
 

https://doi.org/10.1007/s10118-026-3775-6

Chinese J. Polym. Sci.

Optically Active Helical Poly(phenyl isocyanide)s Bearing Achiral
Benzanilide Pendants: from Controlled Synthesis to
Enantioseparation Application

Jing Wanga, Shuai Wanga, Hai-Xu Tonga, Na Liua*, and Zong-Quan Wub*

a The School of Pharmaceutical Sciences, Jilin University, Changchun 130021, China
b State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun 130012, China

  Electronic Supplementary Information

Abstract   The helical structures found in biological systems, such as DNA, have inspired significant research interest in artificial helical polymers,

owing to their strong potential for applications including chiral recognition and resolution, asymmetric catalysis, and other related areas. Howev-

er, the preparation of single-handed helices from achiral starting materials, as well as the exploration of their chiral resolution behavior, contin-

ues to represent a considerable challenge. In this work, we present the rational design and synthesis of optically active helical poly(phenyl iso-

cyanide)s through helix-sense selective polymerization (HSSP) of achiral phenyl isocyanide monomers, catalyzed by enantiopure Pd(II) complex-

es bearing S- or R-configured ligands (Pd(II)/LS or LR). The polymerization exhibits living and controlled characteristics, allowing for the precise

modulation of molecular weights (Mn)  with exceptionally narrow distributions (Mw/Mn).  The resulting polymers exhibit  intense optical  activity

and demonstrate outstanding performance in chiral recognition. Specifically, these chiral materials are utilized as a chiral stationary phase (CSP),

which can separate various racemates including α-methylbenzylamine, cobaltic acetylacetonate, and 2-hydroxy-2-phenylacetophenone. Addi-

tionally, when applied as a chiral crystallization agent, the polymer enabled the resolution of racemic Z-Alanine via enantioselective crystalliza-

tion, yielding an enantiomeric excess (ee) as high as 81%.
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INTRODUCTION

Helices represent a crucial class of secondary structures and are
commonly  observed  in  natural  systems,  as  exemplified  by  the
single-stranded  right-handed  helices  found  in  proteins  and
double-stranded  right-handed  helical  architecture  of  DNA.[1,2]

These helical architectures underlie a multitude of vital biologi-
cal functions. Inspired by nature, researchers have developed a
variety  of  artificial  helical  polymers  that  are  widely  applied  in
asymmetric  catalysis,[3,4] chiral  recognition  and  separation,[5−8]

circularly  polarized  luminescence  (CPL),[9−12] and  enantiomer
separation.[13,14] Although  most  helical  polymers  are  still  pre-
pared  from  chiral  or  nonracemic  monomers,  the  high  cost  of
these chiral  materials  has  motivated the development of  alter-
native  strategies  that  employ  chiral  catalysts  or  additives  to
achieve the helix-sense-selective polymerization (HSSP) of achi-

ral  monomers.[15−18] Through  living/controlled  helix-sense-se-
lective polymerization,  helical  polymers with controlled molec-
ular weights,  narrow dispersities,  and well-defined helical sens-
es can be readily obtained.[19,20]

Although  a  pair  of  enantiomers  exhibits  similar  physico-
chemical properties, their physiological and pharmacological
effects  may  differ  significantly:  one  enantiomer  may  possess
therapeutic efficacy, while its mirror-image counterpart could
be ineffective or even toxic.[21] Consequently, the synthesis of
chiral  compounds,  macromolecules,  and polymers  with  high
enantiomeric  purities  has  become a  highly  attractive  area  of
research. Currently, the commonly employed methods for the
artificial  production  of  optically  pure  enantiomers  include
crystallization  resolution,[22,23] chromatographic
resolution,[24,25] and membrane separation.[26,27] Alternatively,
column chromatography based on chiral stationary phases is
now widely recognized as a highly efficient and reliable tech-
nique  for  isolating  enantiomers  in  optically  pure  forms.[28,29]

