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’ INTRODUCTION

γ-Polyketones obtained by metal-catalyzed alternating copo-
lymerization of olefins with carbon monoxide (CO) have
attracted much attention from academic and industrial
communities.1,2 This is because CO is an inexpensive resource
and the resulting copolymers exhibit unique properties, such as
high crystallinity and photodegradability. Potential industrial
applications of the polyketones include fibers, film coatings,
adhesives, membranes, and packaging materials.3 Furthermore,
the reactive carbonyl groups in the polymer backbone can be
chemically modified and, thus, the polyketones serve as excellent
starting materials for other types of functionalized polymers.4

The properties of the copolymers can be tuned by changing
the olefinic comonomers. Thus far, monosubstituted alkenes
such as propylene and styrene derivatives have been well
documented as comonomers for copolymerization with CO.1

A variety of functionalized olefins whose functional groups are
separated from the olefinmoiety by at least onemethylene spacer
are also available for copolymerization (Scheme 1).5,6 In sharp
contrast, the copolymerization of fundamental polar monomers
with carbon monoxide has been a long-standing challenge in
polymer chemistry.7,8 The fundamental polar vinyl monomers9

such asmethyl acrylate (MA), vinyl acetate, and vinyl chloride are

inexpensive and readily available. The resulting copolymers
would possess functional groups directly attached to the polymer
main chain and their properties are expected to be quite different
from ethylene/CO copolymers.

Especially in the case of MA, the possibility of copolymeriza-
tion with CO has been well studied for complexes ligated by
several types of ligands shown in Scheme 2.7 It had been
postulated that no reaction occurred following the formation
of III (or further reaction was not described), generated by the
insertion of CO into the Pd�Me bond of I and the subsequent
insertion of MA into the Pd�COMe bond of II. The resulting
five-membered chelate complexes (III) were found to be inactive
toward further insertion of CO and/or MA.

In 2007 and 2008, we found that vinyl acetate/CO10 andMA/
CO11 can be copolymerized when a mixture of phosphonium�
sulfonate salt 1 and a Pd(0) source was employed as a catalyst. In
the case of MA, it was shown that the isolated Pd(II) complex 3a
bearing a phosphine�sulfonate ligand, corresponding to III in
Scheme 2, also successfully initiates the copolymerization. The
series of Pd phosphine�sulfonate complexes, the catalysts we
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ABSTRACT: Full details are provided for the alternating copolymerization of
acrylic esters with carbon monoxide (CO) catalyzed by palladium species
bearing a phosphine�sulfonate bidentate ligand. The copolymer of methyl
acrylate (MA) and CO had complete regioregularity with stereocenters that
slowly epimerize in the presence of methanol. In the presence of ethylene,
terpolymers of MA/ethylene/CO were also prepared. The glass transition
temperatures of the co- and terpolymers were higher than that of the ethylene/
CO copolymer. Both experimental and theoretical investigations were per-
formed to clarify the superior nature of the palladium phosphine�sulfonate system compared to an unsuccessful conventional
palladium diphosphine system: (i) The reversible insertion of COwas directly observed with the isolated alkylpalladium complexes,
[{o-((o-MeOC6H4)2P)C6H4SO3}PdCH(CO2Me)CH2COMe], whereas it was not observed with the corresponding complex
bearing 1,2-bis(diphenylphosphino)ethane (DPPE). (ii) The transition state of the subsequent MA insertion, the rate-determining
step of the catalytic cycle, was lower in energy in the phosphine�sulfonate system than in the DPPE system. This stabilization could
be attributed to the less hindered sulfonate moiety as well as the stronger back-donation from palladium to the electron-deficient
olefin, which is located trans to the sulfonate.
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used, have been recently recognized as potent catalysts for
coordination copolymerization of ethylene with polar vinyl
monomers since their first academic report by Drent in
2002.1h,9c,12,13 These polyethylenes possessed highly linear
structures14 with functional groups directly attached to the linear
polyethylene chain, which has not been obtained by any other
catalysts. Furthermore, Pd phosphine�sulfonate catalysts can
produce nonalternating ethylene/CO copolymers, which are not
accessible by Pd catalysts with conventional diphosphine or
diamine ligands.15,16 For the past decade, the Pd phosphine�
sulfonate complexes have conquered a considerable number of
challenging problems in polymer chemistry. Nevertheless, the
reasons for the success are still unclear. Specifically, a reasonable
understanding of how the unique design of the ligand contributes
to the successful and unprecedented copolymerization of polar
monomers is needed.

This article presents the details of this unprecedented alter-
nating 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
report are in the following order. The details of the syntheses

(Section 1) and the structural analyses (Section 2) of acrylates/
CO copolymers are disclosed. Terpolymers of MA/ethylene/
CO were also obtained and characterized (Section 3). In addi-
tion, the thermal properties of these co- and terpolymers were
investigated (Section 4). Subsequently, the mechanism of the
MA/CO copolymerization was investigated experimentally
(Section 5) and theoretically (Section 6) to clarify why the Pd
phosphine�sulfonate complex catalyzed the copolymerization
while the other catalysts could not (Section 7).

’RESULTS AND DISCUSSIONS

1. Copolymerization of Acrylates with Carbon Monoxide.
The alternating copolymers of MA with CO were obtained using
catalysts generated in situ from Pd(dba)2 and phosphonium�
sulfonate 1.11 Treatment of MA with 6.0 MPa of CO at 70 �C for
20 h in the presence of Pd(dba)2/1a afforded the copolymer with
Mn of 30 000 (white solid after reprecipitation, see Experimental
section, entry 1, Table 1).17,18 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

12h or 2-(diphenylphosphino)benzoic
acid did not afford the copolymer. When 2 equiv of ligand 1a
were used, the activity was decreased (entry 3). This tendency
was also observed in the copolymerization of ethylene with
CO,15b suggesting that the initiation with in situ formed [P�O]-
Pd[P�O] complexes is sluggish.
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 Sections 5 and 6 (vide infra), CO
coordination�insertion is a reversible, pre-equilibrium step.
Thus, the increased activity at higher CO pressure can be inter-
preted as a result of increased concentration of acylpalladium
species, which is advantageous for subsequent MA insertion.
Increasing the reaction temperature from 45 �C (entry 6) to

