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Summary: The palladium insertion polymerization cata-
lysts (bipy)Pd(CH3)L+OTf- have been found to mediate
a second class of polymerization reaction: the ring-
opening polymerization of heterocycles. Unlike tradi-
tional cationic ring-opening processes, this polymeriza-
tion is found to proceed via an unusual series of metal-
based reactions, including novel steps which allow the
coupling of insertion monomers (CO and norbornene)
with ring-opened polymers.

The cationic ring-opening polymerization of hetero-
cycles has become of significant importance in polymer
synthesis, due in part to the diverse variety of func-
tionalized materials that can be prepared by this
method, including natural and/or biodegradable poly-
mers.1 In contrast to the well-known transition-metal-
catalyzed synthesis of polyolefins, where the catalyst
can affect various polymerization properties (e.g., se-
quential monomer selectivity, polymer molecular weight
and tacticity),2 the synthesis of ring-opened heterocycles
is often mediated by compounds whose role is to initiate
the polymerization process. This provides less op-
portunity to “tune” polyheterocycle properties through
catalyst choice and has stimulated research to develop
initiators which function beyond the simple activation
of polymerization, such as living polymerization initia-
tors,1 chiral initiators,3 enzyme initiators,4 and ring-
opening insertion systems.5,6 We report here that the
organo-palladium complexes (bipy)Pd(R)L+OTf-, which
are known insertion polymerization catalysts,2 can
mediate a second type of polymerization reaction: the
ring-opening polymerization of heterocycles. In contrast
to typical initiators, mechanistic studies suggest this
polymerization proceeds via an unusual series of metal-
based reactions. The manipulation of these steps pro-
vides significant control over polymer molecular weight

and end groups, and allows the novel combination of
cationic ring-opening polymerization with sequential
olefin/CO insertion to generate new polymers.

Cationic palladium-methyl complexes with various
dative ligands, (bipy)Pd(CH3)L+OTf- (bipy ) 2,2′-bipyri-
dyl; OTf ) OSO2CF3; 1-4), can be prepared by reaction
of (bipy)Pd(CH3)Cl with AgOTf in the presence of L (eq
1).7 The addition of 1 atm of CO to CH2Cl2 solutions of

1-4 leads to the formation of acyl complexes (bipy)Pd-
(COCH3)L+OTf- (5-8). When this reaction of 1-4 (ca.
20 mg, 0.05 mmol) with 1 atm of CO is performed at 70
°C in THF, the reaction solution slowly darkens and
becomes viscous. Filtration and removal of solvent yields
0.33-0.98 g of a glassy solid (Table 1).8 The 1H and 13C
NMR of this material shows it to be the ring-opened
polymer of tetrahydrofuran. As shown in eq 1, com-
plexes 1-4 under 1 atm of CO are effective for the
cationic ring opening of a number of heterocycles, such
as dioxolane and lactones.

Metal complexes that can mediate two distinct types
of polymerizations, i.e., insertion and heterocyclic ring-
opening polymerization, have been observed in rare
instances.6,9 These systems typically involve highly
electropositive metal centers, which mediate ring-open-
ing polymerization as Lewis acid initiators, by binding
strongly to the heteroatom to begin the cationic ring-
opening process. In contrast, palladium complexes such
as 1-4 are considered to interact only weakly with
heteroatom substituents (e.g. ethers and esters), a
feature that has made them of much interest in the
insertion polymerization of functionalized olefins.2 It is
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also interesting to note that when 1-4 are heated to
70 °C in THF for several days in the absence of CO
ligand, only traces (<20 mg) of polymer are obtained,
providing an unusual carbon monoxide “on” switch for
the polymerization. These data all suggest an unusual
role of the palladium complexes in initiating ring
opening and prompted our closer examination of the
polymerization process.

Monitoring the reaction of THF with (bipy)Pd(CH3)-
NCCH3

+OTf- (4; 7 mg, 0.02 mmol in 1 mL of d8-THF
and 1 atm of 13CO) by 1H and 13C NMR reveals the
immediate quantitative formation of free acetonitrile
and a new palladium-acyl fragment, (bipy)Pd(13-
COCH3)+ (9), at room temperature.10 The 13C NMR of
this complex shows a single labeled 13CO resonance (δ
218.3, Pd13COCH3), implying that the THF solvent,
rather than a second 13CO, occupies the fourth coordi-
nation site (Scheme 1). Heating of 9 to 70 °C reveals no
further reaction intermediates and instead leads to the
slow disappearance of 9 and gelling of the solvent due
to formation of poly-THF. This rapid insertion of CO
into the palladium-methyl bond prior to ring opening
suggests the palladium-acyl complex 9 is the active
initiator for polymerization. Further evidence for the
involvement of the 9 in the polymerization is found in
the structure of the poly-THF (vide infra).

