the following three problems: (i) CO 

coordination may be suppressed by the strong intramolecular ketone coordination in E1. Jordan et 

al. found that the Cl-substituted complex (E1, FG = Cl) has a short Pd–C bond as well as a Pd–O 
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bond.172 This may suggest that the α-electron-withdrawing-group-substituted chelate structure is 

more stable than that of non-substituted chelate complexes, leading to a low tendency of E1 to 

form a chelate-opened structure (E2). (ii) The low nucleophilicity of the α-carbon arising from the 

electron-withdrawing group in E2 would be an obstacle for CO insertion. It is well known that 

electron-withdrawing substituents retard CO insertion into M–alkyl and M–aryl bonds.174,175 (iii) 

The formation of E4 and E1' is retarded due to the low coordination–insertion ability of polar 

vinyl monomers (see also Section 1.3). 

 

Scheme 1.22. Formation of five-membered chelate complexes by the insertion of polar vinyl 
monomers into a palladium–acetyl bond. 
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In order to overcome these problems, the author used palladium phosphine–sulfonate catalysts. 

The initial working hypothesis in 2006 is summarized in Scheme 1.23. There are two important 
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features of palladium phosphine–sulfonate catalysts. First, the series of palladium phosphine–

sulfonate catalysts are capable of olefin insertion even if α-carbon to the palladium center is 

substituted by the polar functional group (a). According to the copolymerization of ethylene and 

polar vinyl monomers discussed in Section 1.5.3, ethylene insertion takes place right after the 

insertion of polar vinyl monomers. This indicates that α-carbon substituted by polar groups still 

maintain sufficient nucleophilic character if phosphine–sulfonate ligand is used. 

 

Scheme 1.23. Two features of palladium phosphine–sulfonate complexes and the initial working 
hypotheses of this dissertation. 
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Second, olefins can be competitive in binding to the palladium center with internal chelate (b). 

This can be seen in the nonalternating copolymerization of ethylene with carbon monoxide. 

Multiple insertion of ethylene means that the coordination and subsequent insertion of ethylene 

became easier than those of the reaction by the conventional palladium catalysts. This can be 

interpreted that internal chelate structure became more facile to open and acceptable to the next 

monomers by using phosphine–sulfonate ligands. Also in the copolymerization of polar vinyl 

monomers with ethylene (a), internal chelate or aggregates were not problem in palladium 

phosphine–sulfonate system. 
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Based on these interpretations, the author thought that it might be possible to accomplish the 

copolymerization of polar vinyl monomers with carbon monoxide by using palladium phosphine–

sulfonate catalysts. The proposed problem described in Scheme 1.22 with other palladium 

systems in precedents was the inactivity of strong chelate intermediates that has polar group 

substituent at α-carbon to palladium (c). The inactivity should be attributed to the strong internal 

chelate and α-substituent. In that case, the use of palladium phosphine–sulfonate should solve 

these issues. 

 

1.7 Summary of This Dissertation 

In this thesis, the author describes the first example of copolymerization of polar vinyl 

monomers with carbon monoxide. Among several fundamental polar vinyl monomers, methyl 

acrylate and vinyl acetate were successfully copolymerized with carbon monoxide by palladium 

phosphine–sulfonate catalysts. Note that this was also the first utilization of vinyl acetate for 

polymer synthesis via coordination–insertion mechanism. 

 

Scheme 1.24. Summary of this dissertation. 

 

The contents of this thesis are in the following order. First, scope of the monomers is disclosed 

in the next chapter. In Chapters 3 and 4, the detailed structural analyses and the reaction 
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mechanisms are described for methyl acrylate and vinyl acetate, respectively. Through the 

detailed study, the role of sulfonate group is analyzed. Next, the author shows P-chiral 

phosphine–sulfonate ligand enables the microstructure regulation of the resulting γ-polyketone 

(Chapter 5). In addition, terpolymerizations of polar vinyl monomers, carbon monoxide, and 

ethylene are also shown in Chapter 6. Finally, physical properties of these co- and terpolymers are 

investigated to reveal the effect of ester groups into γ-polyketone. 
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2.1 Scope and Limitations of the Monomers 

First, several polar vinyl monomers were screened for the copolymerization with carbon 

monoxide by using palladium phosphine–sulfonate systems (Table 2.1). The catalyst was 

generated in situ by mixing phosphonium–sulfonate 1a-H and Pd(dba)2. The reactions were 

performed at 70 °C for 20 h in the presence 6.0 MPa of carbon monoxide. Among the polar vinyl 

monomers, methyl acrylate (entry 1) and vinyl acetate (entry 2) successfully afforded the desired 

copolymers. The details about these entries will be discussed in Chapters 3 and 4, respectively. 

 

Table 2.1. Attempted copolymerization of polar vinyl monomers with carbon monoxide by a 
mixture of 1a-H and Pd(dba)2. 

 
entry monomer results entry monomer results 

1  
Methyl Acrylate 

(2.5 mL) 

Copolymer 6 

COMe

 
Methyl Vinyl Ketone 

(2.5 mL) 

Trace amount 
of unknown 

products 

2 

OAc

 
Vinyl Acetate 

(2.5 mL) 

Copolymer 7  
Acrylonitrile 

(2.5 mL) 

Trace amount 
of unknown 

products 

3 

CO2Me

 
Methyl Methacrylate 

(2.5 mL) 

Homopolymer 8a)  
Vinyl Chloride 

(5.0 mL at −48 °C) 

Trace amount 
of unknown 

products 

4 

On-Bu

 
Butyl Vinyl Ether 

(2.5 mL) 

Homopolymer 9  
Perfluorobutylethene 

(2.5 mL) 

Trace amount 
of unknown 

products 

5 
NO

 
N-Vinylpyrrolidone 

(2.5 mL) 

Dimer 

 

10a)  
N-Isopropylacrylamide 

(1.1 g) 

Trace amount 
of unknown 

products 

a) 2.5 mL of toluene was used as a solvent. 
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Aside from methyl acrylate and vinyl acetate, none of the attempted polar vinyl monomers in 

Table 2.1 gave copolymer with carbon monoxide. Attempted copolymerization of methyl 

methacrylate (entry 3) with CO resulted in homopolymerization of methyl methacrylate probably 

via radical pathway. Similarly in the case of n-butyl vinyl ether (entry 4), homopolymer was 

obtained probably via cationic polymerization mechanism initiated by proton of 1a-H.1 When N-

vinyl pyrrolidone (entry 5) was used, head-to-tail dimer was obtained as a major product.2 Methyl 

vinyl ketone, acrylonitrile, vinyl chloride, perfluorobutylethene, and N-isopropylacrylamide did 

not afford any polymeric products (entries 6–10). 

An isolated palladium phosphine–sulfonate complex 2a bearing 2,6-lutidine as a fourth ligand 

was also tested for the same purpose. However, even in the case of methyl acrylate and vinyl 

acetate, a trace amount of desired copolymers were obtained. Other monomers afforded only a 

trace amount of unassigned mixtures. It should be noted that in the case of n-butyl vinyl ether, 

MALDI-TOF MS spectrum suggested the presence of slight amount of desired copolymer but 

only homopolymer was detectable by NMR analyses. 

  

Scheme 2.1. Attempted copolymerization of polar vinyl monomers with carbon monoxide with 
palladium complex 2a. 

 

In addition to these polar vinyl monomers whose olefin moiety is directly functionalized by 

polar groups, the author also tested some allyl monomers (CH2=CHCH2FG). In the case of allyl 

acetate (CH2=CHCH2OAc), the desired polyketone was obtained (see Experimental Section). In 
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this case, both the in-situ generated catalyst from 1a-H with Pd(dba)2 and a pyridine-bounded 

complex can be used for the copolymerization. 

In conclusion, copolymerization of methyl acrylate, vinyl acetate, and allyl acetate with carbon 

monoxide were accomplished for the first time. The details of their structure, mechanism, and 

physical properties are shown in the following chapters. 
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3.1 Introduction: Methyl Acrylate 

Acrylic esters such as methyl acrylate (MA) are one of the most important monomers in 

polymer chemistry.1,2 The combination of durability, clarity, and the ability to tailor molecules 

relatively easily to specific applications have made acrylic ester polymers a prime candidate for 

numerous and diverse applications such as the manufacture of coatings, textiles, adhesives, and so 

on. Polyacrylates can be produced by radical and anionic processes including group transfer 

polymerization (GTP). As described in Chapter 1, the applications of methyl acrylate to 

coordination–insertion polymerization have been developed especially by palladium α-diimine 

catalysts and palladium phosphine–sulfonate catalysts.3  

This chapter presents the details of this unprecedented alternating copolymerization of MA with 

CO catalyzed by Pd phosphine–sulfonate catalysts.  The main aim of this study is to reveal the 

role of the sulfonate moiety in the catalyst through comparison with conventional ligands.  The 

contents of this chapter are in the following order. The details of the syntheses (Section 3.2) and 

the structural analyses (Section 3.3) of acrylates/CO copolymers are disclosed. Subsequently, the 

mechanism of the MA/CO copolymerization was investigated experimentally (Section 3.4.1) and 

theoretically (Section 3.4.2) to clarify why the Pd phosphine–sulfonate complex catalyzed the 

copolymerization while the other catalysts could not (Section 3.4.3). 

 

3.2 Synthesis of Poly(Methyl Acrylate-alt-Carbon Monoxide) 

The alternating copolymers of MA with CO (poly(methyl acrylate-alt-carbon monoxide)) were 

obtained using catalysts generated in situ from Pd(dba)2 and phosphonium–sulfonate 1 (Table 

3.1). Treatment of MA with 6.0 MPa of CO at 70 °C for 20 h in the presence of Pd(dba)2/1a-H 

afforded the copolymer with Mn of 30,000.4,5  o-Methoxyphenyl substituted ligand 1a offers both 

higher activity and molecular weights of the copolymers than the phenyl substituted 1b (entries 1 

and 2).  It should be noted that the reaction using cyclohexyl substituted ligand (Cy2PH)C6H4SO3 
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or 2-(diphenylphosphino)benzoic acid did not afford the copolymer. When two equivalents of 1a-

H were used, the activity was decreased (entries 1 and 3).  This tendency was also observed in the 

copolymerization of ethylene with CO,6 suggesting that the initiation with in situ formed [P–

O]Pd[P–O] complexes is sluggish. 

 

Table 3.1. Copolymerization of acrylates with carbon monoxide.a 

 
entry catalyst R PCO 

(MPa) 
temp 
(°C) 

time
(h) 

yield 
(mg/%)b

TOF 
(h−1) 

Mn
c 

(×103) 
Mw/Mn P/Cd

1 1a-H/Pd(dba)2 Me 6.0 70 20 490/15 21 30 1.6 1.7 
2 1b-H/Pd(dba)2 Me 6.0 70 20 140/4.3 6.0 26 1.2  0.53 
3 1a-He/Pd(dba)2 Me 6.0 70 20 260/12 11 6.0 1.3 4.3 
4 1a-H/Pd(dba)2 Me 3.0 70 20 370/12 16 21 1.6 1.8 
5 1a-H/Pd(dba)2 Me 8.0 70 20 540/17 24 17 1.7 3.4 
6 1a-H/Pd(dba)2 Me 6.0 45 20 150/4.8 6.7 16 1.3 1.0 
7 1a-H/Pd(dba)2 Me 6.0 100 20 500/16 22 19 1.7 2.6 
8 1a-H/Pd(dba)2 Me 6.0 70 144 1500/48 9.2 40 2.0 3.8 
9 2a Me 6.0 70 20 43/1.3   1.8 2.1 1.1 2.0 

10 3a Me 6.0 70 20 580/18 25 24 1.6 2.4 
11 1a-H/Pd(dba)2 t-Bu 6.0 70 20 90/3.3 2.9 7.9 1.5 1.1 

a) Unless otherwise noted, reaction was performed with 0.012 mmol of ligand precursor 1-H, 0.010 mmol of Pd 
source, and 2.5 mL of acrylates without additional solvent. 

b) The yield (mg, %) of the copolymer was determined by subtraction of the weight of catalyst from the amount of 
solid product obtained and calculated based on the acrylate used. 

c) Molecular weights were determined using narrow polystyrene standards. 
d) The number of polymer chains produced per catalyst based on palladium. 
e) 0.020 mmol of 1a-H was used. 

 

The activity of the copolymerization was dependent on CO pressure (entries 1, 4 and 5).  An 

increase in CO pressure (up to 8.0 MPa) led to an enhancement in catalytic activity.  According to 

the mechanistic studies in Section 3.4 (vide infra), CO coordination–insertion is a reversible, pre-

equilibrium step.  Thus, the increased activity at higher CO pressure can be interpreted as a result 

of increased concentration of acylpalladium species, which is advantageous for subsequent MA 

insertion. 
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Increasing the reaction temperature from 45 °C (entry 6) to 70 °C (entry 1) substantially 

enhanced the activity and molecular weight.  However, the molecular weight of the copolymer 

produced at 100 °C (entry 7, compared with entry 1) decreased while the catalytic activity was 

similar to that produced at 70 °C.  The number of the polymer chains produced per catalyst (P/C) 

at 100 °C was 2.6, which indicates that the chain transfer reaction (see Section 3.3) was 

accelerated as well as the polymerization reaction at high temperature. 

In order to obtain the copolymer with higher molecular weight, a longer reaction time was 

employed in entry 8.  After 144 hours, the copolymer with higher molecular weight (Mn 40,000), 

broader Mw/Mn and low TOF was obtained.  In this case, high viscosity of the reaction mixture 

seems to be the major obstacle to the rapid propagation reaction. 

The isolated Pd phosphine–sulfonate complexes were also investigated as catalysts.  In the case 

of 2,6-lutidine-bound complex 2a, only a trace amount of the copolymer was obtained (entry 9).  

This result suggests that the strong binding affinity of 2,6-lutidine inhibits the coordination of 

electron-deficient MA.7  On the other hand, nitrogen-free complex 3a initiated and catalyzed the 

copolymerization of MA/CO effectively (entry 10), which will be further commented in the 

following sections. 

In addition to methyl acrylate, t-butyl acrylate was successfully copolymerized with carbon 

monoxide by utilizing the same procedure (entry 11) with lower activity and molecular weight. 

 

3.3 Structural Analyses of Poly(Methyl Acrylate-alt-Carbon Monoxide) 

The alternating structure of the copolymer was confirmed by mass spectrometry and NMR 

spectroscopy. MALDI-TOF mass spectrometry of the low molecular-weight product (reaction 

time = 30 min by 1a-H and Pd(dba)2, Mn = 3,100) shows signal intervals with 114 indicating the 

formation of alternating copolymer. Chain-end analysis will be discussed below. 
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Figure 3.1. MALDI-TOF MS of poly(methyl acrylate-alt-carbon monoxide). 

 

1H and 13C NMR spectra of the resulting copolymers were in good agreement with the 

alternating structure but were distinct from poly(methyl acrylate). Highly controlled head-to-tail 

structure of the copolymer was also suggested by the NMR spectra. In fact, 13C NMR spectrum 

(Figure 3.2 (A)) exhibits only one signal in the carbonyl region (δ = 201.0) which can be 

interpreted as a regio-controlled copolymer. Signals for possible regiochemistry of ketone 

carbonyl groups are described in Figure 3.3 with model compounds for comparison. The chemical 

shifts of the ketone carbons of the obtained copolymers are in good agreement only with the 

model compound for the head-to-tail architecture. 
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Figure 3.2. 13C NMR spectra of (A) poly(methyl acrylate-alt-CO), (B) the ketone carbonyl region 
of poly(methyl acrylate-alt-CO) at ambient temperature, (C) the ketone carbonyl region of 
poly(methyl acrylate-alt-CO) at −60 °C, and (D) the ketone carbonyl region of isotactic 
poly(propylene-alt-CO).9 

       

Figure 3.3. Possible arrangements of repeating units of poly(methyl acrylate-alt-carbon 
monoxide) and the 13C NMR chemical shifts (in CDCl3) of the ketone carbonyl groups of the 
model compounds (FG = CO2Me).8 

 

The highly controlled regiochemistry is also confirmed by the stoichiometric reaction of a 

palldium complex and methyl acrylate (Scheme 3.1).  Subsequently, reaction of methyl acrylate in 

the presence of AgOTf yielded only 2,1-inseriton product 3a. No formation of the 1,2-insertion 

product was observed. The structure of 2a was determined by NMR and X-ray crystallography. 
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This result suggests that the insertion of methyl acrylate into palladium–acyl bond in the 

polymerization condition undergoes only via 2,1-insertion to afford regiocontrolled copolymer. 

 

Scheme 3.1. Synthesis and molecular structure of 3a. Hydrogen atoms are omitted. Selected bond 
distances (Å) and angles (°): Pd(1)–C(21) 2.042(6), Pd(1)–O(8) 2.137(4), Pd(1)–O(3) 2.106(4), 
Pd(1)–P(1) 2.2163(17), C(21)–Pd(1)–O(8) 82.6(2), O(3)–Pd(1)–O(8) 90.26(16), C(21)–Pd(1)–
P(1) 94.25(18), O(3)–Pd(1)–P(1) 93.40(12). 

     

Although a single signal was observed in the ketone region at room temperature, it was found 

to split into multiple peaks at −60 °C (Figure 3.2 (C)).  In addition, the signal is wider than that of 

regio-, stereo- and enantiocontrolled iso-poly(propylene-alt-CO) in Figure 3.2 (D).9   Therefore, it 

was assumed that epimerization at the asymmetric carbon center might occur, since poly(methyl 

acrylate-alt-CO) is a β-ketoester whose pKa (≈ 10) is much lower than that of other γ-

polyketones.10  However, the epimerization rate was found to be too slow to be observed in NMR 

time scale (10−1–10−6 s).  When the copolymer was treated with 15 equivalents of MeOD (based 

on the number of repetitive units) in CD2Cl2, only 35% of the methine protons were exchanged 

with deuterium even after 4 hours at room temperature (Scheme 3.2). This epimerization rate was 

similar to that of the corresponding small molecule: when methyl-2-methyl-3-oxopentanoate 

(EtCOCH(CO2Me)CH3) was treated with 15 equivalents of MeOD in CD2Cl2, 25% of the 

methine protons were exchanged with deuterium after 4 hours at room temperature. Thus, the 

epimerization can occur gradually in the presence of methanol but it does not account for the split 

of NMR signals in Figure 3.2 (C). 
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Scheme 3.2. H/D exchange of methine protons of poly(methyl acrylate-alt-carbon monoxide). 

 

According to these results, there are two probable explanations regarding the stereochemistry of 

poly(methyl acrylate-alt-CO). The first possibility is that the stereochemistry is not controlled and 

the relatively wide NMR signal in Figure 3.2 (B) is due to the presence of many signals 

overlapped.  In this case, the change of the signal shape at low temperature could be attributed to 

the restriction of the fluctuation of a high-order structure, e.g. helix-coil transition.  The second is 

that the stereochemistry is controlled but the fluctuation of a higher-order structure occurs both at 

room temperature and at −60 °C. 

When t-butyl acrylate was used as a monomer (Table 3.1, entry 11), the signals in the ketone 

carbonyl region in the 13C NMR spectrum were more complex.  The methine protons in the 1H 

NMR spectrum showed at least three separate signals which indicate the lack of regioselectivity 

(See Experimental Section).11  The multiple signals for the ester region (-CO2t-Bu) are within a 

quite narrow region (168.1–168.4). The chemical shifts (13C NMR, CDCl3) of isobutyric acid t-

butyl ester (i-PrCO2t-Bu, 176.7 ppm) and isobutyric acid (i-PrCO2H, 184.0 ppm) suggest that the 

t-Bu group is intact. 

Initiation chain ends of the poly(MA-alt-CO) were detected in 1H NMR and the structures were 

confirmed using low molecular-weight products as shown in Scheme 3.3. When a mixture of 1 

and Pd(dba)2 was used, a 1-methoxycarbonylethyl group was detected as an initiating chain end 

(a), which suggests that the reaction was initiated by the formation of a Pd–H bond via 

protonation of Pd(0) species, followed by subsequent insertion of MA and CO.  In contrast, 

copolymers formed with 3a showed a signal corresponding to the acetyl initiating end group (b), 

which originated from the complex 3a. In the cases where the P/C values in are larger than 1, 
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chain-transfer reactions are suggested to take place during the polymerization, but the structures 

of terminating chain ends for these polymers could not be identified (see also Figure 3.1). 

 

Scheme 3.3. Initiation chain end analysis of the copolymers initiated by (a) the mixture of 1-H 
and Pd(dba)2 and (b) isolated complex 3a.  
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3.4 Mechanistic Studies 

In this section, the author describes mechanistic studies to understand why palladium 

phosphine–sulfonate copolymerizes methyl acrylate with carbon monoxide while other reported 

catalysts did not. 

 

3.4.1 Experiments 

First, polymerization via radical intermediates is unlikely, based on the following observations. 

Copolymerization using catalyst 3a in the presence of galvinoxyl, a well-known radical trap,12 

provided the copolymer with slight decrease of activity. When an radical initiator AIBN was used 

instead of the Pd catalyst, poly(methyl acrylate) was obtained as a sole product. 

In contrast to the catalysts described in Scheme 1.22 in Chapter 1, the Pd phosphine–sulfonate 

system could uniquely copolymerize methyl acrylate with carbon monoxide.  This suggested that 
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the Pd phosphine–sulfonate system allowed further insertion of monomers into five-membered 

chelate complex 3a, while other Pd complexes resisted further reaction to E1 (in Scheme 1.22).13  

In this section, the structure and the reactivity of these key five-membered chelate intermediates, 

[L–L]PdCH(CO2Me)CH2COMe (3a, 3c–e), are compared. 

First, an analogous complex (3c) with DPPE (1,2-bis(diphenylphosphino)ethane) as a ligand 

was synthesized according to van Leeuwen’s procedure13b with slight modification (Scheme 3.4) 

because DPPE is one of the most frequently employed ligands for the copolymerization of 

aliphatic olefins with CO.14,15  The copolymerization of MA with CO by 3c did not proceed,13b,16 

but rather the formation of poly(methyl acrylate) was observed. Formation of the homopolymer 

could be initiated by adventitious radical species or homolytic cleavage of Pd–CH(CO2Me)R 

bond.17 

 

Scheme 3.4. Synthesis13b and molecular structure of 3c. Hydrogen atoms are omitted. Selected 
bond distances (Å) and angles (°): Pd(1)–C(3) 2.116(3), Pd(1)–O(1) 2.109(2), Pd(1)–P(1) 
2.2127(10), Pd(1)–P(2) 2.3265(10), O(1)–Pd(1)–C(3) 82.29(10), C(3)–Pd(1)–P(1) 95.07(8), 
O(1)–Pd(1)–P(2) 97.69(6), P(1)–Pd(1)–P(2) 84.77(3). 

 

 

Next, the structures of the key intermediates were compared.  A series of the five-membered 

chelate intermediates are listed with the experimental lengths of Pd–C and Pd–O bonds in Table 

3.2.  Although one might expect that the five-membered chelate in the active Pd phosphine–

sulfonate complex 3a would be looser18 than those of the inactive complexes (3c–e), its Pd–C 

(2.042(6) Å) and Pd–O (2.137(4) Å) distances are not significantly different from the others.  The 
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Pd–C bond length of 3a is almost the same as those of 3d and 3e, while that of 3c is slightly 

longer because of the strong trans influence of the phosphorus moiety located trans to the alkyl 

group. In this sense, the trans influence of a sulfonate group can be recognized as being as weak 

as an imine group.19,20  In terms of Pd–O bond lengths, 3a is within the range of 3d–e as listed in 

Table 3.2. 

 

Table 3.2. Comparison of the experimental Pd–C and Pd–O lengths (Å) of the five-membered 
chelate complexes. 

 

 
   

 3a 3c 3d (reference 13h) 3e (reference 13g) 

 

Pd–C 

 

2.042(6) 

 

2.116(3) 

 

2.046(4) 

 

2.059(3) 

Pd–O 2.137(4) 2.109(2) 2.112(2) 2.161(2) 

 

Finally, the reactivities of these five-membered chelate complexes (3a and 3c) with CO were 

investigated using a high pressure NMR apparatus. 21   Exposure of five-membered chelate 

complex 3a to 6 MPa of CO at ambient temperature afforded a mixture of novel complexes along 

with the starting complex 3a (Figure 3.4).  In the 13C NMR spectrum in CD2Cl2, new signals in 

the carbonyl region were observed at 181.3, 202.4, 205.3 ppm in addition to the signal of free CO 

at 183.8 ppm.  Considering that the α-position of CO2Me group shifted from 34.6 ppm to 63.7 

ppm, the new complex observed was assigned to PdCOCH(CO2Me)CH2COCH3 and the signal at 

202.4 ppm (d, JPC = 16.1 Hz) was assigned to be that of the Pd–acyl carbonyl moiety which 

locates cis to the phosphine (C4 in Figure 3.4).  Furthermore, a ketone functionality coordinating 

to the Pd center was not present, typically observed around 220–240 ppm.13c  Instead, the –

CH2COCH3 carbonyl signal was observed at 205.3 ppm, which indicates that the ketone carbonyl 
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oxygen does not coordinate to the Pd center (C3).13c  The fourth coordination site of Pd is 

occupied by carbonyl oxygen of the ester group which is observed at 181.3 ppm (br) (C5).22 

 

Figure 3.4. 13C NMR (CD2Cl2) of complex 3a (top) and 3a + 6 MPa of CO using a high-pressure 
NMR tube (bottom). Representative signals are assigned to 3a (blue) and 6a (red).  Ar = o-
CH3OC6H4. 