This  is  attributed  to  its  superior  separation  efficiency,  out-
standing  enantioselectivity,  and  inherent  practicality  and
scalability,  making  it  highly  suitable  for  high-throughput
screening  applications.  Currently,  chiral  separation  materials
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are  mainly  derived  from  natural  chiral  materials.[28,30−32] Giv-
en  that  the  chiral  architectures  of  natural  polymers  are  not
easily regulated, increasing research interest has been direct-
ed toward chiral  separation materials  derived from synthetic
helical  polymers.[33−35] Among  the  numerous  helical  poly-
mers, polyisocyanides have attracted considerable interest in
the field of functional polymers because of their unique static
helical  conformation,  rigid  alternating  carbon-nitrogen  dou-
ble  bond  backbone,[36−38] and  designable  modifiable  side
chains.[39−41] Alkyne-palladium (Pd) catalysts exhibit excellent
selectivity and high catalytic activity in the polymerization of
isocyanide  monomers,  enabling  efficient  living  polymeriza-
tion  under  mild  reaction  conditions.[42] These  catalysts  en-
able  the  production  of  polyisocyanides  with  controlled
molecular  weights  (Mn),  narrow  molecular  weight  distribu-
tions (Mw/Mn),  and high stereoregularities.[43] In the presence
of chiral  ligands,  alkyne-Pd(II)  catalysts  initiate living HSSP of
achiral  isocyanide  monomers,  thereby  generating  optically
active  helical  polyisocyanides.  Nevertheless,  the  preparation
of  one-handed  helical  polyisocyanides  from  a  simple  achiral
benzanilide monomer, as well as their potential application as
a  chiral  stationary  phase  for  chiral  recognition,  has  rarely
been investigated.

In this  study,  we designed and prepared achiral  monomer
1 (4-isocyano-N-phenylbenzamide)  from  commercially  avail-
able materials.  The HSSP of monomer 1 using chiral Pd cata-
lysts (Pd(II)/LS or LR) afforded the optically active one-handed
helical poly(phenyl isocyanide). Polymerization features a liv-
ing character, enabling the facile synthesis of a series of poly-
isocyanides  (R- or S-poly-1ns)  with  controlled  number-aver-
age molecular weights (Mn) and narrow distributions (Mw/Mn).
The as-prepared polyisocyanides displayed pronounced opti-
cal  activity and outstanding performance in recognizing and
resolving  a  broad  range  of  racemates.  Upon  utilization  as  a
chiral stationary phase, these polymer materials allow for the
effective separation of several racemic compounds, including
α-methylbenzylamine, 2-hydroxy-2-phenylacetophenone, and
cobaltic acetylacetonate. Furthermore, when serving as chiral
crystallization  agents,  these  helical  polymers  facilitated  the
enantioselective  crystallization  of  racemic Z-alanine,  deliver-
ing an enantiomeric excess (ee) as high as 81%. Taken togeth-
er,  this  work provides a  route for  the precise construction of
optically  active  helical  polymers  with  good  chiral  resolution
capabilities, starting from achiral precursors.

EXPERIMENTAL

General Considerations
All organic solvents were purchased from Sinopharm Chemical
Reagent  Co.,  Ltd.,  and  underwent  standard  purification  proce-
dures prior to use. For reactions requiring anhydrous conditions,
N,N-dimethylformamide  (DMF),  dichloromethane  (CH2Cl2),
tetrahydrofuran  (THF),  and  triethylamine  (Et3N)  were  dried  us-
ing  standard  methods  and  distilled  prior  to  use.  All  chemical
reagents  were  obtained  from  Aladdin,  Sinopharm,  and  Sigma-
Aldrich Chemical  Co.,  Ltd.,  and were employed as received un-
less  otherwise  noted.  NMR  spectra  were  recorded  on  a  Bruker
500  MHz  spectrometer  with  chemical  shifts  internally  refer-
enced  to  tetramethylsilane  or  residual  solvent  signals.  Size  ex-
clusion chromatography (SEC) was performed on a system com-

prising a Waters 1515 pump and Waters 2414 differential refrac-
tive  index  (RI)  detector  maintained  at  40 oC.  Three  linear
Styragel columns (HR0.5, HR3, and HR4) are connected in series.
Number-average molecular weights (Mn)  and polydispersity in-
dices  (Mw/Mn)  were determined against  polystyrene standards.
Tetrahydrofuran  (THF)  was  used  as  eluent  at  a  flow  rate  of  0.3
mL/min.  Circular dichroism (CD) spectra were acquired in a 1.0
cm quartz cuvette using a JASCO J1500 spectropolarimeter. UV-
Vis absorption spectra were recorded on a Perkin-Elmer double-
beam  spectrophotometer  at  25 oC  using  a  1.0  cm  quartz  cell.
FTIR  spectra  were  collected  using  a  Perkin-Elmer  Spectrum  BX
FTIR  system via KBr  pellet  preparation  at  25 oC.  High-perfor-
mance  liquid  chromatography  (HPLC)  equipped  with  a  UV-Vis
detector  was  performed  on  a  Wu  FENG  instrument  fitted  with
chiral columns. The alkyne palladium catalyst ArPd(PEt3)2Cl and
chiral  bidentate  phosphine  ligands  (Wei-Phos,  LR and  LS)  were
synthesized according to literature procedures, and their struc-
tures  were  confirmed  by 1H-NMR.[44,45] Monomer 1 was  pre-
pared according to the route shown in Scheme 1(a), based on a
previously reported method, with slight modifications.[46]

