
Copolymerization of carbon monoxide with ethene catalyzed by
bis-chelated palladium(II) complexes containing diphosphine and
dinitrogen ligands¤

Claudio Bianchini,* Hon Man Lee, Pierluigi Barbaro, Andrea Meli, Simonetta Moneti and
Francesco Vizza

Istituto per lo Studio della Stereochimica ed Energetica dei Composti di Coordinazione (ISSECC),
CNR, V ia J. Nardi 39, 50132 Firenze, Italy. E-mail : bianchin=Ð.cnr.it

Received (in Strasbourg, France) 10th May 1999, Accepted 10th July 1999

Several bis-chelated palladium(II) complexes, [Pd(P-P)(N-N) containing binary combinations of
x
](PF6)2 ,

diphosphine and dinitrogen ligands have been prepared and characterized. The diphosphine ligands comprise 1,3-
bis(diphenylphosphino)propane (dppp), meso-2,4-bis(diphenylphosphino)pentane (meso-bdpp), rac-2,4-
bis(diphenylphosphino)pentane (rac-bdpp) and 2,2@-bis(diphenylphosphinoethyl)pentane (Etdppp), while the
dinitrogen ligands are either 2,2@-bipyridine (bipy ; x \ 1) or 1,8-naphthyridine (napy ; x \ 2). The structure of
[Pd(meso-bdpp)(N,N@-bipy)] has been determined by an X-ray structural analysis. All the Pd(II)(PF6)2 ÉCH2Cl2
complexes have been tested as catalyst precursors for the copolymerization of carbon monoxide and ethene in
methanol solution in either autoclaves or high-pressure sapphire NMR tubes. The combination of meso-bdpp and
bipy at palladium, in conjuction with both 1,4-benzoquinone and p-toluenesulfonic acid, has shown the best
catalytic performance. The di†erent catalytic activities exhibited by the stereoisomers [Pd(meso-bdpp)(N,N@-bipy)]-

and [Pd(rac-bdpp)(N,N@-bipy)] has been interpreted in terms of the di†erent spatial distribution of the(PF6)2 (PF6)2
phenyl rings around the metal center determined by the conformation of the six-membered metallaring.

The industrial importance of polyketone materials obtained
by the alternating copolymerization of carbon monoxide and
a-oleÐns is stimulating intense research activity aimed at
designing new catalysts with improved efficiency and lower
environmental impact.1,2

The diphosphine ligand 1,3-bis(diphenylphosphino)propane
(dppp) is by far the ligand of choice in the Pd-catalyzed co-
and terpolymerization of carbon monoxide and ethene or
etheneÈpropene in MeOH [eqn. (1)].1,3 In combination with
dppp and a non-coordinating counter anion, dinitrogen che-
lating ligands such as 2,2@-bipyridine (bipy) or 1,10-phenan-
throline (phen) have recently been reported to form
bis-chelated palladium(II) catalysts that, under comparable
experimental conditions, are more efficient than monochelated
dpppÈPd(II) systems.4

Besides creating facile access of CO and MeOH to the
metal center via decoordination, the dinitrogen co-ligands
have been suggested to modulate the proton concentration in
the reaction mixtures with consequent beneÐcial e†ects on the
activity of the catalysts as well as the molecular weight of the
polyketones.4,5

In the course of a recent investigation,6 we have found that
the stereoselective introduction of methyl substituents in the
1,3-positions of dppp as in meso-2,4-bis(diphenylphosphino)-
pentane (meso-bdpp)7,8 results in the formation of palladium
bis(triÑuoroacetate) catalysts that can be more active than
their dppp counterparts by ca. 50%. Conversely, ethyl substit-
uents in the 2-position as in (Etdppp) gener-Et2C(CH2PPh2)2ate a catalyst that is less efficient than the dppp analog by ca.

¤ Non-SI unit employed : 1 psi\ 6.9] 103 Pa.

20%. The di†erent catalytic activities were interpreted in
terms of both steric and electronic factors.6

Intrigued by the possibility of further improving the activity
of soluble palladium catalysts for copolymer-COÈC2H4ization, we decided to carry out a study in which di†erent
types of diphosphine ligands derived from dppp and di†erent
types of chelating dinitrogen ligands are systematically tested
as ligands to palladium(II) so as to Ðnd the (P-P)È(N-N) com-
bination exhibiting the best catalytic performance for

copolymerization.COÈC2H4In this paper, we report the synthesis and catalytic activity
of some bis-chelated palladium(II) complexes containing
binary combinations of the diphosphine and dinitrogen
ligands shown in Chart 1. The ligand 1,8-naphthyridine
(napy), which is a better r-donor and a poorer p-acceptor
than bipy, has been selected for its capability to easily create a
free coordination site at metal centers by changing its bonding
mode from g2-N,N@ to g1-N.9

The combination of certain diphosphine and dinitrogen
ligands at palladium, in conjuction with both 1,4-benzoquin-
one (BQ) and p-toluenesulfonic acid (TsOH), has been found

Chart 1
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to give higher productivities than dppp-based catalysts,
without decreasing their spectacular chemo- and regioselecti-
vity. High-pressure NMR experiments (HPNMR) under
actual catalytic copolymerization conditions have been carried
out in an attempt to elucidate the role of the dinitrogen
ligands in the copolymerization mechanism catalyzed by the
bis-chelated palladium complexes.

Experimental
Materials and methods

All reactions and manipulations were carried out under an
atmosphere of nitrogen by using Schlenk-type techniques. The
starting materials Pd(dppp) (1),6 [Pd(dppp)(N,N@-(CO2CF3)2(1a),4 napy,9h Pd(meso-bdpp) (meso-bipy)](PF6)2 (CO2CF3)22),6 Pd(rac-bdpp) (rac-2),6 and Pd(Etdppp)(CO2CF3)2(3)6 were prepared according to literature(CO2CF3)2methods. Reagent grade MeOH was used in all copolymer-
ization reactions. 1,1,1,3,3,3-HexaÑuoropropan-2-ol- (HFIP-d2was purchased from Cambridge Isotope Laboratories,d2)Andover, MA. All other reagents and solvents were used as
purchased from Aldrich, Fluka or Strem. Copolymerization
reactions were performed with a 250 mL stainless steel auto-
clave, constructed at the ISSECC-CNR (Firenze, Italy),
equipped with a magnetic drive stirrer and a Parr 4842 tem-
perature and pressure controller. The autoclave was con-
nected to a gas reservoir to maintain a constant pressure over
all the catalytic reactions. Deuterated solvents for NMR mea-
surements were dried over molecular sieves. 1H, 13CM1HN, and
31PM1HN NMR spectra were obtained on either a Bruker ACP
200 (200.13, 50.32, and 81.01 MHz, respectively) or a Bruker
AVANCE DRX-500 spectrometer equipped with a variable-
temperature control unit accurate to ^0.1 ¡C (500.13, 125.76,
and 202.47 MHz, respectively). All chemical shifts are reported
in ppm relative to tetramethylsilane, referenced to the chemi-
cal shifts of residual solvent resonances (1H, 13C) or 85%

