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ABSTRACT: The fast living polymerization of chiral
arylisocyanide in the presence of the aromatic nucleophile
adduct of tetra(t-butylisocyano)nickel(II) complex as an
initiator gave the predominantly one-handed helical poly-
isocyanide with narrow polydispersity. X-ray crystal structures
of initiators and MALDI-TOF MS and NMR studies of the
polymer products elucidated the key role of the aromatic
substituents in the initiator and monomer achieving narrow
polydispersity. The aromatic groups in the initiator and monomer stabilized the electronic structure of the carbene-like ligand to
suppress dissociation of the active nickel complex that leads to chain transfer and termination. The aromatic groups also
controlled the reactivity of the active site for initiation and propagation.

Living polymerization methods allow a wide variety of
polymer shapes, such as block copolymers, graft polymers,

and star-shaped polymers, which enable access to various kinds
of self-assembled, supramolecular architectures with defined
shapes and properties. Since the discovery of living anionic
polymerization by Szwarc et al. in 1956,1 many kinds of living
polymerization methods have been developed, mainly in
addition polymerization of vinyl monomers and ring-opening
polymerization of cyclic monomers. These methods have
allowed the synthesis of polymers with controllable molecular
weights and narrow molecular weight distributions. Although π-
conjugated polymers have attracted much attention as active
components of thin-film solar cells,2 light-emitting diodes,3

field-effect transistors,4 and electrical semiconductors,5 the use
of living polymerization methods to give π-conjugated polymers
with nominated molecular weights and narrow polydispersities
has been rare before this decade.6 Since the chain-growth
synthesis of poly(3-hexylthiophene) from Ni-catalyzed cross-
coupling reactions was reported by Yokozawa et al.7 and
McCullough et al.8 in 2004, controlled living polymerization
methods have emerged for a variety of π-conjugated polymers,
including polyfluorene,9 poly(p-phenylene),10 and polycarba-
zole,9b and have enabled the preparation of various kinds of
their block copolymers.11

Polyisocyanides have a unique π-conjugation system with
CN double bonds at the carbons that connect the monomer
units, which twist along the polymer backbone to create a
helical conformation. Although living polymerizations of
isocyanide have been achieved by using η3-allyl nickel catalyst,12

aryl rhodium complex,13 μ-ethynediyl Pt−Pd binuclear

complex,14 or nickel complex at the end of polythiophene15

as initiators, their successful application in block copolymer
synthesis or surface graft polymerization has been difficult
because of their narrow tolerance to initiator and terminator
structures and polymerization conditions. Nolte et al. have
thoroughly studied the polymerization of aliphatic isocyanides
using the amine adduct of tetra(t-butylisocyano)nickel(II)
complex as the initiator under aerated atmosphere16 and have
developed a convenient route for block copolymer synthesis17

and surface graft polymerization18 by using amino-function-
alized macroinitiator and monolayer, respectively. However,
their polymerizations were not fully controlled and the reported
polydispersities were larger than that in the above-mentioned
cases of living polymerization. According to the proposed
“merry-go-round polymerization” mechanism,12a,16b,d the active
site in the initiator and the propagation terminal is supposed to
be a nickel complex that is tetracoordinated with three isocyano
ligands and a carbene-like ligand.16c,e In general, a living
polymerization can be attained when the propagating polymer
chains undergo neither chain transfer nor termination, and the
molecular weight distribution usually becomes narrow when the
initiation rate is sufficiently higher than the propagation rate. In
this study, we propose a fast controlled living polymerization
system for aromatic isocyanides by tuning the stability and
reactivity of the terminal nickel complex through the electronic
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structure and steric hindrance of the substituents on the
carbene-like ligand.
According to the procedure reported by Nolte et al.,16 the

initiators 2 were prepared by the treatment of tetra(t-
butylisocyano)nickel(II) perchlorate 1 with amines a−e or
diphenylphosphine oxide f (Scheme 1). The formation of the
initiator complexes were confirmed from the shifts of the N≡C
stretching band on Fourier transform infrared (FT-IR) spectra.
Polymerizations were carried out in aerated dichloromethane at
room temperature. The monomers were completely consumed
to give the corresponding polymers within a few minutes. The
number-averaged molecular weight (Mn) together with the
polydispersity (PDI = Mw/Mn) of products, after sufficient time
to consume the monomers, are summarized in Table 1. The
polymerization of aliphatic monomer 3 initiated by aniline
adduct 2e gave a product with a broad polydispersity and a high
yield of low molecular weight material (entry 1). However, the
polymerization of aromatic monomer tethered by electron-
withdrawing group 4 afforded a well-defined polyisocyanide