Synthesis of Monomer 1
Synthesis  of  4-nitro-N-phenylbenzamide  (2). This  compound
was prepared according to the literature, albeit with certain ad-
justments introduced during the experimental procedure.[47] p-
Nitrobenzoic acid (20.00 g, 119.75 mmol, 1.0 equiv.), 4-dimethy-
laminopyridine  (DMAP,  1.62  g,  11.98  mmol,  0.1  equiv.)  and  1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide  hydrochloride
(EDCI,  27.55  g,  143.70  mmol,  1.2  equiv.)  were  dissolved  in
dichloromethane  (CH2Cl2,  200  mL).  The  reaction  vessel  was
purged  with  nitrogen  to  generate  an  inert  atmosphere.  After
stirring  until  complete  dissolution,  aniline  (13.1  mL,  143.70
mmol,  1.022  g/mL,  1.2  equiv.)  was  added  using  a  syringe,  and
the  resulting  reaction  mixture  was  stirred  overnight  at  room
temperature.  The  mixture  was  then  filtered  and  the  filter  cake
was washed sequentially with saturated aqueous sodium bicar-
bonate  solution,  water,  and  brine,  followed  by  drying.  This  af-
forded desired product (2) as a white solid (21.25 g, 73% yield)
(Fig.  S1  in  the  electronic  supplementary  information,  ESI). 1H-
NMR  (500  MHz,  DMSO-d6, δ,  ppm):  7.23–7.06  (t, J=9.0  Hz,  1H),
7.48–7.31  (t, J=10.0  Hz,  2H),  7.86–7.72  (d, J=10.0  Hz,  2H),
8.27–8.11  (d, J=11.0  Hz,  2H),  8.47–8.32  (d, J=11.0  Hz,  2H),
10.64–10.52 (s, 1H).

Synthesis  of  4-amino-N-phenylbenzamide  (3).  The  target
compound  was  synthesized  according  to  a  literature  proce-
dure  with  minor  modifications  during  the  experimental  pro-
cess.[47] Compound (2)  was dissolved in a mixture of tetrahy-
drofuran (THF, 160 mL) and methanol (CH3OH, 40 mL). Subse-
quently, 2.13 g of palladium on carbon (Pd/C) catalyst, corre-
sponding  to  10  wt%  relative  to  4-nitro-N-phenylbenzamide,
was added to the reaction mixture. The resulting mixture was
stirred  under  hydrogen  (H2)  atmosphere  for  8  h.  The  filter
cake  was  washed  with  THF  and  the  combined  filtrate  was
concentrated  under  reduced  pressure  to  furnish  product  (3)
as  a  white  solid  (19.00  g,  90%  yield).  (Fig.  S2  in  ESI). 1H-NMR
(500 MHz, DMSO-d6, δ,  ppm):  9.78–9.74 (s,  1H),  7.79–7.70 (m,
4H),  7.36–7.27  (t, J=7.75  Hz,  2H),  7.05–7.00  (t, J=7.5  Hz,  1H),
6.65–6.57 (d, J=9.0 Hz, 2H), 5.80–5.70 (s, 2H).

Synthesis of 4-formamido-N-phenylbenzamide (4). Under a
nitrogen  atmosphere,  formic  acid  (42.2  mL,  1.12  mol,  12.5
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equiv.),  and  acetic  anhydride  (21.2  mL,  0.22  mol,  2.5  equiv.)
were mixed and stirred at 0 oC for 3 h. Compound (3) was sep-
arately dissolved in ethyl acetate (EA, 200 mL). The pre-mixed
formic  acid/acetic  anhydride  mixture  was  then  added  drop-
wise via syringe to this solution at 0 oC, and the resulting mix-
ture was stirred at the same temperature for 1 h. The reaction
mixture was collected by suction filtration. The resulting solid
was washed successively with water, saturated aqueous NaH-
CO3 solution,  and saturated aqueous NaCl  solution and then
dried  to  afford  the  product  as  a  white  solid  (18.77  g,  88%
yield)  (Fig.  S3  in  ESI). 1H-NMR  (500  MHz,  DMSO-d6, δ,  ppm):
10.63–10.36  (s,  1H),  10.26–10.05  (s,  1H),  8.40–8.30  (s,  1H),
8.03–7.89  (d, J=8.5  Hz,  2H),  7.86–7.67  (m,  2H),  7.44–7.26  (t,
J=7.75 Hz, 2H), 7.17–7.00 (t, J=6.25 Hz, 1H).

