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A family of air-stable phenylethynyl palladium complexes
was unexpectedly found to initiate the polymerization of
phenyl isocyanide in a living/controlled chain growth manner,
affording well-defined, stereoregular poly(phenyl isocyanide)s
in high yield with controlled molecular weights and narrow
molecular weight distributions.

Polyisocyanides have attracted considerable attention in
recent years not only owning to their interesting helical
structure but also for the widely applications.' They have a z-
conjugation system with C=N double bonds at the carbons
that connect the monomer units, which twist along the
polymer backbone to create a stable helical conformation. Due
to the unique rigid helical structures, polyisocyanides have
exhibited widely applications in many fields such as
enantiomer  separation, asymmetric  catalysis, chiral
recognition, organic solar cell and nuclear magnetic resolution
analysis.”> Thus, the development of living/controlled
polymerization method for facile preparation of well-defined
polyisocyanide is highly desirable. Polyisocyanides were
usually obtained through the polymerization of appropriate
isocyanide monomers with transition metal complexes as
catalyst/initiator. Nickel(I) complex is the most used catalyst
for the isocyanide polymerization since it was disclosed by
Notle and coworkers.'® Deming et. al have reported that -
allylnickel complexes are effective catalysts for living
polymerization of alkyl isocyanides in noncoordination
solvents,3 while Asaoka et al. revealed that aromatic
nucleophile adduct of tetra(fert-butylisocyano)nickel(II)
complex can promote the living polymerization of aryl
isocyanide. We found that Ni(II)-terminated poly(3-
hexylthiophene) can also initiate the living/controlled
polymerization of aryl and alkyl isocyanide.® In contrast to
nickel complexes, the utilization of other metal complexes as
catalyst or initiator for living polymerization of isocyanide are
limited. Onitsuka et al. have found that arylrhodium
complexes can promote the living polymerization of aryl
isocyanides, while the requirement of large amount of
phosphine ligand make the product isolation difficult.’ u-
Ethynediyl Pt-Pd binuclear complex has been demonstrated to
be an efficient initiator for the living polymerization of aryl
isocyanide, however it is air-unstable and very hard to
synthesis.” Recently, we reported a class of air-stable

(phenylbuta-1,3-diynyl)palladium (II) complexes for living

so polymerization of isocyanides with high activity and
efficiency.® The challenge in designing Pd catalysts for this
purpose may be their great tendency in forming a trimer
intermediate involving intramolecular N-Pd coordination to
terminate the polymerization progress.” Therefore, the reports

ss on the Pd(II) complexes for living/contrlled polymerization of
isocyanide are really rare.
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Scheme 1 Synthesis of phenylethynyl Pd(Il) complexes 1a-d and the
polymerization of isocyanides with these Pd(Il) complexes as initiator.

o The simply prepared phenyethynyl and ethynyl Pd(II)
complexes have been demonstrated to be inactive initiators for
isocyanobenzene polymerization in refluxed THE.”*®
However, in this contribution, we demonstrate that some
phenylethynyl Pd(II) complexes can unexpectedly initiate

6s polymerization of some phenyl isocyanide in living/controlled
chain-growth manner, afforded well-defined poly(phenyl
isocyanide)s in high yield with controlled molecular weights
(M,s) and narrow molecular weight distributions (M,/M,s).
As depicted in Scheme 1, phenylethynyl Pd(II) complexes 1a-

70 d with various substituents on the phenyl ring were readily
prepared under the similar synthetic procedure we reported
previously (see ESI).* The structures of 1a-d were confirmed
by 'H, *C NMR and FT-IR spectroscopy, and 1c was further
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characterized by X-ray analysis of a single crystal (Fig. S1,
ESI). All these complexes behave good solubility in common
organic solvents such as chloroform, n-hexene, THF, toluene
and ethyl acetate. It is worthy to note that these Pd(II)
complexes are quite stable in air. No significant changes could
be observed on their '"H NMR spcetra after the samples were
deposited for several weeks at room temperature.
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Fig. 1 (a) Size exclusion chromatograms of poly-a2a,s prepared from 2a
with 1a as initiator in THF at 55 °C with different initial feed ratios. (b)
Plots of M, and M,/M, values of poly-a2a,, as a function of the initial
feed ratios of 2a to 1a. M, and M,,/M, were determined by SEC with PSt
standard (SEC: eluent = THF, temperature = 40 °C).