Closer examination of the isolated poly-THF reveals
these palladium complexes allow more control over the
ring opening than simply providing the correct initiation
conditions. Variation of the dative ligand (L) on 1-4
leads to significantly different poly-THF molecular

weights, ranging from Mw ) 8.8 × 104 for 4 to Mw ) 1.9
× 104 with 2 (Table 1). In addition, the 1H NMR of the
poly-THF generated with 1 shows the incorporation of
the PhNdC(H)Tol ligand into the polymer as an immo-
nium group (1H NMR: δ 2.38 (s, 3H), 4.45 (t, 2H), 7.3-
7.8 (m, 9H), 9.34 (s, 1H)).11 When >0.06 M PhNd
C(H)Tol is added to the polymerization, the incorporation
of this immonium moiety into the polymer is quantita-
tive.12 Similarly, a -CH2(CH3)NdC(H)Tol+ unit is
formed in the poly-THF generated with 2.13 No evidence
for tBuNdC(H)Tol or NCCH3 incorporation is noted with
3 and 4, respectively, and instead small amounts of bipy
(<20%) are found in the larger Mw polymers. COSY and
TOCSY NMR experiments demonstrate these immo-
nium units are end groups on the alkyl terminus of the
poly-THF. The incorporation of imine into the poly-THF
as an immonium group and the lower polymer Mw
observed with the more basic imines on initiators 1 and
2 suggest that this ligand (L) is involved in termination
of THF cationic polymerization by nucleophilic attack
on the growing polymer. To test this hypothesis, in-
creasing amounts of free Tol(H)CdNPh were added to
THF polymerization with 2. This results in similarly
decreasing polymer Mw (Table 1), consistent with the
role of free imine in polymer termination.

The poly-THF generated with 1-4 also has a 1H NMR
resonance at δ 2.01 (s) which integrates to one methyl
group per polymer chain.12 This resonance becomes a
doublet (2JC-H ) 6.9 Hz) when 13CO is employed in the
polymerization. Both IR (νCO 1739.9 cm-1) and 13C NMR
(δ 171.2) analysis show that a carbonyl is also incorpo-
rated on the polymer. These spectral features correlate
with a [CH3CO] moiety on the poly-THF in the form of
an ester end group.14 The presence of this unit as the
other polymer end group was determined by 13C NMR
decoupling experiments, which shows three-bond cou-
pling between the 13C-labeled carbonyl carbon and the
-OCH2- hydrogens on the poly-THF (3JC-H ) 2.7 Hz).
Considering the incorporation of 13CO into this end
group, the ester undoubtedly arises from coupling of the
poly-THF with the palladium-acyl ligand.

While the mechanistic details of this reaction have
not been fully elucidated, the incorporation of two
palladium ligands from 1-4 (Pd-imine and Pd-meth-
yl), and external CO, into the poly-THF suggests ring-
opening polymerization occurs via a series of steps.
Plausible mechanisms to account for our observations
are outlined in Scheme 1. Palladium-acyl complexes
have been previously postulated by Tanaka to react with
THF via free RCO+ to form 4-chlorobutyl alkyl acetate,
suggesting MeCO+ (path A) as a possible intermediate.15

Nevertheless, the formation of intermediate 9 implies
THF coordination to Pd is also important to the polym-
erization. Indeed, it was found that the chloride-
substituted (bipy)Pd(COMe)Cl, which does not coordi-
nate THF to Pd, is also inactive for THF polymerization

(10) 1H NMR of 9: δ 2.82 (d, 3H), 7.70 (t, 2H), 8.19 (t, 2H), 8.48 (d,
2H), 8.57 (d, 2H).

(11) For comparison, 1H NMR of Tol(H)CdN(Ph)CH3
+OTf-: δ 2.38

(s, 3H), 4.16 (s, 3H), 7.2-7.8 (m, 9H), 9.30 (s, 1H).
(12) End-group quantitation was determined by comparison of Mn

calculated from 1H NMR to Mn from GPC data. For complete polymer
characterization, see the Supporting Information.