Synthesis  of  monomer 1.[46] Compound  (4)  (1.10  g,  4.62
mmol, 1.0 equiv.) were dissolved in dichloromethane (CH2Cl2,
30 mL). The flask was purged with nitrogen to establish an in-
ert  atmosphere,  followed  by  the  addition  of  anhydrous  tri-

ethylamine  (Et3N,  3.3  mL,  23.10  mmol),  and  the  mixture  was
stirred for 10 min. Bis(trichloromethyl) carbonate (BTC, 1.21 g,
4.07 mmol, 0.88 equiv.) was weighed and dissolved in 10 mL
of CH2Cl2. The resulting solution was then added dropwise to
the mixture at 0 oC, and the reaction was allowed to proceed
at  room  temperature  for  30  min  under  stirring.  The  reaction
was subsequently quenched by adding water. The combined
organic phase was washed successively with saturated aque-
ous sodium bicarbonate and saturated aqueous sodium chlo-
ride  solutions,  and  then  dried  over  anhydrous  Na2SO4.  After
filtration and evaporation of the solvent under reduced pres-
sure, the obtained residue was further purified using column
chromatography  (petroleum  ether/ethyl  acetate,  2/1, V/V),
yielding  monomer 1 as  a  white  solid  (709.0  mg,  69%  yield).
(Fig. S4 in ESI). Its structure was fully characterized by 1H-NMR
and FTIR spectra. 1H-NMR (500 MHz, CDCl3, δ, ppm): 7.94–7.92
(d, J=10.5 Hz, 2H), 7.53–7.51 (d, J=11.0 Hz, 2H), 7.41–7.38 (m),
7.21–7.18 (m).
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Scheme 1    Synthesis of (a) monomer 1 and (b) R- and S-poly-1ns.
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Preparation of the ArPd(PEt3)2CI/LR Catalyst. Catalysts were
prepared  according  to  a  previously  reported  method.[44,45] A
solution  of  as-prepared  methoxyl  alkynyl  palladium  catalyst
(ArPd(PEt3)2Cl,  2.8  mg,  0.0056  mmol)  in  THF  (0.2  mL)  was
treated with the phosphine ligand (LR,  4.0 mg, 0.0067 mmol)
at  room  temperature.  The  resulting  mixture  was  stirred  at
room temperature for 2 h and then used directly as an initia-
tor  for  polymerization  of  the  phenyl  isocyanide  monomer
without any further purification.

Typical Polymerization Process
Taking the synthesis of R-poly-180 as an example (Scheme 1b), a
solution of the as-prepared ArPd(PEt3)2Cl/LR catalyst in THF (0.20
mL,  0.028  mol/L,  0.0056  mmol)  was  added  to  a  solution  of
monomer 1 (100.0 mg, 0.45 mmol) in DMF (0.80 mL). The result-
ing  concentrations  of  monomer 1 and  the  catalyst  were  0.45
and  0.0056  mol·L–1,  respectively.  The  initial  monomer-to-cata-
lyst feed ratio was 80/1 ([1]0/[Pd]0=80). After the polymerization
mixture  was  stirred  overnight  at  60 oC,  it  was  cooled  to  room
temperature.  Deionized  water  was  then  added  to  the  mixture
and  the  resulting  precipitate  was  collected  by  centrifugation.
The solid was subsequently washed sequentially with methanol
and acetone and dried overnight  under  vacuum at  room tem-
perature,  yielding R-poly-180 as  a  yellow  solid  (65.8  mg,  66%
yield).  (Figs.  S5  and  S6  in  ESI).  SEC: Mn=29.3  kDa, Mw/Mn=1.23.
1H-NMR (500 MHz, CDCl3, δ, ppm): 8.05–6.75 (m).

Kinetic Studies
A  solution  of  the  as-prepared  ArPd(PEt3)2Cl/LR catalyst  in  THF
(0.20 mL, 0.028 mol/L, 0.0056 mmol) was introduced via syringe
into a mixture of monomer 1 (100.0 mg, 0.45 mmol) and 1,3,5-
trimethoxybenzene  (25.2  mg,  0.15  mmol)  in  DMF  (0.80  mL)
([1]0=0.45  mol·L–1,  [1]0/[Pd]0=60).  The  polymerization  mixture
was  stirred at  60 oC,  and the  reaction progress  was  monitored
by withdrawing aliquots at regular time intervals and analyzing
them  using  high-performance  liquid  chromatography  (HPLC).
The  conversion  of  monomer 1 was  calculated  based  on  the
peak area of unreacted monomer 1 relative to that of the inter-
nal standard 1,3,5-trimethoxybenzene on the basis of the linear
calibration curve.