with a very narrow polydispersity of 1.07 and no oligomeric
products (entry 6). The polymerization of 4 initiated by 2e
under dilute conditions (entry 7) or with the reaction
temperature lowered to 0 °C (entry 9) gave P4e with a low
polydispersity of less than 1.11 at a moderate polymerization
rate that consumed the monomer within 30 min. In contrast,
the polymerizations of monomer 4 using the aliphatic amine
adducts 2a−c as initiators gave products showing multimodal
gel permeation chromatography (GPC) profiles and containing
low molecular weight fractions (entries 2−4). Benzylamine
adduct 2d afforded P4d with a smaller oligomer fraction than
observed for 2a−c, but the polydispersity was still higher than
that of P4e (entry 5). The aromatic substituents of both
monomer and amine, which are directly conjugated with the
polymer main chain, should therefore play an important role in
controlling the polymerization of isocyanide with a narrow
polydispersity. In this context, the diphenylphosphine oxide
adduct 2f was also examined as an initiator, and it was found to
afford the unimodal products with relatively narrow poly-

Scheme 1. Polymerization of Isocyanide Initiated by Nucleophile Adduct of Tetra(t-butylisocyano)nickel(II) Complex

Table 1. Polymerization of Isocyanide Initiated by Various Nucleophile Adducts of Tetra(t-butylisocyano)nickel(II) Complexa

entry initiator monomer temp (°C) [M]0 (mM) [M]0/[I]0 Mn
b PDIb

1 2d 3 r.t. 400 70 2180 40
2 2a 4 r.t. 450 40 3370 1.51
3 2b 4 r.t. 450 40 4130 1.47
4 2c 4 r.t. 450 40 11500 1.48
5 2d 4 r.t. 400 70 14800 1.23
6 2e 4 r.t. 430 71 7600 1.07
7 r.t. 43 70 9720 1.10
8 r.t. 8.5 70 15500 1.26
9 0c 440 70 7400 1.11
10 5 r.t.d 400 70 2700 1.79
11 2f 4 r.t. 450 80 11900 1.21
12 r.t. 43 70 14000 1.17
13 2g 4 r.t. 450 80 9600 1.11
14 Pt−Pde 4 65f 440 83 11800 1.14

aPolymerization carried out in aerated dichloromethane for 30 min when the monomer was already completely consumed. bEstimated by GPC
based on polystyrene standards. cPolymerization time was 1 h. d55% of monomer remained. eμ-Ethynediyl Pt−Pd binuclear complex.
fPolymerization was carried out in THF under argon for 24 h.
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dispersities of less than 1.21 (entry 11), even under dilute
conditions (entry 12). The living nature of the polymerization
of 4 with 2e was confirmed by the multistep feeding of
monomer (see Supporting Information).
The polymerization of 4 with 2e was so fast that the

monomer was completely consumed within 1 min. To analyze
the polymerization kinetics, the polymerization was conducted
under dilute conditions. As shown in Figure 1a, the Mn values
increased in proportion to the conversion, and the monomer
was consumed in accordance with pseudo-first-order kinetics.
While the polydispersities were slightly decreased down to 1.10
at the monomer concentration of 43 mM (entry 6), they were
slightly increased up to 1.26 at the dilute condition of 8.5 mM
(entry 8). This suggests that the lower limit of monomer
concentration to retain the controlled living polymerization
condition should exist in the range of 10−40 mM. The

polymerization of aromatic isocyanide with an electron-
donating alkyl group (5) was not complete within 30 min,
even at the high monomer concentration of 400 mM. The
reaction was much slower than the reaction of 4 under
extremely dilute conditions and gave P5e with a high
polydispersity of 1.79 (entry 10).
The polymerization was also conducted with various feed

ratios of monomer (4) to initiator (2e). The absolute molecular
weights (Mw

LS) of the obtained polymers P4e determined by
gel permeation chromatography−multiangle light scattering
(GPC−MALS) analyses showed good agreement with the
theoretical averaged molecular weights calculated from
monomer/initiator ratios below 150 with narrow polydisper-
sities of less than 1.20 (Figure 1b). For the polymerization of 4
initiated by 2f (entries 11 and 12), the Mn value increased in
proportion to the conversion and retained a polydispersity near

Figure 1. Averaged molecular weights (closed) and polydispersities (open marks) of poly(arylisocyanide)s P4e (circles) and P4f (triangles). (a)
Number-averaged molecular weights based on polystyrene standards plotted against monomer conversion upon polymerization at [M]0 of 43
(black) or 8.5 mM (gray). The pseudo first-order kinetic plots at the initial stage of polymerization are shown as the inset. (b) Averaged absolute
molecular weight plotted the molar ratio of monomer to initiator. Theoretical value is shown with the broken line.