 

Therefore, the new signals were assigned as the complex [P–

SO3]Pd(CO)COCH(CO2Me)CH2COCH3 (6a), formed after the associative CO coordination (see 

Section 3.4.2), migratory insertion of CO, and cis/trans isomerization reaction.  Most of 6a 

underwent decarbonylation after releasing the CO pressure to regenerate the five-membered 

complex 3a.23  This result suggests that the CO insertion to the complex 3a is reversible even at 

ambient temperature. 

In contrast, no new signals were detected in the carbonyl region after the exposing the five-

membered chelate complex 3c, bearing DPPE ligand, to CO (6 MPa). This suggests that CO 

insertion into complex 3c is sluggish even under high CO pressure (Scheme 3.5).  This inert 

nature toward CO insertion can be understood either by kinetic and/or thermodynamic reasoning, 

which will be discussed in the following sections. 
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Scheme 3.5. Reaction of key five-membered chelate complexes 3a and 3c with 6 MPa of CO. Ar 
= o-CH3OC6H4. 

 

Consequently, the comparison of the key five-membered chelate complexes bearing a 

phosphine–sulfonate (3a) and DPPE (3c) can be summarized as follows; (i) the structures of the 

complexes are not significantly different from each other, (ii) 3a undergoes reversible insertion of 

CO to afford acylpalladium complex 6a, (iii) the reaction of 3c with CO does not afford an 

acylpalladium complex. 

 

3.4.2 Theoretical Calculations 

In order to study the detailed mechanism of the overall catalytic cycle, the author conducted 

theoretical calculations.24,25,26 The aim is to understand why the Pd phosphine–sulfonate system 

accomplished the copolymerization of MA with CO while the Pd dppe complex, one of the most 

commonly used catalysts in the copolymerization of aliphatic olefins with CO,14 could not.  For 

theoretical studies, density functional theory method (B3LYP27/LANL2DZ28 for Pd and 6-31G* 

for the other atoms) was employed.  As ligands, 2-(diphenylphosphino)benzenesulfonate (a 

deprotonated form, 1b, see entry 2 in Table 3.1) and DPPE were used.  Since both five-membered 

chelate complexes bearing phosphine–sulfonate (3a) and DPPE (3c) ligands were isolable and 

supposed to be stable intermediates in the catalytic cycles, we adopted these complexes as starting 

materials for the calculations. For more information about theoretical methods, see Theoretical 

Section. 
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Hereafter, the isomer having an X ligand (X = alkyl or acyl) and phosphorus atom in cis 

positions to each other will be described as “cis” for the united definition throughout the 

manuscript.  In other words, an L ligand (L = carbonyl oxygen, CO, olefin) and phosphorus atom 

are cis to each other in the “trans” isomer (Figure 3.5).  For example, Fcis is the cis/trans isomer 

of Ftrans.  Additionally, we used an asterisk (*) to indicate the simplified chain replacement of the 

-CH(CO2CH3)CH2COCH3 group by a -CH3 group.  For instance, *Icis ([P–O]PdCOCH3(MA)) is 

the simplified structure of Icis ([P–O]PdCOCH(CO2CH3)CH2CH3(MA)).  The simplified 

structures are used to scrutinize various possible pathways in some complexes while avoiding 

optimization of highly complicated structures having many possible conformations. 

 

Figure 3.5. Definitions for the basic structures used in theoretical part. 
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For all the stationary points, the relative energies with zero point energy correction (E+ZPC) 

and free energies (G, at 298.15 K and 1 atm) are listed in front of and behind the forward slash (/), 

respectively.  The energies are expressed relative to the complexes Fcis and FPP which are 

analogous to 3a and 3c, respectively.  The optimized structures of Fcis and FPP were in reasonable 

agreement with the X-ray crystal structures of 3a and 3c. Root-mean-square deviation (RMSD) 

was 0.54 Å for 3a-Fcis and 0.58 Å for 3c-FPP. 

The processes the author studied include (a) relative stabilities of cis/trans isomers of palladium 

phosphine–sulfonate complexes and their isomerization reactions, (b) CO coordination and 

insertion, (c) MA insertion, and (d) possible side reactions.  After the calculation of these 

essential reactions, the author will discuss the overall catalytic cycle and compare the phosphine–

sulfonate ligand with DPPE in the following section. 

 

(a) Cis/trans Isomers 

As discussed in Chapter 1, the relative location of an alkyl group in phosphine–sulfonate 

complexes is preferentially cis to the phosphine moiety (Figure 3.6).  This preference can be 

attributed to the strong trans influence of the alkyl group and the phosphine moiety, which prefer 

not being trans to each other.  This tendency was in agreement with the experimental fact that an 

alkyl group is positioned cis to the phosphine moiety in the X-ray structure of 3a. It is confirmed 

by DFT calculation that complex Fcis, the analogue of 3a, is more stable than its cis/trans isomer 

Ftrans by 5.4/4.6 kcal/mol. 
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Figure 3.6. Standard cis/trans preference of Pd–alkyl complexes Fcis and Ftrans. 
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The above-mentioned preference is generally applicable to most of the intermediates in this 

article. However, carbonyl complexes were the only exceptions to this rule.  The carbonyl 

complex Gtrans is lower in energy than complex Gcis by 2.1/3.3 kcal/mol although the alkyl group 

in Gtrans is trans to the phosphine (Figure 3.7).29  The reverse preference can be attributed to the 

strong trans-directing nature of carbon monoxide,30 which avoids being trans to the phosphine.  

In addition, the back-donation from the filled dπ orbitals of the Pd center to the empty π* orbitals 

of CO play a key role in the stabilization.30b  In fact, the calculated distances between Pd and the 

carbon of CO (2.001 Å for Gcis vs. 1.888 Å for Gtrans) and the bond lengths of CO (1.137 Å for 

Gcis vs. 1.144 Å for Gtrans) suggested that the back-donation in Gtrans is stronger than that in Gcis 

(Table 3.3).  Thus, the back-donation to CO is enhanced when CO is trans to the sulfonate group 

(Gtrans) compared to its isomer (Gcis).  It is well known that phosphines are efficient π-acceptors 

due to their P–C σ* orbital overlaping with the dπ orbital of a metal center.31  In fact, the P–C 

bonds are longer in palladium complexes than those of free protonated ligands.32 For this reason, 

the portion of π-back-donation from Pd to CO is decreased when CO is trans to the phosphine.  

On the other hand, the sulfonate group does not have an appropriate vacant orbital which can 

withdraw the electrons efficiently from a filled d orbital of a Pd center. 33  Thus, the sulfonate 

group can be considered as a weak π-acceptor.  Furthermore, lone pairs on the oxygen atom of the 

sulfonate group can act as weak π-donors. The back-donation to CO should be further enhanced 

in order to avoid the repulsion between the filled dπ orbitals of Pd and filled non-bonding orbitals 

of the oxygen.  These two characteristics (weak π-acceptor and weak π-donor) significantly 

contribute to the stronger back-donation from Pd to CO when it is located trans to the sulfonate 

(Figure 3.7). Localized molecular orbitals (LMO, Pipek–Mezey method)34 of a simple carbonyl 

complex (*Gtrans) support this interpretation (Figure 3.8). A LMO of the lone pair on the oxygen 

atom is in the adequate position to cause an electronic repulsion with the dπ orbitals of Pd. 
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Figure 3.7. Conceptual pictures for the difference in back-donation between carbonyl complexes 
Gcis and Gtrans. 

 

Figure 3.8. Localized molecular orbitals of a simple carbonyl complex (*Gtrans, [P–
O]PdMe(CO)) in which CO locates trans to sulfonate group  and their overlapped picture. 

 

The above-discussed difference in back-donation can also be seen in other intermediates (Table 

3.3).  Aside from the carbonyl complexes, acylpalladium species and MA-coordinated complexes 

also exhibited stronger back-donation when these moieties are trans to the SO3 group.  Acyl 

groups in Hcis, and Icis exhibited a longer C=O bond than in Htrans and Itrans, respectively.  This is 

because π* orbitals of C=O bond overlaps with filled d orbitals of Pd center.  In addition, the 

distance between Pd and the olefin moiety of MA is shorter and C=C bond is longer in Itrans 

compared to those in Icis, suggesting that the back-donation from Pd to the electron deficient C=C 

is effective when the sulfonate is trans to MA.  Although the acyl moiety and MA can accept the 

back-donation from the Pd center, the extent to which it occurs is weaker than CO.  In fact, the 
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stability of the series of Htrans and Itrans follows the standard cis/trans preference shown in Figure 

3.6. 

The back-donating ability of the cationic Pd dppe complexes are also compared and shown in 

Table 3.3.  In the case of the Pd dppe complexes, CO, acyl moiety, and MA are always trans to 

the phosphorus atom.  The bond lengths of a moiety in the Pd dppe complexes are more similar to 

the corresponding bond lengths in the isomer of the Pd phosphine–sulfonate complex where the 

moiety in question is trans to the phosphorus.  For example, the Pd–C and C–O bond lengths of 

CO in GPP (1.995 Å and 1.137 Å) are quite close to those of Gcis (2.001 Å and 1.137 Å) rather 

than those of Gtrans (1.888 Å and 1.144 Å). 35  Therefore, the main contribution to the back-

donating ability is what the trans ligands are. 

 

Table 3.3. Calculated bond lengths (Å) for the selected intermediates bearing a phosphine–
sulfonate ligand and a DPPE ligand. 

  Phosphine–Sulfonate DPPE 

  Trans to SO3  Trans to P Trans to P 

      
Pd–CO Pd–C 1.888 (Gtrans) < 2.001 (Gcis) 1.995 (GPP) 

 C–O 1.144 (Gtrans) > 1.137 (Gcis) 1.137 (GPP) 

Pd–C(O)Me Pd–C 1.983 (Hcis) < 1.995 (Htrans) 2.047 (HPP) 

 C–O 1.209 (Hcis) > 1.199 (Htrans) 1.201 (HPP) 

 Pd–C 1.988 (Icis) < 2.027 (Itrans) 2.062 (IPP) 

 C–O 1.204 (Icis) > 1.196 (Itrans) 1.201 (IPP) 

Pd–MA Pd–C 2.242–2.265 (Itrans) < 2.289–2.365 (Icis) 2.329–2.391 (IPP) 

 C=C 1.382 (Itrans) > 1.379 (Icis) 1.374 (IPP) 

 

On the other hand, the contribution of the net charge of these complexes (i.e. neutral Pd 

phosphine–sulfonate and cationic Pd dppe) to the back-donating ability seems to be minor.  

Natural population analyses36 of Fcis, Ftrans, FPP, Gcis, Gtrans and GPP showed that the charges of 

the palladium centers are all cationic (Table 3.4). The negative charge in Pd phosphine–sulfonate 
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complexes are mainly distributed to the oxygen atoms of the sulfonate group. In addition, the 

charges on the carbon monoxide in G series are not significantly different with each other. Thus, 

the major contribution to the enhanced back-donation can be attributed to the stereoelectronic 

effect of the trans ligands rather than the net charge of the complexes. 

Table 3.4. Charge distributions of F and G series estimated by natural population analyses 
(B3LYP/6-31G*, LANL2DZ). 

 

   

Pd 0.577 0.662 0.402 

C −0.509 −0.518 −0.544 

O1 −0.573 −0.589 −0.610 

P1 1.119 1.007 1.137 

O2 or P2 −0.989 −0.952 1.025 

other Os in SO3 −0.981 and −0.956 −0.969 and −0.948 ― 

 

   

Pd 0.485 0.554 0.351 

C1 −0.459 −0.479 −0.511 

C2 0.540 0.537 0.512 

O1 −0.398 −0.417 −0.384 

P1 1.062 1.024 1.075 

O2 or P2 −0.995 −1.004 1.032 

other Os in SO3 −0.980 and −0.949 −0.967 and −0.946 ― 

 

As discussed in Chapter 1, one of the possible cis/trans isomerization pathways of Pd 

phosphine–sulfonate is Berry’s pseudorotation of pentacoordinated complexes involving the 

associative exchange of the oxygen atoms in the sulfonate group.24 Thus, the author also 
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investigated TSs of cis/trans isomerization required for the copolymerization of MA with CO and 

showed that TS(Hcis-Htrans) and TS(Icis-Itrans) represent pentacoordinated Berry’s pseudorotation 

transition states which need only 7.2/7.0 (from Htrans), and 7.3/8.0 (from Itrans) kcal/mol, 

respectively (in Scheme 3.6 and Scheme 3.8).  Between Fcis and Ftrans and between Gcis and 

Gtrans, pentacoordinate structures Fmed and Gmed were found as intermediates instead of TS.37 

 

(b) CO Insertion 

The alternating copolymerization is initiated by CO coordination to five-membered chelate 

complex Fcis (Scheme 3.6).  For the 16e d8 square planar Pd complex, the associative ligand 

substitution is widely accepted, particularly with the strong π-acceptor CO.38   As expected, 

chelate opening by CO can take place via trigonal-bipyramidal transition states either from Fcis or 

its cis/trans isomer Ftrans with barriers of 5.0/15.2 and 9.3/18.4 kcal/mol from Fcis, respectively.39  

Through TS(Fcis-Gcis) and TS(Ftrans-Gtrans), the CO molecule moves to the equatorial plane and 

the chelating carbonyl group moves away from the equatorial plane.29 

The transition states for the subsequent CO insertion into the Pd–C bond were successfully 

located both from Gcis and Gtrans.  TS(Gtrans-Hcis) is lower in energy than TS(Gcis-Htrans) by 

11.4/10.8 kcal/mol mainly because the alkyl group in Gtrans is more activated for the migratory 

insertion by the stronger trans effect of the phosphine moiety than the sulfonate oxgen.24,25,26 In 

fact, the Pd–C (alkyl chain) bond length in Gtrans (2.152 Å) is longer than that in Gcis (2.109 Å).  

Accordingly, CO insertion takes place from Gtrans after CO coordination to the five-membered 

chelate complex Fcis, accompanied by cis/trans isomerization via Gmed.40  After CO insertion, 

internal ester carbonyl oxygen coordinates to the Pd center to afford a five-membered chelate 

complex Hcis as observed in experiment (6a, in Figure 3.4).41 
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Scheme 3.6. CO coordination and insertion to five-membered chelate complex bearing 
phosphine–sulfonate ligand (E+ZPE/G, kcal/mol). The bold arrow exhibits the most preferable 
pathway. 

 

For comparison, the author calculated the reaction pathways of CO coordination and insertion 

toward FPP bearing a DPPE ligand (Scheme 3.7).  Associative CO coordination via TS(FPP-GPP) 

requires a barrier of 3.6/13.0 kcal/mol from FPP, which is similar to the case of the Pd phosphine–

sulfonate complex (TS(Fcis-Gcis), 5.0/15.2 kcal/mol).  This result indicates that a high barrier for 

CO coordination is not the reason why Pd dppe complexes cannot copolymerize MA and CO 

(Chater 1).13b Subsequently, CO insertion can take place via TS(GPP-HPP) with a barrier of 

13.2/21.0 kcal/mol.42 The interpretation of these calculations and experiments will be discussed 

below. 

Scheme 3.7. CO coordination and insertion to five-membered chelate complex bearing DPPE 
ligand (E+ZPE/G, kcal/mol). 
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(c) MA Insertion 

After insertion of CO into five-membered chelate complexes, MA should react with the 

acylpalladium species to complete the catalytic cycle.  Since it was nearly impossible to calculate 

all the conformations of highly complex intermediates, the author first studied MA insertion into 

a simple Pd–acetyl (PdCOMe) bond as a model instead of the Pd–CH(CO2CH3)CH2COCH3 

group (i.e., we first used *Icis and *Itrans instead of Icis and Itrans).  While the MA insertion into 

Pd–alkyl bonds has been widely studied by theoretical calculations,13f, 43 , 44  this is the first 

theoretical study dealing with MA insertion into a Pd–acetyl bond. From cis/trans isomers of 

PdCOMe(MA) complex *Icis and *Itrans, two types of MA insertion pathways, i.e., 2,1-and 1,2-

insertion, could proceed (Scheme 3.8).  Both 2,1- and 1,2-insertion transition states from *Icis and 

*Itrans were successfully located.  It was found that 2,1-insertion predominates over 1,2-insertion 

(i.e., TS(*Itrans-Fcis) and  TS(*Icis-Ftrans) lower in energy than TS(*Itrans-Jcis) and TS(*Icis-Jtrans), 

respectively).  This is consistent with the experimental result that 3a was obtained as the sole 

product when MA was added to the solution of 5a (Scheme 3.1).  The strong preference towards 

2,1-insertion results in highly regiocontrolled architecture of the copolymer.  The preference 

towards 2,1-insertion could be attributed to three factors: (i) steric repulsion between the 

migrating acetyl group and the methoxycarbonyl group should disfavor 1,2-insertion,43a (ii) 

electron-withdrawing nature of the methoxycarbonyl group makes a difference in LUMO orbital 

(C=C, 2pz) coefficients to some extent, which strengthen the 2,1-insertion preference,43a  and (iii) 

the energies required for the distortion of MA through 2,1-insertion from MA-coordinated species 

are smaller compared to those of 1,2-insertion.43b,44a  In fact, a smaller distortion energy for the 

2,1-insertion was also found in the case of MA inserting into the Pd–acetyl bond (Figure 3.9).  In 

contrast, t-butyl acrylate underwent both 2,1- and 1,2-insertion because the steric repulsion 

between the ligand and the t-butoxycarbonyl group was large enough to compete with the factors 

above (i–iii). 
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Scheme 3.8. MA insertion into the Pd–acetyl bond by Pd phosphine–sulfonate complexes 
(E+ZPE/G, kcal/mol).  The long alkyl chain (Pd–COCH(CO2Me)CH2COCH3) was simplified to 
Pd–COCH3.  The bold arrow shows the lowest energy pathway. 

2,1-ins.

1,2-ins.

2,1-ins.

1,2-ins.

 

 

 

Figure 3.9. Distortion energies of methyl acrylate in 2,1-insertion and 1,2-insertion calculated by 
energy decomposition analyses (in E, single point, B3LYP/6-31G*, LANL2DZ). 

It is also found that the insertion from *Itrans is more favorable than that from *Icis (i.e. 

TS(*Itrans-Fcis) and TS(*Itrans-Jcis) are lower in energy than TS(*Icis-Ftrans) and TS(*Icis-Jtrans), 

respectively).  The preference is due to the stronger trans effect of the phosphine moiety than the 
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sulfonate group; the acetyl group in *Itrans is more activated toward migratory insertion.24,25,26  In 

fact, the Pd–C bond length in *Itrans (2.028 Å) is longer than that in *Icis (1.993 Å).  This 

tendency suggests that the MA insertion into the Pd–acyl bond can be recognized as acyl anion 

migration to MA.  Moreover, it was found that the order of the relative energy of these transition 

states generally reflects the order of the stability of the products (Jtrans > Jcis > Ftrans > Fcis (most 

stable)). 

According to the results obtained in the simplified model, 2,1-insertion of MA from Itrans is 

suggested to be the most preferable pathway. Thus, the author calculated the route Icis→TS(Icis-

Itrans)→Itrans→TS(Itrans-Fcisnext)→Fcisnext using full-size PdCOCH(CO2Me)CH2COCH3 

complexes (Scheme 3.9).  It should be noted that the transition state for MA coordination to 

complexes Hcis or Htrans could not be located possibly because of nearly flat potential energy 

surface.45  It can be assumed that the barrier of the coordination is negligible compared to the 

subsequent insertion barrier.22,24,44 Since the insertion of MA, TS(Itrans-Fcisnext), needs 3.9/27.2 

kcal/mol from complex Fcis, this acrylate insertion has the highest barrier through the catalytic 

cycle from Fcis to Fcisnext, and makes it the rate-determining step. 

Scheme 3.9. MA insertion into Pd–acyl bond of Pd phosphine–sulfonate complexes (E+ZPE/G, 
kcal/mol). R = CH(CO2Me)CH2COMe. 

 

Similarly, 2,1-insertion of MA into a Pd–acyl bond of Pd dppe complexes was also examined 

(Scheme 3.10).  By using the full-size PdCOCH(CO2Me)CH2COMe complex, 2,1-insertion of 

MA could proceed with a barrier of 11.3/33.6 kcal/mol from FPP via IPP→TS(IPP-

FPPnext)→FPPnext.  The MA insertion is, again, a rate-determining step because this has the 

highest energy in the catalytic cycle from FPP to FPPnext.  In addition, the MA insertion TS for 
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the Pd dppe complex is less favorable than that for the Pd phosphine–sulfonate complexes by 

7.4/6.4 kcal/mol. 

Scheme 3.10. MA insertion into Pd–acyl bond of Pd dppe Complexes (E+ZPE/G, kcal/mol). R = 
CH(CO2Me)CH2COMe. 

 

 

(d) Possible Side Reactions17 

In the presence of CO, double olefin insertion is generally disfavored because coordination of 

CO and subsequent insertion after olefin insertion is much faster than the second olefin 

insertion.14,46 47  In the experimental studies, the reaction of MA with CO catalyzed by the Pd 

phosphine–sulfonate complexes afforded completely alternating copolymers without any signal 

corresponding to double insertion of MA by NMR analysis. However, the Pd phosphine–

sulfonate catalyst is a potent catalyst capable of producing non-alternating ethylene/CO 

copolymers with excess ethylene contents by the coordination–insertion mechanism (as discussed 

in Section 1.5.4). Recently, Caporaso and Mecking experimentally and theoretically demonstrated 

that double (or more) insertion of MA can take place in the absence of CO.22,48  Thus, it is 

important to understand why double MA insertion does not occur when Pd phosphine–sulfonate 

complexes are employed in the presence of CO. 

Scheme 3.11. Double MA insertion into Pd–alkyl bond of Pd phosphine–sulfonate complexes 
(E+ZPE/G, kcal/mol). 
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From complex Fcis (after insertion of one MA), another MA can coordinate cis to the phosphine 

(Ktrans), which is endothermic/endergonic by 15.7/27.2 kcal/mol (Scheme 3.11).  Migratory 

insertion of the alkyl groups trans to the phosphine (TS(Ktrans-Lcis)) requires an overall barrier of 

25.5/38.3 kcal/mol.  This is consistent with the overall barrier for multiple coordination–insertion 

of MA reported by Caporaso and Mecking (ca. 25 kcal/mol in ∆E).22  This route is thought to be 

the most probable pathway according to their detailed calculation.  The barrier relative to Fcis is 

higher in energy than that of the alternating copolymerization cycle which requires an overall 

barrier of 3.9/27.2 kcal/mol (TS(Itrans-Fcisnext), Scheme 3.9).  Therefore, MA double insertion 

did not occur because it is kinetically disfavored in the presence of CO.  Concerning the non-

alternating copolymerization of ethylene with CO, it was reported that ethylene coordination into 

the five-membered chelate complex [P–O]PdCH2CH2COEt is exothermic (−7.5 kcal/mol in ∆H) 

and successive insertion can take place with a barrier of 25.0 kcal/mol (in ∆H) from the chelate 

complex.25a  Thus, difference in the ability of double insertion in the presence of CO can be 

attributed to the lower binding affinity of the electron-deficient MA compared to that of 

ethylene.43,49 

 

3.4.3 Discussion―Why Phosphine–Sulfonate? 

According to the discussion above, the most probable pathway for the full catalytic cycle of 

MA/CO copolymerization by the Pd phosphine–sulfonate complex is summarized in Figure 3.10 

(bold line).50  First, CO coordinates to the five-membered chelate complex Fcis to form carbonyl 

complex Gcis and, after cis/trans isomerization, CO insertion takes place to generate Hcis which 

was observed in high pressure NMR as 6a in Figure 3.4.  After the coordination of MA to Hcis 

and cis/trans isomerization, exclusive 2,1-insertion takes place from complex Itrans to regenerate 

the five-membered chelate complex Fcisnext. The rate-determining-step of the catalytic cycle is 
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the MA insertion step via TS(Itrans-Fcisnext), which is 27.2 kcal/mol higher in energy than Fcis.  

The double insertion of either MA or CO47 was energetically unfavorable. 

