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Decreasing the flexibility of the Ph2PCH2CH2PPh2 (dppe)
backbone by making the central carbon atoms part of a
cyclobutane ring leads to the formation of Pd(II) catalysts for
CO/ethene copolymerization that are more efficient than
those of dppe by a factor of ten.

Polyketones obtained by alternating copolymerization of car-
bon monoxide and olefins are important innovative materials
prepared on industrial scale by homogeneous palladium
catalysis [eqn. (1)].1

(1)

The diphosphine 1,3-bis(diphenylphosphino)propane (dppp)
is the ligand of choice for the copolymerization of CO and
ethene;2,3 indeed, dppp forms Pd(II) catalysts that are more
efficient than those with the lower homologue 1,2-bis(diphenyl-
phosphino)ethane (dppe) by almost one order of magnitude.1–3

The ability of the chelate ring size (as determined by the number
of carbon atoms separating the PPh2 groups) to modulate the
flexibility of the Pd(P–P) moiety is the factor that, most
commonly, is invoked to account for the dramatically different
activity of the dppp and dppe catalysts.3–5 In particular, several
studies have tried to correlate the greater catalytic activity of the
dppp complexes to the higher flexibility of the dppp backbone
as compared to that of dppe.3–5

In this work, we prove experimentally that efficient Pd
catalysts are formed also with diphosphine ligands containing
two carbon atoms between the PPh2 donors on the condition,
however, that ligand flexibility is substantially reduced.

Reaction of the tetraphosphine cis,trans,cis-1,2,3,4-tetrakis-
(diphenylphosphino)cyclobutane6 (cyclo-tetraphos) with
2 equiv. of either Pd(CO2Me)2 or PdCl2 in CH2Cl2 yielded the
bimetallic complexes Pd2(cyclo-tetraphos)(OCOMe)4 1 and

Pd2(cyclo-tetraphos)Cl4 2, respectively.‡ The latter complex
was quantitatively transformed into the acetonitrile derivatives
[Pd2(cyclo-tetraphos)(MeCN)4]Y4, 3 Y4 (Y = PF6 or BF4) by
treatment with AgY in acetonitrile solution.

Under standard copolymerization conditions (Table 1),2,3 1
and 3 (PF6)4 give rise to the same catalyst system with a
productivitiy of 10 kg of polyketone (g of Pd)21 (entry 2). This
productivity value is higher than that obtained with Pd(dppe)-
(OCOMe)2 4 by a factor of ten (entry 1) and is comparable with
that of the industrial catalyst Pd(dppp)(OCOMe)2.2,3 The
increase in productivity using either 1 or 3(PF6)4 in the place of
4 is not accompanied by a change in the average molecular
weights of the copolymers (ca. 6 kg mol21).3,7

A single-crystal X-ray analysis has been carried out on
3(BF4)4·2MeCN.3.4CH2Cl2.§ As is shown in Fig. 1, a perfectly
planar cyclobutane ring connects two equivalent
(–PPh2)2Pd(NCMe)2 moieties in each of which the Pd(II)
centres adopts a slightly distorted square-planar coordination.
The bond angles and distances in the cyclobutane ring are close
to those of an ideal square. The P–Pd–P chelate angle and the
Pd–P distances are in the usual range for dppe Pd(II) complexes
with nitrogen ligands.8 The two symmetry-related metalla-rings
in 3 adopt an envelope conformation. As a consequence, each
phosphorous centre of the asymmetric unit exhibits one
equatorial and one axial phenyl group with the two axial phenyl
rings being related by a mirror plane. The conformation of the
metalla-ring and the mutual disposition of the phenyl sub-
stituents represent the most striking difference between 3 and
square-planar dppe complexes in which the ligand generally
assumes a twisted conformation and the phenyl groups can be
all equatorial.8,9 Therefore, in terms of steric hindrance
(quadrant effect),10 each palladium centre in 3 has a larger space
for coordination and reactivity than in dppe complexes.

Since the envelope conformation of each metalla-ring is
maintaned in solution, at least on the NMR time scale, the
remarkable increase in catalytic activity of the cyclo-tetraphos

† Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b0/b000376j/ for crystallo-
graphic data in .cif format.

Table 1 Alternating CO/C2H4 copolymerization catalyzed by Pd(P–
P)(OCOMe)2
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complex as compared to the dppe derivative may reasonably be
associated to the substantial rigidity of the former that
ultimately controls the steric hindrance at the metal centre. In an
attempt to verify this hypothesis, the structurally rigid com-
plexes Pd(o-dppbe)(OCOMe)2 5 and Pd(cis-dppen)(OCOMe)2
6 have been prepared and employed as catalyst precursors for
CO/C2H4 copolymerization under the same experimental
conditions [o-dppbe = o-bis(diphenylphosphino)benzene, cis-
dppen = cis-bis(diphenylphosphino)ethylene].‡ Neither 5 and
6 are as efficient as 1 or 3 in the copolymerization reaction
(likely due to the different electronic nature of the phosphine
donors), but still the productivities are ca. six times higher than
that of the dppe precursor 4, yielding copolymers with
comparable chain lengths.3,7