70 �C (entry 1) substantially enhanced the activity andmolecular
weight. However, the molecular weight of the copolymer pro-
duced at 100 �C (entry 7) 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 2)
was accelerated as well as the polymerization reaction at high
temperature.
To obtain the copolymer with higher molecular weight, a

longer reaction time was employed (entry 8). After 144 h, 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 com-
plex 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.19

On the other hand, nitrogen-free complex 3a, which was pre-
pared by the insertion of one equivalent of MA to acylpalladium
complex (4a) (Scheme 3), initiated and catalyzed the copoly-
merization of MA/CO effectively (entry 10).11

The copolymerization of a variety of monomers has been
examined in addition to MA. t-Butyl acrylate can be copolymerized

Scheme 1. Reported Functionalized γ-Polyketones

Scheme 2. Reported Inactive Pd Complexes for Copolym-
erization of Methyl Acrylate with Carbon Monoxide
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with CO (entry 11) and the regioregularity of the resulting copol-
ymer was not controlled while the copolymerization of methyl
acrylate/CO afforded regiocontrolled product (see Section 2).
Aside from the acrylates and vinyl acetate,10 none of the attempted
polar vinyl monomers whose olefin moieties are directly func-
tionalized1h participated in copolymerization under the condi-
tions of entry 1. Attempted copolymerization of methyl metha-
crylate with CO resulted in homopolymerization of methyl
methacrylate probably via radical pathway.20 Methyl vinyl ke-
tone, N-isopropylacrylamide, acrylonitrile, vinyl chloride did not
afford any polymeric products. When we used N-vinyl pyrroli-
done, only head-to-tail dimer was obtained.21 A trace amount of
cooligomer of n-butyl vinyl ether/CO was detected by MALDI-
TOF MS spectrum, but the only major product was poly(butyl
vinyl ether)22 as confirmed by NMR.
2. Structural Analyses of the Copolymers of Acrylateswith

Carbon Monoxide. The microstructure of γ-polyketones is
one of the most important factors that affect their phys-
ical properties.1b,e The regio-, stereo-, and enantiocontrol of
γ-polyketones have, thus far, been well investigated for

poly(propylene-alt-CO) and poly(styrene-alt-CO) (Figure 1).
In the previous communication, we confirmed the regiocon-
trolled, alternating structure of poly(methyl acrylate-alt-CO) by
NMR and MALDI-TOF mass spectroscopy.11,23 The exquisite
control of head-to-tail architecture was inferred from the ob-
servation of only a single singlet resonance in the ketone region
in 13C NMR spectrum (Figure 2B).
Although a single resonance was observed in the ketone region

at room temperature, it was found to split into multiple peaks
at�60 �C (Figure 2C). In addition, the signal is wider than that
of regio-, stereo- and enantiocontrolled iso-poly(propylene-
alt-CO) in Figure 2D.24 Therefore, it was assumed that
epimerization at the asymmetric carbon center might occur,

Table 1. Copolymerization of Acrylates with Carbon Monoxidea

entry catalyst R PCO (MPa) temp (�C) time (h) yield (mg/%)b TOF (h�1) Mn
c (� 103) Mw/Mn P/Cd

1 1a/Pd(dba)2 Me 6.0 70 20 490/15 21 30 1.6 1.7

2 1b/Pd(dba)2 Me 6.0 70 20 140/4.3 6.0 26 1.2 0.53

3 1ae/Pd(dba)2 Me 6.0 70 20 260/12 11 6.0 1.3 4.3

4 1a/Pd(dba)2 Me 3.0 70 20 370/12 16 21 1.6 1.8

5 1a/Pd(dba)2 Me 8.0 70 20 540/17 24 17 1.7 3.4

6 1a/Pd(dba)2 Me 6.0 45 20 150/4.8 6.7 16 1.3 1.0

7 1a/Pd(dba)2 Me 6.0 100 20 500/16 22 19 1.7 2.6

8 1a/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/Pd(dba)2 t-Bu 6.0 70 20 90/3.3 2.9 7.9 1.5 1.1
aUnless otherwise noted, reaction was performed with 0.012 mmol of ligand 1, 0.010 mmol of Pd source, and 2.5 mL of methyl acrylate without
additional solvent. bYield 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. cMolecular weights were determined using narrow polystyrene standards. dNumber of polymer chains produced
per catalyst based on palladium. eTwo equivalents of ligand 1a (0.020 mmol) was used.

Scheme 3. Synthesis of Five-Membered Chelate Complex 3a
Bearing a Phosphine�Sulfonate Ligand11

Figure 1. Microstructures in γ-polyketones. FG = �CH3 for poly-
(propylene-alt-CO) and �CO2Me for poly(methyl acrylate-alt-CO).
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since poly(methyl acrylate-alt-CO) is a β-ketoester whose pKa

(≈10) is much lower than that of other γ-polyketones.25

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 equiv of MeOD (based on the
number of repetitive units) in CD2Cl2, only 35% of the methine
protons were exchanged with deuterium even after 4 h at room
temperature (Scheme 4).26 Thus, the epimerization can occur
gradually in the presence of methanol but it does not account for
the split of NMR signals in Figure 2C.
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 2B 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, for example, helix�coil transi-
tion. The second is that the stereochemistry is controlled but the
fluctuation of a higher-order structure occurs both at room tem-
perature and at �60 �C.
When t-butyl acrylate was used as a monomer (Table 1, entry

11), the signals in the ketone carbonyl region in the 13C NMR
spectrum were more complex. The methine protons in the 1H
NMRspectrum showed at least three separate signals which indicate
the lack of regioselectivity (see Supporting Information).27 The
multiple signals for the ester region (-CO2t-Bu) are within a quite
narrow region (168.1�168.4 ppm).The chemical shifts (13CNMR,

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 of the obtained copolymer is intact.
Initiation chain ends of the poly(MA-alt-CO) were character-

ized by 1HNMR spectroscopy and the structures were confirmed
as shown in Scheme 5.11 When a mixture of 1 and Pd(dba)2 was
used, a 1-methoxycarbonylethyl group was detected as an initiat-
ing chain end, which suggests that the reaction was initiated
by the formation of a Pd�H bond via protonation of Pd(0)
species,1h,12a followed by subsequent insertion ofMA and CO. In
contrast, copolymers formed with 3a showed a signal corre-
sponding to the acetyl initiating end group, which originated
from the complex 3a (Scheme 5b).
In the cases where the P/C values in Table 1 are larger than 1,

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.11

Figure 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).24

Scheme 4. H/D Exchange of Methine Protons of Poly-
(methyl acrylate-alt-CO)