(31P). The assignments of the signals resulted from 1DH3PO4spectra, 2D 1H-DQF-COSY, 1H-NOESY, 1H-ROESY and
proton-detected 2D 1H-13C, 1H-31P correlations using non-
spinning samples. 2D NMR spectra were recorded using pulse
sequences suitable for phase-sensitive representations with
TPPI. and coupling constants were obtained from 1HJHH JHPand 1HM31PN heteronuclear decoupled 1D spectra and with
the aid of computer simulation of the spectra using the gNMR
program.10 Standard pulse sequences were used for the
1H-DQF-COSY,11 1H-NOESY12 and 1H-ROESY13 experi-
ments ; 1024 increments of size 2K (each with 16 scans) cover-
ing the full range in both dimensions (ca. 5900 Hz) were
acquired with a relaxation delay of 1.5 s and a mixing time of
0.7 s. The 1H-13C correlations were recorded using the stan-
dard HMQC sequence14 with no decoupling during acquisi-
tion ; 1024 increments of size 2K (each with 16 scans) were
collected covering the full range in both dimensions with a
relaxation delay of 1.0 s. The 1H-31P correlations were record-
ed with the standard HMQC sequence with 1H decoupling
during acquisition ; 128 increments of size 2K (each with 8
scans) were collected covering the full range in both dimen-
sions with a relaxation delay of 1.0 s. The 10 mm sapphire
NMR tube was purchased from Saphikon, Milford, NH, while
the titanium high-pressure charging-head was constructed at
the ISSECC-CNR (Firenze, Italy).15

Safety note : Since high gas pressures are involved, safety pre-
cautions must be taken at all stages of studies involving high-
pressure NMR tubes.

General procedure for the synthesis of bis-chelated palladium
complexes

To 5 mL of a methanol solution of Pd(P-P) (P-(CO2CF3)2P\ dppp, meso-bdpp, rac-bdpp, Etdppp) and dinitrogen

ligand N-N (napy, 2.3 equiv ; bipy, 1.2 equiv) was added 5 mL
of a methanol solution of [eqn. (2)].NH4PF6

The solution was allowed to stir for 5 min. The product pre-
cipitated on addition of 40 mL of petroleum ether. The solid
was Ðltered on a sintered-glass frit and washed with petroleum
ether before being dried in a stream of nitrogen.

1b. 1 (150 mg, 0.20 mmol), 60[Pd(dppp)(N-napy)
2

] (PF
6
)
2
,

mg of napy (0.46 mmol) and 75 mg of (0.46 mmol)NH4PF6were used. A white solid was obtained. Yield : 180 mg, 96%.
1H NMR (200.13 MHz, d 2.31 (m, 2H, aliphaticCD2Cl2) :chain), 2.87 (m, 4H, aliphatic chain), 7.1È8.0 (m, 24H, Ph and

napy), 8.01 (d, 4H, Hz, napy),H
bvb{ JHcHb

\ JHc{Hb{\ 7.9 H
cvc{9.38 (br s, 4H, napy). Anal. calcd (found) forH

ava{C, 48.31 (47.80) ; H, 3.58 (3.57) ; N, 5.24C43H38F12N4P4Pd:
(5.04).

meso-2a. meso-2 (130[Pd(meso-bdpp)(N,Nº-bipy) ] (PF
6
)
2
,

mg, 0.16 mmol), 31 mg of bipy (0.20 mmol) and 60 mg of
(0.37 mmol) were used. A white solid was obtained.NH4PF6Yield : 150 mg, 93%. 1H NMR (200.13 MHz, d 1.06CD2Cl2) :(dd, 6H, Hz, Hz, 1.81 (m, 1H,JHH \ 7.1 JHP \ 17.2 CHCH3),CH1H), 2.4È2.9 (m, 3H, and CHH2), 7.08 (t, 2H,CHCH3Hz, bipy), 7.5È7.8 (m, 14H, Ph and bipy),JHH \ 6.6 H5v5{ H6v6{7.9È8.2 (m, 10H, Ph and bipy), 8.27 (d, 2H, Hz,H4v4{ JHH \ 8.2

bipy). 13CM1HN NMR (125.76 MHz, d 18.47H3v3{ CD2Cl2) :27.96 35.74 135.76 (o-Ph1), 130.28(CHCH3), (CHCH3), (CH2),(m-Ph1), 133.81 (p-Ph1), 133.47 (o-Ph2), 130.93 (m-Ph2), 134.23
(p-Ph2), 124.22 142.10 126.33 151.14(C33{), (C44{), (C55{), (C66{).Anal. calcd (found) for C, 47.17 (46.97) ;C39H38F12N2P4Pd:
H, 3.86 (3.85) ; N, 2.82 (2.75). Crystals of meso-2a ÆCH2Cl2 ,
suitable for an X-ray di†raction analysis, were grown by slow
evaporation from a diluted dichloromethane solution of meso-
2a. Anal. calcd (found) for C, 44.57C40H40Cl2F12N2P4Pd:
(44.33) ; H, 3.74 (3.61) ; N, 2.60 (2.51).

meso-2b. meso-2 (200[Pd(meso-bdpp)(N-napy)
2

] (PF
6
)
2
,

mg, 0.26 mmol), 80 mg of napy (0.62 mmol) and 97 mg of
(0.60 mmol) were used. A white solid was obtained.NH4PF6Yield : 210 mg, 85%. 1H NMR (200.13 MHz, d 1.19CD2Cl2) :(m, 6H, 2.0È2.4 (m, 2H, 2.94 (m, 2H,CHCH3), CH2), CHCH3),7.2È8.3 (m, 28H, Ph and napy), 8.91 (br s, 4H,H

bvb{ , H
cvc

H
avanapy). Anal. calcd (found) for C, 49.26C45H42F12N4P4Pd:

(49.20) ; H, 3.86 (3.83) ; N, 5.11 (5.09).

