
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:1

5:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Protected amino
Department of Synthetic Chemistry and B

Engineering, Kyoto University, Katsura, Nis

suginome@sbchem.kyoto-u.ac.jp; nagata@i

† Electronic supplementary informa
10.1039/d1sc01764k

‡ Current address: Institute for Chem
(WPI-ICReDD), Hokkaido University, K
Hokkaido 001-0021, Japan.

Cite this: Chem. Sci., 2021, 12, 8811

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th March 2021
Accepted 25th May 2021

DOI: 10.1039/d1sc01764k

rsc.li/chemical-science

© 2021 The Author(s). Published by
acids as a nonbonding source of
chirality in induction of single-handed screw-sense
to helical macromolecular catalysts†

Shoma Ikeda, Ryohei Takeda, Takaya Fujie, Naoto Ariki, Yuuya Nagata‡*
and Michinori Suginome *

Chiral nonbonding interaction with N-protected amino acid methyl esters used as chiral additives in achiral

solvents allows dynamic induction of single-handed helical conformation in poly(quinoxaline-2,3-diyl)s

(PQX) bearing only achiral substituents. Ac-L-Pro-OMe, for instance, allows induction of energy

preference of 0.16 kJ mol�1 per monomer unit for the M-helical structure over the P-helix in t-butyl

methyl ether (MTBE). With this new mode of screw-sense induction, homochiral screw-sense has been

induced in virtually achiral poly(quinoxaline-2,3-diyl)s 1000-mer containing phosphine pendants

(PQXphos). Use of PQXphos as a helically dynamic ligand along with Ac-Pro-OMe (L or D) as a chiral

additive in MTBE allowed a highly enantioselective Suzuki–Miyaura coupling reaction with up to 95%

enantiomeric excess.
Introduction

Induction of nonracemic screw-sense in dynamic helical
macromolecular structures has gained ever-increasing interest1

because unique chiral functions of dynamic nonracemic helical
macromolecules have rapidly been developed in chiral separa-
tion,2 chiral detection,3 selective emission/reection of circu-
larly polarized light,4,5 and asymmetric catalysis.6 Recent efforts
have enabled the use of external chiral sources for the induction
of helical macromolecules that have no covalently bonded
chiral groups.7–10 Although the use of covalently bonded chiral
side chains has been a quite robust strategy to form nonracemic
helical main chain conformations,11 the utilization of external
chiral additives as sources of chirality is quite advantageous
because it allows escaping from the tedious and costly synthesis
of monomers containing chiral groups.

Chiral additives that interact with polymer chains through
dynamic covalent bonds,7 ionic interactions,8 hydrogen
bonding,9 and host–guest interactions10 have been used to shi
the equilibrium between right- and le-handed helical confor-
mations. Particular interest is currently focused on the utiliza-
tion of weak nonbonding interactions such as dipole–dipole
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and dispersion interactions for the induction of single-handed
screw-sense.12 Even though the polymer has no specic receptor
sites to interact with chiral additives, unfunctionalized chiral
molecules including chiral hydrocarbons and haloalkanes allow
inducing biased screw-sense to the polymer main chain. This
induction mode is remarkable in that signicant screw-sense
induction has been achieved despite the weak nondirectional
molecular interactions. Macromolecular scaffolds allow ampli-
fying such small energy differences per monomer units in large
macromolecular scaffolds.13 Through this mode of chirality
induction, detection of “hidden” chirality of saturated hydro-
carbons with quaternary stereocenters has been enabled.3

Utilization of a chiral nonbonding interaction allowed us to
induce single-handed screw-sense to virtually achiral
poly(quinoxaline-2,3-diyl)s (PQX hereaer) using chiral solvents
including limonene.14,15 Application of these macromolecules
as a chiral ligand in highly enantioselective asymmetric catal-
ysis has been demonstrated as the rst example for the use of
chiral solvent as a source of chirality in asymmetric catalysis.16

In the system, the nonbonding interactions, including disper-
sion forces, between chiral solvent and the backbone of PQX
may play a crucial role in determining the position of equilib-
rium between right- and le-handed helical conformations.
Although the details of their molecular interaction await further
clarication, the scope of chiral guests is important practically
to nd more applications of this unique phenomenon. Partic-
ularly important is the utilization of naturally occurring chiral
feedstocks as chiral additives and reduction of their loading
amounts. In this paper, we screened natural amino acid deriv-
atives as new chiral additives for induction of single-handed
screw-sense, which leads to an asymmetric Suzuki–Miyaura
Chem. Sci., 2021, 12, 8811–8816 | 8811
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Table 1 CD intensities of PQX(100) in THF in the presence of Boc-
protected amino acid methyl estersa