In conclusion, we have shown here that high rigidity of the
control ligand is a structural feature that improves CO/olefin
copolymerization Pd(II) catalysts. Recent studies with dppp-
based catalysts are consistent with the present results as it has
been found that the introduction of methyl substituents into the
dppp backbone has beneficial effects on the copolymerization
rate.11 Conformational rigidity has also been invoked to account
for the higher activity of the C4-bridged bis(tetramethylphosp-
hole) complex [(Me4C4P)2X]Pd(CO2Me)2 [X =
CH2(C6H4)CH2] as compared to C2- [X = (CH2)2] and C3-
bridged [X = (CH2)3] analogs. The copolymerization activity
of the o-xylene-bridged bis(phosphole)-based complex is,
however, quite low [300 g of polymer (g Pd)21 h21].12
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Notes and references
‡ Selected spectroscopic data: 1: dP(CD2Cl2, 81.01 MHz) 67.0 (s).
dH(CD2Cl2, 200.13 MHz) 1.46 (s, 12H, OCOCH3), 4.26 (pseudo t, 2JHP 7.0
Hz, 4H, CH), 7.15–7.64 (m, 40H, aromatic protons). dC(CD2Cl2, 50.32
MHz) 24.0 (s, OCOCH3), 38.7 (s, CH), aromatic carbons [129.9 (s), 132.6
(s), 134.7 (s), 135.4 (s)], 177.1 (s, OCOCH3). 3(PF6)4: dP(CD3CN, 81.01
MHz) 79.3 (s). dH(CD3CN, 200.13 MHz) 4.6 (s, 4H, CH), 3.0 (s, 12H,
CH3CN), 7.3–8.2 (m, 40H, aromatic protons). IR n(KBr)/cm21 1656s (C–
N). 4: dP(CD2Cl2, 81.01 MHz) 58.9 (s). dH(CD2Cl2, 200.13 MHz) 1.66 (s,
6H, OCOCH3), 2.23 (d,2JHP 22.0 Hz, 4H, CH2), 7.52–7.83 (m, 20H, Ph).
dC(CD2Cl2, 50.32 MHz) 23.5 (s, OCOCH3), 27.5 (AXXA system, 1JCP 36.6,
2JCP 12.8 Hz, CH2), aromatic carbons [129.6 (s), 131.4 (s), 132.8 (s), 134.1
(s)], 176.6 (s, OCOCH3). 5: dP(CD2Cl2, 81.01 MHz) 56.9 (s) dH(CD2Cl2,
200.13 MHz) 1.60 (s, 6H, OCOCH3), 7.18–7.80 (m, 24H, aromatic
protons). dC(CD2Cl2, 50.32 MHz) 23.5 (s, OCOCH3), aromatic carbons
(128.9–134.6), 176.5 (s, OCOCH3). 6: dP(CD2Cl2, 81.01 MHz) 65.5 (s).
dH(CD2Cl2, 200.13 MHz) 1.70 (s, 6H, OCOCH3), 7.08 (AAAXXA system,
2JHP 60.0, 3JHP 13.0 Hz, 2H, CH), 7.44–7.84 (m, 20H, aromatic protons).
dC(CD2Cl2, 50.32 MHz) 23.4 (s, OCOCH3), aromatic carbons [129.7 (s),
129.9 (s), 132.8 (s), 133.7 (s), 133.9 (s)], 146.2 (dd, 1JCP 48.4, 2JCP 27.0 Hz,
CH), 176.4 (s, OCOCH3).
§ Crystal data for 3(BF4)4·2MeCN·3.4CH2Cl2: M = 1889.65, triclinic,
space group P1̄, a = 12.180(2), b = 12.702(2), c = 15.338(3) Å, a =
110.35(1), b = 105.72(1), g = 101.78(1)°, U = 2021.2(6) Å3, T = 173 K,
Z = 1, Dc = 1.552 g cm23, m = 0.863 mm21, l(Mo-Ka) = 0.71069 Å,
F(000) 947, Crystal size 1.0 3 0.8 3 0.6 mm, 8779 independent reflections
(Rint = 0.0186), 10 006 reflections collected. Refinement method: full-
matrix least squares on F2, Goodness-of-fit on F2 = 1.052, Final R indices
[I > 3s(I)] R1 = 0.0454, wR2 = 0.1251. CCDC 182/1583.
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Fig. 1 ORTEP drawing of 3(BF4)4·2MeCN·3.4CH2Cl2 (coordinated MeCN
ligands are omitted for clarity). Selected bond lengths (Å) and angles (°):
Pd–P(1) 2.2484(8), Pd–N(1) 2.070(3), Pd–P(2) 2.2505(8), Pd–N(2)
2.077(3), P(1)–Pd–P(2) 82.81(3), N(1)–Pd–N(2) 89.35(12), N(1)–Pd–P(1)
93.94(9), N(2)–Pd–P(1) 174.63(9), N(1)–Pd–P(2) 176.72(9), N(2)–Pd–P(2)
93.85(9).
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