The dotted line in Figure 3.10 shows the catalytic cycle for the Pd dppe system. Similarly, CO 

coordination and insertion takes place from the five-membered chelate complex FPP to afford 

acylpalladium complex HPP.  Then, MA coordination and insertion through the highest barrier via 

TS(IPP-FPPnext) (33.6 kcal/mol form FPP) complete the catalytic cycle.  
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Figure 3.10. Comparison of the energy profiles for the copolymerization of MA with CO 
catalyzed by Pd phospine–sulfonate complex (Bold black) and Pd dppe complex (dotted line). 
The Gibbs free energies (in kcal/mol) relative to Fcis or FPP are given. R = 
CH(CO2Me)CH2COMe.50 
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With the full catalytic cycle in hand (Figure 3.10), the experimental results were interpreted in 

detail.  The obvious difference between the phosphine–sulfonate system and DPPE system is 

recognized in the difference of the highest barriers, TS(Itrans-Fcisnext) vs TS(IPP-FPPnext). This is 

consistent with the experimental fact that the Pd phosphine–sulfonate complex 3a copolymerized 

MA with CO while the Pd dppe complex 3c did not. 

Concerning the high-pressure NMR experiments in Figure 3.4, CO insertion observed from the 

Pd phosphine–sulfonate complex 3a could be attributed to the fact that the barriers for CO 

coordination (TS(Fcis-Gcis)) and insertion (TS(Gtrans-Hcis)) are reasonably low to be overcome at 

ambient temperature and that the resulting acylpalladium complexes are stable enough to be 

observed.41 In contrast, when Pd dppe complex 3c was exposed to 6 MPa of CO at ambient 

temperature,21 no new signals were detected.  This result could be explained as follows (i) 

acylpalladium complexes were not detected because the barrier for CO insertion (TS(GPP-HPP)) 

cannot be overcome at ambient temperature (kinetic argument), and (ii) carbonyl complexes were 

also not observed since GPP is less stable than FPP by 5.6 kcal/mol (which corresponds to K < 0.1), 

although the barrier for the coordination, TS(FPP-GPP), is easy to overcome (thermodynamic 

argument). 

Before the author’s first success on the copolymerization of MA with CO by the Pd phosphine–

sulfonate system, several attempts on this copolymerization had been reported (as discussed in 

Section 1.5).  It was proposed that the one possible reason for the inert nature of the five-

membered chelate complexes is the lower nucleophilicity of the carbon α to the Pd center as a 

result of the electron-withdrawing group.13b In fact, the CO insertion from [P–

O]Pd(CO)CH2CH2COCH3 (without –CO2Me group) requires only a barrier of 11.5 kcal/mol,25a 

while the CO insertion from Gtrans requires a barrier of 15.6 kcal/mol (Figure 3.10). Thus, it is the 

case that an electron-withdrawing group on the α-carbon slows down the CO insertion rate and, 

thus, the acylpalladium species would not be observed at ambient temperature (Scheme 3.5). 
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However, Figure 3.10 suggests that coordination and insertion of CO are possible if higher 

temperature is provided because of their moderate barriers (13.0 and 21.0 kcal/mol, 

respectively).21 Instead, the subsequent coordination–insertion of MA requires a rather high 

barrier (via TS(IPP-FPPnext), 33.6 kcal/mol from FPP), which would be the main obstacle for the 

copolymerization by the Pd dppe complex. 

All of these observations raise an important question: why do the Pd phosphine–sulfonate 

complexes make the copolymerization possible?  The relative energy of the rate-determining MA 

insertion is lower for this Pd phosphine–sulfonate system compared to that of the Pd dppe system 

(Figure 3.10). This could be attributed to the steric repulsion between the bulky Ph groups on the 

phosphorus atoms of DPPE and the polymer chain in the transition state (Figure 10).  In contrast, 

the sulfonate group is not bulky and, therefore, TS(Itrans-Fcisnext) is sufficiently low in energy to 

be overcome. 

 
    TS(Itrans-Fcisnext)                                 TS(IPP-FPPnext) 

Figure 3.11. Calculated structures of the rate-determining step: TS(Itrans-Fcisnext) and TS(IPP-
FPPnext). 

 

The second reason for the lower-energy transition state of MA insertion when using the Pd 

phosphine–sulfonate system is electronic in nature.  Because of the early nature of the MA 

insertion TS,51 they should have similar structures to precursor complexes, Itrans and IPP.  It was 



 
 

Chapter 3. Copolymerization of Methyl Acrylate with Carbon Monoxide 

80 

 

 

found by comparing the structure of Itrans and IPP that the C=C bond of MA in Itrans is longer than 

in IPP and also that the Pd–olefin distance is shorter in Itrans than IPP (Table 3.3).  The results 

indicate that the back-donation form Pd to the electron-deficient olefin moiety is more efficient in 

the Pd phosphine–sulfonate than in the Pd dppe.  The stronger back-donation should contribute to 

the higher stability of Itrans.  The lower-energy TS(Itrans-Fcisnext) can also be explained by the 

fact that the olefin moiety of MA is more activated by the stronger back-donation from Pd to 

π*(C=C) of MA.  Thus, the longer carbon–carbon bond length of the bound MA facilitates the 

conversion from sp2 to sp3 hybridization. 

It should be noted that most of the intermediates in Figure 3.10 (except Fcis) and transition 

states are lower in energy in the Pd phosphine–sulfonate system compared to those of the Pd dppe 

system.  This is because the back-donation from Pd to CO, acyl groups, or MA in these 

intermediates is facilitated when the sulfonate moiety is located trans to these substituents. As 

discussed in Section 3.4.2(a), the main contribution to this stronger back-donation is not the 

neutral character of these complexes, but rather a stereoelectronic effect of the sulfonate moiety.  

In other words, the SO3 group does not withdraw the π-electrons from Pd but, instead, repulsion 

between lone pairs on the ligated oxygen and π-electrons of Pd facilitates the back-donation to 

CO, acyl group or MA which is located trans to the sulfonate moiety.  Only the intermediate Fcis 

cannot be stabilized by back-donation because of a lack of appropriate low-lying vacant orbitals 

of the alkyl group. 

Finally, the electrostatic effect of these two systems was compared. Table 3.5 shows the natural 

population analysis of the olefin insertion steps. As a result, these two systems are quite similar in 

terms of the trends in changes of atomic charges. For example, in both systems, C1 becomes more 

positive while C2 and C3 become more negative through this insertion process. Other than the 

difference in atoms (O in phosphine–sulfonate and P2 in DPPE), a major difference between the 

two systems is C1 atoms in the product: C1 is more positive in cationic complex that in neutral 
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one because the donation from carbonyl oxygen to palladium center is strong in cationic complex. 

In summary, the electrostatic effect in these two systems was not significantly different to each 

other. Therefore, the above-mentioned two factors (steric effect and orbital interactions) are more 

important than the electrostatic effect for the comparison of these two systems. 

 

Table 3.5. Natural population analysis of the key olefin insertion step. R = 
CH(CO2Me)CH2COMe. Increasing and decreasing of the key atomic charges relative to Itrans and 
IPP are given in parenthesis.  

 

   

Pd 0.625 (0.000) 0.531 (−0.094) 0.576 (−0.049) 

C1 0.505 (0.000) 0.526 (+0.021) 0.659 (+0.154) 

C2 −0.419 (0.000) −0.537 (−0.118) −0.563 (−0.144) 

C3 −0.394 (0.000) −0.442 (−0.048) −0.508 (−0.114) 

P 0.930 (0.000) 1.049 (+0.119) 1.122 (+0.192) 

O −1.007 (0.000) −1.002 (+0.005) −0.991 (+0.016) 

 

   

Pd 0.482 (0.000) 0.353 (−0.129) 0.403 (−0.079) 

C1 0.449 (0.000) 0.499 (+0.050) 0.675 (+0.226) 

C2 −0.404 (0.000) −0.540 (−0.136) −0.562 (−0.158) 

C3 −0.414 (0.000) −0.451 (−0.037) −0.541 (−0.127) 

P1 0.954 (0.000) 1.072 (+0.118) 1.137 (+0.183) 

P2 1.043 (0.000) 1.000 (−0.043) 1.023 (−0.020) 
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3.5 Conclusion 

In this chapter, the full details were provided for the copolymerization of acrylates with CO 

catalyzed by a Pd phosphine–sulfonate system.  The regiochemistry of poly(methyl acrylate-alt-

CO) was excellently controlled, even though its methine carbons were gradually epimerizable in 

the presence of MeOH. 

 

Figure 3.12. Summary of the mechanism of the copolymerization of methyl acrylate with CO 
catalyzed by a Pd phosphine–sulfonate complex and the role of sulfonate moiety. 

 

The mechanism for the alternating copolymerization of MA with CO catalyzed by the Pd 

phosphine–sulfonate complexes is summarized in Figure 3.12.  Reversible CO insertion to 

isolated five-membered chelate complex 3a was observed by high-pressure NMR study.  Next, 

exclusive 2,1-insertion of MA takes place to regenerate the five-membered chelate complex, 

resulting in the regiocontrolled architectures of the copolymer.  Subsequent MA insertion is not 

preferable because of its high energy barrier and the weak binding ability of MA.  DFT 

calculation showed that the rate-determining step is MA insertion into the Pd-acyl bond activated 

by the trans phosphine ligand.  It was found by comparison with the conventional Pd dppe system 

that the barrier of MA insertion for the Pd phosphine–sulfonate system was decreased for the 
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following two reasons: (i) the sulfonate group is less hindered than the phosphine group and (ii) a 

coordinating MA is more activated due to the stronger back-donation from a Pd center.  The 

enhanced back-donation can be mainly attributed to the weak π-acceptor character of the 

sulfonate group and the electronic repulsion between lone pairs of the sulfonate oxygens and π-

electrons of a Pd center. 

 

3.6 References 

 

(1) Kine, B. B.; Novak, R. B. In Encyclopedia of Polymer Science and Engineering, 2nd ed.; Mark, H. F., Bikales, N. 
M., Overberger, C. G., Menges, G., Eds.; Wiley: New York, 1986; Vol.1, p 234. 

(2) Kissin, Y. V. In Kirk-Othmer Encyclopedia of Chemical Technology, 4th ed.; Kroschwitz, J. I., Howe-Grant, M., 
Eds.; Wiley-Interscience: New York, 1996; Vol. 1. p 314. 

(3) Nakamura, A.; Ito, S.; Nozaki, K. Chem. Rev. 2009, 109, 5215–5244. 

(4) When Pd2(dba)3·CHCl3 was used, the activity and the molecular weight were enhanced (activity: 3.0 g·mmol−1·h−1, 
Mn: 64,000, Mw/Mn: 4.3).  For the preparation of Pd(dba)2 and Pd2(dba)3·CHCl3, see: Ukai, T.; Kawazura, H.; Ishii, 
Y.; Bonnet, J. J.; Ibers, J. A., J. Organomet. Chem. 1974, 65, 253–266. 

(5) Slight amount of Pd black was observed after the reaction. See also reference 23. 

(6) Hearley, A. K.; Nowack, R. A. J.; Rieger, B. Organometallics 2005, 24, 2755–2763. 

(7) The complex 2a can copolymerize ethylene and MA with low MA ratio Considering the copolymerization of MA 
with CO proceeds in alternating fashion, coordination of MA should occur in each catalytic cycle.  Thus, MA/CO 
copolymerization should be more sluggish than ethylene/CO copolymerization with low MA ratio. 

(8) (head-to-tail) dimethyl 3-oxodipate: Pouchert, C. J.; Behnke, J. The Aldrich Library of 13C and 1H FT NMR 
Spectra;  D13800-2 CAS[1830-54-2], (head-to-head) dimethyl 1,3-acetonedicarboxylate: Aldrich D16760-6 
CAS[5457-44-3], (tail-to-tail) dimethyl 4-oxopimelate: Bashirhashemi, A.; Hardee, J. R.; Gelber, N.; Qi, L. D.; 
Axenrod, T. J. Org. Chem. 1994, 59, 2132. 

(9) Nozaki, K.; Sato, N.; Takaya, H., J. Am. Chem. Soc. 1995, 117, 9911–9912. 

(10) Enol form of the β-ketoester was not detected from the 1H NMR spectrum. 

(11) If the stereochemistry of poly(methyl acrylate-alt-CO) is thermodynamically controlled and the split signals at 
low temperature are originated from the fluctuation of higher-order structure, it is still unclear whether the 
regiochemistry of poly(t-butyl acrylate-alt-CO) is controlled or not. 

(12) Batistini, A.; Consiglio, G.; Suter, U. W. Angew. Chem., Int. Ed. Engl. 1992, 31, 303–305. 

(13) Reactions of methyl acrylate with CO: (a) Ozawa, F.; Hayashi, T.; Koide, H.; Yamamoto, A. J. Chem. Soc., 
Chem. Commun. 1991, 1469–1470. (b) Dekker, G. P. C. M.; Elsevier, C. J.; Vrieze, K.; van Leeuwen, P. W. N. M.; 
Roobeek, C. F. J. Organomet. Chem. 1992, 430, 357–372. (c) Rix, F. C.; Brookhart, M.; White, P. S., J. Am. Chem. 
Soc. 1996, 118, 4746-4764. (d) Reddy, K. R.; Chen, C. L.; Liu, Y. H.; Peng, S. M.; Chen, J. T.; Liu, S. T. 
Organometallics 1999, 18, 2574–2576. (e) Braunstein, P.; Frison, C.; Morise, X. Angew. Chem., Int. Ed. 2000, 39, 
 



 
 

Chapter 3. Copolymerization of Methyl Acrylate with Carbon Monoxide 

84 

 

 

 

2867–2870. (f) Braunstein, P.; Durand, J.; Knorr, M.; Strohmann, C. Chem. Commun. 2001, 211–212. (g) Reddy, K. 
R.; Surekha, K.; Lee, G. H.; Peng, S. M.; Chen, J. T.; Liu, S. T. Organometallics 2001, 20, 1292–1299. (h) 
Agostinho, M.; Braunstein, P. Chem. Commun. 2007, 58–60. (i) Agostinho, M.; Braunstein, P. C. R. Chimie 2007, 10, 
666–676. (j) Hamada, A.; Braunstein, P. Organometallics 2009, 28, 1688–1696. 

(14) (a) Drent, E.; Budzelaar, P. H. M. Chem. Rev. 1996, 96, 663–681. (b) Bianchini, C.; Meli, A. Coord. Chem. Rev. 
2002, 225, 35–66. 

(15) It is known that the activity for the copolymerization of ethylene with CO is higher when 
diphenylphosphinopropane (DPPP) is used than that of DPPE (reference 14a).  However, we chose DPPE for the 
discussion because it can decrease the number of freedom in the ligand in the theoretical study.  Note that the 
calculated energy required for the rate-determining step was 38.9 kcal/mol by utilizing DPPP as a ligand, which is 
even higher than that of DPPE (see Section 3.4.3). 

(16) Drent et. al. patented the terpolymerization of MA/ethylene/CO by using the combination of Pd(OAc)2 and 
DPPE, see: Drent, E. Eur. Pat. Appl. 0,272,727, June 29, 1988. 

(17) Our calculation suggested that the relative stabilities of the product derived from homolytic cleavage of Pd–C 
bond of Fcis and FPP are 55.5/39.0 and 58.2/40.6 kcal/mol respectively.  For the discussion of homolytic cleavage of 
Pd–CH(CO2Me)R bond, see: Sen, A.; Borkar, S. J. Organomet. Chem. 2007, 692, 3291–3299. 

(18) Shen, H.; Jordan, R. F. Organometallics 2003, 22, 1878–1887. In this papaer, Jordan and co-workers described 
that five-membered chelate complexes with α-Cl substituent ([N–N]PdCHClCH2COCH3) were inert to the insertion 
of CO.  In the X-ray diffraction showed that the Pd–O and Pd–C bond distances are at the short end of the ranges 
observed in analogous nonhalogenated five-membered chelate complexes. 

(19) It is widely known that OH− ligand is classified as weak trans effect/influence ligand, see: (a) The 
Organometallic Chemistry of the Transition Metals. 4th ed. Crabtree, R; Wiley, 2005. (b) Organotransition Metal 
Chemistry From Bonding to Catalysis Hartwig, J. University Science Books, 2009. 

(20) The bulkier o-CH3OC6H4 group on phosphorus atom in 3c makes this comparison imperfect. 

(21) Because 2D NMR spectra were not applicable under the high pressure conditions, these signals were 
characterized by comparisons to the literature.  Note that our high-pressure NMR apparatus is not applicable at higher 
temperature. 

(22) Guironnet, D.; Caporaso, L.; Neuwald, B.; Göttker-Schnetmann, I.; Cavallo, L.; Mecking, S., J. Am. Chem. Soc. 
2010, 132, 4418–4426. 

(23) While taking 13C NMR, the palladium complexes gradually decomposed to result in the formation of some Pd 
black. 

(24) For the mechanism of the formation of the linear polyethylene catalyzed by Pd phosphine–sulfonate complexes, 
see: Noda, S.; Nakamura, A.; Kochi, T.; Chung, L. W.; Morokuma, K. Nozaki, K. J. Am. Chem. Soc. 2009, 131, 
14088–14100. 

(25) Theoretical calculations of non-alternating copolymerization of ethylene with CO: (a) Haras, A.; Michalak, A.; 
Rieger, B.; Ziegler, T. J. Am. Chem. Soc. 2005, 127, 8765–8774. (b) Haras, A.; Michalak, A.; Rieger, B.; Ziegler, T. 
Organometallics 2006, 25, 946–953. 

(26) For examples of the theoretical studies employing other unsymmetrical bidentate ligands in coordination–
insertion polymerizations, see; (a) Nozaki, K.; Sato, N.; Tonomura, Y.; Yasutomi, M.; Takaya, H.; Hiyama, T.; 
Matsubara, T.; Koga, N., J. Am. Chem. Soc. 1997, 119, 12779–12795. (b) Nozaki, K.; Komaki, H.; Kawashima, Y.; 
Hiyama, T.; Matsubara, T., J. Am. Chem. Soc. 2001, 123, 534–544. (c) Deubel, D. V.; Ziegler, T., Organometallics 
2002, 21, 4432–4441. (d) Michalak, A.; Ziegler, T., Organometallics 2003, 22, 2069–2079. (e) Yang, S. Y.; Szabo, 
M. J.; Michalak, A.; Weiss, T.; Piers, W. E.; Jordan, R. F.; Ziegler, T., Organometallics 2005, 24, 1242–1251. 

 



 

 

85 

 

 

 

(27) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652. (b) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 
785–789. 

(28) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270–283. 

(29) The alkyl chains of Gcis and Gtrans have different conformations because we adopted the most stable structures 
for these intermediates (See Theoretical Section).  For example, internal ketone carbonyl oxygen coordinates to the 
Pd center at apical position in Gtrans while not in Gcis to avoid the steric repulsion with Ph groups.  It should be noted 
that Gcis was less stable in energy than Gtrans regardless of the ketone coordination. 

(30) (a) Dahlenburg, L.; Vondeuten, K.; Kopf, J., J. Organomet. Chem. 1981, 216, 113–127. (b) Manojlovic-Muir.L. 
J.; Muir, K. W., Inorg. Chim. Acta 1974, 10, 47–49. 

(31) Dias, P. B.; Depiedade, M. E. M.; Simoes, J. A. M., Coord. Chem. Rev. 1994, 135, 737–807. 

(32) For examples of P–C bond lengths in X-ray structures, see: Ito, S.; Munakata, K.; Nakamura, A.; Nozaki, K. J. 
Am. Chem. Soc. 2009, 131, 14606–14607. 

(33) Although a σ* orbital of the S–O single bond might be in the suitable position to overlap the filled dπ orbitals of 
a Pd center, the coefficient of its vacant orbital should be mainly on the S atom.  In addition, such an interaction was 
not found in the molecular orbitals from HOMO−5 to LUMO+10 of Gtrans.  Instead, the repulsion of between lone 
pairs on the oxygen atom of a sulfonate group and dπ orbitals of a Pd center can be confirmed in the several molecular 
orbitals.  For a related study of the orbital of H-SO3-CCH, see: Stang, P. J.; Crittell, C. M.; Arif, A. M.; Karni, M.; 
Apeloig, Y., J. Am. Chem. Soc. 1991, 113, 7461–7470. 

(34) Pipek, J.; Mezey, P. G. J. Chem. Phys. 1989, 90, 4916–4926. 

(35) It was expected from these calculations that the IR spectrum of these carbonyl complexes would give us 
important implication.  Thus, we conducted some experiments to take IR spectrum of carbonyl complexes, however, 
carbonyl complexes were not isolable and the signals in IR spectrum under CO atmosphere were too complicated to 
assign for both Pd phosphine–sulfonate and Pd dppe systems. 

(36) (a) Weinhold, F.; Carpenter, J. E. In The Structure of Small Molecules and Ions, Eds. Naaman, R., Vager, Z.; 
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(46) Shultz, C. S.; Ledford, J.; DeSimone, J. M.; Brookhart, M. J. Am. Chem. Soc. 2000, 122, 6351. 

(47) It is also well-established that the double insertion of CO is thermodynamically disfavorable.  In the case of Pd 
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(49) For the comparison of the reactivity of MA and ethylene, see: (a) Mecking, S.; Johnson, L. K.; Wang, L.; 
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4.1 Introduction: Vinyl Acetate 

Vinyl acetate (VAc) is an industrially important monomer for the production of poly(vinyl 

acetate) (PVAc), vinyl acetate copolymers and poly(vinyl alcohol) (PVA),1,2,3 which have been 

used for manufacturing a variety of functional polymeric materials such as water-based paints, 

adhesives, and paper coatings.4,5,6 Nearly 5.0 Mt of vinyl acetate is produced worldwide each 

year.7 Conventionally, the homopolymers and copolymers of VAc have been produced by radical 

polymerization.6,8 On the other hand, coordination–insertion polymerization of VAc has been less 

investigated because of its difficulty.9 

The acetoxy substituent (-OAc) can act as a resonance donor (σR = −0.35) and as an inductive 

acceptor (σI = 0.38) according to the Hammett parameters.10 Therefore, the electronic nature of 

the olefin moiety of VAc is affected by these two conflicting factors. Based on the comparison of 

frontier orbitals in Figure 1.4 (in Chapter 1), the π-orbital of C=C (HOMO) of VAc is higher than 

that of ethylene, which would indicate the dominant electron-donating nature of acetoxy group. In 

contrast, inductive effect should be dominant to exhibit electron-withdrawing character when 

acetoxy group is substituted on the non-conjugated alkyl chain. 

In a series of seminal work, Brookhart et al. thoroughly investigated the reactions of VAc with 

the Pd α-diimine complex to provide significant insights into the difficulty in coordination–

insertion copolymerization of VAc with ethylene.11 The results of their studies are summarized in 

Scheme 4.1, in which the difficulty can be attributed to the following four steps: (1) coordination 

of VAc to a metal center, (2) insertion of VAc into a metal–carbon bond, (3) subsequent ethylene 

coordination and insertion, and (4) undesired α-OAc elimination. 

First, VAc has been reported to have much lower coordination ability to a cationic Pd complex 

as compared to that of ethylene (KVAc/ethylene= 0.015 at 25 °C).11 The above-mentioned electron-

donating nature of acetoxy group in VAc contradicts the weak coordination ability. The lower 

coordination ability of VAc could be attributed to the steric effect.12,13 In addition, O-coordination 
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of VAc may be a problem. In fact, O-coordination complex was observed in the case of the Ni α-

diimine complex.11 

Second, the rate of VAc insertion into metal–alkyl bonds is slightly slower relative to ethylene. 

The general trend observed for palladium complexes has been that the electron-withdrawing 

substituents on C–C double bond accelerate the insertion (see Section 1.3 in Chapter 1). The slow 

insertion also suggests the electron-donating nature of the acetoxy group in VAc. 

 

Scheme 4.1. Reactions of vinyl acetate and ethylene with a Pd α-diimine complex. 

 

The sluggish coordination and insertion of ethylene after the insertion of VAc appears to be a 

critical problem for the copolymerization by Pd α-diimine catalysts. After the 2,1-insertion of 

VAc into a Pd–Me bond, the acetoxy group forms a stable internal five-membered chelate 

structure (A13). 14  When the isolated complex A13 was used as an initiator of the 

homopolymerization of ethylene, only a slight amount of PE was obtained without detectable 

VAc at its chain-end.11 The equilibrium between the strong chelate A13 and ethylene adduct A19 

strongly favored the former (K = 0.009 M–1).11 Furthermore, Goddard et al. estimated the 

subsequent ethylene insertion barrier from A19 to be as high as ∆E‡ = 25.1 kcal/mol,15 which can 
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be attributed to the inductive electron-withdrawing character of the acetoxy group on sp3 α-

carbon.16 

Finally, the acetoxy group at the β-position causes β-OAc elimination leading to the 

decomposition of the catalyst due to the stability of the resulting Pd–OAc bond. Theoretical 

calculations proposed that the β-OAc elimination preferentially proceeds via a six-membered ring 

transition state rather than a four-membered ring TS.17 , 18  It was elucidated that the β-OAc 

elimination is thermodynamically more favored than β-H elimination, while the β-H elimination 

is kinetically more favored. The five-membered ring intermediate A13 decomposed at 60 °C to 

release propylene. This reaction can be recognized as isomerization to A18 followed by β-OAc 

elimination. 