Scheme 5. Initiation Chain End Analysis of the Copolymers
Initiated by (a) the Mixture of 1 and Pd(dba)2 and (b)
Isolated Complex 3a11
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3. Syntheses and Characterization of Terpolymers of
Methyl Acrylate/Ethylene/CO. A mixture of ligand 1a and
Pd(dba)2 catalyzes terpolymerization of MA, ethylene and CO
(Table 2).28,29 The incorporation ratio of the resulting terpo-
lymers depends upon the ethylene pressure. When 2.5 MPa of
ethylene was introduced, ethylene-enriched terpolymer was
obtained with the ratio of MA and ethylene (x:y) to be ca.
11:89 in a mixture of CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol
(1:2) (entry 1, Table 2). In the obtained terpolymers, olefins
and CO are aligned in an alternating fashion without any
successive olefin moieties.15,16 In addition, no successive
“methyl acrylate-CO” units described as “x” in Table 2 was
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, were not detected and other
detectable signals in the carbonyl region were all assigned (see
Supporting Information).
By decreasing ethylene pressure to 0.5 MPa, the ratio changed

to approximately x:y = 45:55 (entry 2, Table 2). However, a
detailed assignment of the polymer microstructure was difficult
due to its highly complex NMR signals, suggesting a random
architecture of the copolymer.

4. Thermal Properties of Co- and Terpolymers. Thermal
analyses were carried out for the obtained co- and terpolymers
(Figure 3). According to the differential scanning calorimetry
(DSC) analyses, Tg of the copolymer of entry 1 in Table 1
(poly(MA-alt-CO)) and the terpolymer of entry 2 in Table 2
(poly(CO-alt-(ethylene; MA)) were found around 50 �C11,29

and 22 �C, respectively. These values are higher than that
of poly(ethylene-alt-CO) (5�20 �C).1b 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 low Tg of the n-alkyl
substituted γ-polyketones was attributed to the reduction
of dipole�dipole interactions between the ketones in the
molecular chains.1b,30 The uniquely high Tg of ester-containing
γ-polyketones could be attributed to the stronger dipole�di-
pole interactions between molecular chains induced by the
ester groups in addition to the ketone moieties. As for melt-
ing temperatures of poly(MA-alt-CO) and poly(CO-alt-
(ethylene; MA)), no apparent signals were observed in DSC
analyses.31

Thermogravimetry (TG) analyses (Figure 4) showed thermal
decomposition starts at ca. 200 �C for both co- and terpolymers.
In the case of the terpolymer, additional decomposition starts at
300 �C, which corresponds to the decomposition temperature of
poly(ethylene-alt-CO).1b

5. Experimental Mechanistic Studies. In contrast to the
catalysts described in Scheme 2, the Pd phosphine�sulfonate
system could uniquely copolymerize methyl acrylate with carbon
monoxide. This suggested that the Pd phosphine�sulfonate
system allowed further insertion ofmonomers into five-membered
chelate complex 3a (Scheme 5),11 while other Pd complexes
resisted further reaction to III (Scheme 2).7 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, we synthesized an analogous complex (3c) ligated by

1,2-bis(diphenylphosphino)ethane (DPPE) according to a mod-
ified procedure reported by van Leeuwen7b (see Experimental
section) because complexes ligated by DPPE are some of the
most frequently employed for the copolymerization of aliphat-
ic olefins with CO.1a,c,32The copolymerization ofMA with CO by
3c did not proceed,7b,33 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.34

Table 2. Terpolymerization of Methyl Acrylate/Ethylene/COa

entry Pethylene (MPa) Ptotal (MPa) yield (mg)b activity (g 3mmol�1
3 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
aReactions were performed with 0.012 mmol of ligand 1, 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. bMolecular weight was not
determined due to the low solubility of the ethylene-rich terpolymer in common solvents for SEC analyses. Note that theNMR spectra of this terpolymer
were collected in a mixture of CDC13/1,1,1,3,3,3-hexafluoro-2-propanol (1:2).

cRatio of x:y was based on 1H NMR analysis. dRatio of x:y was based on
the carbonyl signals in the 13C NMR spectrum.

Figure 3. Comparison of the glass transition temperatures (Tg) of the
γ-polyketone. The values in parentheses are melting temperatures (Tm).
n.d. = not detected.
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Next, the structures of the key intermediates were compared.
Experimentally determined Pd�C and Pd�O bond lengths for a
series of five-membered chelate intermediates are listed in
Table 3. Although one might expect that the five-membered
chelate in the active Pd phosphine�sulfonate complex 3a would
be more weakly35 than the carbonyl oxygen of the inactive com-
plexes (3c�e), its Pd�C (2.042(6) Å) and Pd�O (2.137(4) Å)
distances are not significantly different than those in 3c�e. The
Pd�Cbond 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.36,37 In terms of
Pd�O bond lengths, 3a is within the range of 3d�e as listed in
Table 3.
Finally, the reactivities of these five-membered chelate com-

plexes (3a and 3c) with CO were investigated using a high
pressure NMR apparatus.38 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 5). 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 R-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, J = 16.1
Hz) was assigned to be that of the Pd�acyl carbonyl moiety
located cis to the phosphine (C4 in Figure 5). Furthermore, a
ketone functionality coordinated to the Pd center was not
present, typically observed around 220�240 ppm.7c Instead,

the �CH2COCH3 carbonyl signal was observed at 205.3 ppm,
which indicates that the ketone carbonyl oxygen does not
coordinate to the Pd center (C3).7c The fourth coordination
site of Pd is occupied by the carbonyl oxygen of the ester group,
which is observed at 181.3 ppm (br) (C5).12f

Therefore, the new signals were assigned as the complex
[P�SO3]Pd(CO)COCH(CO2Me)CH2COCH3 (5a), formed
by associative CO coordination (see Section 6), migratory inser-
tion of CO, and cis/trans isomerization reaction (Scheme 6).
Detailed assignments of the complex 5a are shown in the Experi-
mental section. Most of 5a underwent decarbonylation after
releasing the CO pressure to regenerate the five-membered
complex 3a.39 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 exposing the five-membered chelate complex 3c,
bearing DPPE ligand, to CO (6MPa) (Scheme 6, see Supporting
Information). This inert nature of 3c toward CO insertion can be
understood either by kinetic and/or thermodynamic reasoning,
which will be discussed in Section 7.
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 similar, (ii) 3a undergoes reversible inser-
tion of CO to afford acylpalladium complex 5a, (iii) the reaction
of 3c with CO does not afford an acylpalladium complex.
6. Mechanistic Studies by Theoretical Calculations. To

study the detailed mechanism of the overall catalytic cycle, we
conducted theoretical calculations. Our aim was to understand
why the Pd phosphine�sulfonate system accomplished the

Figure 4. Thermolysis curves of (a) poly(MA-alt-CO) and (b) poly(CO-alt-(ethylene; MA)), entry 2 in Table 2.