rac-2a. rac-2 (250 mg,[Pd(rac-bdpp)(N,Nº-bipy) ] (PF
6
)
2
,

0.32 mmol), 60 mg of bipy (0.38 mmol) and 120 mg of
(0.74 mmol) were used. A white solid was obtained.NH4PF6Yield : 250 mg, 79%. 1H NMR (200.13 MHz, d 1.09CD2Cl2) :(dd, 6H, Hz, Hz, 1.9È2.2 (m,JHH \ 7.0 JHP \ 16.3 CHCH3),2H, 2.80 (m, 2H, 7.15 (t, 2H, Hz,CH2), CHCH3), JHH \ 6.9

bipy), 7.5È8.0 (m, 18H, Ph and bipy), 8.06 (td, 2H,H5v5{ H6v6{1.5 Hz, 8.22 (d, 2H, Hz,JHH \ 7.9, H4v4{), JHH \ 8.0 H3v3{),8.39 (m, 4H, Ph). 13CM1HN NMR (125.76 MHz, dCD2Cl2) :18.01 31.02 35.52 135.87 (o-Ph1),(CHCH3), (CHCH3), (CH2),131.46 (m-Ph1), 135.22 (p-Ph1), 132.65 (o-Ph2), 130.58 (m-Ph2),
133.60 (p-Ph2), 124.18 141.95 126.98(C33{), (C44{), (C55{),150.70 Anal. calcd (found) for C,(C66{). C39H38F12N2P4Pd:
47.17 (46.76) ; H, 3.86 (3.82) ; N, 2.82 (2.81).

rac-2b. rac-2 (350 mg, 0.45[Pd(rac-bdpp)(N-napy)
2

] (PF
6
)
2
,

mmol), 140 mg of napy (1.08 mmol) and 169 mg of NH4PF6(1.04 mmol) were used. A white solid was obtained. Yield : 390
mg, 89%. 1H NMR (200.13 MHz, d 1.16 (m, 6H,CD2Cl2) :1.8È2.2 (m, 2H 3.15 (m, 2H, 6.7È7.1CHCH3), CH2), CHCH3),(m, 10H, Ph), 7.35 (dd, 2H, Hz, Hz,JHbHc

\ 8.2 JHbHa
\ 5.1 H

bnapy), 7.69 (dd, 2H, Hz, Hz,JHb{Hc{\ 8.2 JHb{Ha{\ 4.4 H
b{

930 New J. Chem., 1999, 23, 929È938



Table 1 Summary of crystallographic data for meso-2a ÉCH2Cl2
Formula C40H40Cl2F12N2P4Pd
M 1077.96
Crystal system Monoclinic
Space group P21/aa/Ó 16.085(9)
b/Ó 14.361(2)
c/Ó 19.564(3)
b/¡ 94.39(2)
U/Ó3 4506(2)
Z 4
T /K 298
k/mm~1 0.745
ReÑections collected 81 522
Independent reÑections 7906 (Rint \ 0.1003)
Final R indices [I[ 2p(I)] R1\ 0.0880, wR2\ 0.2134
R indices (all data) R1\ 0.2424, wR2\ 0.2730

napy), 8.0È8.2 (m, 10H, Ph and napy), 8.78 (m, 4H, Ph),H
cvc{8.92 (m, 2H, napy), 9.44 (dd, 2H, Hz,H

a
JHa{Hb{\ 4.4 JHa{Hc{\Hz, napy). Anal. calcd (found) for1.7 H

a{ C45H42F12N4P4Pd:
C, 49.26 (48.59) ; H, 3.86 (3.81) ; N, 5.11 (4.91).

3a. 3 (47 mg, 59 lmol), 11[Pd(Etdppp)(N,Nº-bipy) ] (PF
6
)
2
,

mg of bipy (71 lmol) and 23 mg of (0.14 mmol) wereNH4PF6used. A grey solid was obtained. Yield : 50 mg, 83%. 1H NMR
(200.13 MHz, d 0.54 (t, 6H, Hz,CD2Cl2) : JHH \ 7.2 CH2CH3),0.99 (q, 4H, Hz, 2.44 (d, 4H,JHH \ 7.2 CH2CH3), JHP \ 7.8
Hz, 7.05 (t, 2H, Hz, bipy), 7.6È7.8 (br,CH2P), JHH \ 7.1 H5v5{14H, Ph and bipy), 8.04 (td, 2H, 1.3 Hz,H6v6{ JHH \ 7.8, H4v4{bipy), 8.1È8.3 (br, 10H, Ph and bipy). Anal. calcd (found)H3v3{for C, 48.23 (48.11) ; H, 4.15 (4.05) ; N,C41H42F12N2P4Pd:
2.74 (2.61).

3b. 3 (90 mg, 0.11 mmol), 32[Pd(Etdppp)(N-napy)
2

] (PF
6
)
2
,

mg of napy (0.25 mmol) and 41 mg of (0.25 mmol)NH4PF6were used. A pale brown solid was obtained. Yield : 85 mg,
77%. 1H NMR (200.13 MHz, d 0.49 (t, 6H,CD2Cl2) : JHH \

Hz, 0.96 (q, 4H, Hz, 2.567.3 CH2CH3), JHH \ 7.3 CH2CH3),(d, 4H, Hz, 7.4È8.0 (m, 24H, Ph andJHP \ 8.1 CH2P), H
bvb{napy), 8.06 (dd, 4H, Hz, napy),JHcHb

\ 8.3, JHcHa
\ 1.8 H

cvc{9.07 (d, 4H, Hz, napy). Anal. calcd (found) forJHaHb
\ 4.7 H

ava{C, 50.17 (49.98) ; H, 4.12 (4.08) ; N, 4.98C47H46F12N4P4Pd:
(4.70).

Copolymerization studies

Copolymerization of CO and ethene at constant pressure.
Typically, a 100 mL solution of MeOH containing 0.01 mmol
of catalyst, 0.8 mmol of BQ and the required acid was intro-
duced by suction into a 250 mL autoclave previously evac-
uated by a vacuum pump. The autoclave was Ðrst pressurized
with a 1 : 1 mixture of and CO to 600 psi at room tem-C2H4perature and then heated to 85 ¡C. When the autoclave con-
tents reached the desired temperature, they were stirred (1400
rpm) for 3 h. During the reaction the pressure level was kept
constant at ca. 800 psi by continuous feeding of an equimolar
mixture of and CO from a high-pressure gas reservoir.C2H4The reaction was stopped by cooling the autoclave to room
temperature by means of an ice-water bath. The pressure was
then released. The polymer was Ðltered o†, washed with meth-
anol, and dried in a vacuum oven at 70 ¡C overnight.

In situ NMR study of the copolymerization of CO and
ethene. In a typical experiment, a 10 mm sapphire HPNMR
tube was charged with the appropriate bis-chelated precursor
(0.01 mmol), BQ (0.1 mol) and (2 mL) under nitro-MeOH-d4gen. Under these conditions, all of the palladium complex did
not generally dissolve. In all cases, however, the addition of 2
equiv. of TsOH led to complete dissolution of the complex.

1H and 31PM1HN NMR spectra were acquired both before and
after the addition of the acid. The tube was pressurized with a
1 : 1 mixture of CO and to 600 psi at room temperatureC2H4and then was heated to 85 ¡C. After ca. 2 h, the tube was
cooled to room temperature and removed from the probe-
head. The formed copolymers appeared as o†-white solids
Ñoating over yellow solutions.