Figure 2. (a) ORTEP drawing of the crystallographically determined structure of 2e. Selected bond lengths (Å) and angles (deg): Ni−C1, 1.854(6);
Ni−C2, 1.876(7); Ni−C3, 1.848(6); Ni−C4, 1.912(6); C1−N1, 1.145(8); C2−N2, 1.139(9); C3−N3, 1.153(8); C4−N4, 1.319(8); C4−N5,
1.334(7); C1−Ni−C2, 90.5(3); C1−Ni−C3, 174.4(3); C2−Ni−C4, 176.2(3); Ni−C4−N4, 114.6(4); Ni−C4−N5, 122.5(4); N4−C4−N5,
122.9(5). (b) Crystal structure (left) and coordination environment (right) of 2f.
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1.20, but the polymerization rate was considerably slower than
the reaction initiated by 2e under the same conditions (entry
7). The Mw

LS values of P4f were slightly larger than the
corresponding theoretical values, implying that the initiator
efficiency and the rate of initiation by 2f should be lower than
for 2e. This is also supported by the fact that the molar mass of
the polymer fraction of P4e on the GPC-MALS profile was
almost constant, while that of P4f was slightly decreased by
elution volume (see Supporting Information).
To investigate the difference in the initiation process, single

crystals of 2e and 2f were prepared for X-ray diffraction
analysis. The polymerizations using these crystalline forms were
confirmed to give the same results as the reactions with the
amorphous forms of 2e and 2f. In the case of 2e, a t-
butylisocyano ligand undergoes nucleophilic attack by the
aniline amino group at the isocyano carbon to form a carbene-
like ligand, which coordinates to the nickel center in the square
planar conformation together with the three other t-
butylisocyano ligands, as shown in Figure 2a. The N−C−N
plane of the carbene ligand is near orthogonal to the square
plane through the nickel and the other three isocyano ligands.
The distances between the coordinating carbon and the two
nitrogen atoms in the carbene ligand are comparable (1.32 and
1.33 Å), implying that the electrons in the carbene moiety are
delocalized. A similar crystal structure for a benzylamine adduct
to tetra(t-pentylisocyano)nickel(II) complex has been already
reported by Nolte et al.,16e but the distance between the
coordinating carbon and a nitrogen derived from the isocyanide
(1.22 Å) was shorter than that from the amine (1.35 Å) in the
carbene ligand. This suggests that the former N−C bond has
double-bond character and therefore the electrons are not fully
delocalized over the N−C−N group. The aniline-derived
phenyl group directly conjugated with the carbene group in 2e
should play an important role in stabilizing the electronic
structure of the carbene ligand. Although the crystal structure
of 2f suffered from disorder, especially at the aromatic rings of
the phosphine oxide, the nickel center was elucidated to be
pentacoordinated by four t-butylisocyano ligands and a
phosphine oxide in a trigonal bipyramidal conformation (Figure
2b). The phosphine, nickel center, and an isocyano ligand are
almost in a line to form a unique axis, which is almost
perpendicular to the equatorial plane defined by the three other
isocyano ligands. The pioneering study of the merry-go-round
polymerization mechanism of isocyanide by Nolte et al.
proposed the formation of a pentacoordinated nickel complex
that preceded reorganization to the square planar com-
plex12a,16b,d without any experimental evidence. The axial
phosphine oxide ligand reacts with one of the isocyano ligands
to form a carbene-like ligand before the initiation of
polymerization, which should cause some delay of initiation
and decrease the initiator efficiency and rate of initiation.
The detailed structures of the obtained polyisocyanides P4e

and P4f were analyzed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry. As
shown in Figure 3, the spectrum of P4e is mainly composed of
two series of peaks; one series (indicated by circles) can be
expressed as 285.17n (repeat unit) + 1.01 (H) + 92.05 (aniline
− H) + 83.07 (t-butylisocyanide), while the other (triangles)
can be expressed as 285.17n + 1.01 + 92.05 + 83.07 × 2, where
n is the number of repeat units. Thus, one or two t-
butylisocyano ligands were supposed to be incorporated in
the polymer chain. One t-butylisocyano ligand reacts with
aniline to form a carbene-like active site upon initiator