Table 3. Comparison of the Experimental Pd�C and Pd�O Lengths (Å) of the Five-Membered Chelate Complexes
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copolymerization of MA with CO while the Pd dppe complex,
one of the most commonly used catalysts in the copolymeriza-
tion of aliphatic olefins with CO,1a,c could not. In our theoretical
studies, density functional theorymethod (B3LYP40/6-31G* and
Lanl2dz41) was employed.42 As ligands, diphenylphosphinoben-
zenesulfonate (deprotonated form of 1b, see entry 2 in Table 1)
and DPPE were used. Since both five-membered chelate com-
plexes 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.
Hereafter, the isomer having an X ligand (X = alkyl or acyl)

and phosphorus atom in cis positions to each other will be de-
scribed as “cis” for the united definition throughout the manu-
script. In other words, an L ligand (L = carbonyl oxygen, CO,
olefin) and phosphorus atom are cis to each other in the “trans”
isomer (Figure 6). For example, Acis is the cis/trans isomer of
Atrans. Additionally, we used an asterisk (*) to indicate the simpli-
fied chain replacement of the �CH(CO2CH3)CH2COCH3

group by a�CH3 group. For instance, *Dcis ([P�O]PdCOCH3-
(MA)) is the simplified structure of Dcis ([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.
For all the stationary points, the relative energies with zero

point energy correction (EþZPC) 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 Acis and APP which are analogous to 3a and 3c,
respectively. The optimized structures of Acis and APP were in
reasonable agreement with the X-ray crystal structures of 3a and
3c (see Supporting Information).42

The processes we studied include relative stabilities of cis/trans
isomers of palladium phosphine�sulfonate complexes and their
isomerization reactions (Section 6.1), CO coordination and
insertion (Section 6.2), MA insertion (Section 6.3), and possible
side reactions (Section 6.4). After the calculation of these essential
reactions, we will discuss the overall catalytic cycle and compare
the phosphine�sulfonate ligand with DPPE in Section 7.
6.1. Relative Stabilities of cis/trans Isomers and Their Iso-

merization Reactions. Due to the unsymmetric nature of the
phosphine�sulfonate ligands, their square-planar palladium(II)
complexes have both cis/trans isomers.43During our investigations
on the stability of these isomers, as well as isomerization transi-
tion states in ethylene homopolymerization catalyzed by Pd
phosphine�sulfonate complexes,14 we found that the relative
location of an alkyl group in all the intermediates was preferen-
tially cis to the phosphine moiety (Figure 7). This preference can
be attributed to the strong trans influence of the alkyl group and
the phosphinemoiety, 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.11 It is confirmed by DFT calculation that
complex Acis, the analogue of 3a, is more stable than its cis/trans
isomer Atrans by 5.4/4.6 kcal/mol.
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 Btrans is lower in energy than complex Bcis by 2.1/3.3
kcal/mol although the alkyl group in Btrans is trans to the

Figure 5. 13C NMR (CD2Cl2) of complex 3a (top) and 3a þ 6 MPa of CO using a high-pressure NMR tube (bottom). Representative signals are
assigned to 3a (blue) and 5a (red). Ar = o-CH3OC6H4, [P�O] = {o-((o-MeOC6H4)2P)C6H4SO3}.

Scheme 6. Reaction of Key Five-Membered Chelate Com-
plexes 3a and 3c with 6 MPa of CO
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phosphine (Figure 8).44 The reverse preference can be attributed
to the strong trans-directing nature of carbon monoxide,45 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 COplay a key role in the stabilization.45b In fact, the
calculated distances between Pd and the carbon of CO (2.001 Å
for Bcis vs 1.888 Å for Btrans) and the bond lengths of CO (1.137
Å for Bcis vs 1.144 Å for Btrans) suggested that the back-donation
in Btrans is stronger than that in Bcis (Table 4). Thus, the back-
donation to CO is enhanced when CO is trans to the sulfonate
group (Btrans) compared to its isomer (Bcis). It is well-known

that phosphines are efficient π-acceptors due to their P�C σ*
orbital overlapping with the dπ orbital of a metal center.46 For
this reason, the portion of π-back-donation from Pd to CO is
decreased whenCO 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.47 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 weakπ-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 nonbonding 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 8).
The above-discussed difference in back-donation can also be

seen in other intermediates (Figure 6). Aside from the carbonyl
complexes, acylpalladium species and MA-coordinated com-
plexes also exhibited stronger back-donation when these moi-
eties are trans to the SO3 group. Acyl groups in Ccis, and Dcis

exhibited a longer CdO bond than in Ctrans and Dtrans,
respectively. This is because π* orbitals of CdO bond overlaps
with filled d orbitals of Pd center. In addition, the distance
between Pd and the olefin moiety of MA is shorter and CdC
bond is longer in Dtrans compared to those in Dcis, suggesting
that the back-donation from Pd to the electron deficient CdC is
effective when the sulfonate is trans to MA. Although the acyl
moiety andMA can accept the back-donation from the Pd center,
the extent to which it occurs is weaker than CO. In fact, the
stability of the series ofCtrans andDtrans follows the standard cis/
trans preference shown in Figure 7.
The back-donating ability of the cationic Pd dppe complexes

are also compared and shown in Table 4. In the case of the Pd
dppe complexes, CO, acyl moiety, andMA 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 andC�Obond lengths of CO inBPP (1.995 and 1.137 Å)

Figure 6. Definitions for the basic structures used in theoretical part.

Figure 7. Standard cis/trans preference of Pd�alkyl complex Acis and
Atrans.