Characterization of the copolymer. Irrespective of the cata-
lyst precursor, the copolymer samples isolated were o†-white
powders with high melting points (246È256 ¡C).1h4,6 These
polyketones are insoluble in common organic solvents and
dissolve appreciably only in highly polar solvents such as
HFIP, m-cresol or trichlorobenzene, or in strong protic acids
such as triÑuoroacetic acid. The elemental analysis values are
in agreement with an ethene : CO ratio of 1. Spectroscopically
(IR and NMR), the polyketones obtained are identical with
those previously isolated in methanol and for which a per-
fectly alternating structure was assigned.1,3,4,6 In particular,
the 1H and 13CM1HN NMR spectra of the samples show the
contemporaneous presence of both ketonic and ester end
groups. The copolymers analyzed present average molecular
weights calculated by means of 1H and 13CM1HN NMR(Mn),spectroscopy in in the range of 10 to 20 kg mol~1HFIP-d2 ,
depending on the reaction conditions.

X-Ray di†raction study of meso-2a ÆCH
2
Cl

2

Selected crystallographic data for the compound is presented
in Table 1. Experimental data were recorded at room tem-
perature on a Enraf-Nonius CAD4 di†ractometer using
graphite-monochromated MoKa radiation. A set of 25 care-
fully centered reÑections in the range 5.0¡O h O 9.0¡, respec-
tively, was used for determining the lattice constants. As a
general procedure, the intensity of three standard reÑections
were measured periodically every 2 h for orientation and
intensity control. This procedure revealed a minimum decay
(2%) of intensities. The data were corrected for Lorentz and
polarization e†ects. Atomic scattering factors were those tabu-
lated by Cromer and Waber16 with anomalous dispersion cor-
rections taken from ref. 17. An empirical absorption
correction was applied via t scan with transmission factors in
the range 90.73È99.73. The computational work was per-
formed with a Digital DEC 2000 workstation using the
program SHELX96.18

The structure was solved via direct methods using the
SIR92 program19 and all non-hydrogen atoms were found
through a series of Fourier maps. ReÐnement was done byFofull-matrix least-squares calculations, initially with isotropic
thermal parameters, and then, in the last least-square cycle,
with anisotropic thermal parameters for all atoms except for
the Ñuorine atoms of All of the phenyl rings werePF6~.
treated as rigid bodies with symmetry and CÈC distancesD6hÐxed at 1.39 Hydrogen atoms were introduced in calculatedÓ.
positions, but not reÐned.

CCDC reference number 440/131. See http ://www.rsc.org/
suppdata/nj/1999/929/ for crystallographic Ðles in .cif format.

Results and discussion
Synthesis and characterization of palladium complexes with
diphosphine and dinitrogen ligands

In Chart 2 are shown the complexes that have been employed
as catalyst precursors for the copolymerization of CO and
ethene.

The new bis-chelated derivatives [Pd(dppp)(N-napy)2]-(1b), [Pd(meso-bdpp)(N,N@-bipy)] (meso-2a),(PF6)2 (PF6)2[Pd(meso-bdpp)(N-napy) (meso-2b), [Pd(rac-bdpp)(N,2](PF6)2N@-bipy)] (rac-2a), [Pd(rac-bdpp)(N-napy) (rac-(PF6)2 2](PF6)22b), [Pd(Etdppp)(N,N@-bipy)] (3a) and [Pd(Etdppp)(N-(PF6)2

New J. Chem., 1999, 23, 929È938 931



Chart 2

napy) (3b) were synthesized following the synthetic2](PF6)2protocol reported in the literature for [Pd(dppp)(N,N@-bipy)]-
(1a).4 The latter complex and the monochelated tri-(PF6)2Ñuoroacetate derivatives (1), Pd(meso-Pd(dppp)(CO2CF3)2bdpp) (meso-2), Pd(rac-bdpp) (rac-2)(CO2CF3)2 (CO2CF3)2and (3) were prepared for compara-[Pd(Etdppp)(CO2CF3)2tive purposes.6

The napy complexes contain two molecules of N-N ligand.
Indeed, the ring strain in the four-membered metallaring has
often been found to disfavor the g2-N,N@ coordination mode
of napy over the g1-N one.9 The bis(napy) complexes indeed
form when only 1 equiv. of napy is reacted with Pd(P-P)

Overall, napy is a better ligand than bipy(CO2CF3)2 .
towards the present [Pd(P-P)]2` systems as shown by the fact
that the addition of napy to methanol solutions of [Pd(P-P)
(N,N@-bipy)] gives [Pd(P-P)(N-napy) whereas(PF6)2 2](PF6)2the reverse reactions do not occur.

Single crystals of were analyzed by X-raymeso-2a ÆCH2Cl2di†raction. Despite the low quality of the crystals, the struc-
ture was successfully solved and reÐned. The geometrical
parameters obtained are sufficiently reliable to allow a sound
discussion of the coordination geometry around the palladium
center in the complex cation [Pd(meso-bdpp)(N,N@-bipy)]2`.
An ORTEP drawing is shown in Fig. 1(a), while relevant bond
distances and angles are listed in Table 2.

The Pd atom has a square-planar coordination and is dis-
placed by 0.008 from the mean plane, the atoms ofÓ P2N2which are coplanar within ^0.19 As is evident from inspec-Ó.

Table 2 Selected bond lengths and angles (¡) in(Ó) meso-2a ÉCH2Cl2
PdÈP1 2.267(3) PdÈN1 2.122(11)
PdÈP2 2.286(3) PdÈN2 2.136(10)
P1ÈPdÈP2 87.6(1) P1ÈC1ÈC3 114.2(10)
P1ÈPdÈN1 169.1(3) C1ÈC3ÈC2 120.8(12)
P1ÈPdÈN2 98.6(3) C3ÈC2ÈP2 110.2(9)
P2ÈPdÈN1 98.2(3) C5ÈC2ÈC3 112.4(13)
P2ÈPdÈN2 169.7(3) C5ÈC2ÈP2 112.2(10)
N1ÈPdÈN2 77.1(5)

tion of Fig. 1(b), the six-membered chelate ring adopts a dis-
torted conformation with pseudo-equatorial methyl groups.
The overall geometry is quite similar to that found in
[Pd(dppp)(N,N@-bipy)]2`.4 The bond angles around the metal
center are the same as in the dppp derivative while all bond
distances are slightly longer. In particular, one PdÈP distance

Fig. 1 (a) ORTEP drawing of the complex cation in meso-
(b) SimpliÐed representation of the six-membered chelate2a ÆCH2Cl2 .

ring.
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in meso-2a appears longer than the other one [2.286(3) vs.
2.267(3) Like the dppp analog, [Pd(meso-bdpp)(N,N@-Ó].
bipy)]2` is a†ected by steric strain in the diphosphine ligand
as evidenced by both the large deviation from ideality of the
bond angles in the alkyl chain and the displacements of P1
and P2 ([0.40 and 0.37 respectively) from the plane.Ó, PdN2The 31PM1HN NMR spectra of all bis-chelated complexes in

consist of temperature-invariant singlets down toCD2Cl2[80 ¡C (Table 3). From the spectra of the bipy complexes it is
apparent that the two phosphorus donors are isochronous but
not magnetically equivalent (see their di†erent coupling to the

hydrogen atom of bipy and to the central group,H6 CH2Table 4). Due to the weaker donor properties of bipy as com-
pared to napy, the bipy complexes exhibit lower Ðeld phos-
phorus resonances. The same occurs in where theMeOH-d431PM1HN NMR spectra of all compounds feature singlets at
chemical shifts close to those in CD2Cl2 .

