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Introduction.Constructing a C-Cmain chain of polymers
fromone carbon unit [poly(substitutedmethylene) synthesis]
could become a general strategy for polymer synthesis,
particularly being valuable for making C-C main chain
polymers, which cannot be obtained by vinyl polymeriza-
tion.1,2 For the strategy, diazocarbonyl compounds can be a
promising monomer candidate if their diazo-bearing car-
bons can be connected linearly after the release of N2.
Actually, recent studies have demonstrated that alkyl dia-
zoacetates can be converted to poly(alkoxycarbonyl-
methylene)s, which have an ester group on all main chain
carbons by the initiation with B-,3 Cu-,4 Pd-,5 and Rh-
based6,7 initiating systems. In particular, the Rh(diene)-
initiated polymerization6,7 was highly effective to afford
high-molecular-weight polymers (Mn> 200 000) in a stereo-
specific (syndiotactic) manner, whereas other metal-based
systems gave rather low-molecular-weight products withMn

of several thousand at the most. After we found that PdCl2
was effective for the polymerization of not only alkyl dia-
zoacetates5 but also some diazoketones8,9 and diazoaceta-
mides,10 we have been trying to find an effective initiating
system for preparing higher-molecular-weight polymers
from diazocarbonyl compounds. As a result, we have found
that Pd(0) complexes with N-heterocyclic carbene (NHC)
ligand [(NHC)Pd] in conjunction with tetraarylborate
[(NHC)Pd/borate systems] are capable of transforming
ethyldiazoacetate (EDA) into poly(ethoxycarbonylmethy-
lene)s with Mn > 20 000.

Results and Discussion.After examining various Pd-based
complexes for the initiation of EDA,we found that amixture
of the commercially available zerovalent (NHC)Pd complex-
es11-13 2 {[IMesPd(NQ)]2 (NQ = naphthoquinone)} and 3
{[IPrPd(NQ)]2}with sodium tetraarylborate 4 (NaBPh4) or 5
(NaBArF4) was effective to give high-molecular-weight poly-
mers (Scheme 1). The polymerization was initiated by the
addition of a dichloromethane or 1,1,2-trichloroethane solu-
tion of EDA (1.66 to 3.33 M) to a mixture of the (NHC)Pd
and the borate ([4 or 5]/[Pd] = 1.1 to 1.4; [Pd] = 2[2 or 3]) in
THF. The crude product obtained after the removal of
volatiles from the reaction mixture was purified by using
preparative recycling GPC to give a colorless solid. Control
experiments reveal that the presence of all three components
(NHC ligand, Pd, and borate) is essential for the prepara-
tion of high-molecular-weight poly(ethoxycarbonylmethy-
lene)s (poly10s). As shown in run 1 in Table 1, when the

polymerization was conducted at room temperature with a
feed ratio of [1]/[Pd]=20, poly10 with Mn=7800 was ob-
tained in high yield (82.3%). Although Mn of the poly10
became higher with the increase in the feed ratio to [1]/[Pd]=
200,Mn did not linearly correspond with the feed ratio, and
yields gradually decreasedwith higher feed ratios, suggesting
the instability of the propagating species and the occurrence
of termination (runs 2-4). However, compared with other
Pd-based initiating systems we examined including PdCl2
[Mn of poly1

0 <1000 (GPC)], the (NHC)Pd/borate system is
apparently very effective to afford high-molecular-weight
poly10s. The reactivity of the initiating system was main-
tained at 50 �C (run 5), whereas it was drastically diminished
at 0 �C (run 6). Another (NHC)Pd/borate system 3/4 with
diisopropylphenyl-substituted NHC exhibited similar initi-
ating behavior (runs 7-10). The use of CF3-substituted
borate 5 instead of 4 did not improve the initiating perfor-
mance (runs 11-14).

Figure 1 shows 1H and 13C (carbonyl region, insets) NMR
spectra (in CDCl3) of poly10 obtained by 2/5 (run 12 in
Table 1) (a) and 3/5 (run 14) (b) initiating systems. Interest-
ing to note is that the appearance of CH signals of the poly10s
slightly differs between the two 1H NMR spectra. The

Scheme 1. Polymerization of EDA with (NHC)Pd/Borate Systems

Table 1. Polymerization of Ethyl Diazoacetate (1) with (NHC)Pd/
Borate Systems

a

run (NHC)Pd borate [1]/[Pd]b temp yield (%) Mn
c Mw/Mn

c

1 2 4 20 r.t. 82.3 7800 1.19
2 2 4 50 r.t. 52.5 12 200 1.20
3 2 4 100 r.t. 49.3 15 100 1.36
4 2 4 200 r.t. 34.9 20 700 1.50
5 2 4 100 50 �C 52.3 16 500 1.40
6 2 4 100 0 �C 7.3 4100 1.20
7 3 4 20 r.t. 74.5 9900 1.32
8 3 4 100 r.t. 34.0 24 000 1.53
9 3 4 100 50 �C 57.3 19 800 1.70
10 3 4 100 0 �C 9.1 400 1.15
11 2 5 20 r.t. 57.5 5600 1.26
12 2 5 100 r.t. 56.6 17 600 1.67
13 3 5 20 r.t. 59.6 11 000 1.45
14 3 5 100 r.t. 40.8 20 400 1.62

a In THF (2mL) for 13 h; EDA 1=0.30 to 1.76mmol (1.66 to 3.33M
solution in CH2Cl2 or Cl2HCCH2Cl).