Entry Chiral additives CD intensities (g /10�3)b
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coupling reaction in the presence of a virtually achiral macro-
molecular phosphine ligand along with a small amount of fully
protected amino acids such as Ac-L-Pro-OMe.
abs

0 (R)-limonenec +0.53 (P)
1 Boc-L-Pro-OMe �1.16 (M)
2 Boc-D-Pip-OMe +0.80 (P)
3 Boc-L-Ala-OMe �0.80 (M)
4 Boc-L-Thr-OMe �0.63 (M)
5 Boc-L-t-Leu-OMe �0.35 (M)
6 Boc-L-Glu(OMe)–OMe �0.34 (M)
7 Boc-L-Ile-OMe �0.28 (M)
8 Boc-L-Asn-OMe �0.22 (M)
9 Boc-L-Tyr-OMe �0.15 (M)
10 Boc-L-Ser-OMe �0.28 (M)
11 Boc-L-Gln-OMe �0.19 (M)
12 Boc-L-Val-OMe �0.07 (M)
13 Boc-L-Phe-OMe +0.08 (P)
14 Boc-L-Cys-OMe +0.10 (P)
15 Boc-L-Asp(OMe)–OMe +0.29 (P)
16 Boc-L-Leu-OMe +0.18 (P)

a In THF containing the amino acid (AA) derivatives (molar ratio of AA
derivatives and THF ¼ 10 : 90) with PQX(100) (ca. 7 � 10�4 M) at 293
K. b D3/3 at 367–371 nm (293 K). c 11 : 89 molar ratio of limonene and
THF.
Results and discussion

To test the ability of protected amino acids in screw-sense
induction, circular dichroism (CD) spectra of PQX n-mer
(PQX(n)) bearing n-propoxymethyl side chains in various achiral
solvents with the protected amino acids were measured
(Scheme 1). Firstly, CD spectra of PQX(100) in THF containing
16 enantiopure Boc-protected amino acid methyl esters were
compared (amino acid/THF ¼ 10 : 90 (mol/mol)). All spectra
showed the same CD signals with varied intensities and signs
(see the ESI†). The signs and intensities of the CD signal
(dissymmetry factor; g value) at 366–371 nm at 293 K are
summarized in Table 1. For the sake of comparison, when used
as a chiral additive in THF (11 mol%), (R)-limonene afforded
gabs of 0.53 � 10�3, which corresponds roughly to 20–25%
screw-sense excess (se) (entry 0).

The proline derivative showed the most efficient induction,
leading to the formation of le-handed (M) helix with se higher
than 50% (entry 1). A six-membered ring derivative Boc-Pip-
OMe (D-isomer) and L-Ala also showed efficient screw-sense
induction to the same direction as L-Pro in terms of the rela-
tionship between the absolute conguration of the additives
and the induced screw sense. Indeed, the observed screw-sense
induction was signicantly higher than the induction by (R)-
limonene (entry 0). The majority of the L- and D-amino acid
derivatives inducedM- and P-helical conformation, respectively,
with varied degrees of screw-sense induction (entries 1–12).
However, four of the tested L-amino acids including the leucine
and asparagine derivatives (entries 15 and 16) induced right-
handed (P) helical conformation albeit with low screw sense
excesses (entries 13–16). No clear relationship was found
between the sense/degree of screw-sense induction and the
structure of the amino acid derivatives.
Scheme 1 Two enantiomeric (P- and M-) conformations of achiral
PQX, of which equilibrium is shifted by N-protected amino acid esters
used as additives in an achiral solvent.

8812 | Chem. Sci., 2021, 12, 8811–8816
We then evaluated the effect of protective groups of proline
on the screw-sense induction (Table 2). In terms of the groups at
the C-termini, protection with ester was found to be more
effective than amide or acid functionality (entries 1–5). Among
a series of esters, methyl esters showed the highest induction.
In terms of N-protection, triuoroacetamide and acetamide
showed a much more efficient induction of M-helical sense
(entries 8 and 9, 80–85% se) than did the others.