All the bis-chelated complexes are stable as both the solid
and in solution. Unlike the triÑuoroacetate derivatives 1,
meso-2, rac-2 and 3, the bis-chelated complexes are quite
stable in methanol at room temperature and no metallic palla-
dium was observed inside the NMR tubes after 24 h. Heating
methanol solutions at 85 ¡C for 3 h in NMR tubes showed all
the napy compounds to be thermally stable, whereas the bipy
derivatives decomposed, although very slowly, to give free
bipy (5È10% after 3 h).

In both and the bipy complexes showCD2Cl2 MeOH-d4 ,
sharp, temperature-invariant 1H NMR resonances that are
shifted upÐeld, especially with respect to those of the freeH6 ,
ligands.4,5,20 Moreover, the hydrogens of bipy generate four
signals of equal intensity indicating the equivalence of the two
halves of the chelating ligand.4,5,20 In an attempt to rational-
ize the di†erent catalytic activity of meso-2a and rac-2a (vide

infra), a detailed NMR study has been carried out on these
two compounds in Selected 1H NMR data areCD2Cl2 .
reported in Table 4.

The 1H and 13CM1HN NMR spectra of meso-2a display reso-
nances due to a single set of CH and groups, oneCH3diphenylphosphino group and one pyridyl unit. Two dia-
stereotopic resonances feature the central group (d 1.81,CH2CH1H2 ; 2.65, CH1H2). The overall pattern of the NMR reso-
nances thus indicates that the complex assumes a time-
averaged preferred conformation in which a reÑection plane
perpendicular to the coordination plane of the metal encom-
passes the methylene carbon, the Pd atom and the midpoint
of the CÈC bond connecting the two halves of bipy. A sketch
of the molecule with the possible conformers is given in Fig. 2.
The presence of a symmetry plane rules out a skew conforma-
tion for the six-membered chelate ring, while either boat or
chair conformations may be equally plausible, each of which
can bear equatorial or axial methyl groups.7,21 Irrespective of
the conformation, two phenyl rings are equatorial, while two
are axial. In this way, the steric hindrance at the metal center
in meso-2a is concentrated below the PPdP plane, leaving a
complementary free space for coordination and reactivity.
This concept has previously been developed for rationalizing
the enantioselectivity of reactions catalyzed by chiral diphosp-
hine ligands.7,21,22

The 1H and 13CM1HN NMR spectra of rac-2a are quite
similar to those of meso-2a except for the presence of a non-
diastereotopic group. This indicates that the complex inCH2solution adopts a time-preferred conformation in which a C2axis passes through the Pd atom, the methylene carbon atom
and the midpoint of the pyridylÈpyridyl CÈC bond. A confor-
mation of this type for six-membered chelate rings is known
as ““chiral skewÏÏ7,21 and two possible conformers are possible,

Table 3 31PM1HN NMR chemical shifts of palladium(II) complexesa

TriÑuoroacetate complexes d bipy complexes d napy complexes d Free ligand (d)

1 12.1 1a 18.5 1b 7.6 [17.1
meso-2 30.5 meso-2a 32.1 meso-2b 26.0 [1.1
rac-2 25.5 rac-2a 35.7 rac-2b 28.5 0.1
3 19.6 3a 25.8 3b 16.5 [25.9

a All spectra were recorded at 81.01 MHz 20 ¡C in solutions.CD2Cl2

Table 4 Selected 1H NMR data for rac-2a and meso-2aa

rac-2a meso-2a

Nucleus d J/Hz d J/Hz

CHCH3 1.09 dd 3JHP 16.3, 3JHH 7.0 1.06 dd 3JHP 17.2, 3JHH 7.1
CH2 2.11 ddt 3JHP 23.3, 3JHP{ 14.8, 1.81 dtt 2JHH 15.4, 3JHP 11.3,

3JHH 9.4 3JHH 8.9 (CH1)
2.65 tdt 3JHP 25.2, 2JHH 15.4,

3JHH 7.0 (CH2)
CHCH3 2.80 tqd 3JHH 9.4, 3JHH 7.0, 2.84 dddq 3JHH 8.9, 2JHP 8.5,

2JHP 6.8 3JHH 7.1, 3JHH 7.0
o-Ph1 8.41 8.02b
m-Ph1 7.92 7.62
p-Ph1 7.96 7.74
o-Ph2 7.88 8.01b
m-Ph2 7.58 7.71
p-Ph2 7.62 7.78
H3-3@ 8.22 br d 3JHH 8.0 8.27 br d 3JHH 8.1
H4-4@ 8.06 td 3JHH 7.2, 4JHH 1.2 8.09 td 3JHH 7.3, 4JHH 1.2
H5-5@ 7.15 ddd 3JHH 7.2, 3JHH 5.7, 7.08 ddd 3JHH 7.3, 3JHH 5.7,

4JHH 1.1 4JHH 1.2
H6-6@ 7.79 dddd 3JHH 5.7, 4JHP{ 4.6, 7.68 dddd 3JHH 5.7, 4JHP{ 4.6,

4JHP 3.0, 4JHH 1.2 4JHP 3.1, 4JHH 1.2

a 500.13 MHz, 20 ¡C. Abbreviations used : br, broad ; s, singlet ; d, doublet ; t, triplet ; q, quartet. Unresolved multiplet unless otherwiseCD2Cl2 ,
speciÐed. b Partially overlapped.
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Fig. 2 Sketch of the four possible conformers of meso-2a in CD2Cl2solution. View along the PdÈbipy axis with the amino ligand in the
front.

bearing either pseudoaxial or pseudoequatorial methyl
groups. Based on previous studies of rhodium (S,S)-bdpp com-
plexes and other related metal complexes with diphosphine
ligands,7,21h23 a d-skew conformation with equatorial methyl
groups might be the preferred one also for rac-2a. A sketch of
the molecule with the possible conformers is shown in Fig. 3.
Again, two pairs of pseudo-equatorial and pseudo-axial
phenyl rings feature either conformation. In this case,
however, the crowded space (sterically hindered quadrants) is
diagonally positioned with respect to the PPdP plane so that
the free space at the metal center is more dispersed than in
meso-2a.7,21,22

Unlike the bipy analogs, the napy complexes 1b, meso-2b
and 3b are highly Ñuxional on the NMR time scale in either

or solution. The most relevant feature inCD2Cl2 MeOH-d4the 1H NMR spectrum of each compound is the presence of
three signals for the napy protons, that is, one-fourth the
number of chemically equivalent protons. The only dynamic
process able to account for this NMR feature is a very fast
interconversion of the bound and free nitrogen donors in each
napy ligand [eqn. (3)]. Such a metal site exchange is indeed
typical of g1-N napy ligands and should have a very low
energy barrier as the 1H NMR spectra of 1b, meso-2b and 3b
are temperature-invariant down to [80 ¡C.