preparation, while another one should be accommodated into
the polymer chain, competing with the aromatic isocyanide
monomers 4 in the course of polymerization. Peaks that could
be assigned to the polymer with the nickel complex were not
observed, suggesting that the active site should be quenched by
reprecipitation in methanol and that the nickel complex was
removed from the polymer terminal and substituted with a
proton. The mass spectrum for P4f was also mainly composed
of two series of peaks expressed as the analogous equations
changed by replacing aniline (92.05) with a phosphine oxide
end group (201.05), as shown in Supporting Information. The
propagation mechanism is therefore independent of the
initiator structure. In the 31P NMR spectra, the phosphine in
the initiator 2f showed a peak at 114 ppm, which was at a
considerably lower field than the phosphine oxide (22 ppm)
and demonstrates the effect of coordination to the nickel
center. After removal of the nickel complex by reprecipitation
in methanol, the isolated polymer gave a 31P peak at 19 ppm,
which is comparable to the phosphine oxide. The polymer-
ization was conducted in the NMR tube at the diluted
condition ([initiator] = 3.6 mM, [monomer] = 18 mM) in
CDCl3 at −10 °C. Upon polymerization, a broad peak assigned
as the carbene-like complex emerged at 80 ppm, after which a
set of sharp peaks for the oligomeric-to-polymeric products was
observed in the high field region while the peak intensity of the
initiator was slightly decreased. The emergence of peaks at high
field reflects the increased average distance between the
phosphine and the metal center as the polymerization proceeds,
supporting the proposed merry-go-round mechanism based on
the insertion of monomers between the carbene ligand and the
nickel center.12a,16b,d

Polyisocyanides are thought to have a stable 41 helical
conformation in solution, according to data from circular
dichroic (CD) spectra19 and from molecular modeling
calculations in combination with NMR studies.20 The μ-
ethynediyl Pt−Pd binuclear complex has been reported by
Takahashi et al. to give poly(arylisocyanide) with well-defined
one-handed helical conformation,14b,c,h which was directly
observed on highly oriented pyrolytic graphite at a molecular
resolution by atomic force microscopy.14a,21 The UV−vis
spectra of P4e and P4f exhibited the typical absorption band
attributable to the conjugated imino groups in the main chain

Figure 3. MALDI-TOF mass spectrum of P4e. Number of repeat unit
(n) is denoted on each peak. Two series of peaks marked with circles
or triangles can be assigned as the polymer fractions having one or two
t-butylisocyanide units, respectively.
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with slightly larger absorption coefficients than that of P4h
prepared by using the μ-ethynediyl Pt−Pd binuclear complex,
as shown in Figure 4. The absorption shoulders of P4e and P4f

extended up to 700 nm, while that of P4h extended to about
560 nm. These polymers also showed the strong circular
dichroism in the main chain absorption region: the positive
Cotton effect was observed in the range of 300−500 nm. The
Δε values of P4e and P4f were comparable to each other but
smaller than that of P4h, suggesting that the polymers
synthesized by using nickel complexes have some disorder in
the helical conformation, which comes from the disarray in the
side chains. Although the side chains are unidirectionally
arranged in the ideal helical structure, some of them should be
disarranged to give the s-trans form because of steric repulsion
between the side chains and where the orbital overlap between
the imino groups is enhanced to extend the absorption
shoulder toward longer wavelength.
In conclusion, we have demonstrated the fast controlled

living polymerization of isocyanide by using aromatic
isocyanide and the aromatic nucleophile adduct of tetra(t-
butylisocyano)nickel(II) complex as monomer and initiator,
respectively. The aromatic groups in the initiator and monomer
stabilize the electronic structure of the carbene-like ligand to
suppress dissociation of the active nickel complex, leading to
less chain transfer and/or termination, and also influence the
reactivity of the active site for initiation and propagation. This

controlled living polymerization can be conducted at ambient
temperature under an aerated atmosphere, and the modification
of the nucleophile structure, which is regiospecifically
incorporated at the end of polymer backbone, also allows the
preparation of various block copolymers and graft polymers.
This versatility of this polymerization should allow the
fabrication of various molecular devices based on the unique
π-conjugation system of polyisocyanides.
Given that the film of poly(α-methylheptylisocyanide) is

reported to exhibit weak conductivity,22 our living polymer-
ization method for arylisocyanides could be applied for
investigation of single-molecular wires with moderate charge
transport rates. As shown in Table 1, the initiator 2g, which was
prepared by treatment with 4-methylthioaniline, also gave the
poly(arylisocyanide) P4g with a narrow polydispersity of 1.11,
suggesting that the sulfur-containing functional group does not
affect the living polymerization mechanism (entry 13). Based
on this result, the controlled surface graft polymerization from a
gold surface modified by 4-aminothiophenol is now under
investigation. We have already examined the use of various
terminators, including terpyridine-type ligands, which unfortu-
nately could not completely terminate the polymerization but
rather reduced the reaction rate. The use of effective
terminators that are indispensable in establishing molecular
wiring is now also under investigation.
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