Typical Procedure for Enantiomeric Resolution Using
R-poly-180-based CSPs
The obtained R-poly-180 polymer (400.0 mg) and Silica-NH2 (2.10
g) were dispersed in THF (20 mL) and stirred at room tempera-
ture for 12 h to allow non-covalent loading of the polymer onto
the  surface  of  the  amino  silica  gel.  Subsequently,  the  solvent
was  evaporated  under  reduced  pressure  to  obtain  the  target
chiral  stationary  phase  (CSP).  The  obtained  CSP  was  then
packed into a pristine stainless steel HPLC column (20 cm length
× 2.0 mm i.d.) using a high-pressure slurry packing method. In a
typical procedure, 2.5 g of the as-prepared R-poly-180@SiO2 ma-
terial was suspended in a mixture of n-hexane and isopropanol
(90/10, V/V) followed by ultrasonication for 5 min to form a ho-
mogeneous  slurry.  The  slurry  was  then  packed  into  an  empty
column using the same solvent mixture (n-hexane/isopropanol,
90/10, V/V)  as  the  displacement  liquid  under  a  constant  pres-
sure of 30 MPa, which was maintained for 5 min. The packed R-
poly-180@SiO2 column  was  subsequently  connected  to  the
HPLC  system  and  preconditioned  with  a  mobile  phase  (n-hex-
ane/isopropanol, 90/10, V/V) at a flow rate of 0.5 mL·min–1 until

a stable baseline was achieved. Prior to injection, all sample so-
lutions were filtered through a 0.22 μm membrane filter. The in-
jection volumes ranged from 20 μL to 30 μL.  Unless  otherwise
specified,  all  chromatographic  separations  were  conducted  at
room  temperature  using  a  mobile  phase  composed  of n-hex-
ane and isopropanol  (97/3, V/V),  delivered at  a  flow rate  of  0.2
mL·min–1.  The  detection  wavelength  was  set  at  254  nm.  Dead
time was determined using 1,3,5-trimethoxybenzene.

Typical Procedure for Enantioselective Crystallization
The  crystallization  experiment  was  conducted  in  a  supersatu-
rated  solution  of  racemic Z-Alanine  prepared  in  a  mixture  of
methanol  and  deionized  water.  Specifically,  racemic Z-Alanine
(100.0 mg) was added to deionized water (10 mL). The mixture
was  then  heated  to  40 oC,  and  methanol  was  slowly  added
dropwise until complete dissolution of the racemic mixture was
achieved.  Subsequently,  approximately  10.0  mg  of R-poly-180

was  added  to  the  supersaturated  solution,  followed  by  ultra-
sonication for approximately 30 min. Under these conditions, R-
poly-180 remained suspended as solid particles, while racemic Z-
Alanine remained fully dissolved in the liquid phase. The result-
ing dispersion was allowed to cool naturally to room tempera-
ture (approximately 25 oC). After standing for an appropriate pe-
riod,  needle-like  crystals  gradually  formed.  The  obtained  crys-
tals  were  collected  by  filtration,  washed  with  cold  methanol,
and dried under vacuum at ambient temperature to yield opti-
cally active Z-D-Alanine. The enantiomeric excess (ee) of the re-
sulting Z-D-Alanine crystals was determined by comparing their
circular dichroism (CD) intensity with that of commercially avail-
able enantiopure Z-D-Alanine.

RESULTS AND DISCUSSION

Synthesis and Characterization
Polyisocyanides were successfully synthesized and their chemi-
cal  structures  were  confirmed  by 1H-NMR  and  Fourier-trans-
form infrared (FTIR) spectroscopy (Schemes 1a and 1b, Figs.  S5
and  S6  in  ESI).  Chiral  ligand  (LR)/Pd(II)  catalysts  were  prepared
following  the  procedures  previously  reported  by  our
group.[19,48−50] The  resulting  catalyst  solution  was  directly  used
for  isocyanide  polymerization  without  additional  isolation  or
purification  steps  (Scheme  1b).  Initially,  polymerization  of  the
achiral phenyl isocyanide monomer 1 was conducted in DMF at
60 oC  under  the  conditions  of  [1]0/[Pd]0=80/1  and  [1]0=0.45
mol·L–1. Size exclusion chromatography (SEC) analysis of the re-
sulting R-poly-1ns  samples  with  varying  theoretical  degrees  of
polymerization (DP  =  20,  40,  60,  80,  100)  exhibited  unimodal
elution  profiles  (Fig.  1a).  The  number-average  molecular
weights  (Mn)  of R-poly-1ns  correlated  linearly  with  the
monomer-to-Pd  feeding  ratios,  indicating  that  polymerization
proceeded  in  a  controlled/living  manner.  All  the  polymers  dis-
played  narrow  dispersities  (Mw/Mn <  1.26  (Fig.  1b, Table  1).  To
gain deeper mechanistic insights, the kinetics of polymerization
initiated by the LR/Pd(II) catalyst ([1]0/[Pd]0=60) were monitored
by  SEC  and  HPLC.  The Mn values  of  the  isolated  polymers  in-
creased  linearly  with  monomer  conversion,  while Mw/Mn re-
mained low throughout the reaction (Fig. 1c and Fig. S7 in ESI).
A monomer conversion of 95% was achieved within 2.5 h, indi-
cating near-complete polymerization (Fig. 1d and Fig. S8 in ESI).
Kinetic  analysis  revealed  that  the  polymerization  followed  a
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first-order reaction mechanism, with an apparent rate constant
of 1.57×10–2 min–1 (Fig. 1d). Collectively, these results support a
controlled/living polymerization  mechanism for  the  isocyanide
monomers. Meanwhile, as DP increased, the solubility of the re-
sulting polymer in common solvents decreased.  Therefore,  the
DP was limited to a maximum of 80 in this study.