Fig. 4 reports the 1H NMR spectra in of theMeOH-d4napy complex 1b in the aromatic hydrogen region at room

Fig. 3 Sketch of the two ““ skewÏÏ conformers of rac-2a in CD2Cl2solution. (Upper) View along the axis, (lower) perspective view.C2

Fig. 4 Variable-temperature 1H NMR spectra of 1b (200.13 MHz,
(a) room temperature ; (b) 85 ¡C; (c) 85 ¡C, after adding 1MeOH-d4) :equiv. of napy. (d) For comparative purposes, the 1H NMR spectrum

(MeOH- room temperature) of the napy ligand.d4 ,

temperature (a), after 2 h at 85 ¡C (b) and at 85 ¡C in the pres-
ence of 1 equiv. of napy (c). The spectrum of the free ligand at
room temperature is also reported for comparative purposes
(d). Both the thermal stability and the Ñuxionality of the
complex are evident. In particular, the exchange of coordi-
nated and free ligand at 85 ¡C (c) suggests that coordination
vacancies at the palladium center may be created by napy
decoordination. At room temperature, the exchange of bound
and free napy is almost negligible.

As shown in Fig. 5, rac-2b is the only bis-napy complex in
the series to be stereochemically rigid on the NMR time scale
in ambient temperature solution. The six hydrogen atoms of
each equivalent napy ligand (a) are indeed visible at room
temperature and their exchange takes place only at 85 ¡C (d).
In light of the NMR analysis of rac-2a discussed above, the
rigidity exhibited by rac-2b at room temperature might just be
due to the ““ skewÏÏ conformation of the rac-bdppÈPd metalla-
ring that, by increasing the steric hindrance at the metal
center, would increase the energy barrier to the metal site
exchange shown in eqn. (3).

The napy and bipy complexes show di†erent aptitudes to
react with a protic acid, which is an important issue for

Fig. 5 Variable-temperature 1H NMR spectra of rac-2b (200.13
MHz, (a) room temperature ; (b) 40 ; (c) 60 ; (d) 85 ¡C.MeOH-d4) :
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Fig. 6 (a) 31PM1HN (81.01 MHz) and (b) 1H NMR (200.13 MHz)
spectra of meso-2a in at room temperature. For compara-MeOH-d4tive purposes, the 1H NMR spectra (MeOH- room temperature) ofd4 ,
(c) [bipyH](OTs), (d) meso-2a and (e) bipy are shown.

rationalizing their catalytic behavior (vide infra). In Fig. 6 are
shown the 31PM1HN and 1H NMR spectra at 20 ¡C of a

solution of meso-2a containing 2 equiv. of TsOH.MeOH-d4For comparative purposes, the spectra of free bipy (e) and
[bipyH](OTs) (c) in are also reported. The 31PM1HNMeOH-d4NMR spectrum of meso-2a (a) clearly shows that 15% of the
starting complex (d 33.1) converts to the bis-tosylate complex
Pd(meso-bdpp)(OTs) (d 34.8) just after acquisition of the Ðrst2spectrum.6,24 This transformation proceeds by protonation of
a corresponding amount of bipy to give free [bipyH]`(c).4,5
In the absence of acid, the complex is stable at 20 ¡C and no
trace of free bipy was detected after 2 h (d).

A quite di†erent NMR picture, consistent with the high sta-
bility of the bis-chelated structure in acidic media, is observed
for the napy derivatives as exempliÐed by 1b in Fig. 7. A
sequence of variable-temperature 31PM1HN NMR spectra is
reported on the left-hand side. Unlike the bipy analog, the
addition of 2 equiv. of TsOH to 1b at 20 ¡C does not lead to

Fig. 7 Variable-temperature 31PM1HN (81.01 MHz, left hand side)
and 1H NMR (200.13 MHz, right side) spectra of 1b in (aMeOH-d4 :
and e) room temperature ; after adding 2 equiv. of TsOH, (b and f ) at
room temperature and (c and g) at 85 ¡C; (d and h) after cooling to
room temperature. (i) For comparative purposes, the 1H NMR spec-
trum (MeOH- room temperature) of [napyH](OTs).d4 ,

the formation of the corresponding bis-tosylate complex (d
18.0 in Instead, a new species is formed (b),MeOH-d4).6,24which exhibits a broad signal at d 14.1. This species is in a fast
and reversible chemical exchange with the starting complex at
high temperature, as shown by the unique broad signal
observed in the spectrum at 85 ¡C (c) and by the signal separa-
tion at 20 ¡C (d). The parallel acquisition of 1H NMR spectra
(right-hand side) shows that no free [napyH]` is formed upon
treatment of 1b with TsOH. For comparative purposes, the
spectrum of [napyH](OTs) (i) in is also reported.MeOH-d4The protonation of the napy ligand in 1b, however, occurs
already at 20 ¡C as indicated by both an e†ective line
broadening of the resonances and the appearance of two
humps centered at d 9.0 and 8.3 for the a and c hydrogen
atoms, respectively, ( f ). At 85 ¡C, the napy and [napyH]`
ligands are indistinguishable and only three rather sharp
signals for the a, c and b hydrogens atoms are observed (g).

Overall, this NMR analysis shows that the napy derivatives
are more stable than the bipy analogs with respect to the com-
plete dissociation of the dinitrogen ligand in either neutral or
acidic MeOH solutions. The greater stability of the napy com-
plexes is certainly due to the capability of napy to act as an
excellent unidentate ligand, a feature that bipy does not seem
to have. In particular, the ability of napy to act as a
unidentate ligand seems to allow the protonated form
[napyH]` to maintain good ligating properties. As we will see
below, this characteristic of napy represents a catalytic draw-
back, however.