In addition to the study of VAc and ethylene, insertion of CO to A13 was also observed in the 

presence of acetonitrile. However, further reaction of the product was not described.11 

This chapter presents the details of the unprecedented alternating copolymerization of VAc 

with CO catalyzed by Pd phosphine–sulfonate catalysts.  This was the first example (in 2007) of 

the utilization of VAc for polymer production other than radical mechanism.  The contents of this 

chapter are in the following order. The details of the syntheses (Section 4.2) and the structural 

analyses (Section 4.3) of poly(vinyl acetate-alt-carbon monoxide) are disclosed. Subsequently, 

the mechanism of the VAc/CO copolymerization was investigated experimentally and 

theoretically (Section 4.4).  In Section 4.5, the author briefly explains the further achievements 

with VAc, i.e., copolymerization of vinyl acetate with ethylene (in 2009) by Pd phosphine–

sulfonate catalysts, which appeared in Chapter 1. 

 

4.2 Synthesis of Poly(Vinyl Acetate-alt-Carbon Monoxide) 

The alternating copolymers of VAc with CO (poly(vinyl acetate-alt-carbon monoxide)) were 

obtained using catalysts generated in situ from Pd(dba)2 and phosphonium–sulfonate 1-H (Table 
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4.1). Treatment of VAc with 6.0 MPa of CO at 70 °C for 20 h in the presence of Pd(dba)2/1a-H 

afforded the copolymer with Mn of 38,000. o-Methoxyphenyl substituted ligand 1a offers both 

higher activity and molecular weights of the copolymers than the phenyl substituted 1b (entries 1 

and 2).   

 

Table 4.1. Copolymerization of vinyl esters with carbon monoxide.a 

 
entry catalyst R temp 

(°C) 
time
(h) 

yield 
(mg/%)b 

TOF 
(h−1) 

Mn
c 

(×103) 
Mw/Mn P/Cd 

1 1a-H/Pd(dba)2 Me 70 20 460/15 20 38 1.4 1.2 
2 1b-H/Pd(dba)2 Me 70 20 210/7.0 9.4 26 1.3 0.83 
3 1a-H/Pd(dba)2 Me 25 20 15/0.49 0.7 5.3 1.1 0.28 
4 1a-H/Pd(dba)2 Me 50 20 180/5.9 8.0 24 1.1 0.76 
5 1a-H/Pd(dba)2 Me 80 20 370/12 16 29 1.7 1.3 
6 1a-H/Pd(dba)2 Me 70 1.0 27/0.88 24 4.8 1.1 0.56 
7 1a-H/Pd(dba)2 Me 70 5.0 151/4.9 27 18 1.2 0.84 
8 1a-H/Pd(dba)2 Me 70 70 610/20 7.7 41 1.7 1.5 
9 1a-H/Pd(OAc)2 Me 70 20 210/7.0 9.4 34 1.4 0.63 

10 2a Me 70 20 7.5/0.24 — — — — 
11 4a Me 70 20 9.5/0.31 — — — — 
12e 4a Me 70 20 20/0.66 0.9 3.1 1.2 0.65 
13 7b Me 70 20 340/11 15 31 1.2 1.1 
14f 7b Me 70 20 310/9.9 13 25 1.4 1.2 
15 1a-H/Pd(dba)2 t-Bu 70 20 81/3.1 2.6 15 1.8 0.54 

a) Unless otherwise noted, reaction was performed with 0.012 mmol of ligand precursor 1-H, 0.010 mmol of Pd 
source, 6.0 MPa of carbon monoxide, and 2.5 mL of vinyl esters without additional solvent. 

b) The yield (mg, %) of the copolymer was determined by subtraction of the weight of catalyst from the amount of 
solid product obtained and calculated based on the vinyl esters used. 

c) Molecular weights were determined using narrow polystyrene standards. 
d) The number of polymer chains produced per catalyst based on palladium. 
e) 0.010 mmol of NaBArf

4 (Arf = 3,5-(CF3)2C6H3) was added. 
f) 0.050 mmol of galvinoxyl was added. 
 

By varying the reaction temperature from 25 °C to 80 °C (entries 1, 3–5), condition of the 

reaction at 70 °C was determined to be optimal in terms of both the activity and the molecular 

weight. Molecular weight of the copolymer increase as the reaction is carried out for a longer time 
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period up to 20 h (entries 1, 6–8), but when the reaction was performed for 70 h, no significant 

increase in the molecular weight was observed (entry 8).  As a Pd source, Pd(OAc)2 can also be 

used, but the yield and the molecular weight of the copolymer became lower (entry 9). 

The isolated Pd phosphine–sulfonate complexes were also investigated as catalysts.  Both 2,6-

lutidine-bound complex 2a and anionic chloropalladium complex 4a afforded only a trace amount 

of the copolymer (entries 10 and 11).  In the presence of NaBArf
4 (Arf = 3,5-(CF3)2C6H3), 

chloropalladium complex 4a initiated and catalyzed copolymerization with low efficiency (entry 

12).  On the other hand, internal chelate complex 7b (vide infra) initiated and catalyzed the 

copolymerization of VAc/CO effectively (entry 13). 

In addition to vinyl acetate, vinyl pivalate was successfully copolymerized with carbon 

monoxide by utilizing the same procedure (entry 15) with lower activity and molecular weight. 

 

4.3 Structural Analyses of Poly(Vinyl Acetate-alt-Carbon Monoxide) 

 

 
Figure 4.1. MALDI-TOF MS of poly(vinyl acetate-alt-carbon monoxide). 
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The alternating structure of the copolymer was confirmed by mass spectrometry and NMR 

spectroscopy. MALDI-TOF mass spectrometry of the low molecular-weight product (reaction 

time = 30 min by 1a-H and Pd(dba)2, Mn = 2,900) shows signal intervals with 114 which equals 

the sum of the molecular weights of VAc and CO. The results indicates the presence of repeating 

units consisting of one VAc and on CO molecules and thereby the formation of alternating 

copolymer. Chain-end analysis will be discussed below. 

1H and 13C NMR spectra of obtained materials were also in good agreement with the structure 

of the alternating copolymer, which was distinct from poly(vinyl acetate). 13C NMR spectroscopy 

using inverse-gated decoupling showed that nearly equal amount of each carbon of the repeating 

unit was contained in the polymer including two carbons of carbonyls corresponding to ketone 

groups (201–204 ppm) of the main chain and acetoxy groups (169–171 ppm).  Head-to-tail 

structure is suggested not to be completely controlled based on the existence of multiple peaks for 

methine, methylene, and ketone of the main-chain in both 1H and 13C NMR spectra (Figure 4.2). 

 

Figure 4.2. 13C NMR spectra of poly(vinyl acetate-alt-CO) and its ketone region.  

 

The regioselectivity of the VAc insertion was also studied by the stoichiometric reaction of a 

palladium complex and vinyl acetate (Scheme 4.2). Unlike the case of methyl acrylate (Scheme 
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3.1 in Chapter 3), the reaction of vinyl acetate with acetylpalladium complex 5a afforded both 

2,1- and 1,2-insertion product (8a and 9a, respectively). The structure of 8a and 9a were assigned 

by NMR (see Experimental Section). The fourth coordination site of Pd in 8a is occupied by 

carbonyl oxygen of the ester group which is observed at 181.1 ppm (br).19 This is consistent with 

the chemical shift of ketone carbonyl (207.9 ppm), which is a normal value for non-coordinating 

ketones. The coordinating carbonyl ligand in 9a could not be determined experimentally due to its 

low yield. Theoretical calculation suggests that the energy difference between ketone coordination 

and ester coordination is subtle (less than 1 kcal/mol, see Pcis and Qcis below). Furthermore, 

methyl vinyl ketone, which can be generated by β-OAc elimination from 9a, was observed after 

standing still in CDCl3 for 12 h,. These results suggest that the insertion of vinyl acetate into 

palladium–acyl bond in the polymerization condition undergoes via both 2,1- and 1,2-insertion to 

afford regioirregular copolymer. 

 

Scheme 4.2. Observation of the insertion of vinyl acetate into palladium–acetyl bond. 

 

 

The internal chelate structure 7b, similar to 8a, was also prepared from methylpalladium 

complex 4b (Scheme 4.3). After the removal of some byproducts by quick wash with aqueous 
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HCl and aqueous NaOH followed by reprecipitation (filtrate is the desired product), a pure 7b 

was obtained. The structure of 7b was determined by NMR and X-ray crystallography. This 

complex is analogous to A13 in Scheme 4.1, which will be further commented in Section 4.5. 

 

Scheme 4.3. Synthesis and molecular structure of 7b. Hydrogen atoms are omitted. Selected bond 
distances (Å) and angles (°): Pd(1)–C(3) 2.003(2), Pd(1)–O(2) 2.0932(16), Pd(1)–O(3) 
2.1407(16), Pd(1)–P(1) 2.2251(6), C(3)–Pd(1)–O(2) 81.64(8), O(2)–Pd(1)–O(3) 90.64(6), C(3)–
Pd(1)–P(1) 92.07(7), O(3)–Pd(1)–P(1) 95.34(5). 

 

 

 

Scheme 4.4. Initiation chain end analysis of the copolymers initiated by (a) the mixture of 1-H 
and Pd(dba)2 and (b) isolated complex 7b.  
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Initiation chain ends of the poly(VAc-alt-CO) were detected in 1H NMR and the structures 

were confirmed using low molecular-weight products as shown in Scheme 4.4. When a mixture 

of 1a-H and Pd(dba)2 was used, a 1-acetoxyethyl group was detected as an initiating chain end (a), 



 
 

Chapter 4. Copolymerization of Vinyl Acetate with Carbon Monoxide 

96 

 

 

which suggests that the reaction was initiated by the formation of a Pd–H bond via protonation of 

Pd(0) species, followed by subsequent 2,1-insertion of VAc.  In contrast, copolymers formed with 

7b showed a signal corresponding to the 1-acetoxypropyl initiating end group (b), which 

originated from the complex 7b. 

Structures of terminating chain ends of the copolymers have not been identified, but presence of 

palladium at the chain ends is expected because of the remarkable stability of 1-acetoxypropyl 

chelates such as 7b under acid/base conditions. Actually, chain transfer reaction may not be 

frequently occurring, because the numbers of produced polymer chains per catalysts for each 

entry (P/C) are nearly 1. Judging from MALDI-TOF mass spectrometry in Figure 4.1, protonation 

of palladium–alkyl bond occurred probably after work-up or under condition of mass analysis. 

When vinyl pivalate was used as a monomer (Table 4.1, entry 15), the signals in the ketone 

carbonyl region in the 13C NMR spectrum were similar to those of poly(vinyl acetate-alt-carbon 

monoxide) (see Experimental Section). This result suggests that poly(vinyl pivalate-alt-carbon 

monoxide) also has a regioirregular structure. 

 

4.4 Mechanistic Studies 

First of all, polymerization via radical intermediates is unlikely, based on the following 

observations. Copolymerization using catalyst 7b in the presence of galvinoxyl, a well-known 

radical trap,20 showed similar activity and provided the copolymer with similar molecular weight 

(Table 1, entries 13 and 14).  When an radical initiator AIBN was used instead of the Pd catalyst, 

poly(vinyl acetate) was obtained as a sole product. Therefore, it is reasonable to accept that a 

coordination–insertion mechanism operates for the copolymerization. 

In order to discuss further details of the reaction mechanism, density functional theory method 

(B3LYP21/LANL2DZ22 for Pd and 6-31G* for the other atoms) was employed.  As ligands, 2-

(diphenylphosphino)benzenesulfonate (a deprotonated form, 1b, see entry 2 in Table 4.1) and 
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DPPE was used. Hereafter, the isomer having an X ligand (X = alkyl or acyl) and phosphorus 

atom in cis positions to each other will be described as “cis” for the united definition throughout 

the manuscript.  In other words, an L ligand (L = carbonyl oxygen, CO, olefin) and phosphorus 

atom are cis to each other in the “trans” isomer. For all the stationary points, the relative energies 

with zero point energy correction (E+ZPE) and free energies (G, at 298.15 K and 1 atm) are listed 

in front of and behind the forward slash (/), respectively.  The energies are expressed relative to 

the complexes Pcis and PPP which are analogous to 9a in Scheme 4.2. 

The processes the author studied include (a) VAc insertion, (b) β-acetoxy elimination, and (c) 

comparison with Pd dppe system to show the reason for the suppressed β-acetoxy elimination and 

successful copolymerization. 

 

(a) VAc Insertion 

As observed in Scheme 4.2, the insertion of VAc into phosphine–sulfonate acylpalladium 

complex occurred in both 2,1- and 1,2-fashion. Here the author also shows further evidence to 

support the NMR experiment results by theoretical study. Scheme 4.5 describes the insertion of 

VAc from the acetylpalladium complex, Ntrans. First, the insertion from Ntrans is more favorable 

than that from Ncis (i.e. TS(Ntrans-Ocis) and TS(Ntrans-Pcis) are lower in energy than TS(Ncis-Otrans) 

and TS(Ncis-Ptrans), respectively).  The preference is due to the stronger trans effect of the 

phosphine moiety than the sulfonate group; the acetyl group in Ntrans is more activated toward 

migratory insertion. Second, as observed by experiment in Scheme 4.2, 2,1-insertion (TS(Ntrans-

Ocis), 24.1/25.2 kcal/mol) is slightly preferable to 1,2-insertion (TS(Ntrans-Pcis), 25.8/26.9 

kcal/mol). This small difference between 2,1- and 1,2-insertion is in sharp contrast to the case of 

MA in the previous chapter, where 2,1-insertion is preferable to 1,2-insertion for 4.4/2.9 kcal/mol. 

The difference in reactivity between MA and VAc should be attributed to the degree of electron-
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withdrawing/donating nature of –CO2Me and –OAc group to the directly-attached olefin 

moiety.10 

Scheme 4.5. VAc insertion into the Pd–acetyl bond by Pd phosphine–sulfonate complexes 
(E+ZPE/G, kcal/mol).  The bold arrows show the preferable energy pathways. 

2,1-ins.

1,2-ins.

2,1-ins.

1,2-ins.

 

 

(b) β-Acetoxy Elimination 

β-Acetoxy elimination is considered a probable side reaction after the 1,2-insertion of VAc. As 

discussed in Scheme 4.1, β-acetoxy elimination was one of the obstacles that prevented 

successful copolymerization of ethylene and VAc by palladium α-diimine complexes. Thus, it is 

worth investigating why copolymerization of VAc and CO proceeds even after the 1,2-insertion 

of VAc without the side reaction. 
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From the palladium complex formed after the 1,2-insertion of VAc, Pcis, β-acetoxy elimination 

pathways were calculated. Prerequisite for the elimination is that the acetoxy group locates on the 

same plane of the square planar palladium center.17 Thus, Qcis and Qtrans are the necessary 

intermediates for the β-acetoxy elimination (Scheme 4.6) which can be accessed by 

conformational changes of alkyl chain and/or cis/trans isomerization. 23  A six-membered 

transition state has been proposed as the most probable pathway for β-acetoxy elimination in the 

literature.17,18 Based on these information, two six-membered transition states (TS(Qcis-Rtrans) 

and TS(Qtrans-Rcis)) were examined.24 As a consequence, β-acetoxy elimination from the trans 

isomer has a lower barrier (16.6/16.5 kcal/mol) than that from the cis isomer. 

 

Scheme 4.6. β-Acetoxy elimination of the Pd phosphine–sulfonate complex after 1,2-insertion of 
vinyl acetate (E+ZPE/G, kcal/mol).  The bold arrow shows the preferable energy pathway. 

 

Next, the β-acetoxy elimination pathway above was compared with a desired propagation 

pathway from Pcis in order to provide an insight why the probable β-acetoxy elimination was 

suppressed in the copolymerization. The propagation reaction is described in Scheme 4.7. The 

author assumed that the coordination–insertion of CO to the starting five-membered chelate 

complex Pcis and successive VAc coordination should be under equilibrium. This assumption is 

based on the theoretical studies for the copolymerization of MA and CO in the previous chapter, 

where the rate-determining step was the olefin insertion step and the other elementary processes 
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were under pre-equilibrium starting from a similar five-membered chelate complex (Fcis, see 

Figure 3.10). This is also the case for the copolymerization of ethylene with CO.25 

 

Scheme 4.7. VAc insertion into Pd–acyl bond of Pd phosphine–sulfonate complexes (E+ZPE/G, 
kcal/mol). R = CH2CH(OAc)COMe. 

 

From a π-olefin complex Strans (similar to Ntrans with a longer alkyl chain), 2,1-insertion takes 

place via four-membered ring transition state, TS(Strans-Ocisnext) (silimar to TS(Ntrans-Ocis)). The 

barrier required for this process is −1.3/22.6 kcal/mol. A large difference in relative energies 

between E+ZPE and G can be attributed to the overestimation of entropy factor of G in gas phase 

especially in the case of multimolecular reaction like this.26  These results (Scheme 4.6 and 

Scheme 4.7) suggest that the concentration of the monomer plays an important role in the 

copolymerization: Internal energies (E+ZPE, 16.6 kcal/mol for β-elimination and −1.3 kcal/mol 

for VAc insertion) suggest that the desired pathway is much more preferable. In contrast, results 

by Gibbs free energies (16.5 kcal/mol for β-elimination and 22.6 kcal/mol for VAc insertion) 

indicated the β-acetoxy elimination can happen in gas phase while the actual polymerization is 

performed in the presence of excess amount of VAc and CO. It should be noted that the reaction 

rate of β-acetoxy elimination is independent of the concentration of monomers while the insertion 

(propagation) reactions can be accelerated by them. The rate equations for the β-acetoxy 

elimination (Scheme 4.6) and the desired propagation (Scheme 4.7) from the intermediate Pcis can 

be described as follows: 

ciscistrans PPQee aKkv limlim =  

ciscistrans PCOVAcPSinsVAcprop aaaKkv −=  



 

 

101 

 

 

where ax represents activity (measure of the effective concentration) in the solution. Thus, under 

the reaction condition (VAc neat, 6 MPa of CO pressure), the high concentration of VAc and CO 

leads to high concentration of intermediate Strans and accelerates the propagation reaction. 

Therefore, it would be possible to conclude that the propagation reaction preferentially proceeds 

in the presence of monomers.23,27 The possibility of β-acetoxy elimination in the absence of 

excess monomers is suggested by the generation of methyl vinyl ketone in Scheme 4.2. 

 

(c) Comparison with the Conventional System 

At last, the propagation pathway was compared to the pathway with DPPE ligand. The olefin 

insertion step requires energy barrier of 3.8/29.2 kcal/mol for the DPPE case (Scheme 4.8), which 

is relatively higher than that of the phosphine–sulfonate case (−1.2/22.6 kcal/mol, Scheme 4.7). 

This is consistent with the result in the case of the reaction with MA described in Chapter 3. The 

reason for the difference between phosphine–sulfonate and DPPE can be attributed to two major 

reasons as mentioned in Chapter 3: (i) the sulfonate group is less hindered than the phosphine 

group and (ii) a coordinating VAc is more activated due to the stronger back-donation from a Pd 

center.  The enhanced back-donation can be mainly attributed to the weak π-acceptor character of 

the sulfonate group and the electronic repulsion between lone pairs of the sulfonate oxygens and 

π-electrons of a Pd center. 

Scheme 4.8. VAc insertion into Pd–acyl bond of Pd dppe Complexes (E+ZPE/G, kcal/mol). R = 
CH2CH(OAc)COMe. 

 

The reason (ii) was confirmed by the comparison of the calculated bond lengths in the olefin 

complexes (Table 4.2). Among three VAc-coordinated complexes (Strans, Scis and SPP), the degree 
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of the back donation in Scis and SPP are quite similar to each other. In contrast, Strans where the 

olefin moiety locates at trans to the sulfonate group, shows a shorter Pd–olefin distance and a 

longer C–C double bond. The tendency is consistent with the other π-acceptor ligands such as CO, 

acyl, MA as seen in the previous chapter. Thus, it can be concluded that the VAc also accepts the 

back-donation from palladium center, elongating the olefin C–C double bond to make next 

insertion TS easier. 

Table 4.2. Calculated bond lengths (Å) for the VAc-coordinated intermediates S bearing a 
phosphine–sulfonate ligand and a DPPE ligand. 

  Phosphine–Sulfonate DPPE 

  Trans to SO3  Trans to P Trans to P 

      
Pd–VAc Pd–C 2.230–2.327 (Strans) < 2.335–2.502 (Scis) 2.393–2.571 (SPP) 

 C=C 1.376 (Strans) > 1.363 (Scis) 1.361 (SPP) 

 

 

4.5 Further Achievements with Vinyl Acetate 

Along with the research on the copolymerization of vinyl acetate with CO, copolymerization of 

VAc with ethylene was also accomplished in 2009 (Scheme 4.9, also listed in Table 1.3).28 The 

copolymerization proceeded by exploiting a mixture of Pd(dba)2 and ligand precursors or 

preformed complexes. The characterization of the products revealed that the acetoxy groups were 

linked to the main chain as well as the initiating and terminating chain ends. This result clearly 

demonstrates that the insertion of ethylene after the insertion of VAc is possible in this system. In 

other words, ethylene insertion to palladium complexes analogous to 7b proceeds. This is in a 

sharp contrast to the palladium α-diimine system discussed in Scheme 4.1, where the ethylene 

insertion does not undergo from A13. 
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Scheme 4.9. Copolymerization of vinyl acetate with ethylene by palladium phosphine–sulfonate 
catalysts. 

 

 

In the copolymerization of VAc with CO, the successive insertion of CO and VAc to 7b was 

confirmed in this thesis (especially in Scheme 4.4). In the copolymerization of VAc with ethylene, 

insertion of ethylene to the complex analogous to 7b became possible. These reactions are unique 

to palladium phosphine–sulfonate system and are the main difference from palladium α-diimine 

system. The further explanation for this uniqueness will be mentioned in Chapter 8. 

 

4.6 Conclusion 

In this chapter, the copolymerization of vinyl acetate with carbon monoxide catalyzed by a 

palladium phosphine–sulfonate was described in detail. The regiochemistry of poly(VAc-alt-CO) 

was not regulated based on 13C NMR spectrum. This is supported by the stoichiometric reaction 

of VAc and isolated acetylpalladium complex to find both 2,1- and 1,2-insertion products. 

Theoretical calculations also suggested the barriers required for 2,1- and 1,2-insertion of VAc to 

acetylpalladium complex are similar in energy. After 1,2-insertion, β-acetoxy elimination seems 

to be suppressed in the presence of VAc and CO while elimination does undergo in the absence of 

monomers to form vinyl ketones. 

As a reason for the successful copolymerization, the same explanation as the copolymerization 

of methyl acrylate with CO (Chapter 3) was applied. More specifically, the rate-determining step, 

olefin insertion step was accelerated compared to Pd dppe system because (i) the sulfonate group 
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is less hindered than the phosphine group and (ii) a coordinating VAc is more activated due to the 

stronger back-donation from a Pd center. 

In addition to the copolymerization of VAc with CO, copolymerization of VAc with ethylene 

was achieved. In both reactions, the successive monomer insertion to the palladium complex after 

the insertion of VAc (such as 7b) was the key to success. This is contrastive to the palladium α-

diimine system where ethylene insertion was not observed to A13. 
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5.1 Introduction: Regio-, Stereo- and Enantioselectivity of γ-Polyketones 

The regulation of polymer microstructure is one of the most important factors to widen the 

potential of polymer’s functions. Especially, well-regulated, optically active polymers have 

received much attention from a wide range of scientists. The most sophisticated examples are 

biological polymers such as polypeptides, polysaccharides, and nucleic acids whose chiral nature 

appears essential to exhibit various functions including molecular recognition ability and catalytic 

activity. In this regard, synthesis of optical active, artificial polymers with highly regulated 

microstructure is of great interest in the field of material science.1,2 

γ-Polyketones is one of the synthetic polymers whose microstructure can be regulated.3,4 For 

example, propylene/CO and styrene/CO copolymers possess side chains (methyl and phenyl 

groups, respectively); thus, there are multiple possible regioisomers and stereoisomers. Polymers 

with high regioregularity are produced if the alkene-insertion reaction is regioselective to either 

1,2- or 2,1-addition.  As shown in Scheme 5.1, propylene insertion is mostly 1,2-mode while 

styrene insertion is usually 2,1-mode. 