Optical Properties
After  successfully  synthesizing  a  series  of  poly(phenyl  iso-
cyanide)  samples  with  targeted  number-average  molecular
weights and narrow dispersities, their optical activities were sys-
tematically  evaluated  using  circular  dichroism  (CD)  and  UV-Vis
spectroscopy. Notably, although monomer 1 itself is achiral, the
resulting polymers, denoted as R-poly-1n (n=20, 40, 60, 80, and
100),  all  exhibited  significant  optical  activity.  As  shown  in Fig.

2(a),  the maximum positive Cotton effect  was clearly  observed
at approximately 364 nm, which corresponds to the character-
istic absorption band of the poly(phenyl isocyanide) backbone,
indicating that the polymer backbone predominantly adopts a
right-handed  helical  conformation.  Further  analysis  revealed
that  the  absolute  Δε364 value  of R-poly-1ns  increased  with  in-
creasing  molecular  weight  and  reached  a  plateau  at n=80.[51]

When the number-average molecular weight reached 31.3 kDa,
the  maximum  absolute Δε value  was  determined  to  be  7.60
L·mol–1·cm–1 (Table 1). Collectively, these trends confirm the for-
mation of a stable helical structure. The increase in helicity with
increasing  molar  mass  originates  primarily  from  the  "terminal
defect  effect."  At  low  molar  masses,  the  nonhelical  regions  at
the chain  ends  account  for  a  relatively  high proportion,  result-
ing  in  low  net  helicity.  As  the  chain  grows,  the  proportion  of
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Fig. 1    (a) SEC curves for R-poly-1ns synthesized with different initial feed ratios of monomer to catalyst;  (b) Plots of Mn and Mw/Mn values for R-
poly-1ns versus the initial feed ratio of monomer to catalyst; (c) Plots of Mn and Mw/Mn versus the conversion of monomer 1;  (d) Plot of monomer
conversion as a function of the polymerization time and first-order kinetic plot for the polymerization of monomer 1 initiated by Pd(II) catalyst.
 

Table 1    Polymerization results for monomer 1 initiated by chiral Pd(II) catalysts.
 

Run Polymer a Mn b (kDa) Mw/Mn b Yield c ∆ɛ d (L·mol–1·cm–1)

1 R-poly-120 14.8 1.22 67% 1.90
2 R-poly-140 20.2 1.22 73% 3.62
3 R-poly-160 24.1 1.26 71% 5.79
4 R-poly-180 31.6 1.25 66% 7.54
5 R-poly-1100 31.3 1.21 65% 7.60
6 S-poly-180 30.8 1.24 75% –7.56

a The polymers were prepared following the Scheme 1. b The Mn and Mw/Mn values were determined by SEC using polystyrene standards. c Isolated yields. d ∆ɛ
values were obtained from CD recorded in THF at room temperature.
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regular helical segments increases, and the terminal defects be-
come diluted, leading to a gradual enhancement in helicity that
eventually reaches a plateau. It was revealed that the CD inten-
sity  of  helical  polyisocyanides  reached  a  plateau  when  DP
reached  about  80  (Fig.  2).  Because  polyisocyanides  possess  a
stable helical conformation, further increasing the DP does not
enhance the chiral separation efficiency.