High pressure NMR studies

The copolymerization of ethene and CO catalyzed by the bis-
chelated complexes [Pd(P-P)(N-N)] in methanol was(PF6)2studied in an HPNMR tube under experimental conditions
that were as close as possible to those employed in the batch
reactions (see below). The most signiÐcant di†erences were a
higher concentration of the catalyst precursor and a lower
BQ-to-catalyst ratio for a better resolution and acquisition of
the NMR spectra. However, the amount of the gaseous
reagents contained in the headspace of the tubes was large
enough to maintain a relatively high concentration of gases in
solution during the course of the experiments as evidenced by
the constant presence of the ethene resonance in the 1H NMR
spectra (singlet at d 5.3). Indeed, despite the lower stirring rate
as compared to the batch reactions, the mass transfer of gases
from the headspace of the 10 mm NMR tubes is generally
efficient enough to replenish the solution, which is being
depleted in reagents by the catalyst.6,25

In a typical catalytic experiment, a solution of aMeOH-d4bis-chelated Pd(II) complex with either bipy or napy was pres-
surized in a 10 mm sapphire HPNMR tube with a 1 : 1
mixture of CO and to 600 psi in the presence of 2 equiv.C2H4of TsOH and 10 equiv. of BQ. In all cases, the 31PM1HN NMR
spectra at room temperature were identical with those of the
precursors in the presence of 2 equiv. of acid. No remarkable
di†erences were observed when the temperature of the probe-
head was raised to 85 ¡C and the copolymer started to form.
As in the absence of the 31PM1HN NMR spectra ofCOÈC2H4 ,
both the bipy and napy complexes showed a single, broad
resonance due to fast exchange with either the corresponding
bis-tosylate derivative Pd(P-P)(OTs) (bipy complexes) or the2species that might contain a protonated napy ligand (napy
complexes). With time and irrespective of the dinitrogen
ligand, the NMR signals became narrower and shifted
towards the position of the parent bis-chelated derivatives in
pure methanol, as if the acidity was decreasing during the
course of the catalysis. As an example, a sequence of selected
31PM1HN HPNMR spectra, recorded during the copolymer-
ization reaction assisted by 1b, is reported in Fig. 8. At room
temperature (a), the starting complex (d 9.2) and the species
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Fig. 8 Selected 31PM1HN HPNMR spectra (sapphire tube, MeOH-
81.01 MHz) recorded during a copolymerization reac-d4 , COÈC2H4tion assisted by 1b in the presence of 2 equiv. of TsOH, 10 equiv. of

BQ and a pressure of 600 psi : (a) at room temperature atCOÈC2H485 ¡C after (b) 15, (c) 30, (d) 45 and (e) 60 min ; ( f ) after cooling to
room temperature.

that forms upon protonation of napy (d 14.1) are separated
although the broadness of the signals indicates that each
species is not stereochemically rigid (vide infra). Under actual
copolymerization conditions (bÈd), the two species are appar-
ently in fast exchange (b) but with time the concentration of
the protonated species at d 14.1 decreases (c, d) until the spec-
trum becomes similar to that of 1b in the absence of acid (e,
after ca. 1 h at 85 ¡C). The spectrum at room temperature ( f )
indeed shows that a remarkable decrease in the concentration
of the protonated complex has occurred during the formation
of the copolymer. A parallel 1H NMR study fully conÐrmed
the consumption of protons in the course of the catalysis. In
particular, the signals of protonated napy had almost disap-
peared after 1 h with concomitant formation of hydroquinone
(singlet at d 6.5 due to the phenyl hydrogens).

The substitution of any other bis-chelated complex for 1b
gave a similar NMR picture suggesting that, also in the pres-
ence of an acid, the resting state of the catalyst in all reactions
is constituted by [Pd(P-P)(N-N) species (x \ 1, bipy ; 2,

x
]2`

napy). Previous studies with Pd(P-P)(TFA) precursors simi-2larly showed that the only NMR-visible complexes during the
copolymerization reactions were Pd(P-P) species in whichX2X is the anion of the strong acid employed (generally TsOH).6

The observed reduction of BQ to hydroquinone also con-
Ðrms that the Pd(II) catalysts with dinitrogen co-ligands tend
to be reduced in copolymerization conditions, and thus the
presence of an organic oxidant is required for high catalytic
activity. An elegant study recently reported by Milani et al.
has indeed demonstrated that Pd(0) complexes can be oxidized
to Pd(II) by BQ in the presence of [bipyH]` with formation of
hydroquinone and bipy. It was shown that this process can
also regenerate the bis-chelated Pd(II) structure [eqn. (4)].5

Batch reactions

The catalytic performance of the bis-chelated Pd(II) complexes
in the copolymerization of carbon monoxide with ethene in
MeOH was investigated under identical conditions to those
previously employed for the monochelated Pd(P-P)(CO2CF3)2precursors bearing diphosphine and triÑuoroacetate ligands.6
Accordingly, the reactions were carried out in the presence of
TsOH as a non-esteriÐable protic acid and of BQ as an
organic oxidant. While the oxidant is certainly needed for the
re-generation of the catalytically active Pd(II) complex via oxi-
dation of the low-valent Pd(I) or Pd(0) species that may form
under the reducing conditions of the copolymerization reac-
tion,26 the protic acid may serve to generate PdÈH moieties
by oxidative addition to Pd(0) species and/or to convert cata-
lytically inactive l-OH dimers into reactive mononuclear
species.27

Table 5 summarizes the results of catalytic reactions per-
formed under di†erent experimental conditions. Selected data
for the triÑuoroacetate complexes 1, meso-2, rac-2 and 3 have
also been included for comparative purposes. In the absence
of acid but with 80 equiv. of BQ, the activity of the tri-
Ñuoroacetate catalysts was found to decrease in the order
meso-2[ rac-2[ 1[ 3 (runs 1È4). The addition of 2 equiv. of
TsOH led to a general increase of the catalytic activity by ca.
20% (runs 13È16), while no signiÐcant change in activity was
observed when increasing the amount of acid from 2 to 20
equiv. (runs 25È28).

The substitution of bipy or napy for triÑuoroacetate did not
a†ect dramatically the reactivity trend. However, some inter-
esting results have been obtained that deserve a specifc
comment.