Figure 8. Conceptual pictures for the difference in back-donation
between carbonyl complexes Bcis and Btrans.
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are quite close to those of Bcis (2.001 and 1.137 Å) rather than
those of Btrans (1.888 and 1.144 Å).48 Therefore, the back-
donation in these complexes appears to be influenced primarily
by the ligand located trans to CO. 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-donat-
ing ability seems to be minor. In fact, NBO population analyses49

showed that the negative charge is mainly located on the oxygen
atoms of the sulfonate group for the Pd phosphine�sulfonate
complexes, and the charge on Pd is almost the same as that for
the cationic Pd dppe complex (For the case of Acis and APP, see
Figure 9). Thus, the ability of back-donation depends not on the
net charge of the complexes but mainly on the stereoelectronic
effect of the trans ligands and the palladium center.
Previously, we proposed that cis/trans isomerization of Pd

phosphine�sulfonate proceeds via so-called Berry’s pseudorota-
tion of pentacoordinated complexes involving the associ-
ative exchange of the oxygen atoms in the sulfonate group
(Figure 10).14 One of the most unique characteristics of Pd

phosphine�sulfonate complexes is that the pentacoordinate TS
is lower in energy than that of the corresponding simple rotation
TS. We also investigated transition states of cis/trans isomeriza-
tion required for the copolymerization of MA with CO and
showed that TS(Ccis�Ctrans) and TS(Dcis�Dtrans) represent
pentacoordinated Berry’s pseudorotation transition states, which
need only 7.2/7.0 (from Ctrans), and 7.3/8.0 (from Dtrans) kcal/
mol, respectively (in Scheme 7 and Scheme 10). Between Acis

and Atrans and between Bcis and Btrans, pentacoordinate struc-
turesAmed andBmedwere found as intermediates instead of TS
(Scheme 7).50

6.2. CO Coordination and Insertion. The alternating copo-
lymerization is initiated by CO coordination to five-membered
chelate complexAcis (Scheme 7). For the 16e d8 square planar Pd
complex, the associative ligand substitution is widely accepted,
particularly with the strong π-acceptor CO.51 As expected,
chelate opening by CO can take place via trigonal-bipyramidal
transition states either from Acis or Atrans with barriers of 5.0/
15.2 and 9.3/18.4 kcal/mol from Acis, respectively.

52 Through
TS(Acis�Bcis) and TS(Atrans�Btrans), the CO molecule moves
to the equatorial plane and the chelating carbonyl group moves
away from the equatorial plane.44

The transition states for the subsequent CO insertion into the
Pd�C bond were successfully located both from Bcis and Btrans.
TS(Btrans�Ccis) is lower in energy than TS(Bcis�Ctrans) by
11.4/10.8 kcal/mol mainly because the alkyl group in Btrans is
more activated for the migratory insertion by the stronger trans
effect of the phosphine moiety than the sulfonate oxgen.14,16,43

Table 4. Calculated Bond Lengths (Å) for the Selected Intermediates Bearing a Phosphine�Sulfonate Ligand and aDPPE Ligand

phosphine�sulfonate DPPE

trans to SO3 trans to P trans to P

Pd�CO Pd�C 1.888 (Btrans) < 2.001 (Bcis) 1.995 (BPP)

C�O 1.144 (Btrans) > 1.137 (Bcis) 1.137 (BPP)

Pd�C(O)Me Pd�C 1.983 (Ccis) < 1.995 (Ctrans) 2.047 (CPP)

C�O 1.209 (Ccis) > 1.199 (Ctrans) 1.201 (CPP)

Pd�C 1.988 (Dcis) < 2.027 (Dtrans) 2.062 (DPP)

C�O 1.204 (Dcis) > 1.196 (Dtrans) 1.201 (DPP)

Pd�MA Pd�C 2.242�2.265 (Dtrans) < 2.289�2.365 (Dcis) 2.329�2.391 (DPP)

CdC 1.382 (Dtrans) > 1.379 (Dcis) 1.374 (DPP)

Figure 9. Charge distributions of Acis and APP estimated by NBO population analyses (B3LYP/6-31G*, Lanl2dz).

Figure 10. Cis/trans isomerization reaction via Berry’s pseudorotation-
like transition state.14
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In fact, the Pd�C (alkyl chain) bond length in Btrans (2.152 Å) is
longer than that in Bcis (2.109 Å). Accordingly, CO insertion
takes place from Btrans after CO coordination to the five-
membered chelate complex Acis, accompanied by cis/trans iso-
merization via Bmed.53 After CO insertion, the internal ester
carbonyl oxygen coordinates to the Pd center to afford a five-
membered chelate complex Ccis as observed in experiment (5a,
Figure 5).54

For comparison, we calculated the reaction pathways of CO
coordination and insertion toward APP bearing a DPPE ligand
(Scheme 8). Associative CO coordination via TS(APP�BPP)
requires a barrier of 3.6/13.0 kcal/mol from APP, which is
similar to the case of the Pd phosphine�sulfonate complex
(TS(Acis�Bcis), 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 (Scheme 2).7b Sub-
sequently, CO insertion can take place via TS(BPP-CPP) with a
barrier of 13.2/21.0 kcal/mol.55 The interpretation of these
calculations and experiments in Section 5 will be discussed in
Section 7.
6.3. MA Insertion. After insertion of CO into five-membered

chelate complexes (Section 6.2), MA should react with the

acylpalladium species to complete the catalytic cycle. Since it
was difficult to calculate all conformations of the highly complex
intermediates, we 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 *Dcis and
*Dtrans instead of Dcis and Dtrans). While the MA insertion into
Pd�alkyl bonds has been widely studied by theoretical
calculations,12f,56,57 this is the first theoretical study dealing with
MA insertion into a Pd�acetyl bond to the best of our
knowledge.1h

From cis/trans isomers of PdCOMe(MA) complex *Dcis and
*Dtrans, two types of MA insertion pathways, i.e., 2,1- and 1,2-
insertion, could proceed (Scheme 9). Both 2,1- and 1,2-insertion
transition states from *Dcis and *Dtrans were successfully located. It
was found that 2,1-insertion predominates over 1,2-insertion (i.e.,
TS(*Dtrans�Acis) and TS(*Dcis�Atrans) lower in energy than TS-
(*Dtrans�Ecis) and TS(*Dcis�Etrans), respectively). This is consis-
tent with the experimental result that 3a was obtained as the sole
product whenMA was added to the solution of 4a (Scheme 3). The
strong preference toward 2,1-insertion results in highly regiocon-
trolled architecture of the copolymer, as confirmed in Section 2.58