To  investigate  whether  the  helix-sense-selective  polymer-
ization of achiral monomer 1 was initiated by the chiral Pd(II)
complex,  polymerization  of  monomer 1 was  carried  out  un-
der identical experimental conditions using the enantiomeric
LS/Pd(II) complex as the catalyst. The results indicate that this
polymerization  process  exhibited  both  living  and  controlled
characteristics.  Circular  dichroism  (CD)  measurements  re-
vealed that the as-prepared S-poly-180 displayed a maximum
negative  Cotton  effect  at  approximately  364  nm,  which  was
nearly mirror-imaged compared to that of R-poly-180 (Fig. 2b),
suggesting the predominant formation of a left-handed heli-
cal  conformation.  Given  that  both S-poly-1ns  and R-poly-1ns
were  synthesized  from  the  same  achiral  monomer  under
identical  experimental  conditions,  the mirror-image relation-
ship in their Cotton effects can be reasonably ascribed to the
chiral induction exerted by the chiral catalyst during polymer-
ization. These findings further validated the helix-sense-selec-
tive nature of the living/controlled polymerization of the achi-
ral  phenyl  isocyanide  monomer,  catalyzed  by  a  chiral  Pd(II)
complex.  The  helical  stability  of  the  resulting R-poly-180 was
evaluated  using  CD  and  UV-Vis  analyses  conducted  at  vari-
ous  temperatures  and  in  different  solvents.  When  the  solu-
tion temperature was increased from 25 oC to 80 oC in DMF,
only  minor  changes  were  observed  in  the  CD  and  UV-Vis
spectra  of R-poly-180,  indicating  the  preservation  of  a  stable
helical  conformation  even  at  elevated  temperatures  (Fig.  S9
in  ESI).  Similarly,  the  CD  and  UV-Vis  spectra  of R-poly-180 re-
mained largely unchanged in organic solvents of varying po-
larities,  including  THF,  CH2Cl2,  CHCl3,  and  MeCN  (Fig.  S10  in
ESI), further corroborating the robustness of the helical struc-
ture.  Moreover,  a  linear  correlation  was  observed  between
the  polymer  concentration  and  both  the  CD  and  UV-Vis  ab-
sorption intensities,  suggesting that  the optical  activity  of R-
poly-180 arises  from  the  helical  conformation  of  the  polyiso-
cyanide  backbone  rather  than  from  intermolecular  aggrega-

tion in the solution (Fig. S11 in ESI).  The interesting high sta-
bility of the helical conformation of these polymers may arise
from  the  synergistic  effect  of  the  rigid  polyisocyanide  back-
bone, which imposes a high-energy barrier for helix inversion.
Moreover,  hydrogen  bonding  interactions  between  the
amide pendants provided additional stabilization energy (Fig.
S6 in ESI).

Chiral Recognition and Resolution Ability
As the obtained poly(phenyl isocyanide)s were optically active,
they  were  expected  to  possess  chiral  recognition  and  separa-
tion capabilities. A chiral stationary phase (CSP) for high-perfor-
mance liquid chromatography (HPLC) was prepared by coating
polyisocyanides  onto  silica  gel.  The  chiral  separation  perfor-
mance of this CSP toward five racemic mixtures (A–E) was eval-
uated  using  HPLC  with  a  UV  detector  (Fig.  3a).  The  separation
efficiency was assessed based on the retention time [k1 =  (t1 –
t0)/t0] and the separation factor [α = (t2 – t0)/(t1 – t0)]. Among the
prepared polyisocyanide-based CSPs, the R-poly-180-based CSP
exhibited  excellent  separation  performance  (α=2.28–3.29)
(Table  2)  and  successfully  resolved  racemates  A,  B,  and  E  into
pure enantiomers (Figs. 3b, 3c and Figs. S12–S14 in ESI). For ex-
ample, when employed for the separation of racemate A using
n-hexane/isopropanol = 97/3 (V/V) as the mobile phase at a flow
rate  of  0.2  mL·min–1,  two  enantiomeric  peaks  with  distinct  re-
tention times were clearly observed, with k1=4.51, k2=10.28, and
a  separation  factor  (α)  of  2.28.  These  results  demonstrate  that
the R-poly-180-based CSP achieved baseline separation of race-
mate A. The superior performance of R-poly-180-based CSP can
be attributed to two factors. First, the stable chiral helical struc-
ture  of  the  polyisocyanide  backbone  provides  a  favorable
recognition  environment  for  chiral  molecules.  Second,  the
amide groups in the side chains can form hydrogen bonds with
analyte molecules. The intermolecular π–π interaction between
the analyte and benzyl pendants of helical R-poly-180 further en-
hanced  the  enantiomer  recognition  capability.  The  synergistic
effect of these factors endows CSP with excellent chiral  resolu-
tion performance.  Notably, R- and S-poly-1ns  were  insoluble  in
both n-hexane  and  isopropanol.  Thus,  the  coated  polymers
were  barely  dissolved  and  washed  out  by  the n-hexane/iso-
propanol eluent.