Scheme 5.1. Mechanism of the formation of isotactic and syndiotactic γ-polyketones. 
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The regiocontrolled γ-polyketones have stereochemical issues. For styrene/CO 

copolymerization, syndiotactic copolymers are obtained if efficient chain-end control to the 

unlike5 diad occurs in the chain propagation step (Scheme 5.1, (b)).  This is the case when achiral 

bidentate bis-sp2-nitrogen ligands, such as 2,2'-bipyridine and 1,10-phenanthroline, are 

employed.6  On the other hand, chirality control by the catalyst results in the formation of an 

isotactic copolymer.  Using optically active chiral catalysts which differentiate between the two 

alkene enantiofaces, isotactic copolymers are produced for both propylene/CO and styrene/CO 

copolymerization ((a) and (c)).7 

In the case of isotactic γ-polyketones, there exist two enantiomers, namely RRRR--- and SSSS--- 

(Figure 5.1, (a)–(b)).  Thus, one enantiomer of a chiral catalyst should produce the corresponding 

enantiomer of the isotactic polyketone as long as stereoregularity arises from catalyst control 

(enantiomorphic-site control). This is in sharp contrast to isotactic polypropylene where the 

polymer chain has a plane of symmetry if one ignores the trifling difference of the chain-ends 

(Figure 5.1, (c)–(d)).  

 

Figure 5.1. Enantiomers of poly(propylene-alt-CO) ((c) and (d)) and pseudo-enantiomers of 
polypropylene ((a) and (b)). 

 

Representative chiral ligands employed for the enantioselective synthesis of iso-

poly(propylene-alt-CO)8,9,10,11 and iso-poly(styrene derivatives-alt-CO)10,12,13 are shown in Figure 

5.2.14  The highest productivity for asymmetric alternating propylene/CO copolymerization was 

reported using palladium catalyst system with a JOSIPHOS type ligand (1797 
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g(polymer)·g(Pd)−1·h−1, Mn = 14,000; > 99% h-t; > 97.5% for the major peak at δC 219) with an 

optical rotation of [α]D –34.6 and circular dichroism of ε = +1.26 in HFIP.11b The enantioselective 

alternating coplymerization of p-t-butylstyrene with CO using a palladium complex of i-Pr-

BISOX was reported to give a polymer with isotacticity of over 98% and high optical activity 

([Φ]25
D –536° (in CH2Cl2)).12a,15 The palladium catalyst with BINAPHOS is effective to both 

propylene/CO and styrene/CO copolymerization with high enantiofacial selection.10 It is notable 

that unusual 1,2-insertion of styrene was suggested.10c 

 

Figure 5.2. Representative ligands used for the enantioselective synthesis of isotactic 
poly(propylene-alt-CO) and poly(styrene-alt-CO). 

 

Scheme 5.2. Formation of spiroketal structure. 

 

Substituents in the monomer units sometimes promote formation of cyclic structure because of 

the Thorpe–Ingold effect, especially if the polymer is regio- and stereoregular (Scheme 5.1). In 

fact, depending on the reaction conditions, poly(propylene-alt-CO)s can be isolated as either the 

true “γ-polyketone”, poly(1-methyl-2-oxo-propanediyl), or as a “polyspiroketal”, poly[spiro-2,5-
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(3-methyltetrahydrofurane)]. The latter polymer can be transformed into the polyketone either 

thermally or by dissolution in 1,1,1,3,3,3-hexafluoroisopropylalcohol (HFIP). 

Some olefins bearing functional groups at remote position were also applied to the asymmetric 

copolymerization with CO. For example, Sen et. al. reported syntheses of isotactic copolymers of 

CO and alkenes having pendant hydroxyl and carboxylic groups using palladium catalyst with 

Me-DuPHOS.16 Fluorinated alkenes, such as CH2=CHCH2C6F5 or CH2=CHCH2C4F9 are also 

copolymerized with CO stereoselectively with palladium catalysts with Me-DuPHOS 17  or 

BINAPHOS,18 respectively. 

In this chapter, the author describes the attempts to control the microstructure of novel 

copolymer, poly(vinyl acetate-alt-CO) discussed in the previous chapter. First in Section 5.2, 

several achiral and chiral phosphine–sulfonate ligands were tested for the copolymerization of 

vinyl acetate with CO. Then, asymmetric copolymerization of vinyl acetate with CO are 

attempted with optically active P-chiral phosphine–sulfonate ligand in Section 5.3. 

 

5.2 Screening of the Ligands 

First, some achiral ligands were tested for the copolymerization of vinyl acetate (VAc) with CO 

(Table 5.1, entries1–5). Changing the steric size of substituents on phosphorus atom led to 

dramatic changes in activities and molecular weights. For example, the highest molecular weight 

was observed by ligand with o-methoxyphenyl substituents (entry 2). The best activity was 

achieved when o-isopropoxyphenyl substituents were employed (entry 3). The copolymer was not 

obtained with extremely bulky 2',6'-dimethoxy(1,1'-biphenyl)-2-yl groups (entry 4) and alkyl 

substituents, t-butyl groups (entry 5) were used. 

However, the difference in degree of regio- and stereoregularity of the resulting copolymers 

appeared to be small. The regularity was estimated based on the signals at the ketone region in 

13C NMR. The shape of the signals in ketone region is quite similar to each other through entry 1 
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to 3. Assuming that a broad signal around 201.5 ppm corresponds either to head-to-head or tail-

to-tail structure and multiple signals from 202 to 204 ppm contains head-to-tail and the rest 

(Figure 5.3), the regioregularity is about 70–80% for each entry. In addition, the differences in 

sharpness of the signals among these entries were negligible. 

 

Table 5.1. Ligand effects on the copolymerization of vinyl acetate with carbon monoxide.a 

 

SO3

PH
R1 R2

1b:

1k:

1f:

R1 R2

OMe

MeO

R1 R2

1g:

i-PrO i-PrO

1a:

MeO MeO

OMe

MeO

OMe

MeO
1h:

1i:

1j:

 
entry ligand yield 

(mg/%)b 
TOF 
(h−1) 

Mn
c 

(×103) 
Mw/Mn A or B Regioregularity

(% of h-t) 
1 1b-H 190/6.1 8.3 34 1.5 A 80 
2 1a-H 320/10 21 65 1.6 A 71 
3 1g-H 570/19 25 47 1.4 A 72 
4 1h-H 1.1/– – – – – – 
5 1i-H 1.3/– – – – – – 
6 (rac)-1j-H 150/4.9 6.6 14 1.5 B – 
7 (rac)-1k-H 500/16 22 44 1.5 1:5 (A:B) – 
8 (rac)-1f-H 230/7.5 10 25 1.2 A 84 
9 (S)-(−)-1f-H 170/5.5 7.4 20 1.8 A 90 
a) Unless otherwise noted, reaction was performed at 70 °C for 20 h with 0.012 mmol of ligand precursor 1-H, 

0.010 mmol of Pd, 6.0 MPa of carbon monoxide, and 2.5 mL of vinyl acetate without additional solvent. 
b) The yield (mg, %) of the copolymer was determined by subtraction of the weight of catalyst from the amount of 

solid product obtained and calculated based on the vinyl acetate used. 
c) Molecular weights were determined using narrow polystyrene standards. 
d) The number of polymer chains produced per catalyst based on palladium. 
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entry 2 

  

entry 6 – 

 

entry 8 

  

entry 9 

 

– 

Figure 5.3. Ketone region in 13C NMR spectra of polyketone form for entries 2, 8, and 9 in Table 
5.1 and signals for quaternary carbons in polyspiroketal form prepared from the product in entries 
2, 6, and 8. 

 

Next, three P-chiral ligands were employed for the copolymerization. It was found that the 

resulting copolymers produced with a ligand bearing phenyl and t-butyl groups on phosphorus 

atom (entry 6) had polyspiroketal structures as is often the case with substituted γ-polyketones 

(Scheme 5.2). Unfortunately, polyspiroketal structure could not be converted to polyketone 

structure either by annealing or by dissolving to HFIP. In this case, the regularity of the regio- and 
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stereochemistry was compared with a polyspiroketal made from polyketone obtained in entry 2. 

The polyspiroketal structure can easily be prepared from polyketone form by slow evaporation 

from CHCl3 solution. The shape of the signals for the quaternary carbon at 107–117 ppm was 

quite similar to each other (Figure 5.3). Thus, it can be assumed that the level of regio- and 

stereoregularity for entry 6 is not significant.19 

In entries 7 and 8, ligands with phenyl and biphenyl derivatives were employed. When 2',6'-

dimethoxy(1,1'-biphenyl)-2-yl group was used (1f, entry 8), the ketone region in 13C NMR 

showed different shape (Figure 5.3) from those of other entries. The ratio of head-to-tail structure 

was suggested to be enhanced to 84%. Furthermore, the sharp signal at the far left became a 

major part. This suggests that by utilizing P-chiral ligand 1f, isotactic-rich poly(vinyl acetate-alt-

CO) was produced by chiral catalyst control. The polyspiroketal form prepared from this product 

also showed slightly different shape from entries 2 and 6. 

 

5.3 Asymmetric Copolymerization of Vinyl Acetate with Carbon Monoxide 

Encouraged by the result in entry 8, asymmetirc copolymerization was examined with 

enantiomerically pure ligand (S)-(−)-1f (entry 9). Unexpectedly, the regio- and stereoselectivities 

were improved compared with the results by (rac)-1f in entry 8. The solubility of the resulting 

polymer in entry 9 was lower than that of entry 8 indicating the different higher-order structures. 

Although the reason for the different regio- and stereoregularities between entry 8 and 9 is still 

unclear, there are some possible explanations: (i) Chain transfer and reinsertion are operating 

during the polymerization,20 (ii) the forming polymer chains with chiral information affect the 

reactivity on the other palladium centers, and/or (iii) the less-soluble copolymer in entry 9 

precipitates during the polymerization which changes the polarity of the polymerization 

environment. 
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The resulting vinyl acetate/CO copolymer in entry 5 exhibited negative optical rotation ([Φ]D
22 

= −8.5 (c= 0.32, CHCl3)), which supports the formation of isotactic-rich structure (Scheme 5.3). 

This is the first example of synthesizing optically active γ-polyketone having ester substituents 

directly attached to the main chain. Although the absolute value is small, it does not necessarily 

mean low selectivity considering that a reported small molecule similar to the repeating unit of 

the copolymer also have moderate value ((S)-(−)-CH3COCH(OAc)CH2CH3: [α]D
23 = −29 (c = 0.4, 

Et2O).21,22 The results indicated that the introduction of P-chirogenic centers were effective for 

catalyst-controlled asymmetric polymerizations.23 

 

Scheme 5.3. Asymmetric copolymerization of vinyl acetate with CO using optically active (S)-
(−)-1f with its molecular structure. Hydrogen atoms except phosphonium H are omitted for clarity. 
Flack parameter is 0.02(12). A selected bond distance (Å): P(1)–H(1) 1.50(6). 

 

      

 

The origin of regio- and stereoselectivities in the copolymerization of vinyl acetate with CO 

was investigated by the stoichiometric reaction of palladium complexes bearing chiral ligand rac-

1f with vinyl acetate (Scheme 5.4). First, acetylpalladium complex 5f bearing ligand 1d was 

synthesized by the reaction of phosphonium–sulfonate 1f-H with (cod)PdMeCl in the presence of 

Hünig’s base followed by treatment with CO. Next, 5f was treated with an excess amount of vinyl 
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acetate in the presence of AgOTf to afford 2,1-insertion complex 8f in 83% yield. The NMR 

analyses revealed that the major isomer is 2,1-insertion product and the internal ester group 

coordinates to the palladium center. Furthermore, preliminary X-ray analysis of 8f suggested The 

relative configuration of the acetylmethyl group is in the same side of the large 2',6'-

dimethoxy(1,1'-biphenyl)-2-yl moiety. 

 

Scheme 5.4. Synthesis of 5f and the observation of the insertion of vinyl acetate into palladium–
acetyl bond. 

 

Scheme 5.5. Possible explanation for the enantioface selection in asymmetric copolymerization 
of VAc with CO. Ar = 2',6'-dimethoxy(1,1'-biphenyl)-2-yl. 

 

One possible explanation for the relative configuration in 8f and asymmetric copolymerization 

is described in Scheme 5.5. Through the insertion process, acetoxy group should locate in the 
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same side of the smaller phenyl group to avoid the steric repulsion with the bulky 2',6'-

dimethoxy(1,1'-biphenyl)-2-yl group. In this case, the product has the same relative configuration 

to 6f after the rotation of alkyl chain to form internal ester chelate. If this stereoselective insertion 

of VAc is operating, R-configuration of stereocenter can be generated from S-configuration of the 

ligand 1f. As a result, isotactic-rich copolymer with R-configuration can be obtained by repeating 

this process. 

 

5.4 Conclusion 

In this chapter, the author demonstrated that it is possible to regulate the regio- and 

stereoseletivity of copolymerization of vinyl acetate with CO by utilizing P-chiral phosphine–

sulfonate ligand. The best head-to-tail selectivity was obtained by ligand 1f which has phenyl 

group and 2',6'-dimethoxy(1,1'-biphenyl)-2-yl group on phosphorus atom. Furthermore, utilization 

of enantiopure (S)-(−)-1f-H led to the formation of optically active, isotactic-rich poly(VAc-alt-

CO). The enhanced regio- and stereoselectivity was also supported by the stoichiometric reaction 

of VAc with acetylpalladium complex bearing the ligand 1f. The results showed that the 

utilization of P-chiral phosphine–sulfonate ligand enables the microstructure regulation of 

coordination–insertion polymerization of polar vinyl monomers.  
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6.1 Introduction 

The incorporation of a third co-monomer is a useful method for expanding the diversity of γ-

polyketones.1 For example, incorporation of propylene into ethylene/CO copolymer decreases its 

melting point. The ethylene/CO copolymer has its crystalline melting point of Tm = ca. 260 °C 

while ethylene/propylene/CO has at 220 °C with 6% propylene. 2  For practical usage, 

ethylene/propylene/CO terpolymer, which is suitable for melt-process, is widely used rather than 

the ethylene/CO alternating copolymer.3 In this manner, synthesis of terpolymers bearing polar 

groups should widen the possible applications. 

In this chapter, the author describes terpolymers consist of polar vinyl monomers and carbon 

monoxide. Especially, the syntheses of polar monomers/ethylene/carbon monoxide terpolymers 

are mentioned in detail. The features of the physical properties will be discussed in the next 

chapter together with those of copolymers. 

 

6.2 Terpolymerization of Methyl Acrylate/Ethylene/Carbon Monoxide 

A mixture of ligand 1a and Pd(dba)2 catalyzes terpolymerization of methyl acrylate, ethylene 

and CO (Table 6.1).4 The incorporation ratio of the resulting terpolymers depends upon the 

ethylene pressure.  When 2.5 MPa of ethylene was introduced, ethylene-enriched terpolymer was 

obtained with the ratio of methyl acrylate and ethylene (x : y) to be ca. 11 : 89 (in 1 : 2 mixture of 

CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol) (entry 1).  In the obtained terpolymers, olefins and CO 

are aligned in an alternating fashion without any successive olefin moieties.5  In addition, no 

successive “methyl acrylate-CO” units described as “x” in Table 6.1 were detected.  This is based 

on the fact that the signals around 201 ppm and 168 ppm, which are the signals for ketone and 

ester carbonyls in the copolymer. The other detectable signals in the carbonyl region were all 

assigned. 
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By decreasing ethylene pressure to 0.5 MPa, the ratio changed to approximately x : y = 45 : 55 

(entry 2, Table 6.1).  However, a detailed assignment of the polymer microstructure was 

impossible due to its highly complex NMR signals, suggesting a random architecture of the 

copolymer. 

 

Table 6.1. Terpolymerization of methyl acrylate/ethylene/carbon monoxide.a 

CO2Me
+ CO+

CO2Me O

O y n

Pd(dba)2

x
70 ºC 1h

PHAr2

SO3

1a-H
(Ar = o-MeOC6H4)

 
entry Pethylene 

(MPa) 
Ptotal 

(MPa) 
yield 
(mg)a 

activity 
(g·mmol−1·h−1) 

x : y Mn 
(×103) 

Mw/Mn 

1c 2.0 5.5 80 2.4 11 : 89 n.d.b n.d.b 
2d 0.5 6.0 45   0.68 45 : 55 3.1 1.9 

a) Reactions were performed with 0.012 mmol of ligand precursor 1a-H, 0.010 mmol of Pd source, and 2.5 mL of 
methyl acrylate without additional solvent. The yield (mg) of the terpolymer was determined by subtraction of 
the weight of catalyst from the amount of solid product obtained. 

b) Molecular weight was not determined due to the low solubility of the ethylene-rich terpolymer in common 
solvents for SEC analyses.  Note that the NMR spectra of this terpolymer were collected in 1 :2 mixture of 
CHCl3/1,1,1,3,3,3-hexafluoro-2-propanol. 

c) The ratio of x : y was based on 1H NMR analysis. 
d) The ratio of x : y was based on the carbonyl signals in the 13C NMR spectrum. 

 

6.3 Terpolymerization of Vinyl Acetate/Ethylene/Carbon Monoxide 

Scheme 6.1. Terpolymerization of vinyl acetate/ethylene/carbon monoxide. 

 

Similarly, terpolymerization of vinyl acetate/ethylene/carbon monoxide was also achieved with 

a mixture of ligand 1a and Pd(dba)2 (Scheme 6.1). When 2.5 MPa of ethylene was introduced, 

ethylene-enriched terpolymer was obtained with the ratio of vinyl acetate and ethylene (x : y) to 
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be ca. 5 : 95 (in 1 : 2 mixture of CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol). By comparison with 

entry 2 in Table 6.1, the reaction rate for overall coordination and insertion for vinyl acetate 

seems slower than that of methyl acrylate. In fact, attempted reaction with increased ethylene 

pressure of 2 MPa only afforded poly(ethylene-alt-CO) without detectable acetoxy group. Taking 

advantage of this result, block copolymer of poly(ethylene-alt-CO) and poly(VAc-alt-CO) was 

also successfully prepared by introducing ethylene pressure (2.5 MPa) after the reaction of VAc 

and CO for 1 h. 

 

6.4 Other Terpolymers 

In addition to these terpolymers with ethylene, terpolymerization of methyl acrylate/vinyl 

acetate/carbon monoxide was also successful (Scheme 6.2). The incorporation ratio of MA and 

VAc was 89:11 based on 1H NMR. The reactivity of MA is higher than that of VAc as discussed 

in the previous section. 

 

Scheme 6.2. Terpolymerization of methyl acrylate/vinyl acetate/carbon monoxide. 

 

DFT calculation (B3LYP/6-31G* and LANL2DZ) also supported the reactivity difference 

between MA and VAc toward acylpalladium complexes. Based on the results obtained in Scheme 

3.8 and Scheme 4.5, the most probable 2,1-insertion pathways for MA and VAc were directly 

compared (Scheme 6.3). The energies (E+ZPE/G) were relative to CO coordinated 

acetylpalladium complex (Ttrans) for the comparison. The energies required for the insertion are 
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20.5/27.5 kcal/mol for MA and 23.1/29.6 kcal/mol for VAc. This is consistent with the 

experimental result where the MA incorporation is higher than the VAc incorporation in the 

terpolymer in Scheme 6.2. The main factor of these difference can be attributed to the relative 

stabilities of olefin complexes *Itrans and Ntrans right before the insertion transition states. The 

MA-coordinated complex is more stable than VAc-coordinated complex because of the higher 

ability to accept the back-donation from palladium to MA. 

 

Scheme 6.3. Comparison of MA insertion and VAc insertion to acetylpalladium complex bearing 
phosphine–sulfonate lingad (E+ZPE/G, kcal/mol). 

 

In parallel with the author’s research, terpolymerizations of methyl acrylate/styrene/carbon 

monoxide and vinyl acetate/styrene/carbon monoxide were also attained with the same catalyst by 

a coworker.6,7 

 

6.5 Conclusion 

In conclusion, terpolymers of methyl acrylate/ethylene/CO, vinyl acetate/ethylene/CO, and 

methyl acrylate/vinyl acetate/CO (and styrene terpolymers) were prepared by palladium 

phosphine–sulfonate catalyst system. In the obtained terpolymers, olefins and CO are aligned in 

an alternating fashion but the distribution of olefins seemed to be random. The reactivity of MA 

was higher than that of VAc. 
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7.1 Introduction 

Ethylene/CO copolymer and ethylene/propylene/CO terpolymer are insoluble in many common 

organic solvents, because of their high crystallinity.1,2 The crystal structures of these polymers 

have been studied by differential scanning calorimetry (DSC), Raman and IR spectroscopy, and 

wide-angle X-ray diffraction (XRD). In poly(ethylene-alt-CO), so-called α- and β-structures were 

found depends on the crystallization processes.3 In both forms, chains are in a planar zig-zag 

conformation with an orthorhombic unit cell. The chains are interacted with each other through 

hydrogen-bonding and dipole–dipole interactions (Figure 7.1). The difference between two forms 

was attributed to the different orientation of the relative conformation between the center chain 

and the corner chain in the unit. 

 

Figure 7.1. Inter-chain interactions in poly(ethylene-alt-CO). 

The crystalline melting point (Tm) and the glass-transition temperature (Tg) of the 

poly(ethylene-alt-CO) are ca. 260 °C and 5–20 °C, respectively. It is known that these values can 

be lowered by the introduction of n-alkyl side chains into polyketones. This can be attributed to 

the reduction of above-mentioned interactions interfered by the alkyl groups.1,4 

The thermal decomposition starts from 320 °C for poly(ethylene-alt-CO).1 Some γ-polyketones 

exhibit photo-degradablitlity via Norrish type I and II processes together with photooxidation by 

UV radiation.5 The biodegradability of the ethylene/CO copolymer has also been studied and 

found that the copolymer occupies an intermediate position between PE and cellophane.2,6 

For other physical properties of γ-polyetones such as mechanical properties and barrier 

properties, see the reviews.1,2 
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7.2 Solubility 

Unlike the simple poly(ethylene-alt-CO), poly(methyl acrylate-alt-CO) and poly(vinyl acetate-

alt-CO) are well-soluble in common organic solvents such as dichloromethane and acetone. The 

solubility in these solvents enables to make films by casting process. Figure 7.2 shows a film of 

poly(vinyl acetate-alt-CO) as an example. The film is transparent with faint yellow color (UV-

VIS absorption at 281 nm and broad, weak absorption at 300–400 nm, palladium residue of 460 

ppm determined by atomic absorption spectroscopy (AAS). See Experimental Section for the 

detailed procedure). 

 

Figure 7.2. A film of poly(vinyl acetate-alt-CO) prepared by cast processing. 

 

In the terpolymers, the degree of the solubility can be tuned by changing the content ratio. For 

example, methyl acrylate/ethylene/CO terpolymer with acrylate:ethylene ratio of 11:89 is not 

soluble in CHCl3 but that with acrylate:ethylene ratio of 45:55 is well-soluble in CHCl3. The 

former terpolymer and vinyl acetate/ethylene/CO terpolymer with vinyl acetate:ethylene ratio of 

5:95 are soluble in a 2:1 mixture of HFIP/CHCl3. 

 

7.3 Thermal Properties and Crystallinity 

Thermal analyses were carried out for the obtained novel co- and terpolymers (Figure 7.3). 

According to the DSC analyses, Tgs of the methyl acrylate/carbon monoxide and vinyl acetate/CO 

copolymers synthesized by a mixture of 1a-H and Pd(dba)2 (Chapters 3 and 4) were found around 
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50 °C and 63 °C, respectively. These values are higher than that of poly(ethylene-alt-CO) (5–

20 °C).  This is in a sharp contrast to the n-alkyl substituted γ-polyketones, which exhibit lower 

Tg than that of poly(ethylene-alt-CO). The uniquely high Tgs of ester-containing γ-polyketones 

could be attributed to the stronger dipole–dipole interactions between molecular chains induced 

by the ester groups in addition to the ketone moieties. The Tgs of the terpolymers, poly(CO-alt-

(ethylene; MA)) and poly(CO-alt-(ethylene; VAc)), are in the middle range between 

poly(ethylene-alt-CO) and copolymers of polar vinyl monomers/CO. 