In the absence of TsOH, the dinitrogen co-ligands did not
generally enhance the catalytic activity. A detrimental e†ect
was in fact observed for the majority of both bipy (runs 5, 7, 8)
and napy (runs 10È12) precursors. Only meso-2a proved to be
much more efficient than the triÑuoroacetate derivative meso-2
(run 2 vs. run 6). The ligand combination meso-bdpp/bipy is

Table 5 Copolymerization of CO and ethene catalyzed by Pd(P-P) and [Pd(P-P)(N-N) complexesa(CO2CF3)2 x
](PF6)2

Productivityb Productivity Productivity
Complex Run without acid Run with 2 equiv. TsOH Run with 20 equiv. TsOH

1 1 12.9 13 16.2 25 16.2
meso-2 2 19.1 14 24.0 26 24.2
rac-2 3 14.7 15 17.2 27 17.0
3 4 12.0 16 13.0 28 13.2

1a 5 11.7 17 24.3 29 24.5
meso-2a 6 25.6 18 25.7 30 23.3
rac-2a 7 9.7 19 16.1 31 È
3a 8 9.4 20 16.9 32 È

1b 9 13.6 21 21.0 33 16.9
meso-2b 10 15.4 22 20.5 34 20.2
rac-2b 11 9.5 23 14.2 35 È
3b 12 11.3 24 12.8 36 È

a Catalytic conditions : catalyst, 0.01 mmol ; BQ, 0.8 mmol ; methanol, 100 mL; initial p(CO), 300 psi ; initial 300 psi ; temperature, 85 ¡C;p(C2H4),time, 3 h. b Productivity expressed as kg copolymer (g Pd)~1 ; each reaction was repeated three times.
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apparently the optimal one among those investigated as the
productivity obtained with meso-2a is the highest ever report-
ed for any [Pd(P-P)(N-N)]2` catalyst precursor.4 This Ðnding
is rather intriguing as one considers that the stereoisomer
rac-2a is an average catalyst with a productivity of 9.7 kg
copolymer (g Pd)~1 (run 7). The same trend was exhibited by
the pairs meso-2/rac-2 (runs 2, 3) and meso-2b/rac-2b (runs 10,
11).

Irrespective of the dinitrogen ligand, the addition of 2 equiv.
of TsOH to the catalytic mixtures increased the productivity
remarkably (runs 17, 19È23), whereas 20 equiv. of acid did not
lead to a further increase in productivity (runs 29, 30, 33, 34).
In some reactions with 2 equiv. of TsOH, even a 100%
increase was observed (runs 5, 7È9 vs. runs 17, 19È21) and the
productivities were generally higher than those obtained with
the triÑuoroacetate derivatives. Again, meso-2a was the excep-
tion to the rule as the productivity did not appreciably change
(run 18). In this case, however, we think that there is no
chemical reason to account for the insensitivity of the pro-
ductivity to the acid concentration. Indeed, a copolymer
amount of ca. 27 g [productivity of ca. 25 kg copolymer (g
Pd)~1] seems to be the physical limit of our reactor ensemble
as shown by the fact that reactions catalyzed by meso-2a in
the presence of a much higher pressure of (up toCOÈC2H41000 psi) gave similarly 26È27 g of copolymer. Intuitively, this
phenomenon may be accounted for by the nature of the
copolyketone, which is a Ñu†y solid capable of adsorbing
most of the solvent. After a certain amount of polyketone has
been produced, the environment of the reaction apparently
changes and the catalytic activity decreases and ultimately
stops.

Milani et al. have recently shown that the bis-chelated pal-
ladium complex 1a is a very efficient catalyst precursor for the
copolymerization of ethene and carbon monoxide.4 Under
their conditions, no acid was apparently needed to produce
8.5 kg of polymer (g Pd h)~1. In our hands, 1a gives 3.9 kg of
polymer (g Pd h)~1 (run 5). Only in the presence of 2 equiv. of
TsOH (run 17) did the complex become an efficient catalyst
precursor with an activity [8.1 kg polymer (g Pd h)~1] com-
parable to that obtained by Milani et al.4 These authors pro-
posed that, in copolymerization conditions, the bidentate bipy
ligand dissociates either partially or completely from the pal-
ladium center to open up coordination sites for the reacting
substrates. Our studies do agree with this hypothesis but also
show that the protonation of 1a may indeed facilitate the dis-
sociation of bipy from the palladium center and eventually
provide the free coordination sites required. The higher activ-
ity of 1a, in the absence of acid, reported by Milani et al. may
be due to the di†erent experimental conditions, particularly
the size of the reactor ensemble (2000 vs. 250 mL). On the
other hand, in line with the results reported by Milani et al.,
we have found that the molecular weights of the copoly-Mnmers produced with the bis-chelated precursors are higher
than those obtained with the bis-triÑuoroacetate derivatives,
especially when an excess of acid is employed.

Conclusions
Under neutral conditions, the combination of diphosphine
and dinitrogen ligands at palladium(II) does not generally
result in the formation of more efficient catalyst precursors for
the copolymerization than the traditional onesCOÈC2H4containing diphosphine and triÑuoroacetate ligands.4,6 In
most cases, a detrimental e†ect is observed, due to the good
coordinating capabilities of the dinitrogen ligands that
hamper the creation of free sites at the metal center. However,
in acidic media the dinitrogen ligands (here bipy and napy)
exert a beneÐcial e†ect on both the productivity and the
molecular weight of the polyketone. Depending on the
dinitrogen ligand, the productivity can increase by up to

100% as compared to analogous diphosphine-triÑuoroacetate
precursors. The bipy complexes are generally more efficient
than the napy ones. In situ NMR studies have shown that the
acid protonates the dinitrogen ligand to create coordination
vacancies. Consistent with the lower activity of the napy cata-
lysts, this activation mechanism is less efficient for the napy
precursors as the protonated form [napyH]`, unlike
[bipyH]`, maintains residual nucleophilic properties.
HPNMR studies in catalytic conditions have shown that the
proton concentration in the catalytic mixtures decreases with
time while the organic oxidant is contemporaneously reduced,
thus conÐrming that a serious drawback for the COÈC2H4copolymerization reactions is the propensity of palladium to
reduce. Unfortunately, no species related to the catalytic cycle
were seen by HPNMR spectroscopy, which showed uniquely
[Pd(P-P)(N-N) species (x \ 1, bipy ; 2, napy) to be the

x
]2`

resting state in all the reactions.
A case apart is represented by the meso-2a catalyst, which is

by far the most efficient in the series. Under neutral condi-
tions, meso-2a is even more active than meso-2, whereas these
two compounds exhibit comparable activity in acidic media.4
This observation is hard to explain as bipy is a better ligand
than triÑuoroacetate and thus its presence in the palladium
precursor should generate a lower number of active centers in
solution. Under copolymerization conditions, however, one
cannot exclude that bipy may stabilize catalytically active
species, for example by favoring the oxidation of inactive Pd(0)
to active Pd(II) (bipy is electrochemically active and may
mediate the Pd/Pd(II) oxidation by BQ).4h6 On the other
hand, meso-2a is also much more efficient than its stereoiso-
mer rac-2a and thus steric factors must indeed be important in
di†erentiating the catalytic activity of these two complexes. As
we have shown, the solution structures of meso-2a and rac-2a
di†er from each other for the conformation of the six-
membered metallaring and ultimately for the spatial distribu-
tion of the phenyl rings around the metal center. In a
COÈethene copolymerization reaction, a less dispersed free
space at the metal, like in [Pd(meso-bddp)],2` may indeed be
important to allow for the alternating coordination of the sub-
strates and the rapid growth of the polymer. Indeed, it is in
the ligand plane that the steric hindrance becomes a control-
ling factor in ethene coordination/insertion.28
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