Among  the  five  racemates  investigated  in  this  work,  race-
mates  A,  B,  D,  and  E  could  form  hydrogen  bonds  with  the
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Fig. 2    (a) CD and absorption spectra of R-poly-1ns (n=20, 40, 60, 80, 100) in THF at room temperature; (b) Plot of CD intensity of R-poly-1ns in THF
at room temperature.
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amide groups of the R-poly-180 side chains, and enantiosepa-
ration  was  achieved  because  of  the  difference  in  binding
affinity  between  the R and S configurations  toward  the  CSP.
In contrast, racemate C lacked hydrogen-bonding interaction

sites  and,  therefore,  did  not  exhibit  effective  chiral  recogni-
tion.  Specifically,  racemate  D  possesses  two  rigid  naphtha-
lene  ring  planes  that  can  generate  strong π-π stacking  with
helical polyisocyanide pendants. Meanwhile, its two hydroxyl
groups  can  form  more  stable  hydrogen  bonds  with  the  sta-
tionary  phase,  as  indicated  by  the  FTIR  analysis  (Fig.  S15  in
ESI). These multiple interactions prolong the retention time of
the chiral  columns.  Racemate E,  as a metal  complex,  can un-
dergo coordination interactions with the stationary phase, re-
sulting in stronger adsorption and, consequently, a longer re-
tention time.

In addition to separation, the chiral recognition ability of R-
poly-180 was further exploited for enantioselective crystalliza-
tion. To verify this, R-poly-180 was selected as the chiral induc-
er  for  the  enantioselective  crystallization  of Z-Alanine  race-
mate.  An  oversaturated  solution  of Z-Alanine  (100.0  mg  in  8
mL of  methanol/water)  was maintained at  25 oC in the pres-
ence  of R-poly-180 (10.0  mg),  whereupon  needle  crystals
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Table 2    Chiral resolution results of racemates (A−E) on CSPs consisting
of R-poly-180.
 

Run Racemate
R-poly-180 CSP a

k1 k2 α

1 A b 4.51 10.28 2.28
2 B b 12.58 29.50 2.34
3 C b 26.00 − 1.00
4 D b 41.89 71.07 1.70
5 E b 23.44 77.05 3.29

a Columns: 20 × 0.20 (i.d.) cm; temperature: 25°C. The signs in parentheses
represent  the  Cotton  effect  signs  at  254  nm  of  the  first-eluted
enantiomers. b Eluent: n-hexane/2-propanol  (97/3, V/V),  flow  rate:  0.2
mL·min–1.
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Fig. 4    (a) CD and UV-Vis spectra of the crystals and residual solution of the enantioselective crystallization of Z-Alanine racemates induced by R-
poly-180 and enantiopure L- and D-threonine in aqueous solutions; (b) Plot of ee (%) value for the residual solution with crystallization time for the
enantioselective crystallization of threonine induced by R-poly-180.
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formed gradually. These crystals displayed a negative Cotton
effect  at  about 210 nm, indicating preferential  crystallization
of Z-D-Alanine. Conversely,  the residual mother liquor exhib-
ited a positive Cotton effect, indicating the enrichment of Z-L-
Alanine  (Fig.  4a).  This  is  because  during  the  crystallization
process, the helical polymer R-poly-180,  by virtue of its stable
helical  structure,  selectively  nucleated Z-D-alanine.  This  pro-
cess  led  to  the  preferential  adsorption  of Z-D-alanine  at  the
interface  of  the  helical  polymer,  resulting  in  progressive  en-
richment of Z-L-alanine in the solution. Ultimately, enantiose-
lective  macroscopic  crystallization with R-poly-180 as  the nu-
cleation site  is  achieved.  The enantiomeric  excess  (ee)  of  the
crystals,  as  determined  by  CD,  increased  with  crystallization
time, ultimately reaching 81% (Fig. 4b).

CONCLUSIONS

In  summary,  optically  active  helical  poly(phenyl  isocyanide)s
were  readily  synthesized via the  living  helix-sense-selective
polymerization  of  achiral  isocyanides  using  chiral  Pd(II)  com-
plexes  as  catalysts.  A  series  of  helical  poly(phenyl  isocyanide)s
with  the  anticipated  number-average  molecular  weights  (Mns)
and narrow molecular  weight distributions (Mw/Mns)  were suc-
cessfully  obtained.  The resulting polymers adopted stable heli-
cal conformations with a preferred handedness induced by chi-
ral Pd(II) catalysts, and the direction of the helix was dictated by
the  chirality  of  the  corresponding  chiral  ligands.  Moreover,
these optically active poly(phenyl isocyanide)s exhibited excep-
tional  chiral  recognition  and  resolution  capabilities,  serving
both as chiral stationary phases and crystallization inducers. This
study  not  only  provides  a  strategy  for  the  precise  synthesis  of
optically active helical polymers from achiral precursors but also
offers  chiral  materials  with  considerable  potential  for  enan-
tiomer separation.
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Optically  active helical  poly(phenyl  isocyanide)s bearing achiral  benzanilide pendants were prepared via helix-sense-se-
lective living polymerization. The resulting polymers, featuring controlled molecular weights and narrow distributions, ex-
hibit excellent chiral recognition abilities, enabling their use as chromatographic enantioseparation and enantioselective
crystallization materials.
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