The polymerization behavior of la was investigated by
treated 1a with 100 equivalent of phenyl isocyanide 2a in
THF ([2a], = 0.2 M, [2a]y/[la], = 100). Although the
polymerization was failed at room temperature, it took place
smoothly at 55 °C because the colorless solution turned to
brown and the viscosity increased considerably. Size
exclusion chromatography (SEC) analysis of the resulting
polymer poly-a2a;y, (the footnote indicates the initial feed
ratio of the to initiator) confirmed the
polymerization was succeeded. As shown in Figure la, a
single modal elution peak appeared at high-molecular weight
region was observed. The M, and M, /M, were estimated to be
3.1 x 10* and 1.10, respectively.

To examine whether the polymerization was proceeded in a
living/controlled manner, a series polymerizations of 2a with
1a as initiator in different initial feed ratios was conducted.
As shown in Fig. la, all the resulting polymers exhibited
single-modal elution peak on SEC chromatograms. The M,s of
obtained polymers increased linearly and in proportion to the
initial feed ratios of 2a to 1a, and all the isolated polymers
exhibited narrow M,/M, (< 1.20) (Fig. 1b). These results
confirmed the  polymerization did proceeded in
living/controlled chain-growth fashion. Therefore, a series of
poly-a2a, with different M, and narrow M, /M, was readily
prepared by just varying the initial feed ratio of 2a to 1la
(Table 1). FT-IR spectrum of isolated poly-a2a, showed an
characteristic absorption band at 1599 em™! due to D(c=N), NO
absorption of the monomer around 2260 cm™ was observed
(Figure S2, ESI). The absolute M, value was determined from
"H NMR spectrum through integral ratio of the methyl signal
of the polymer end to the signal of the OCH, group derived
from the repeat units of 2a (Fig. S3, ESI). The M, (NMR) was
consistent with the SEC data and also in good agreement with
the ideal M, estimated from the initial feed ratio of the
polymerization reaction. '*C NMR spectrum showed a
relatively sharp resonance corresponding to the imino carbons
of the polymer backbone at 6 162.70 ppm with a half-
bandwidth of 28 Hz (Fig. S4, ESI), suggesting the

monomer

polyisocyanide prepared by this new polymerization method
has high stereoregularity of the imino groups. This is much
better than the poly(aryl isocyanide)s prepared by a nickel
catalyst, which have low stereoregularity of the imino
groups.'® Furthermore, *'P NMR spectrum of 1a showed an
resonance at 17.9 ppm, while it was disappeared after the
polymerization with 2a, and a new miltiple peaks at 14.4 ppm
was observed (Fig. S5, ESI).

w
o

Table 1 Polymeriztion results of isocyanide 2a with 1a as initiator in
different solvents at 55 °C*
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run ratio’  solvent polymer My  PDI° DP’ Yield®
(kDa)
1 55 THF poly-a2ass 15.9 1.13 52 95%
2 85 THF poly-a2ags 25.1 1.08 82 96%
3 100 THF poly-a2a;0  31.0 1.10 100 91%
4 200 THF poly-a2ay, 61.0 1.11 -/ 94%
5 75 Toluene  poly-a2ass 222 1.20 72 96%
6 100 Toluene poly-a2a;0  29.1 122 95 95%
7 50 CHCl; poly-a2as 16.2 1.11 50 93%
8 80 CHCl; poly-a2ag 23.0 1.12 76 87%
9 50 DMF poly-a2as 15.2 1.17 50 92%
10 80 DMF poly-a2ag 23.1 122 75 85%
11 50 Acetone  poly-a2as, 13.4 1.21 45 89%
12 80 Hexane poly-a2ag 23.8 1.40 80 85%

“The polymers were synthesized according to Scheme 1. The initial feed
ratio of 2a to 1a. “The M, and PDI were determined by SEC and reported
as equivalent to standard PSt. “The degree of polymerization (DP) was
estimated from the integral analysis of "H NMR spectra. “Isolated yield.
'Too large to be estimated from "H NMR.
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Fig. 2 Time-dependent size exclusion chromatograms for the
polymerization of 2a with 1a as initiator in THF at 55 °C with PSt as
internal standard ([2a], = 0.2 M, [2a]¢/[1a],= 60).