 

 

Figure 7.3. Comparison of the glass transition temperatures (Tg) of the γ-polyketone.1,4  The 
values in parentheses are melting temperatures (Tm). n.d. = not detected below the decomposition 
temperature. 
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As for melting temperatures of these co- and terpolymers, no apparent signals were observed in 

DSC analyses below their decomposition temperatures. The XRD analyses of the poly(MA-alt-

CO) and poly(VAc-alt-CO) exhibited no apparent signals. Thus, these copolymers can be 

categorized as amorphous polymers under the condition of the analyses.7 In contrast, ethylene-

rich terpolymers in Figure 7.3, poly(CO-alt-(ethylene; MA)) and poly(CO-alt-(ethylene; VAc)), 

look similar to the poly(ethylene-alt-CO), which is white and soft rubber. The XRD analysis of 

poly(CO-alt-(ethylene; MA)) showed tiny peak at 2θ = 22 °, which is corresponding to that 

observed in (α- and β-) crystalline poly(ethylene-alt-CO).3 

 

7.4 Degradation 

Thermogravimetry (TG) analyses (Figure 7.4) showed thermal decomposition starts at ca. 

200 °C for both co- and terpolymers.  In the case of the terpolymers ((c) and (d)), additional 

decomposition starts from ca. 350 °C, which correspond to the decomposition temperature of 

poly(CO-alt-ethylene).1  

 

Figure 7.4. Thermolysis curves of (a) poly(MA-alt-CO), (b) poly(VAc-alt-CO), (c) poly(CO-alt-
(ethylene; MA)), and (d) poly(CO-alt-(ethylene; VAc)). 
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The thermolysis curve of poly(VAc-alt-CO) shows rapid degradation at ca. 200 °C ((b) in 

Figure 7.4). Upon degradation, acetic acid (AcOH) was eliminated from the polymer, which was 

confirmed by 1H NMR of the trapped volatile material. The thermal elimination of acetic acid is 

known for acetoxy-substituted polymer such as poly(vinyl acetate) and poly(ethylene-co-vinyl 

acetate).8 By this deacetylation process, the resulting material would have highly conjugated –

CH=CH-C(=O)– repeating units.9 However, the dark brown resulting solid was insoluble to 

common organic solvents, strong acids, and bases. Both solid-state NMR and IR spectra showed 

ambiguous broad signals which could not be assigned. 

The biodegradability of poly(vinyl acetate-alt-CO) was also investigated. The motivation of this 

investigation is as follows: If enzymes in soil hydrolyze the acetoxy groups in the polymer, the 

resulting polymer has –CH(OH)-CH2-C(=O)– unit which can undergo retro-aldol condensation to 

break the main chain. 

The film of purified poly(vinyl acetate-alt-CO) was buried in a compost (JIS K 6953-2:2010) 

for four weeks at 58 ± 2 °C. The sample turned to a brittle, dark brown solid (C in Figure 7.5). 

This change was caused by something in the compost because the sample at 58 ± 2 °C under air 

(B) did not change in this way.10 

 

 

Figure 7.5. Appearance of (A) poly(vinyl acetate-alt-CO) without any treatment, (B) a sample 
after four weeks at 58 ± 2 °C under air and (C) a sample after four weeks at 58 ± 2 °C in the 
compost. 
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Figure 7.6. SEM micrograph of (A) poly(vinyl acetate-alt-CO) without any treatment and (C) a 
sample after four weeks at 58 ± 2 °C in the compost. 
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The surface of the resulting material (C) and the original poly(vinyl acetate-alt-CO) (A) were 

analyzed by field emission-scanning electron microscope (FE-SEM) (Figure 7.6). The surface of 

the resulting material (C) showed some crinkling patterns. However, on the magnified cross-

sectional surface, neither degraded hole nor hyphae grown on the material was observed.11 

Therefore, it was concluded that this degradation was not caused by enzymes in the compost but 

by non-biological chemicals existed in the soil, e.g., an acid or a base.  

Based on the appearance of the material after buried in the compost (C), it might have similar 

structure of the material derived by the thermal deacetylation. Both materials are dark brown and 

insoluble to any solvents the author tried. Nevertheless, any concrete evidence about their 

chemical structure has not been obtained. 

 

7.5 Conclusion 

The physical properties of poly(MA-alt-CO), poly(VAc-alt-CO), poly(CO-alt-(ethylene; MA)), 

and poly(CO-alt-(ethylene; VAc)) were analyzed. In contrast to highly crystalline poly(ethylene-

alt-CO), the copolymers of polar vinyl monomers and CO are amorphous and well-soluble in 

common organic solvents. It was found that the introduction of the ester groups in γ-polyketones 

increases the glass-transition temperatures. Tgs of the terpolymers were in the middle range 

between the copolymers and poly(ethylene-alt-CO). This is indicative that the glass-transition 

temperatures can be tuned by the introduction ratio of the ester groups, which is a novel method 

to control the thermal properties of γ-polyketones. Considering the range of Tgs of the materials, 

the copolymers might be useful as glues (e.g. poly(acrylic esters))12  rather than engineering 

plastics (e.g. poly(ethylene-alt-CO)). 

The decomposition of the co- and terpolymers begins from ca. 200 °C. Especially in the case of 

poly(vinyl acetate-alt-CO), elimination of acetic acid was confirmed. The biodegradability of 
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poly(vinyl acetate-alt-CO) was also tested. However, it degraded regardless of any biological 

existences. 
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8.1 Conclusion of This Dissertation 

In this thesis, the author described the first example of copolymerization of methyl acrylate 

with carbon monoxide and vinyl acetate with carbon monoxide. These reactions were 

successfully achieved by palladium phosphine–sulfonate catalysts. It should be noted that the 

utilization of vinyl acetate for polymer synthesis via coordination–insertion mechanism had never 

been reported until this research. 

The regiochemistry of poly(methyl acrylate-alt-CO) was regulated while that of poly(vinyl 

acetate-alt-CO) was not. The regio- and stereoselectivity in copolymerization of vinyl acetate and 

CO was enhanced by using P-chiral phosphine–sulfonate ligand. Optically active, isotactic-rich 

copolymer was also synthesized by using the enantiopure ligand. The role of sulfonate group was 

attributed to its small steric size and the ability to enhance the back-donation from palladium to 

the π-acceptor monomers which locates trans to the sulfonate. These two factors decrease the 

barrier of the rate-determining, olefin insertion steps. 

The same palladium catalyst was also capable of producing terpolymer of methyl 

acrylate/ethylene/CO and vinyl acetate/ethylene/CO. These novel co- and terpolymers, directly 

ester-substituted γ-polyketones, exhibited better solubility to common organic solvents. The 

introduction of ester groups had an effect on increasing the glass-transition temperatures. 

 

8.2 Uniform Interpretation of Palladium Phosphine–Sulfonate 

The palladium phosphine–sulfonate catalysts have solved many problems in the field of 

coordination–insertion polymerization utilizing polar vinyl monomers. The important 

achievements by palladium phosphine–sulfonate systems are (a) homopolymerization of ethylene 

to afford linear polyethylene (Section 1.5.2 in Chapter 1), (b) copolymerization of polar vinyl 

monomers with ethylene (Section 1.5.3), (c) non-alternating copolymerization of ethylene with 

carbon monoxide (Section 1.5.4) and (d) copolymerization of polar vinyl monomers with carbon 
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monoxide (this thesis). Some mechanistic explanations have been reported to each reaction. 

However, uniform understanding of this system has not yet been reached. Here the author would 

like to overview the mechanistic features of the palladium phosphine–sulfonate system and try to 

draw some universal explanations to its nature. Comparisons with cationic palladium complexes 

bearing diphosphines or α-diimines are mainly considered. 

Scheme 8.1. Key steps in the unique reactions by palladium phosphine–sulfonate systems. 

 

In Scheme 8.1, the key steps of the above-mentioned reactions (a)–(d) are described. The author 

focuses attention on the fact that the most stable intermediates in these reactions can be expressed 
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by “cis σ-complex” and that the key insertion reactions proceed from “trans π-complex” in all 

cases. Here, “cis” and “trans” represent the location of alkyl group relative to phosphorus atom. 

First in ethylene homopolymerization (a), β-hydride elimination reaction was suppressed in the 

presence of ethylene1 This is because the barrier of the ethylene insertion is small enough to be 

comparable to that of β-hydride elimination. Note that the most stable species are Lewis base-

coordinated “cis σ-complex” and the ethylene insertion takes place from “trans π-complex.” In 

copolymerization of polar vinyl monomers with ethylene (b), ethylene insertion was possible even 

in the presence of heteroatom coordination (monomer, aggregated complexes, or internal chelate). 

The ethylene insertion takes place from “trans π-complex” which is under equilibrium with the 

most stable species, “cis σ-complex.” The palladium phosphine–sulfonate system also enabled the 

non-alternating copolymerization of ethylene with CO (c). This is because ethylene insertion can 

take place from the most stable chelate complex, “cis σ-complex” via the intermediate “trans π-

complex.” In this thesis (d), it is clarified that the rate-determining step of copolymerizations of 

methyl acrylate/CO and vinyl acetate/CO is the olefin insertion step and other steps (CO 

coordination–insertion and olefin coordination) were under equilibrium. In turn, the reaction 

starts from the most stable “cis σ-complex” and “trans π-complex” are formed under equilibrium, 

which is prerequisite for the olefin insertion. 

Through the above analyses of these four types of reactions (a)–(d), it is assured that the 

stabilities of “trans π-complexes” relative to “cis σ-complexes” are improved in palladium 

phosphine–sulfonate system. When “trans π-complexes” are relatively stabilized, the subsequent 

olefin insertion transition states, the rate-determining steps of the desired reactions, should also be 

stabilized because of their early-transition state character. In addition, the improved stabilization 

of “trans π-complexes” leads to the increase in the concentration of them. In fact, this 

stabilization was the main factor in successful copolymerization of polar vinyl monomers with 

CO as discussed in this thesis. 
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Based on this interpretation, two reasons for the relative stabilization of “trans π-complex” can 

be considered. For further discussion, it is important to take into account the electrostatic factor 

(charge) and the orbital interaction factor separately. These factors can be separated theoretically 

as performed in energy decomposition analysis (EDA) 2 as well as charge analysis based on 

Klopman–Salem equation.3 

The first reason is about the electrostatic effect. It was reported in several literatures that the 

high stability of σ-heteroatom coordinated complexes decreases in neutral palladium complexes 

compared to cationic ones (see Section 1.3 in Chapter 1). It was also the case in palladium 

phosphine–sulfonate systems verified by theoretical calculation.4 This effect can be considered as 

electrostatic factor, i.e., δ− of heteroatom coordination takes place preferably to cationic metal 

center to neutral one. Thus, the net neutral charge of the complex has an advantageous effect in 

dissociation of σ-coordination of heteroatom from “cis σ-complex” (Figure 8.1). This can be 

considered as “destabilization” of “cis σ-complex” electrostatically.5 

 

Figure 8.1. Plausible interpretation of the features of palladium phosphine–sulfonate system. L = 
heteroatom ligand, X = H or functional groups, and R = alkyl or acyl. 

 

The second reason is about the orbital interaction in “trans π-complex.” Based on Chapters 3 

and 4 where the back donation from palladium to π-acceptor monomers such as olefins and CO is 

enhanced only when the trans ligand is sulfonate. According to this knowledge, “trans π-

complex” can be “stabilized” by this back-donation effect. This stabilization makes the next 
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insertion easier because the back-donation elongates the C–C double bond of olefins or C–O bond 

in carbon monoxide. This stability should be regardless of the electrostatic reason because the 

degree of back donation from cationic palladium dppe was quite similar to that from neutral 

palladium phosphine–sulfonate with phosphine moiety locating trans (cis π-complex) as 

discussed in Table 3.3 in Chapter 3 and Table 4.2 in Chapter 4. 

 

Figure 8.2. The potential energy surfaces of simplified reaction sequences by palladium 
phosphine–sulfonate (bold line) and palladium diphosphines (dotted line). L = heteroatom ligand, 
X = H or functional groups, and R = alkyl or acyl. The influence of electrostatic factor in “cis σ-
complex” and orbital interaction in “trans π-complex” is described.5 

 

A simplified potential energy surface for these reactions is summarized in Figure 8.2. The most 

stable “cis σ-complex” is “destabilized” by the electrostatic reason in palladium phosphine–

sulfonate system. In other words, the dissociation of L is facilitated. The intermediate “trans π-

complex”, is “stabilized” by orbital interaction (back-donation form palladium to π-acceptor 
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monomer). By these two effects, the concentration of “trans π-complex” is increased in 

phosphine–sulfonate case. This is beneficial for the next insertion step which is also “stabilized” 

because of its early-transition state character. 

In conclusion, there are two major reasons for the successful unique reactions by palladium 

phosphine–sulfonate systems.6 The first one is about electrostatic factor: the neutral net-charge 

“destabilizes” the most stable intermediate, “cis σ-complex.” The second reason is about orbital 

interaction (back donation) which enhances the stability of “trans π-complex” leading to the 

stabilization of subsequent insertion transition state. These two reasons also have a beneficial 

effect on increasing the concentration of “trans π-complex” which is necessary for the next 

desired insertion. 

 

8.3 Perspectives 

The palladium phosphine–sulfonate system enabled the copolymerization of polar vinyl 

monomers with carbon monoxide. However, the scope of the vinyl monomers is limited only to 

acrylates and vinyl esters. Other industrially important monomers such as vinyl halids, 

acrylonitrile and acrylamides are not applicable to the copolymerization with CO as discussed in 

Chapter 2. Idea for solving these issues would be derived from detailed investigation of the 

resulting palladium complexes after the reactions. 

Another main problem of the copolymerization reaction is its low activity. Compared to the 

copolymerization of ethylene with CO by conventional palladium diphosphine catalysts, the 

reactions in this thesis are far less reactive. This is mainly due to the reactivity difference between 

ethylene and polar vinyl monomers but further improvement of the catalyst design would lead to 

better activity. For the catalyst design, the mechanistic discussion in this thesis should be 

beneficial. To date, some novel lignads have been synthesized inspired by the knowledge of 

phosphine–sulfonate ligands. For example, phosphine moiety was replaced by carbene ligand to 
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enhance its donating ability. 7  Phosphonate, 8  phosphinate,8 carboxylate, 9  sulfides 10  and 

trifluoroborate11  groups were attempted instead of sulfonate moiety. These modified ligands 

(Figure 8.3) were employed to some polymerization reactions. Nevertheless, these ligands did not 

lead either to the enhancement of activities of precedent polymerization reactions or to the 

discovery of new reactions thus far. More and more experimental and theoretical12 investigations 

will be required for further breakthrough. 

Although the regio- and stereoselectivity in the copolymerization of vinyl acetate and CO were 

improved by utilization of P-chiral ligand, the level of regularities was not perfect. Especially, the 

regulation of regiochemistry (insertion direction of vinyl acetate) is a difficult issue because its 

tendency is mostly determined by the nature of olefin moiety of vinyl acetate itself. This tendency 

might be changed by the addition of Lewis acid to influence the electronic nature of vinyl acetate. 

Another approach is to find a new ligand that exhibits abnormal behavior. For example, Mecking 

and coworkers recently found a palladium diazaphospholidine–sulfonate complex (Figure 8.3) 

forced the insertion direction of methyl acrylate to 1,2-fashion.13 This result shows that it is 

possible to change the inherent reactivity of vinyl monomers dramatically. 

 

Figure 8.3. Reported modifications of phosphine–sulfonate ligands. 

 

From the materials science’s point of view, the obtained polymers which have highly 

condensed ester and ketone functionalities should be of interest. As mentioned in Chapter 7, the 
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copolymers have glass-transition temperatures of around 50 °C. They might be useful for gules 

considering the range of Tgs of the widely used glues (e.g. poly(acrylic esters)).14 Furthermore, 

these polymers would show better gas-barrier properties15 due to the existence of additional ester 

groups. In addition, if the method for preparing crystalline polymers becomes available, they 

might be used as piezoelectric materials because of the polar functionality of ester groups. The 

ester containing γ-polyketone might also be useful for a metal–organic framework (MOF), 

especially when the stereocontrolled copolymer is employed. 

The biggest disadvantage of the physical properties in the copolymers is the low decomposition 

temperature (ca. 200 °C). This problem might be solved by blending with other polymers. Instead 

of suppressing this decomposition, making active use of the decomposed product would be 

another way. For example, if the deacetylation of poly(vinyl acetate-alt-CO) becomes more 

controlled manner, the resulting insoluble dark brown material would be able to find its 

application, e.g., carbon fiber. 

Finally, the highly functionalized γ-polyketone should be able to convert to other novel 

polymeric materials by functional group interconversions (FGI). For example, if stereoselective 

reduction or reduction–hydrolysis sequence is successfully applied to isotactic poly(vinyl acetate-

alt-CO), highly condensed chiral polyalcohol would be obtained (Scheme 8.2). 

 

Scheme 8.2. A possible functional group interconversion of iso-poly(vinyl acetate-alt-CO) to 
produce chiral, highly condensed polyalcohol. 

 

In summary, this thesis made scientific contributions to (1) understanding of the unique 

palladium phosphine–sulfonate system and (2) providing novel highly functionalized polymers. 

As for the point (1), further modification of the catalytic system will be needed for solving the 
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remaining problems such as utilization of other important vinyl monomers and enhancing the 

catalytic activity. From the point (2), the author hopes that the obtained polymers find some 

applications as useful materials. 
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E.1 General Methods 

Instrumentation 

All manipulations were carried out using standard glovebox or Schlenk techniques under argon 

purified by passing through a hot column packed with BASF catalyst R3-11. Analytical thin-layer 

chromatography (TLC) was performed using glass plates pre-coated with silica gel impregnated 

with a fluorescent indicator (Merck, #1.05715.0009). Flash column chromatography was 

performed on Kanto Silica gel 60N (spherical, neutral, 70–230 mesh). 

NMR spectra were recorded on JEOL JNM-ECP500 (1H: 500 MHz, 2H: 77 MHz, 13C: 126 

MHz, 31P: 202 MHz with digital resolution of 0.239, 0.141 Hz, 0.960, 4.33 Hz, respectively) or 

JEOL JNM-ECS400 (1H: 400 MHz, 13C: 101 MHz, 31P: 162 MHz with digital resolution of 

0.09125, 0.767, 3.46 Hz, respectively) NMR spectrometers. Quantitative 13C NMR analyses of 

polymers were performed in a 5-mm probe on ca. 15 weight% solutions of the polymers and 

0.05-M Cr(acac)3 as a relaxation agent in 1,2,4-trichlorobenzene unlocked at 120 °C using a 90° 

pulse of 9.0 µs, a spectral width of 31 kHz, a relaxation time of 10–25 s, an acquisition time = 2 s, 

and inverse-gated decoupling.1,2 

Size exclusion chromatography (SEC) analyses were carried out at 40 °C with a GL Sciences 

instrument (model PU 610 high-performance-liquid-chromatography pump, CO 631A liquid 

chromatography column oven, and RI 713 refractive-index detector) equipped with two columns 

(Shodex KF-804L) by eluting the columns with chloroform or tetrahydrofuran at 1 mL/min. 

Molecular weights were determined using narrow polystyrene standards. 

HPLC analyses were carried out using a JASCO LC−2000Plus system (HPLC pump: 

PU−2080; gradient unit: LG−2080−02; degasser: DG−2080−53, column oven: CO−2060; UV 

detector: MD−2010). 

Optical rotations were measured on a JASCO P-1010 spectrometer using a 1-dm cell. 

IR spectra were measured on a SHIMADZU FTIR-8400 and are uncorrected. UV-VIS spectra 

were recorded on a SHIMADZU UV−3150 spectrophotometer. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 

MS) was performed on an Applied Biosystems BioSpectrometry Workstation model Voyager-DE 

STR spectrometer using 2-(4-hydroxyphenylazo)benzoic acid (HABA) as a matrix. Fast atom 

bombardment mass spectrometry (FAB-MS) was carried out on a JEOL JMS-700 spectrometer 
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using PEG calibration and NBA matrix solvent. High resolution mass spectra are also taken with 

JEOL JMS–T100LP mass spectrometer by electrospray ionization-time-of-flight (ESI-TOF) 

method using PEG calibration. 

Differential scanning calorimetry (DSC) analysis was performed on a SII EXTAR DSC-7020, 

with a heating rate of 10 K/min from −50 to 160 °C. Thermogravimetric analysis (TGA) of the 

polymers was measured on a SII EXTAR6000 TG/DTA-6200, with heating rate of 10 K/min 

form 30 to 500 °C. 

X-ray diffraction (XRD) patterns were obtained using a Rigaku RINT-2500 diffractometer with 

a heating stage with Ni-filtered CuKα radiation. 

Atomic absorption spectrometry (AAS) analysis was performed on a HITACHI Z-2000. 

Field Emission Scanning Electron Microscope (FE-SEM) was recorded on a JEOL JSM-6701F 

at an accelerated voltage of 2 kV. 

Elemental analyses were performed by the Microanalytical Laboratory, Department of 

Chemistry, Faculty of Science, The University of Tokyo. 

X-ray crystallographic analyses were performed on a Rigaku/MSC Mercury CCD 

diffractometer or RIGAKU/MSCIO Saturn CCD diffractmeter with graphite monochromated 

Mo–Kα radiation. The structure was solved by direct methods (SIR97)3 and refined by full-matrix 

least-squares techniques against F2 (SHELXL-97). 4  The non-hydrogen atoms were refined 

anisotropically and hydrogen atoms were placed using AFIX instructions. 

 

Materials 

Anhydrous solvents (dichloromethane, diethyl ether, hexane, and tetrahydrofuran) were 

purchased from Kanto Chemical Co. Inc. and purified by the method of Pangborn et al.5 Carbon 

monoxide (>99.95 vol%) was obtained from Takachiho Chemical Industrial Co. Ethylene 

(>99.9%) was purchased from Takachiho Chemical Industrial Co., Ltd., dried, and deoxygenated 

by passing through columns. Methyl acrylate and t-butyl acrylate were purchased from Kanto 

Chemical Co. Inc. and purified by vacuum-transfer over CaH2 and stored under dark, argon, at 

−20 °C. Vinyl acetate (Kanto), vinyl pivalate (TCI) and allyl acetate (TCI) were purified by 

distillation over CaH2 and stored under dark, argon, at −20 to 0 °C. 1,1,1,3,3,3-hexafluoro-2-

propanol (Kanto) and methan-(ol-d) (Aldrich, 99 atom %-D) were purchased and used as received. 
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The following compounds were prepared according to literature procedures: Pd(dba)2, 6 

Pd2(dba)3·CHCl3,6 (cod)PdMeCl, 7  [{o-(o-MeOC6H4)2P}C6H4SO3]PdMe(2,6-Me2C5H3N) (2a), 8 

[i-Pr2EtNH][{(o-(o-MeOC6H4)2P)C6H4SO3}PdMeCl] (4a), 9  [i-Pr2EtNH][(o-

Ph2PC6H4SO3)PdMeCl] (4b),9 [(dppe)PdMe(NCMe)][OTf]. 10  See references in Table 1.1 

(Chapter 1) for the preparation of all phosphonium–sulfonate 1-H. 

Conditions of chiral HPLC for 1f-H: CHIRALPAK IC (0.46 ×25 cm), 

CH2Cl2/MeOH/diethylamine/trifluoroacetic acid (90:10:0.1:0.1), 1.0 mL/min, 254 nm, τ = 16.1 

min for (S)-(−), 14.1 min for (R)-(+). Separation of the enantiomers was performed by 

CHIRALPAK IC (2 × 25 cm). After removing the volatile materials under reduced pressure, the 

residue was dissolved in CH2Cl2, washed with dilute aqueous HCl (pH 2), and recrystallized from 

CHCl3/diethyl ether to remove diethylamine and trifluoroacetic acid. Absolute configuration was 

determined by X-ray crystallography of (S)-(−)-1f-H ([α]22
D = −32.1 (c = 0.24, CHCl3) for a 

sample of >99% ee). 
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E.2 Experimental Procedures and Data 

Polymerizations 

General Procedures of Copolymerization of Acrylates with Carbon Monoxide. 

 
0.010 mmol of Pd(dba)2 and 0.012 mmol of 1a-H (or 10.7 mg of 1:1.2 mol ratio of these 

compounds pre-mixed in a mortar with a pestle) were dried in vacuo in a 50 mL-autoclave 

equipped with a stir bar more than 1.5 h before introducing 1 atm of carbon monoxide by balloon. 

2.5 mL of acrylate were then added to the autoclave and the mixture was stirred at 0 °C for 5 min 

and charged with carbon monoxide at 6.0 MPa. The autoclave was heated to 70 °C and the 

mixture was stirred. After 20 h, the cooled contents of the autoclave were transferred to a round-

bottom flask with CH2Cl2 and volatile materials were removed by a rotary evaporator. The 

remaining solid was dried under vacuum to afford the copolymer. Yield of the copolymer were 

determined by subtraction of the weight of catalyst (10.7 mg) from the amount of solid product 

obtained. Molecular weight of the copolymer was determined after filtration of insoluble 

materials in CHCl3. 