b [Pd] = 2[(NHC)Pd(NQ)]2.
cMn

andMw/Mn were obtained by GPC calibration using standard PMMAs
and dibutyl sebacate in THF solution.
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CH signals split into three peaks centered at 3.4, 3.2, and
3.0 ppm,which canprobably be ascribed to triads for themain
chain structure. By comparing a 1H NMR spectrum of our
poly10 measured in tetrachloroethane-d2 with that of a syn-
diotactic poly10 in the solvent reported by de Bruin et al.,6 we
can estimate that the signal at 3.2 ppm in Figure 1 should be
derived from the rr triad. It is apparent that the rr signal is
more intense inFigure 1b than inFigure 1a. In accordwith the
appearance in the 1H NMR spectra, one of the carbonyl-C
signals in the inset of Figure 1b is clearly more enhanced than
that inFigure 1a, and the chemical shift of the enhanced signal
(107.8 ppm) indeed corresponds to that of the syndiotactic
poly10 reported in the literature.7 The difference of the signal

intensity of these spectra suggests that the tacticity of the
poly10 could be influenced by the structure of the substituents
on the NHC ligand, thus indicating the possibility of stereo
regulation of the polymerization in these (NHC)Pd/borate
systems by changing the structure of NHC ligands.

In MALDI-TOF-MS analysis of poly10s obtained by the
(NHC)Pd/borate system (Figures 5-8 in the Supporting
Information), we observed three main sets of the signals
whose intervals corresponded to the MW of the repeating
unit derived from EDA (86.1). In addition, the analysis in
reflectormodewith higher resolution revealed that the signal
set with the lowest relative m/z value could be ascribed
to Na adducts of poly10 with a structure having H and
CdC at chain ends, H[CH(CdO)OEt]nCH[(CdO)OEt]CH-
(CdO)OEt (e.g., m/z of a parent peak in the isotopic
distribution=625.3 for n=5). Accordingly, for the polymers
exhibiting the identified signal set, we can propose amechan-
ism for their generation, as described in Scheme 2: (1) gene-
ration of a cationic [(NHC)Pd(II)H]þ as an initiating species
by the reaction of (NHC)Pd(0) with the borate in THF,14

(2) insertion of EDA into Pd-H (initiation) and Pd-C
(propagation) accompanied by release of N2, and (3) termi-
nation via β-H elimination affording the initiating Pd(II)-
H species and a polymer with H and CdC at chain ends.

As for the other two sets of signals observed in the MS
spectra whosem/z values are 12 and 26 higher than that of the
above-described signal set (Supporting Information), we can-
not identify their structures at present. Furthermore, the
complexity of the MS charts apparently indicates the non-
uniformity of the (NHC)Pd/borate system with respect to the
initiation and termination, thus, leading to the aforementioned
low controllability of the polymerization with respect to the
molecular weight of products. Our further investigation using
better-defined initiating systems based on the (NHC)-
transition metal complexes will clarify the mechanistic issue,14

along with the possibility of tacticity control.
As for the CH contents in the elemental analysis results of

the sample obtained in run 1 in Table 1, the observed values
(C: 55.30, H: 7.04) agreed well with the expected ones for
the repeating unit of [CH(CdO)OEt] (C: 55.81, H: 7.02,
calcd for C4H6O2) without considering the presence of any
polymer chain end group. The result also shows that azo
group (-NdN-) incorporation into the polymermain chain

Scheme 2. Probable Polymerization Mechanism Based on the Observation in MALDI-TOF-MS Analysis

Figure 1. 1H and 13C (carbonyl region, insets) NMR spectra of poly10
obtained by (a) 2/5 (run 12 in Table 1) and (b) 3/5 (run 14) in CDCl3 at
50 �C (1H) or 25 �C (13C).
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often observed in the Pd-mediated polymerization of diazo-
ketones8,9 does not occur at all here.

In conclusion, we have demonstrated that (NHC)Pd/
borate initiating systems can afford high-molecular-weight
polymers (Mn > 20 000) from EDA. Along with the Rh-
(diene)-initiated stereospecific polymerization,6,7 our find-
ings will extend the generality of the polymerization of
diazocarbonyl compounds as a practicalmethod for polymer
synthesis. Further investigation into the unique initiating
systems is underway in our laboratory.
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