The preference toward 2,1-insertion could be attributed to three

Scheme 7. COCoordination and Insertion to Five-MemberedChelate Complex Bearing Phosphine�Sulfonate Ligand (EþZPE/
G, kcal/mol). The red arrow exhibits the most preferable pathway

Scheme 8. CO Coordination and Insertion to Five-Membered Chelate Complex Bearing DPPE Ligand (EþZPE/G, kcal/mol)



6771 dx.doi.org/10.1021/ja2003268 |J. Am. Chem. Soc. 2011, 133, 6761–6779

Journal of the American Chemical Society ARTICLE

factors: (i) steric repulsion between the migrating acetyl group
and the methoxycarbonyl group should disfavor 1,2-insertion,56a

(ii) electron-withdrawing nature of the methoxycarbonyl group
makes a difference in LUMO orbital (CdC, 2pz) coefficients to
some extent, which strengthen the 2,1-insertion preference,56a

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.56b,57a In fact, a smaller distortion energy
for the 2,1-insertionwas also found in the case ofMA inserting into
the Pd�acetyl bond (see Supporting Information). In contrast, t-
butyl acrylate underwent both 2,1- and 1,2-insertion (Section 2)
because the steric repulsion between the ligand and the t-butox-
ycarbonyl group was large enough to compete with the factors
above (i�iii).
It was also found that the insertion from *Dtrans is more

favorable than that from *Dcis (i.e., TS(*Dtrans�Acis) and TS-
(*Dtrans�Ecis) are lower in energy than TS(*Dcis�Atrans) and
TS(*Dcis�Etrans), respectively). The preference is due to the
stronger trans effect of the phosphine moiety than the sulfonate
group; the acetyl group in *Dtrans is more activated toward
migratory insertion.14,16,43 In fact, the Pd�C bond length in
*Dtrans (2.028 Å) is longer than that in *Dcis (1.993 Å). This
tendency suggests that the MA insertion into the Pd�acyl bond
can be recognized as acyl anionmigration toMA.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 (Etrans >
Ecis > Atrans > Acis (the most stable)).
According to the results obtained in the simplified model, 2,1-

insertion of MA from D is suggested to be the most preferable
pathway. Thus, we calculated the route DcisfTS(Dcis�Dtrans)f
DtransfTS(Dtrans�Acisnext) f Acisnext using full-size PdCOCH-
(CO2Me)CH2COCH3 complexes (Scheme 10). It should be
noted that the transition state for MA coordination to complexes
Ccis or Ctrans could not be located possibly because of nearly flat
potential energy surface.59 We assume that the barrier of the
coordination is negligible compared to the subsequent insertion
barrier.12f,14,57 Since the insertion of MA, TS(Dtrans�Acisnext),
needs 3.9/27.2 kcal/mol from complex Acis, this acrylate inser-
tion has the highest barrier through the catalytic cycle from Acis

to Acisnext, and makes it the rate-determining step.
Similarly, 2,1-insertion of MA into a Pd�acyl bond of Pd

dppe complexes was also examined (Scheme 11). 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
APP via DPPfTS(DPP-APPnext)fAPPnext. The MA insertion
is, again, a rate-determining step because this has the highest
energy in the catalytic cycle from APP to APPnext. In addi-
tion, the MA insertion TS for the Pd dppe complex is less
favorable than that for the Pd phosphine�sulfonate complexes
by 7.4/6.4 kcal/mol.

Scheme 9. MA Insertion into the Pd�Acetyl Bond by Pd Phosphine�Sulfonate Complexes (EþZPE/G, kcal/mol)a

aThe long alkyl chain (Pd�COCH(CO2Me)CH2COCH3) was simplified to Pd�COCH3. The red arrow shows the lowest energy pathway.
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6.4. Possible Side Reactions.34 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.1,7c,52,60,61 In our 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, as discussed in Section 2. However, the Pd phos-
phine�sulfonate catalyst is a potent catalyst capable of producing
nonalternating ethylene/CO copolymers with excess ethylene con-
tents by the coordination�insertion mechanism.15,16 Recently,
Caporaso and Mecking experimentally and theoretically demon-
strated that double (or more) insertion of MA can take place in the
absence of CO.12d,f 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.
From complex Acis (after insertion of one MA), another MA

can coordinate cis to the phosphine (Ftrans), which is endother-
mic/endergonic by 15.7/27.2 kcal/mol. Migratory insertion of the
alkyl groups trans to the phosphine (TS(Ftrans�Gcis)) requires an
overall barrier of 25.5/38.3 kcal/mol (Scheme 12). This is
consistent with the overall barrier for multiple coordination�
insertion of MA reported by Caporaso and Mecking (ca. 25 kcal/
mol in ΔE).12f This route is thought to be the most probable
pathway according to their detailed calculations. The barrier
relative to Acis is higher in energy than that of the alternating
copolymerization cycle which requires an overall barrier of
3.9/27.2 kcal/mol (TS(Dtrans�Acisnext), Scheme 10). Therefore,
MA double insertion did not occur because it is kinetically
disfavored in the presence of CO. Concerning the nonalternating
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 ΔH)
and successive insertion can take place with a barrier of 25.0 kcal/
mol (inΔH) from the chelate complex.16a 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 com-
pared to that of ethylene.28,56

7. Discussion on the Mechanism: Why Phosphine�
Sulfonate? According to the discussion above, the most prob-
able pathway for the full catalytic cycle of MA/CO copolymer-
ization by the Pd phosphine�sulfonate complex is summarized
in Figure 11 (bold line).62 First, CO coordinates to the five-
membered chelate complex Acis to form carbonyl complex Bcis

and, after cis/trans isomerization, CO insertion takes place to
generate Ccis which was observed in high pressure NMR as 5a in
Section 5. After the coordination of MA to Ccis and cis/trans
isomerization, exclusive 2,1-insertion takes place from complex
Dtrans to regenerate the five-membered chelate complexAcisnext.
The rate-determining step of the catalytic cycle is the MA
insertion step via TS(Dtrans�Acisnext), which is 27.2 kcal/mol
higher in energy than Acis. The double insertion of either MA or
CO61 was energetically unfavorable.
The dotted line in Figure 11 shows the catalytic cycle for

the Pd dppe system. Similarly, CO coordination and insertion
takes place from the five-membered chelate complexAPP to afford
acylpalladium complexCPP. Then,MA coordination and insertion
through the highest barrier viaTS(DPP�APPnext) (33.6 kcal/mol
from APP) complete the catalytic cycle.
With the full catalytic cycle in hand (Figure 11), the experi-

mental 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-
(Dtrans�Acisnext) vsTS(DPP�APPnext). 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 Section 5,