 

Poly(methyl acrylate-alt-carbon monoxide): Reprecipitation and filtration of the crude materials 

twice from CH2Cl2/MeOH or once from CH2Cl2/diethyl ether afforded dba-free alternating 

copolymer.; 1H NMR (CDCl3, 500 MHz, Figure E1): δ 3.04–3.54 (–CH2–), 3.60–3.95 (–CO2CH3), 

3.96–4.11 (–CH(CO2Me)–).; 13C NMR (CDCl3, 101 MHz, Figure E2): δ 40.2–41.1 (–CH2–), 

52.4–52.8 (–CO2CH3), 52.9 (–CH(CO2Me)–), 168.1–168.4 (–CO2CH3), 201.0–201.4 (–CO–).; IR 

(CH2Cl2) ν = 1747, 1720, 1271, 1259, 758, 719, 700 cm−1. 

 

Poly(t-butyl acrylate-alt-carbon monoxide): Removal of ligand and dba by reprecipitation failed 

because of the solubility of the copolymer in MeOH and in diethyl ether.; 1H NMR (CDCl3, 400 

MHz, Figure E3): δ 1.37–1.55 (–C(CH3)3), 2.65–3.52 (–CH2–), 3.69–4.39 (–CH(CO2t-Bu)–).; 13C 

NMR (CDCl3, 101 MHz, Figure E4): δ 27.5–28.4 (–C(CH3)3), 39.2–41.8 (–CH2–), 53.0–55.8 (–

CH(CO2t-Bu)–), 81.7–83.2 (–C(CH3)3), 166.3–167.2 (–CH(CO2t-Bu)–), 168.1–168.4 (–

CO2C(CH3)3), 200.8–202.6 (–CO–). 
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General Procedures of Copolymerization of Vinyl Esters with Carbon Monoxide. 

 
0.010 mmol of Pd(dba)2 and 0.012 mmol of 1a-H (or 10.7 mg of 1:1.2 mol ratio of these 

compounds pre-mixed in a mortar with a pestle) were dried in vacuo in a 50 mL-autoclave 

equipped with a stir bar more than 1.5 h before introducing 1 atm of argon. 2.5 mL of vinyl ester 

were then added to the autoclave and the mixture was stirred at 0 °C for 5 min and charged with 

carbon monoxide at 6.0 MPa. The autoclave was heated to 70 °C and the mixture was stirred. 

After 20 h, the cooled contents of the autoclave were transferred to a round-bottom flask with 

CH2Cl2 and volatile materials were removed by a rotary evaporator. The remaining solid was 

dried under vacuum to afford the copolymer. Yield of the copolymer were determined by 

subtraction of the weight of catalyst (10.7 mg) from the amount of solid product obtained. 

Molecular weight of the copolymer was determined after filtration of insoluble materials in THF 

(for Chapter 4) or in CHCl3 (for Chapter 5). 

 

Poly(vinyl acetate-alt-carbon monoxide): Reprecipitation and filtration of the crude materials 

twice from CH2Cl2/MeOH afforded dba-free alternating copolymer.; 1H NMR (CDCl3, 500 MHz, 

Figure E5): δ 1.99–2.26 (–OCOCH3), 2.76–3.51 (–CH2–), 5.24–5.76 (–CH(OAc)–).; 13C NMR 

(CDCl3, 126 MHz, Figure E6): δ 20.2–20.7 (–OCOCH3), 38.9–40.6, 42.4–44.2 (–CH2–), 70.2–

71.4, 72.7–73.5 (–CH(OAc)–), 169.8–170.3 (–OCOCH3), 201.1–201.5, 201.6–203.2 (–CO–).; IR 

(CH2Cl2) ν = 1746 (br), 1373, 1267, 1232, 1061 cm−1. 

 

Poly(vinyl pivalate-alt-carbon monoxide): The crude materials were dissolved in a mixture of 

CH2Cl2/MeOH in a round-bottom flask. Evaporation of the solvents followed by quick wash with 

MeOH mixture afforded catalyst-free copolymer.; 1H NMR (CDCl3, 400 MHz, Figure E9): δ 

0.90–1.30 (–OCOC(CH3)3), 2.75–3.24 (–CH2–), 5.11–5.67 (–CH(OPiv)–).; 13C NMR (CDCl3, 

101 MHz, Figure E10): δ 26.6–27.4 (–OCOC(CH3)3), 38.3–38.9 (–OCOC(CH3)3), 38.9–40.1, 

42.2–43.9 (–CH2–), 70.0–71.4, 72.6–73.6 (–CH(OAc)–), 177.1–177.6 (–OCO(CH3)3), 200.1–

200.9, 202.0–203.1 (–CO–). 
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Further Purification of Poly(Vinyl Acetate-alt-Carbon Monoxide) and Casting Process to 

Make a Film which was Submitted to the Biodegradability Test. 

The resulting polymer was filtered through silica gel column chromatography with CHCl3/MeOH 

(3:2) and removed the solvent (×2). Reprecipitation and filtration of the resulting materials twice 

from CH2Cl2/MeOH to remove dba and the ligand. Then reprecipitation and filtration from 

acetone/H2O to remove trace amount of silica residue which decrease the decomposition 

temperature of the copolymer. Then the resulting polymer was dissolved in acetone and 

evaporated under vacuum at 100 °C (×2). By this process, palladium residue was reduced to 460 

ppm (determined by Atomic Absorption Spectrometry in 1:1 of acetone/H2O). The cast film was 

made from acetone solution. 

 

Copolymerization of Allyl Acetate with Carbon Monoxide. 

 
0.010 mmol of palladium complex described above was dried in vacuo in a 50 mL-autoclave 

equipped with a stir bar more than 1.5 h before introducing 1 atm of carbon monoxide by balloon. 

2.5 mL of acrylate were then added to the autoclave and the mixture was stirred at 0 °C for 5 min 

and charged with carbon monoxide at 6.0 MPa. The autoclave was heated to 70 °C and the 

mixture was stirred. After 20 h, the cooled contents of the autoclave were transferred to a round-

bottom flask with CH2Cl2 and volatile materials were removed by a rotary evaporator. The 

remaining solid was dried under vacuum to afford the copolymer. Yield of the copolymer was 

determined by subtraction of the weight of catalyst (6.2 mg) from the amount of solid product 

obtained. Molecular weight of the copolymer was determined after filtration of insoluble 

materials in CHCl3. The data for this experiment is as follows: TOF = 12, Mn = 16,000, Mw/Mn = 

1.8. 

 

Poly(allyl acetate-alt-carbon monoxide): 1H NMR (CDCl3, 400 MHz, Figure E11): δ 1.59–2.33 (–

OCOCH3), 2.36–3.69 (–CH2– in main chian and –CH(OAc)–), 3.78–4.47 (–CH2OAc).; 13C NMR 

(CDCl3, 101 MHz, Figure E12): δ 20.0–21.4 (–OCOCH3), 39.7–42.6 (–CH2– in main chain), 

44.0–46.1 (–CH(CH2OAc)–), 62.4–65.2 (–CH2OAc), 169.8–170.9 (–OCOCH3), 205.1–209.7 (–

CO–). 
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General Procedures of Terpolymerization of Polar Vinyl Monomers, Ethylene and Carbon 

Monoxide. 

 
0.010 mmol of Pd(dba)2 and 0.012 mmol of 1a-H (or 10.7 mg of 1:1.2 mol ratio of these pre-

mixed in a mortar with a pestle) were dried in vacuo in a 50 mL-autoclave equipped with a stir 

bar more than 1.5 h before introducing 1 atm of argon. To the autoclave were added 2.5 mL of 

methyl acrylate or vinyl acetate and then was charged with ethylene quickly at described pressure.  

Carbon monoxide was quickly charged to the autoclave up to the described total pressure.  The 

autoclave was heated to 70 °C and the mixture was stirred. After 1 h, the cooled contents of the 

autoclave were transferred to a round-bottom flask with CH2Cl2 and volatile materials were 

removed by a rotary evaporator. The remaining solid was dried under vacuum to afford the 

terpolymer. Yield of the terpolymers were determined by subtraction of the weight of catalyst 

(10.7 mg) from the amount of solid product obtained. For the reprecipitaion of the ethylene rich-

terpolymers, the obtained materials were dissolved in ca. 1mL of 1:2 mixture of 

CHCl3/1,1,1,3,3,3-hexafluoro-2-propanol and poured into stirring diethyl ether through filtration.  

The reprecipitated white solid was used for NMR (Figures E13–E16), TG and DCS analyses. 

 

Terpolymerization of Methyl Acrylate, Vinyl Acetate and Carbon Monoxide. 

 
0.0050 mmol of Pd2(dba)3·CHCl3 (0.010 mmol of Pd) and 0.012 mmol of 1a-H were dried in 

vacuo in a 50 mL-autoclave equipped with a stir bar more than 1.5 h before introducing 1 atm of 

argon. To the autoclave were added 2.5 mL of methyl acrylate or vinyl acetate and then was 

charged with ethylene quickly at described pressure.  Carbon monoxide was quickly charged to 

the autoclave up to the described total pressure.  The autoclave was heated to 70 °C and stood still 

for 20 h. The cooled contents of the autoclave were transferred to a round-bottom flask with 

CH2Cl2 and volatile materials were removed by a rotary evaporator. The remaining solid was 

dried under vacuum to afford the copolymer. Yield of the terpolymer was determined by 
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subtraction of the weight of catalyst (10.0 mg) from the amount of solid product obtained. 

Molecular weight of the copolymer was determined after filtration of insoluble materials in 

CHCl3. Reprecipitation and filtration of the crude materials twice from CH2Cl2/MeOH afforded 

dba-free alternating copolymer which was used for NMR analyses (Figures E17 and E18). 
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Syntheses and Reactions of Palladium Complexes 

Preparation of [iPr2EtNH][{o-((o-MeOC6H4)2P)C6H4SO3}Pd(COMe)Cl] (5a). 

 
Under ambient CO pressure, 0.51 g of 4a (0.74 mmol) was dissolved in 20 mL of 

dichloromethane, and the reaction mixture was stirred for 4 h at rt. The resulting mixture was 

filtered through Celite®, and the filter cake was washed with CH2Cl2. The solvent was removed in 

vacuo to afford 5a as a yellow powder (0.53 g, >99% yield). 1H NMR (CD2Cl2): δ 1.28–1.51 (m, 

15H, NCH2CH3, NCH(CH3)2), 1.79 (s, 3H, PdC(O)CH3), 3.18 (q, J = 7.3 Hz, 2H, NCH2CH3), 

3.61 (s, 6H, CH3OC6H4), 3.78 (sept., J = 6.7 Hz, 2H, NCH(CH3)2), 6.91 (dd, J = 8.0, 4.4 Hz, 2H), 

7.02 (dd, J = 7.4, 7.3 Hz, 2H), 7.26–7.32 (m, 1H), 7.36–7.45 (m, 2H), 7.45–7.54 (m, 2H), 7.85 (br, 

s, 2H), 7.92–8.00 (m, 1H), 8.15 (br, s, 1H, NH); 13C NMR (CD2Cl2): δ 11.8 (s, NCH2CH3), 16.9 

(s, NCH(CH3)2), 18.3 (s, NCH(CH3)2), 34.7 (d, J = 23.0 Hz, PdCOCH3), 42.4 (s, NCH2CH3), 

54.2 (s NCH(CH3)2), 54.5 (s, CH3OC6H4), 110.6 (d, J = 3.0 Hz), 116.1 (d, J = 50.9 Hz), 120.0 (d, 

J = 12.0 Hz), 126.3 (d, J = 8.0 Hz), 127.6 (d, J = 6.0 Hz), 127.7 (d, J = 44.9 Hz),129.1 (s), 132.4 

(s), 134.8 (s), 137.3 (br), 147.4 (d, J = 16.0 Hz), 160.1 (s), 220.4 (s, PdC(O)CH3); 31P NMR 

(CD2Cl2): δ 10.2; HRMS-FAB (m/z): [M - iPr2EtNH]- calcd for C22H21ClO6PPdS, 584.9520; 

found, 584.9523. 

 

Preparation of [{o-((o-MeOC6H4)2P)C6H4SO3}PdCH(CO2Me)CH2COMe] (3a). 

 
To a mixture of 300 mg of 5a (0.419 mmol) and 162 mg of silver triflate (0.629 mmol, 1.5 equiv) 

was added a solution of 56.6 µL (0.629 mmol, 1.5 equiv) of methyl acrylate and 10 mL of 

dichloromethane, and the reaction mixture was stirred for 21 h at rt under dark conditions. The 

resulting mixture was filtered through Celite®, and the filter cake was washed with CH2Cl2. The 

conbined organic portions were washed with 1N HCl aq quickly and twice with H2O. The 

resulting organic portion was then washed with 1N NaOH aq quickly and twice with H2O. The 

mixture was dried over MgSO4, filtered, and evaporated to dryness. The resulting solid was 
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dissolved in ca. 20 mL of CH2Cl2 and filtered. The condensed solution was slowly added to 60 

mL of pentane. The suspension was filtered to remove the precipitate and the volatile materials 

were removed in vacuo to afford 3a as a yellow powder (160 mg, 0.251 mmol). Crystal of 3a 

suitable for X-ray diffraction analysis was obtained by recrystallization from chloroform. Two 

molecules of chloroform per one 2a are included in the single crystals. 1H NMR (CD2Cl2): δ 

1.66–1.79 (m, 1H, PdCH), 2.47 (s, 3H, PdCH(CO2CH3)(CH2C(O)CH3)), 2.59 (d, J = 18.3 Hz, 1H, 

PdCH(CO2CH3)(CH2C(O)CH3)), 2.78 (dd, J = 18.3, 6.0 Hz, 1H, PdCH(CO2CH3)(CH2C(O)CH3)), 

3.26 (s, 3H, PdCH(CO2CH3)(CH2C(O)CH3)), 3.50 (s, 3H, CH3OC6H4), 3.71 (s, 3H, CH3OC6H4), 

6.89 (dd, J = 8.3, 4.6 Hz, 1H), 6.98–7.07 (m, 2H), 7.14 (dddd, J = 7.6, 7.6, 1.8, 0.9 Hz, 1H), 

7.24–7.37 (m, 3H), 7.41–7.49 (m, 1H), 7.52–7.62 (m, 2H), 7.94–8.07 (m, 1H), 8.27 (dd, J = 16.3, 

7.3 Hz, 1H); 13C NMR (CD2Cl2): δ 27.8 (s, PdCH(CO2CH3)(CH2C(O)CH3)), 34.6 (s, PdCH), 

50.4 (s, PdCH(CO2CH3)(CH2C(O)CH3)), 50.5 (s, PdCH(CO2CH3)(CH2C(O)CH3)), 54.5 (s, 

CH3OC6H4), 55.3 (s, CH3OC6H4), 176.9 (s, PdCH(CO2CH3)(CH2C(O)CH3)), 230.9 (s, 

PdCH(CO2CH3)(CH2C(O)CH3)), Signals in the aromatic region were not fully characterized due 

to the difficulty in assigning the JP–C couplings and the difference between the two unequivalent 

aromatic rings (CH3OC6H4). Only the chemical shifts of the peaks observed are listed: 110.9, 

110.9, 110.9, 111.0, 113.0, 113.5, 114.3, 114.9, 120.0, 120.1, 120.2, 120.3, 125.6, 126.1, 127.2, 

127.3, 127.8, 127.8, 130.1, 133.4, 133.5, 133.9, 135.4, 135.4, 140.5, 140.7, 147.4, 147.5, 159.6, 

159.6; 31P NMR (CD2Cl2): δ 19.7; Anal. Calcd for C28H29Cl6O8PPdS: C, 38.40; H, 3.34. Found: 

C, 38.65; H, 3.39.  

 

Preparation of [(dppe)PdCH(CO2Me)CH2COMe][OTf] (3c). 

 
Under ambient CO pressure, 2.15 g of [(dppe)PdMe(NCMe)][OTf] (3.03 mmol) was dissolved in 

30 mL of  dichloromethane, and the reaction mixture was stirred for 1 h at rt. To the resulting 

mixture, 0.80 mL (8.88 mmol, 2.9 equiv) of methyl acrylate in 10 mL of dichloromethane was 

added and stirred for 5 h at rt. The resulting mixture was filtered through Celite®, and the filter 

cake was washed with CH2Cl2. The condensed solution (ca. 40 mL) was poured into diethyl ether 

(−25 °C) to afford 3c as a yellow oil. (993 mg, 1.27 mmol, 41.9% yield) The white crystal 

suitable for X-ray analysis was obtained from THF.; mp: 96–99 °C dec; IR (KBr) cm−1: 1674, 

1622, 1437, 1263, 1157, 1039, 637; 1H NMR (CD2Cl2): δ 1.85–2.00 (m, 1H, 
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PdCH(CO2CH3)(CHHC(O)CH3)), 2.56–2.87 (m, 4H, PdCH, PdCH(CO2CH3)(CHHC(O)CH3), 

PCH2CH2P), 2.63 (s, 3H, PdCH(CO2CH3)(CH2C(O)CH3)), 3.07 (dd, J = 18.3, 6.8 Hz, 1H, 

PCH2CHHP), 3.28 (dd, J = 18.7, 14.1 Hz, 1H, PCH2CHHP), 3.14 (s, 3H, CO2CH3), 7.49–7.81 (m, 

20H); 13C NMR (CD2Cl2): δ 20.8 (dd, 3JPC = 30, 5 Hz, PdCH(CO2CH3)(CH2C(O)CH3)), 28.4 (d, 
4JPC = 2 Hz, PdCH(CO2CH3)(CH2C(O)CH3)), 31.0 (dd, 1JPC = 37 Hz, 2JPC = 19 Hz, PCH2CH2P), 

48.1 (d, 1JPC = 77 Hz, PdCH), 50.1 (d, 1JPC = 6 Hz, PCH2CH2P), 50.3 (s, CO2CH3), 126.1 (d, 1JPC 

= 58 Hz, 4°), 127.4 (d, 1JPC = 58 Hz, 4°), 128.2 (d, 1JPC = 40 Hz, 4°), 128.7–129.6 (m, CH and 4°), 

131.8–132.4 (m, CH), 132.7 (d, JPC = 2 Hz, CH), 134.0 (d, JPC = 13 Hz, CH), 176.7 (d, 3JPC = 6 

Hz,  PdCH(CO2CH3)(CH2C(O)CH3)), 238.7 (d, 3JPC = 9 Hz, PdCH(CO2CH3)(CH2C(O)CH3)); 
31P NMR (CD2Cl2) δ 45.4 (d, 2JPP = 26 Hz), 59.2 (d, 2JPP = 26 Hz); 19F NMR (CD2Cl2) δ −78.8; 

HRMS-FAB (m/z): [M − CF3SO3
−]+ calcd for C32H33O3P2Pd, 633.0940; found, 633.0916. 

 

Reaction of 3a under High Pressure of CO: Spectropcopic Characterization of [{o-((o-

MeOC6H4)2P)C6H4SO3}Pd{COCH(CO2Me)CH2COMe}] (6a). 

 
In a globe box, a high pressure-NMR tube was charged with solution of 3a (0.25 mmol) in 

CD2Cl2 (0.6 mL) through filtration to remove tiny insolubilities. The tube was charged with CO 

to 6.0 MPa and was kept at room temperature for 3.5 hours. Then the NMR data were collected at 

room temperature. The 3 : 2 mixture of 6a and 3a were observed.  

6a: 1H NMR (CD2Cl2): δ 2.10 (s, 3H, PdCOCH(CO2CH3)(CH2C(O)CH3)), 2.65–2.74 (m, 1H, 

PdCOCH(CO2CH3)(CH2C(O)CH3)), 2.96–3.06 (m, 1H, PdCOCH(CO2CH3)(CH2C(O)CH3)), 

3.88–3.92 (m, 1H, PdCOCH(CO2CH3)(CH2C(O)CH3)), 3.97 (s, 3H, 

PdCOCH(CO2CH3)(CH2C(O)CH3)), 3.60 (s, 3H, CH3OC6H4), 3.64 (s, 3H, CH3OC6H4).; 13C 

NMR (CD2Cl2): δ 28.7 (s, PdCOCH(CO2CH3)(CH2C(O)CH3)), 40.6 (s, 

PdCOCH(CO2CH3)(CH2C(O)CH3)), 54.8 (s, CH3OC6H4), 55.1 (s, CH3OC6H4), 55.6 (br, 

PdCOCH(CO2CH3)(CH2C(O)CH3)), 63.7 (d, 3JPC = 15.0 Hz, PdCOCH(CO2CH3)(CH2C(O)CH3)), 

181.3 (br, PdCOCH(CO2CH3)(CH2C(O)CH3), 202.4 (d, 2JPC = 16.1 Hz, 

PdCOCH(CO2CH3)(CH2C(O)CH3)), 205.3 (s, PdCOCH(CO2CH3)(CH2C(O)CH3)).; 31P NMR 

(CD2Cl2): δ 19.9 (br). 
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Preparation of [{o-(Ph2P)C6H4SO3}Pd{CH(OAc)CH2CH3}] (7b). 

 
To a mixture of 181 mg of 4b (0.288 mmol) and 89 mg of silver triflate (0.346 mmol, 1.2 equiv) 

was added 5 mL of vinyl acetate and 5 mL of chloroform, and the reaction mixture was stirred for 

20 h at rt under dark conditions. The resulting mixture was filtered through Celite, and the filter 

cake was washed with CH2Cl2. The combined organic portions were washed with 1N HCl aq 

quickly and twice with H2O. The resulting organic portions were then quickly washed with 1N 

NaOH aq and twice with H2O. The mixture was dried over MgSO4, filtered, and evaporated to 

dryness. The resulting solid was dissolved in 5 mL of CH2Cl2 and 20 mL of pentane was slowly 

added to the solution. The suspension was filtered to remove the precipitate and the volatile 

materials were removed in vacuo to afford 7b as a yellow powder (80 mg, 0.146 mmol, 51% 

yield). Crystal of 7b suitable for X-ray diffraction analysis was obtained by recrystallization from 

CH2Cl2/pentane. 1H NMR (CDCl3): δ 0.77 (t, J = 7.2 Hz, 3H), 1.07–1.17 (m, 1H),1.38-1.47 (m, 

1H), 2.22 (s, 3H), 4.87 (ddd, J = 7.3, 6.4, 2.3 Hz, 1H), 7.22 (ddd, J = 10.6, 7.6, 1.2 Hz, 1H), 7.37 

(dddd, J = 7.6, 7.6, 1.2, 1.2 Hz, 1H), 7.46–7.61 (m, 9H), 7.76–7.81 (m, 2H), 8.24 (ddd, J = 7.6, 

4.3, 1.2 Hz, 1H); 31P NMR (CDCl3): δ 25.4; HRMS-FAB (m/z): [M+] calcd for C23H23O5PPdS, 

547.0057; found, 547.0045. 

 

Observation of [{o-((o-MeOC6H4)2P)C6H4SO3}PdCH(OAc)CH2COMe] (8a) and [{o-((o-

MeOC6H4)2P)C6H4SO3}PdCH2CH(OAc)COMe] (9a). 

 
To a mixture of 21 mg of 5a (0.029 mmol), 11 mg of silver triflate (0.044 mmol, 1.5 equiv) and 

3.6 mg of phenanthrene (0.020 mmol, internal standard) was added 2.0 mL of vinyl acetate, and 
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the reaction mixture was stirred for 10 min at 0 °C. 1.0 mL of CH2Cl2 was added to the mixture 

and stirred for 40 min at 0 °C and 10 min at rt. The mixutre was filtered through membrane filter 

with CHCl3 and evaporated to dryness. The yield of 8a (38%) and 9a (7%) was estimated by 1H 

NMR based on the internal standard. The resulting mixture was kept in CDCl3 for 21 h at rt to 

find methyl vinyl ketone generating (8a: 38%, 9a: 5%, methyl vinyl ketone: 3%, and 

unindentified products). 

Purification procedure: After the reaction without internal standard, water and CH2Cl2 were 

added to the resulting mixture. The separated organic portions were washed with H2O and brine, 

dried over Na2SO4, filtered, and evaporated to dryness. Reprecipitation from CH2Cl2/pentane 

followed by GPC separation with CHCl3 as eluent afforded almost pure 8a which was used for 

NMR analyses below. 

Comments on the assignments: HMBC spectrum for 8a shows a correlation between methyl 

protons of ketone and methylene carbon, which could be interpreted as a three bond C–H 

coupling in 2,1-insertion product structure. The chemical shift of methylene and methine protons 

of 8a are similar to those of 8f whose structure was determined by X-ray analysis. As for the 

complex 9a, correlation signals between δH = 5.40 ppm (dd, J = 10.3, 7.3 Hz) , around 1.2 ppm, 

and around 1.6 ppm were found in HHCOSY spectrum, which can be assigned as methine and 

methylene protons, respectively,  in 1,2-insertion product. 