(13) 1H NMR of Tol(H)CdN(CH3)CH2
+ end group: δ 2.49 (s, 3H),

3.76 (s, 3H), 4.20 (t, 2H), 7.2-7.8 (m, 4H), 9.15 (s, 1H).
(14) Ethyl acetate: νCO 1742 cm-1; δ 170.3 (CO).
(15) Tanaka, M.; Koyanagi, M.; Kobayashi, T. Tetrahedron Lett.

1981, 22, 3875 and references therein.

Table 1. Polymerization with Complexes 1-4 and
12a

substrate initiator [L], mmol yield, g Mn
b Mw

b

THF 1 0.44 2.4 4.9
THF 2 0.06 1.3 1.9
THF 3 0.55 3.3 7.2
THF 4 0.92 3.5 7.8
THF 4 0.25c 0.13 1.1 2.1
THF 4 0.50c 0.07 8.2 1.5
THFd 4 1.42 13.8 19.6
dioxolane 4 8.02 1.4 3.3
butyrolactone 4 4.33 0.5 0.75
ε-capralactone 4 1.06 2.8 4.1
THF 4 0.05e 3.01 19.1 26.7
THF 12 3.12 15.5 22.1

a Conditions: 10 g of substrate, 0.05 mmol of catalyst, and 1
atm of CO heated to 70 °C for 24 h. b ×104. c Added PhNdC(H)Tol.
d 100 g of substrate. e Added norbornene.

Scheme 1
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under our conditions. The initiation of ring opening from
9 could occur through direct acylation of THF (path B),
or the polymerization of THF on palladium (path C),
followed by reductive elimination.17 The termination of
either of these ring-opening reactions by nucleophilic
attack of L would generate the observed immonium end
groups. Further studies are currently in progress to
distinguish between these mechanistic possibilities.

A particularly exciting aspect of this polymerization
is the coupling of the acyl fragment in 9 with the THF
polymer. Since this acyl moiety is also the ligand into
which olefin/CO insertion polymerization has been
found to occur,2 the coupling step suggests these pal-
ladium complexes could provide a unique system to
combine monomers polymerized by two distinct mech-
anisms, insertion (olefin and carbon monoxide) and
cationic ring opening (THF), into novel copolymers.1,6

Experiments toward this end were performed in a
controlled manner by reaction of 4 (0.05 mmol) with 1
equiv of norbornene (0.05 mmol), AgOTf, and 1 atm of
13CO in THF at 70 °C (Scheme 2). This yields 3.01 g of
a white solid, which 1H NMR analysis shows to be poly-
THF (11) with the quantitative incorporation of a single
norbornyl (δ 1.17-3.22 (m)) and methyl ketone (δ 2.13
(d, 3H)) fragment. An identical polymer (11) can be
generated by first carrying out the sequential insertion

of 13CO, norbornene, and 13CO into (bipy)Pd(CH3)Cl to
form 12,18 followed by addition of AgOTf in THF and
heating to 70 °C. 13C NMR of the isolated polymer 11
reveals the presence of 13C label in both a ketone (δ
207.7) and ester (δ 174.9) end group, while COSY and
13C decoupling experiments show connectivity between
the ester carbonyl carbon and both the norbornyl to
poly-THF fragments, demonstrating this polymer is
indeed the novel product of coupling of olefin and CO
insertion monomers with ring-opening polymerization.

In conclusion, the palladium insertion polymerization
catalysts (bipy)Pd(R)L+OTf- have been found to initiate
THF ring-opening polymerization with significant ligand
control over polymer molecular weights and end groups.
In addition to mediating two distinct classes of polym-
erization on a single metal site, these palladium com-
plexes provide a single-pot method to couple insertion
monomers onto ring-opened heterocycles. To our knowl-
edge, the latter is not precedented in metal-mediated
polymerizations6,19 and provides potential access to new
classes of block copolymers incorporating insertion and
ring-opened monomers. Experiments directed toward
the generation of these materials with complexes 1-4
are currently underway.
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(16) Effenberger, F.; Sohn, E.; Epple, G. Chem. Ber. 1983, 116, 1195.
(17) The role of CO insertion in path C could be to effect the Lewis

acidity of palladium. Such ancillary ligand effects have been previously
observed for THF ring opening: Borkowsky, S. L.; Jordan, R. F.; Hinch,
G. D. Organometallics 1991, 10, 1268.
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(19) Organic initiators for simultaneous free radical and ring-
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