The polymerization of 2a with 1a as initiator can be carried
out in various organic solvents with different polarity such as
CHCIs, toluene, hexane, DMF and acetone (Table 1, and Fig.
S7-S10, ESI). However, owning to the poor solubility of the
afforded polymers, the polymerization of 2a was failed in
methanol and water. To get great insight into the
polymerization, we performed the trace experiment of the
polymerization of 2a with 1la in THF at 55 °C with the
presence of standard PSt (M, = 2630, M,/M, = 1.06) as
internal standard ([2a], = 0.2 M, [2b]¢/[1a], = 60). Time-
dependent SEC chromatograms for the polymerization were
shown in Fig. 2. It can be found that more than 88% of 2a was
consumed within 6.3 h. The SEC trace was shifting to higher-
molecular weight region with the increase of monomer

s conversion. Both M, -conversion and M,/M,-conversion
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relationships are plotted in Figure 3a, the M,(SEC) values of
the isolated polymers at different polymerization stage are
linearly correlated with the conversion of 2a and kept a
distribution,  suggesting that the  present
polymerization had a living nature. Kinetic studies revealed
that the polymerization obeyed the first-order rate law because
a linear correlation could be observed between the
Ln([2a]/[2a],) and polymerization time. The rate constant was
estimated to be ~8.87 x 107 s™! according to kinetic plot.
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Fig. 3 (a) Plots of M, and M,/M, values as a function of la-initiated
conversion of 2a in THF at 55 °C ([2a], = 0.2 M, [2a]¢/[1a], = 60). (b)
First-order kinetics plots for polymerization of 2a initiated by 1a, 1b, 1c,

and 1d.

Similarly, polymerizations of 2a with Pd(II) complexes 1b-
d were also investigated in THF at 55 °C. It was found that all
these complexes exhibited high polymerization activity to lead
to the formation of expected polyisocyanide in
living/controlled chain growth manner (Fig. S11-22, ESI).
The polymerizations initiated by 1b-d were also obeyed the
first-order rate law and the rate constants for 1b, 1¢ and 1d
were estimated to be 1.87 x 107, 7.37 x 10~ and 6.39 x 1073
s, respectively (Fig. 3b). These data indicated the
incorporation of an electron-donating group to the benzene
ring of the phenylethynyl Pd(II) complex improved the
polymerization activity. The polymerization of 2a with 1a-d
may take place through multiple and successive insertion of
isocyanides into a Pd-C bond following the mechanism
proposed for the polymerization of the dinuclear Pd-Pt u-
ethynediyl complex and (phenylbuta-1,3-diynyl)palladium(II)
complexes. It is worthy to note that the polymerizations were
all carried out in open reaction systems due the high stability
of the Pd(II) complexes to air, the inert atmosphere protection
and schlenk technique are not required.

Since 1b is the most active, polymerization behaviors of
isocyanide 2b-f were then examined with 1b as initiator. The
polymerization of 2b was continuously failed in THF at 55 °C
and in toluene at 90 °C because insoluable solid was
precipitated during the polymerization. Due to the poor
solubility of the afforded materials, further characterization of
the isolated polymer was not possible. The polymerization of
2¢ with 1b was also failed in THF at 55 °C owning to the low

reactivity of 2¢, however, it was succeeded in toluene at 90 °C.

The polymerization was also proceed in a living/controlled
chain-growth manner because the M, can be easily controlled
by the variation on the initial feed ratio of monomer to
catalyst although the M, /M, values were broader than that of
2a. These results support the fact that the activity of phenyl
isocyanide decreased with incorporation of electron-donating
group on the phenyl ring. Isocyanide 2d and 2e can be easily
polymerized with 1b in THF at 55 °C in living/controlled
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manners (Table S1, ESI). The poly-b2es, exhibited a positive
Cotton effects at 364 nm with Agzqs = +11.6, indicates the
formation of a single-handed helical polyisocyanide. However,
unlike the polymerization behavior of 2b and 2c,
polymerization of isocyanide 2f bearing methyl group on the
ortho position of the benzene ring was failed even in toluene
at 100°C and the monomer was recovered. Considering the
similar electronic character of 2b, 2¢ and 2f, this failure may
ascribed to the steric hindrance of 2f. Due to the poor
reactivity of alkyl isocyanide, 1-isocyanohexadecane 2g
couldn’t be polymerized by 1b even the reaction was
performed in toluene at 100 °C.

In summary, the facile prepared phenylethynyl Pd(II)
complexes unexpectedly found to promote the
polymerization of phenyl isocyanide in living/controlled
manner. The afforded well-defined poly(phenyl isocyanide)s
possess  controlled M, M,/M, and high
stereoregularity, which is important for maintaining the
helical sense of the polymer main chain. We believe our
finding will provide a useful method for preparation of
various polyisocyanides with controlled structures, specific
chain terminus and novel functions.
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