CO insertion observed from the Pd phosphine�sulfonate complex
3a could be attributed to the fact that the barriers for CO
coordination (TS(Acis�Bcis)) and insertion (TS(Btrans�Ccis))
are reasonably low to be overcome at ambient temperature and
that the resulting acylpalladium complexes are stable enough to be
observed.54 In contrast, when Pd dppe complex 3cwas exposed to 6
MPaofCOat ambient temperature,38 nonew signalswere detected.
This result could be explained as follows (i) acylpalladium com-
plexes were not detected because the barrier for CO insertion
(TS(BPP�CPP)) cannot be overcome at ambient temperature
(kinetic argument), and (ii) carbonyl complexes were also not
observed since BPP is less stable than APP by 5.6 kcal/mol (which
corresponds to K < 0.1), although the barrier for the coordination,
TS(APP�BPP), is easy to overcome (thermodynamic argument).
Before our first report on the copolymerization of MA with

CO by the Pd phosphine�sulfonate system,11 several attempts
on this copolymerization had been reported (Scheme 2). It was
proposed that the one possible reason for the inert nature of
the five-membered chelate complexes1h is the lower nucleo-
philicity of the carbon R to the Pd center as a result of the
electron-withdrawing group.7b,8d In fact, the CO insertion from

Scheme 10. MA Insertion into Pd�Acyl Bond of Pd Phosphine�Sulfonate Complexes (EþZPE/G, kcal/mol)a

aR = CH(CO2Me)CH2COMe.

Scheme 11. MA Insertion into Pd�Acyl Bond of Pd dppe
Complexes (EþZPE/G, kcal/mol)a

aR = CH(CO2Me)CH2COMe.
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[P�O]Pd(CO)CH2CH2COCH3 (without �CO2Me group)
requires only a barrier of 11.5 kcal/mol,16a while the CO
insertion from Btrans requires a barrier of 15.6 kcal/mol
(Figure 11). Thus, it is the case that an electron-withdrawing
group on the R-carbon slows down the CO insertion rate and,
thus, the acylpalladium species would not be observed at ambient
temperature (Scheme 6). However, Figure 11 suggests that
coordination and insertion of CO are possible if higher tempera-
ture is provided because of their moderate barriers (13.0 and 21.0

kcal/mol, respectively).38 Instead, the subsequent coordina-
tion�insertion of MA requires a rather high barrier (via TS-
(DPP�APPnext), 33.6 kcal/mol from APP), 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 copolymeri-
zation 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 11). This could

Figure 11. Comparison of the energy profiles for the copolymerization ofMAwith CO catalyzed by Pd phospine�sulfonate complex (Bold black) and
Pd dppe complex (dotted line). The Gibbs free energies (in kcal/mol) relative to Acis or APP are given. R = CH(CO2Me)CH2COMe.62

Scheme 12. Double MA Insertion into Pd�Alkyl Bond of Pd Phosphine�Sulfonate Complexes (EþZPE/G, kcal/mol)
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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 12). In contrast, the sulfonate group is
not bulky and, therefore, TS(Dtrans�Acisnext) is sufficiently low
in energy to be overcome.
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,63 they should have similar structures to precursor
complexes, Dtrans and DPP. It was found by comparing the
structure of Dtrans and DPP that the CdC bond of MA in Dtrans

is longer than in DPP and also that the Pd�olefin distance is
shorter inDtrans thanDPP (Table 4). The results indicate that the
back-donation from 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 Dtrans. The lower-energy TS(Dtrans�Anext)
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*(CdC) 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 11

(except Acis) 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 we
discussed in Section 6.1, 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 Acis cannot be stabilized by back-
donation because of a lack of appropriate low-lying vacant
orbitals of the alkyl group.

’CONCLUSIONS

In this article we provided the full details for the copolymer-
ization 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 epimerizing in the presence of MeOH.
Terpolymers of MA, ethylene, and CO were also synthesized by
the same catalyst and its ester content could be controlled by
changing the ethylene pressure. The incorporation of the ester
group into γ-polyketones resulted in an increase in glass-transi-
tion temperature.

The mechanism for the alternating copolymerization of MA
with CO catalyzed by the Pd phosphine�sulfonate complexes is
summarized in Figure 13. Reversible CO insertion to isolated
five-membered chelate complex 3a was observed by high-pres-
sure 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 ofMA. 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 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.
Throughout this study, the role of this simple and elegantly
designed unsymmetrical ligand has been revealed by an under-
standing of its molecular orbitals and their effect on the Pd
center.64,65 We believe that these detailed studies will allow the
further design of novel catalysts.

’EXPERIMENTAL SECTION

General Methods. 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.
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

Figure 12. Calculated structures of the rate-determining step: TS(Dtrans�Acisnext) and TS(DPP�APPnext).
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0.09125, 0.767, 3.46 Hz, respectively) NMR spectrometers. Size exclu-
sion 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-804 L) by eluting the columns with chloroform at 1 mL/min.
Molecular weights were determined using narrow polystyrene standards.
Fast atom bombardment mass spectrometry (FAB-MS) was carried out
on a JEOL JMS-700 spectrometer using PEG calibration and NBA
matrix solvent. 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 crystallograph-
ic analyses were performed on a Rigaku Mercury CCD diffractometer.
Materials Information. Anhydrous solvents (dichloromethane,

diethyl ether, hexane, and tetrahydrofuran) were purchased from Kanto
Chemical Co. Inc. and purified by the method of Pangborn et al.66

Carbon monoxide (>99.95 vol%) was obtained from Takachiho Che-
mical 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. 1,1,1,3,3,3-hexafluoro-2-
propanol (Kanto) and methan-(ol-d) (Aldrich, 99 atom %-D) were
purchased and used as received.