8a: 1H NMR (CDCl3): δ 1.77 (s, 3H, -CH2COCH3), 2.02 (d, J = 16.7, 3.7 Hz, 1H, 

PdCH(OAc)CH2COCH3), 2.11 (s, 3H, -OCOCH3), 2.74 (dd, J = 17.1, 9.7 Hz, 1H, 

PdCH(OAc)CH2COCH3), 3.60 (s, 3H, ArOCH3), 3.73 (s, 3H, ArOCH3), 5.09–5.15 (m, 1H, 

PdCH(OAc)CH2COCH3), 6.92 (dd, J = 8.2, 4.6 Hz, 1H), 6.98–7.04 (m, 2H), 7.11 (dd, J = 7.4, 7.4 

Hz, 1H), 7.18–7.40 (m, 3H), 7.48 (dd, J = 7.6, 7.6 Hz, 1H), 7.56 (dd, J = 14.2, 7.1 Hz, 2H), 7.95–

8.04 (m, 1H), 8.18 (dd, J = 7.4, 5.2 Hz, 1H); 13C NMR (CDCl3, selected signals): δ 181.7 (s, -

OCOCH3), 206.4 (s, -CH2COCH3); 31P NMR (CDCl3): δ 19.4; HRMS–ESI (m/z): [M + Na]+ 

calcd for C26H27NaO8PPdS, 659.0097; found, 659.0109. 

 

Preparation of [iPr2EtNH][{o-{2',6'-dimethoxy(1,1'-biphenyl)-2-yl}PhP)C6H4SO3}PdMeCl] 

(4f). 
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To a solution of 335 mg of 2-[{2',6'-dimethoxy(1,1'-biphenyl)-2-yl}phenylphosphino] 

benzensulfonic acid (1f-H, 0.700 mmol) in 7.5 mL of CH2Cl2 was added 0.628 mL of 

diisopropylethylamine (3.50 mmol, 5 equiv) and the resulting solution was stirred for 5 min at rt. 

186 mg of [PdMeCl(cod)] (0.700 mmol, 1 equiv) was then added to the solution and the mixture 

was stirred for 1 h at rt. The resulting mixture was filtered through Celite and added dropwise to 

ca. 100 mL of hexane. The white powder was collected by filtration and washed with hexane and 

diethyl ether to afford palladium complex 4f (434 mg, 0.568 mmol, 81% yield). 1H NMR 

(CDCl3): δ 0.47 (br, s, PdCH3, 3H), 1.34 (d, J = 6.6 Hz, 6H, NCH(CH3)2), 1.38–1.47 (m, 9H, 

NCH2CH3, NCH(CH3)2), 2.92 (s, 3H, CH3OAr), 3.18 (dq, J = 4.8, 6.9 Hz, 2H, HNCH2CH3), 3.73 

(s, 6H, CH3OAr), 3.80–3.89 (m, 2H, NCH(CH3)2), 6.33 (d, J = 8.2 Hz, 1H), 6.60 (d, J = 8.0 Hz, 

1H), 7.19 (dd, J = 6.6, 6.6 Hz, 2H), 7.23–7.41 (m, 9H), 7.44 (dd, J = 7.0, 7.0 Hz, 1H), 7.54 (dd, J 

= 7.6, 7.6 Hz, 1H), 7.58 (dd, J = 9.4, 9.4 Hz, 1H), 8.77 (br, s, NH, 1H); 13C NMR (CDCl3): δ −2.2 

(br, s, PdCH3), 11.9 (s, NCH2CH3), 17.7 (s, NCH(CH3)2), 19.2 (s, NCH(CH3)2), 42.4 (s, 

NCH2CH3), 54.1 (s, CH3OAr), 54.4 (s, NCH(CH3)2), 55.4 (s, CH3OAr), 103.0 (s), 103.7 (s), 

117.1 (d, JPC = 4.8 Hz), 126.1 (d, JPC = 8.6 Hz), 127.5 (d, JPC = 10.6 Hz), 127.6 (d, JPC = 7.7 Hz), 

129.2–130.5 (m), 133.9–134.0 (m), 134.2 (d, JPC = 8.6 Hz), 134.6 (s), 135.9 (d, JPC = 6.7 Hz), 

141.3 (d, JPC = 16.3 Hz), 148.8 (d, JPC = 12.5 Hz), 157.0 (s), 157.3 (s); 31P NMR (CDCl3): δ 18.7; 

HRMS-ESI (m/z): [M - iPr2EtNH]- calcd for C27H25ClO5PPdS, 632.9889; found, 632.9864. 

 

Preparation of [iPr2EtNH][{o-{2',6'-dimethoxy(1,1'-biphenyl)-2-

yl}PhP)C6H4SO3}Pd(COMe)Cl] (5f). 

 
Under ambient CO pressure, 350 mg of 4f (0.458 mmol) was dissolved in 7.5 mL of 

dichloromethane, and the reaction mixture was stirred for 2 h at rt. The resulting mixture was 

filtered through Celite and added dropwise to ca. 100 mL of diethyl ether. The white powder was 

collected by filtration and washed with diethyl ether to afford palladium complex 5f as a pale 

orange powder (207 mg, 0.261 mmol, 57% yield). 1H NMR (CDCl3): δ 1.44 (d, J = 6.4 Hz, 6H, 

NCH(CH3)2), 1.52–1.59 (m, 9H, NCH2CH3, NCH(CH3)2), 1.90 (s, PdCOCH3), 3.20–3.31 (m, 

HNCH2CH3), 3.51 (s, 6H, CH3OAr), 3.83–3.94 (m, 2H, NCH(CH3)2), 3.98 (s, 3H, CH3OAr), 

6.00 (d, J = 8.2 Hz, 1H), 6.35 (d, J = 8.5 Hz, 1H), 6.90 (dd, J = 8.2, 8.2 Hz, 1H), 7.08 (dd, J = 7.4, 

7.4 Hz, 1H), 7.16–7.40 (m, 6H), 7.46 (dd, J = 7.3, 7.3 Hz, 1H), 7.51 (dd, J = 8.7, 8.7 Hz, 1H), 
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7.65 (dd, J = 8.0, 13.5 MHz, 1H), 7.80 (dd, J = 4.7, 7.0 MHz, 1H), 7.96 (dd, J = 8.9, 8.9 MHz, 

2H), 8.69 (br, s, NH, 1H); 13C NMR (CDCl3): δ 12.2 (s, NCH2CH3), 17.8 (s, NCH(CH3)2), 19.2 (s, 

NCH(CH3)2), 35.1 (d, JPC = 22.1 Hz, PdCOCH3) 42.7 (s, NCH2CH3), 54.6 (s, NCH(CH3)2), 54.8 

(s, CH3OAr), 56.2 (s, CH3OAr), 102.3 (s), 103.7 (s), 117.2 (d, JPC = 1.9 Hz), 126.7 (d, JPC = 10.6 

Hz), 127.1 (d, JPC = 7.7 Hz), 127.7 (s), 127.8 (s), 128.5 (d, JPC = 5.8 Hz), 129.1 (d, JPC = 41.3 Hz), 

129.4 (s), 129.6 (d, JPC = 1.9 Hz), 129.7 (d, JPC = 1.9 Hz), 130.2 (d, JPC = 1.9 Hz), 131.1 (d, JPC = 

9.6 Hz), 131.5 (d, JPC = 5.8 Hz), 133.9 (d, JPC = 7.7 Hz), 134.8 (s), 135.1 (d, JPC = 16.3 Hz), 

135.4 (s), 135.5 (s), 139.1 (d, JPC = 6.7 Hz), 147.6 (d, JPC = 15.4 Hz), 156.4 (s), 157.2 (s). 222.7 

(d, JPC = 7.7 Hz, PdCOCH3); 31P NMR (CDCl3): δ 15.2; HRMS-ESI (m/z): [M - iPr2EtNH]- calcd 

for C22H21ClO6PPdS, 660.9838; found, 660.9827. 

 

Observation of [{o-{2',6'-dimethoxy(1,1'-biphenyl)-2-

yl}PhP)C6H4SO3}PdCH(OAc)CH2COMe] (8f). 

 
To a mixture of 22 mg of 5f (0.028 mmol), 11 mg of silver triflate (0.042 mmol, 1.5 equiv) and 

3.6 mg of phenanthrene (0.020 mmol, internal standard) was added 2.0 mL of vinyl acetate, and 

the reaction mixture was stirred for 1 h at 0 °C. The mixutre was filtered through membrane filter 

with CHCl3 and evaporated to dryness. The yield of 8f (83%) was estimated by 1H NMR based on 

the internal standard. 

Isolation procedure: After the reaction without internal standard and filtration above, CH2Cl2 was 

added to the resulting mixture. The separated organic portions were washed with 1N HCl aq 

quickly and twice with H2O. The resulting organic portions were then quickly washed with 1N 

NaOH aq and twice with H2O. The mixture was dried over MgSO4, filtered, and evaporated to 

dryness. Reprecipitation from CHCl3/pentane afforded pink powder used for NMR analyses 

below. (Preliminary X-ray analysis of 8f was done with a crystal obtained from α,α,α-

trifluorotoluene.) 
1H NMR (CDCl3): δ 1.70 (d, J = 18.4, 3.8 Hz, 1H, PdCH(OAc)CH2COCH3), 1.82 (s, 3H, -

CH2COCH3), 2.12 (s, 3H, -OCOCH3), 2.61 (dd, J = 18.3, 9.8 Hz, 1H, PdCH(OAc)CH2COCH3), 

3.45 (s, 3H, ArOCH3), 3.92 (s, 3H, ArOCH3), 5.30–5.39 (m, 1H, PdCH(OAc)CH2COCH3), 6.04 

(d, J = 8.2 Hz, 1H), 6.48 (d, J = 8.4 Hz, 1H), 7.00 (dd, J = 8.4, 8.4 Hz, 1H), 7.13 (dd, J = 7.5, 7.5 
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Hz, 1H), 7.19–7.45 (m, 7H), 7.48 (dd, J = 10.4, 7.9 Hz, 1H), 7.55 (dd, J = 7.4, 7.4 Hz, 1H), 7.87 

(dd, J = 7.0, 5.3 Hz, 1H), 8.10 (dd, J = 11.8, 7.2 Hz, 2H); 13C NMR (CDCl3): δ 19.2 (s, -

OCOCH3), 29.5 (s, -CH2COCH3), 50.2 (s, -CH2-), 54.7 (s, CH3OAr), 56.1 (s, CH3OAr), 86.6 (s, 

PdCH(CH2COCH3)OCOCH3), 102.8 (s), 103.9 (s), 116.2 (d, JPC = 3.8 Hz), 126.5 (d, JPC = 51.8 

Hz), 126.9 (d, JPC = 10.5 Hz), 127.6 (d, JPC = 8.6 Hz), 127.9 (d, JPC = 53.7 Hz), 128.6 (s), 128.7 

(s), 128.8 (s), 129.6 (d, JPC = 56.5 Hz), 130.2 (s), 130.6 (d, JPC = 1.9 Hz), 130.9 (d, JPC = 2.9 Hz), 

131.5 (d, JPC = 2.9 Hz), 133.1 (s), 133.6 (d, JPC = 11.5 Hz), 134.9 (d, JPC = 8.6 Hz), 135.2 (s), 

135.4 (s), 140.1 (d, JPC = 9.6 Hz), 147.4 (d, JPC = 14.4 Hz), 156.5 (s), 156.6 (s), 181.9 (s, -

OCOCH3), 206.9 (br, -CH2COCH3); 31P NMR (CDCl3): δ 23.4; HRMS-ESI (m/z): [M − 
iPr2EtNH]− calcd for C22H21ClO6PPdS, 660.9838; found, 660.9827. 
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E.3 NMR Spectra of Novel Polymers11 
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Figure E1. 1H NMR spectra (500 MHz, CDCl3) of the poly(methyl acrylate-alt-CO). 
Entry 1 in Table 3.1. 
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Figure E2. 13C NMR spectra (101 MHz, CDCl3) of the poly(methyl acrylate-alt-CO). 
Entry 1 in Table 3.1. 
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Figure E3. 1H NMR spectra (400 MHz, CDCl3) of the poly(t-butyl acrylate-alt-CO) (crude). 
Entry 11 in Table 3.1. 
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Figure E4. 13C NMR spectra (101 MHz, CDCl3) of the poly(t-butyl acrylate-alt-CO) (crude). 
Entry 11 in Table 3.1. 
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Figure E5. 1H NMR spectra (500 MHz, CDCl3) of the poly(vinyl acetate-alt-CO). 
Entry 1 in Table 4.1. 
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Figure E6. 13C NMR spectra (126 MHz, CDCl3) of the poly(vinyl acetate-alt-CO). 
Entry 1 in Table 4.1. 

 

O

n

OAc

O

n

OAc

O
C

CH3

O



 

 

167 

 

 

 

PPM

8 7 6 5 4 3 2 1 0

1
.0
0

1
.
8
3

3
.
0
7

7
.2
6
0

5
.7
1
5

5
.5
9
7

5
.5
3
4

5
.3
5
2

5
.2
9
6

3
.4
2
0

3
.3
8
4

3
.2
5
2

3
.2
2
3

3
.1
8
6

3
.1
0
1

3
.0
7
5

2
.2
4
9

2
.1
2
0

2
.0
6
8

 
Figure E7. 1H NMR spectra (400 MHz, CDCl3) of the isotactic-rich poly(vinyl acetate-alt-CO). 
Scheme 5.4. 
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Figure E8. 13C NMR spectra (101 MHz, CDCl3) of the isotactic-rich poly(vinyl acetate-alt-CO). 
Scheme 5.4. 
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Figure E9. 1H NMR spectra (400 MHz, CDCl3) of the poly(vinyl pivalate-alt-CO). 
Entry 15 in Table 4.1. 
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Figure E10. 13C NMR spectra (101 MHz, CDCl3) of the poly(vinyl pivalate-alt-CO). 
Entry 15 in Table 4.1. 
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Figure E11. 1H NMR spectra (400 MHz, CDCl3) of the poly(allyl acetate-alt-CO) (crude). 
Entry 2 in Table 2.2. 
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Figure E12. 13C NMR spectra (101 MHz, CDCl3) of the poly(allyl acetate-alt-CO) (crude). 
Entry 2 in Table 2.2. 
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Figure E13. 1H NMR spectrum (400 MHz, CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol (1:2)) of 
poly(CO-alt-(ethylene; methyl acrylate)) (MA : ethylene = 11 : 89). Entry 1 in Table 6.1. 
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Figure E14. 13C NMR spectrum (101 MHz, CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol (1:2)) of 
poly(CO-alt-(ethylene; methyl acrylate)) (MA : ethylene = 11 : 89). Entry 1 in Table 6.1. 
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Figure E15. 1H NMR spectrum (400 MHz, CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol (1:2)) of 
poly(CO-alt-(ethylene; vinyl acetate)) (VAc : ethylene = 5 : 95). Scheme 6.1.. 
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Figure E16. 13C NMR spectrum (101 MHz, CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol (1:2)) of 
poly(CO-alt-(ethylene; vinyl acetate)) (VAc : ethylene = 5 : 95). Scheme 6.1. 
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Figure E17. 1H NMR spectrum (400 MHz, CDCl3) of poly(CO-alt-(methyl acrylate; vinyl 
acetate)) (MA : VAc = 89 : 11). Scheme 6.2. 
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Figure E18. 13C NMR spectrum (101 MHz) of poly(CO-alt-(methyl acrylate; vinyl acetate)) 
(MA : VAc = 89 : 11). Scheme 6.2. 
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E.4 X-ray Analyses11 

Table E1. X-ray structure and Crystal data structure refinement for (S)-(−)-1f-H·2CHCl3. CHCl3 

and all hydrogen atoms except phosphonium H are omitted for clarity. A selected bond distance 

(Å): P(1)–H(1) 1.50(6). 

 
________________________________________________________________________________ 
Empirical formula  C28H25Cl6O5PS 
Formula weight  717.21 
Temperature  93(2) K 
Wavelength  0.71075 Å 
Crystal system  Orthorhombic 
Space group  P212121 
Unit cell dimensions a = 8.082(3) Å α = 90°. 
 b = 15.462(6) Å β = 90°. 
 c = 25.416(11) Å γ = 90°. 
Volume 3176(2) Å3 
Z 4 
Density (calculated) 1.500 mg/m3 
Absorption coefficient 0.694 mm−1 
F(000) 1464 
Crystal size 0.15 × 0.15 × 0.05 mm3 
Theta range for data collection 3.08 to 25.00° 
Index ranges −9<=h<=6, −17<=k<=18, −30<=l<=30 
Reflections collected 20956 
Independent reflections 5601 [R(int) = 0.0781] 
Completeness to theta = 25.00° 99.7% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9661 and 0.9031 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5601 / 0 / 395 
Goodness-of-fit on F2 1.096 
Final R indices [I>2σ(I)] R1 = 0.0753, wR2 = 0.1627 
R indices (all data) R1 = 0.0891, wR2 = 0.1736 
Absolute structure parameter 0.02(12) 
Largest diff. peak and hole 0.992 and −0.775 e.Å−3 
________________________________________________________________________________ 
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Table E2. X-ray structure and Crystal data structure refinement for 3a·2CHCl3. CHCl3 and 
hydrogen atoms are omitted for clarity. Selected bond distances (Ǻ) and angles (°): Pd(1)–C(21) 
2.042(6), Pd(1)–O(8) 2.137(4), Pd(1)–O(3) 2.106(4), Pd(1)–P(1) 2.2163(17), C(21)–Pd(1)–O(8) 
82.6(2), O(3)–Pd(1)–O(8) 90.26(16), C(21)–Pd(1)–P(1) 94.25(18), O(3)–Pd(1)–P(1) 93.40(12). 
 

 
________________________________________________________________________________ 
Empirical formula  C28H29Cl6O8PPdS 
Formula weight  875.64 
Temperature  93(2) K 
Wavelength  0.71075 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 10.8890(19) Å α = 90°. 
 b = 16.683(2) Å β = 98.215(3)°. 
 c = 19.004(3) Å γ = 90°. 
Volume 3417.0(10) Å3 
Z 4 
Density (calculated) 1.702 mg/m3 
Absorption coefficient 1.167 mm−1 
F(000) 1760 
Crystal size 0.03 × 0.02 × 0.02 mm3 
Theta range for data collection 3.07 to 25.00° 
Index ranges −12<=h<=12, −19<=k<=16, −22<=l<=22 
Reflections collected 22887 
Independent reflections 6001 [R(int) = 0.0860] 
Completeness to theta = 25.00° 99.8% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9770 and 0.9658 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6001 / 0 / 410 
Goodness-of-fit on F2 1.112 
Final R indices [I>2σ(I)] R1 = 0.0580, wR2 = 0.0932 
R indices (all data) R1 = 0.1028, wR2 = 0.1125 
Largest diff. peak and hole 1.448 and −0.705 e.Å−3 
________________________________________________________________________________ 
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Table E3. X-ray structure and Crystal data structure refinement for 3c·THF. Counter anion 
(CF3SO3), THF and hydrogen atoms are omitted for clarity. Selected bond distances (Ǻ) and 
angles (°): Pd(1)–C(3) 2.116(3), Pd(1)–O(1) 2.109(2), Pd(1)–P(1) 2.2127(10), Pd(1)–P(2) 
2.3265(10), O(1)–Pd(1)–C(3) 82.29(10), C(3)–Pd(1)–P(1) 95.07(8), O(1)–Pd(1)–P(2) 97.69(6), 
P(1)–Pd(1)–P(2) 84.77(3). 

 
________________________________________________________________________________ 
Empirical formula  C37H41F3O7P2PdS 
Formula weight  855.10 
Temperature  103(2) K 
Wavelength  0.71070 Å 
Crystal system  Monoclinic 
Space group  Cc 
Unit cell dimensions a = 9.252(3) Å α = 90°. 
 b = 24.067(8) Å β = 96.5948(13)°. 
 c = 17.032(6) Å γ = 90°. 
Volume 3767(2) Å3 
Z 4 
Density (calculated) 1.508 mg/m3 
Absorption coefficient 0.695 mm−1 
F(000) 1752 
Crystal size 0.55 × 0.25 × 0.15 mm3 
Theta range for data collection 3.19 to 27.48° 
Index ranges −12<=h<=8, −31<=k<=29, −22<=l<=22 
Reflections collected 14582 
Independent reflections 7521 [R(int) = 0.0252] 
Completeness to theta = 25.00° 99.5% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9029 and 0.7011 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7521 / 2 / 472 
Goodness-of-fit on F2 1.048 
Final R indices [I>2σ(I)] R1 = 0.0285, wR2 = 0.0619 
R indices (all data) R1 = 0.0310, wR2 = 0.0635 
Largest diff. peak and hole 0.906 and −0.387 e.Å−3 
________________________________________________________________________________ 
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Table E4. X-ray structure and Crystal data structure refinement for 7b. Hydrogen atoms are 
omitted for clarity. Selected bond distances (Ǻ) and angles (°): Pd(1)–C(3) 2.003(2), Pd(1)–O(2) 
2.0932(16), Pd(1)–O(3) 2.1407(16), Pd(1)–P(1) 2.2251(6), C(3)–Pd(1)–O(2) 81.64(8), O(2)–
Pd(1)–O(3) 90.64(6), C(3)–Pd(1)–P(1) 92.07(7), O(3)–Pd(1)–P(1) 95.34(5). 
 

 
________________________________________________________________________________ 
Empirical formula  C23H23O5PPdS 
Formula weight  548.84 
Temperature  103(2) K 
Wavelength  0.71070 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 9.2821(9) Å α = 90°. 
 b = 17.5262(11) Å β = 101.4069(14)°. 
 c = 13.8150(10) Å γ = 90°. 
Volume 2203.0(3) Å3 
Z 4 
Density (calculated) 1.655 mg/m3 
Absorption coefficient 1.043 mm−1 
F(000) 1112 
Crystal size 0.60 × 0.40 × 0.30 mm3 
Theta range for data collection 3.01 to 25.00° 
Index ranges −11<=h<=10, −20<=k<=19, −16<=l<=16 
Reflections collected 13888 
Independent reflections 3833 [R(int) = 0.0214] 
Completeness to theta = 25.00° 98.8% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7301 and 0.5619 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3833 / 0 / 282 
Goodness-of-fit on F2 1.072 
Final R indices [I>2σ(I)] R1 = 0.0241, wR2 = 0.0603 
R indices (all data) R1 = 0.0252, wR2 = 0.0610 
Largest diff. peak and hole 0.661 and −0.539 e.Å−3 
________________________________________________________________________________ 
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T.1 General Methods and Definitions 

All quantum chemical calculations1 were carried out using Gaussian 03 program package.2 The 

geometries and the electronic structure of all intermediates and transition states along the 

considered reaction paths were optimized and derived using density functional theory (DFT)3 

based on Kohn–Sham equation: 
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For the exchange–correlation functions VXC(r), the author used a hybrid functional B3LYP which 

includes 20% Hartree–Fock (HF) exchange.4 The basis set developed by Hay and Wadt and the 

corresponding 18-valence electrons relativistic effective-core potential (LANL2DZ) were used for 

palladium. 5  For the other atoms, Gaussian-type orbital (GTO) of double-ζ basis set plus 

polarization with 5D (Cartesian basis functions) keyword (6-31G*) was employed. 

Harmonic vibration frequency calculations at the same level were performed to verify all 

stationary points as local minimum (with no imaginary frequency) or transition state (with one 

imaginary frequency). Intrinsic reaction coordinate (IRC) analyses 6  were also performed to 

confirm the connection between the transition state and the reactant/product. 

All energies were derived at 298.15 K and 1 atm from the gas-phase harmonic frequencies 

calculations. In this thesis, E+ZPE and G were used for the discussion where; 

E is total electronic energy (Eel) derived from the above-mentioned DFT method. 

ZPE is zero-point energy (e.g. for local minimum):  ∑
−

=

=
63

12
1 N

i

i

k
hv

RZPE  

G refers to Gibbs free energy:  TSpVEEEETSpVUTSHG vibrottransel −++++=−+=−= )()(  

The charge distribution was estimated by natural population analysis (NPA). 7  Localized 

molecular orbitals based on Pipek–Mezey method8 were visualized by Gauss View verion 4.1 and 

used for the discussions. 

The energy decomposition analyses (EDA)9 were performed for some key transition states only 

for separating interaction and deformation energies. 
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T.2 Optimized Structures10 
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Figure T.1. Optimized structures of the all intermediates (Nimag = 0) with phosphine–sulfonate 
ligand. 
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TS(Ncis-Otrans) TS(Ncis-Ptrans) TS(Qcis-Rtrans) 

 

 

TS(Qtrans-Rcis) TS(Strans-Ocisnext)  

Figure T.2. Optimized structures of the all transition states (Nimag = 1) with phosphine–
sulfonate ligand. 
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Figure T.3. Optimized structures of the all intermediates (Nimag = 0) with DPPE ligand. 
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Figure T.4. Optimized structures of the all transition states (Nimag = 1) with DPPE ligand. 
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