The following compounds were prepared according to literature
procedures: Pd(dba)2,

17 Pd2(dba)3 3CHCl3,
17 2-{di(2-methoxyphe-

nyl)phosphino}benzenesulfonic acid (1a),15a 2-(diphenylphosphino)-
benzenesulfonic acid (1b),13b [{o-(o-MeOC6H4)2P}C6H4SO3]PdMe-
(2,6-Me2C5H3N) (2a),12I [{o-((o-MeOC6H4)2P)C6H4SO3}PdCH-
(CO2Me)CH2COMe] (3a),11 [(dppe)PdMe(NCMe)][OTf].67

General Procedures of Copolymerization of Methyl Acry-
late with Carbon Monoxide (Table 1, entry 1). Pd(dba)2 and
ligand 1a (1:1.2 mol ratio) were mixed in a mortar with a pestle. The
mixed catalyst (10.7 mg, 0.010 mmol of Pd) were dried in vacuo in a
50 mL-autoclave more than 1.5 h before introducing 1 atm of carbon
monoxide. Methyl acrylate (2.5 mL) 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. Repre-
cipitation and filtration of the crude materials twice from CH2Cl2/
MeOHor once fromCH2Cl2/diethyl ether afforded dba-free alternating
copolymer.

1H NMR (CDCl3, 500 MHz, Figure S1, top): δ 3.04�3.54 (�CH2�),
3.60�3.95 (�CO2CH3), 3.96�4.11 (�CH(CO2Me)�).

13CNMR (CDCl3, 126MHz, Figure S2, top):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�).
Procedures of Copolymerization of t-Butyl Acrylate with

Carbon Monoxide (Table 1, entry 11). Pd(dba)2 and ligand 1a
(1:1.2 mol ratio) were mixed in a mortar with a pestle. The mixed
catalyst (10.7 mg, 0.010 mmol of Pd) were dried in vacuo in a 50 mL-
autoclave more than 1.5 h before introducing 1 atm of carbonmonoxide.
t-Butyl acrylate (2.5 mL) was 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 deter-
mined 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. 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 S5): δ 1.37�1.55 (�C(CH3)3),
2.65�3.52 (�CH2�), 3.69�4.39 (�CH(CO2t-Bu)�).

13CNMR(CDCl3, 101MHz, Figure S6):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�).
General Procedures of Terpolymerization of Methyl Acry-

late, Ethylene and Carbon Monoxide Catalyzed by Pd(dba)2
and Phosphonium�Sulfonate (Table 2). Pd(dba)2 and ligand 1a
(1:1.2 mol ratio) were mixed in a mortar with a pestle. The mixed

Figure 13. 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.
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catalyst (10.7 mg, 0.010 mmol of Pd) were dried in vacuo in a 50 mL-
autoclave more than 1.5 h. To the autoclave were added 2.5 mL of
methyl acrylate 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 copolymer were
determined by subtraction of the weight of catalyst (10.7 mg) from the
amount of solid product obtained. For the reprecipitaion of the
terpolymer in entry 1 in Table 2, the obtained materials were dissolved
in ca. 1 mL of a mixture of CDCl3/1,1,1,3,3,3-hexafluoro-2-propanol
(1:2) was poured into stirring diethyl ether through filtration. The
reprecipitated white solid was used for NMR (Figure S10�14, Support-
ing Information), TG (Figure S21, Supporting Information) and DCS
(Figure S22, Supporting Information) analyses. For the terpolymer in
entry 2 in Table 2 (NMR: Figure S15, 16, Supporting Information),
molecular weight of the copolymer was determined after filtration of
insoluble materials in CHCl3.
H/D Exchange of Copoly(Methyl Acrylate-alt-CO) (Figure

S3, Supporting Information). In a NMR sample tube, 16 mg of
copoly(methyl acrylate-alt-CO) (0.14 mmol unit, a sample of Mn =
53,000,Mw/Mn = 1.6) was dried under vacuum. After introducing argon,
freshly distilled CD2Cl2 (0.6 mL) was added to the sample tube and the
polymer was dissolved. To a solution of copolymer was added 2.1 mmol
of methan-(ol-d). After 4 h at ambient temperature, 1H NMR was
collected. 2H NMR of the resulting copolymer was also collected in
CH2Cl2 after removing CD2Cl2 and methan-(ol-d) under vaccuo.
Reaction of 3a under High Pressure of CO: Spectropcopic

Characterization of (SP-4-3)-[{o-((o-MeOC6H4)2P)C6H4SO3}-
Pd{COCH(CO2Me)CH2COMe}] (5a).68 In a globe box, a high
pressure-NMR tube was charged with a filtered solution of 3a (0.25
mmol) in CD2Cl2 (0.6 mL). The tube was charged with CO to 6.0 MPa
and was kept at room temperature for 3.5 h. Then the NMR data were
collected at room temperature. The 3:2 mixture of 5a and 3a were
observed. (Figure S17, Supporting Information).

NMR data (other than aromatic region) of 3a11: 1HNMR (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)).;

31P NMR
(CD2Cl2): δ 19.7.

5a: 1H NMR (CD2Cl2, Figure S17, 18, Supporting Information):
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).

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 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, 400 MHz, Figure S19, Supporting
Information):δ 1.85�2.00 (m, 1H, 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, 101 MHz, Figure S20, top, Supporting Information): 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 = 19Hz, PCH2CH2P), 48.1 (d,

1JPC = 77Hz, PdCH), 50.1 (d,
1JPC = 6

Hz, PCH2CH2P), 50.3 (s, CO2CH3), 126.1 (d,
1JPC = 58Hz, 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, 162 MHz) δ 45.4 (d, 2JPP = 26 Hz), 59.2 (d, 2JPP = 26 Hz); 19F
NMR (CD2Cl2, 376 MHz) δ �78.8; HRMS-FAB (m/z): [M �
CF3SO3

�]þ calcd for C32H33O3P2Pd, 633.0940; found, 633.0916.
Reaction of 3c under High Pressure of CO. In a globe box, a

high pressure-NMR tube was charged with a filtered solution of 3c (0.14
mmol) in CD2Cl2 (0.6 mL). The tube was charged with CO to 6.0 MPa
and was kept at room temperature for 3.5 h. Then the NMR data were
collected at room temperature (Figure S20, bottom, Supporting In-
formation). Other than free CO, any change could not be confirmed, at
least in carbonyl region.
TheoreticalMethods. All geometries of the reactants, intermediates,

transition states, and products of the reactions were fully optimized by using
Gaussian 03 program,69 and B3LYP40 method with combined basis sets
(Lanl2dz basis sets and effective core potential for palladium atom41 and
6-31G(d) basis sets for the other atoms). 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). IRC calculations70 were also performed to
confirm the connectivity between the transition state and the reactant/
product. Zero-point energy, enthalpy, and Gibbs free energy at 298.15 K
and 1 atm were calculated from the gas-phase harmonic frequencies.
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