We found a strong effect of solvent on the screw-sense
induction to PQX(30) with TFAc-L-Pro-OMe (Fig. 1, red bars).
In comparison to THF used in the above measurements,
signicantly weaker induction was obtained in chloroform. By
contrast, t-butyl methyl ether (MTBE) showed much more
effective induction than did THF. This trend was maintained in
the induction to PQX(30) with Ac-L-Pro-OMe (Fig. 1, blue bars).
This result suggests that chloroform has a strong nonbonding
Table 2 CD intensities of PQX(100) in THF in the presence of pro-
tected proline and leucine derivativesa

Entry Amino acid derivatives CD intensities (gabs/10
�3)b

1 Boc-L-Pro-OMe �1.16 (M)
2 Boc-L-Pro-NH2 �0.29 (M)
3 Boc-L-Pro-OH �0.52 (M)
4 Boc-L-Pro-OEt �0.79 (M)
5 Boc-L-Pro-O-n-C6H13 �1.01 (M)
6 Cbz-L-Pro-OMe �1.08 (M)
7 Piv-L-Pro-OMe �1.31 (M)
8 Ac-L-Pro-OMe �1.75 (M)
9 TFAc-L-Pro-OMe �1.64 (M)

a In THF containing the amino acid (AA) derivatives (molar ratio:
90 : 10) with PQX(100) (ca. 7 � 10�4 M) at 293 K. b D3/3 at 367–371 nm
(293 K).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 CD intensities (gabs at 367–371 nm at 293 K) of PQX(30) in
various solvents in the presence of TFAc-L-Pro-OMe and Ac-L-Pro-
OMe (10 mol% in the solvents).

Fig. 3 CD intensities (gabs at 367–371 nm at 293 K) of PQX(n) (ca. 7 �
10�4 M based on monomer units, n ¼ 30, 60, 100, 150, 200, 250, 300,
and 400) in THF ( ) and MTBE ( ) in the presence of TFAc-L-Pro-OMe
(left) and Ac-L-Pro-OMe (right) (10 mol%).
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interaction with PQX, thereby preventing interaction of the
chiral guests with PQX, while MTBE has a weak interaction with
PQX, thus maximizing the screw-sense induction. Although we
cannot exclude the other possibility where the chiral additive
anyhow interacts with polymer preferentially over the solvent to
form “supramolecular complex”, of which screw-sense is
steered by solvent effect. However, our NMR measurements of
Ac-L-Pro-OMe in the presence of PQX(100) in different solvents
revealed that the chemical shis of Ac-L-Pro-OMe sharply
depends on solvent (Fig. 2(A)). Whereas no apparent change of
the chemical shi was observed in CHCl3 and toluene, appre-
ciable change was observed in THF, dioxane, and MTBE. In
particular, remarkable change of chemical shi was observed in
MTBE. This result may support the former assumption that
there is competitive interaction by chiral additives and achiral
Fig. 2 Shift of 1H NMR chemical shifts (Dd) of anti (major) and syn
(minor) conformers of Ac-L-Pro-OMe by the effect of PQX(100) (A) at
methyl groups in various solvents at 19.4 �C ([PQX(100)] ¼ ca. 5.0 �
10�2 M; [Ac-L-Pro-OMe]¼ ca. 1.3� 10�3 M) and (B) at their all protons
in cyclohexane-d12 at 8.5 �C ([PQX(100)] ¼ ca. 1.6 � 10�1 M; [Ac-L-
Pro-OMe] ¼ ca. 5.7 � 10�3 M).

© 2021 The Author(s). Published by the Royal Society of Chemistry
solvent. In the 1H NMR measurements of Ac-L-Pro-OMe, all the
signals of Ac-L-Pro-OMe were up-eld shied in the presence of
PQX(100). The Dd observed in cyclohexane-d12, in which the up-
eld shi was even more pronounced, are shown in Fig. 2(B). It
should be noted that the hydrophobic region, i.e., the Ac methyl
group and ring methylenes, of the major anti-conformer of Ac-L-
Pro-OMe showed larger change of chemical shis than did its
other part, which contains polar carbonyl oxygens. Although
this observation still gives no clear information on the nature of
the nonbonding interaction, it is likely that the hydrophobic
region of Ac-L-Pro-OMe is more favorably incorporated into the
backbone of PQX, of which quinoxaline rings may bring about
the observed up-eld shi in the NMR measurements.

We determined the energy prole of the P/M equilibria in
THF and MTBE in the presence of Ac- and TFAc-L-Pro-OMe
(10 mol%) by measuring the CD spectra of PQX(n) with
Table 3 Summary of calculated helix stabilization energies DGh and
maximum CD intensities (gmax) for PQX(n) under various conditions at
293 K

Entry Chiral additive (mol%) Solvent DGh (kJ mol�1) gmax/10
�3

1 (R)-Limonene (100) None 0.104 +2.37 (P)
2 TFAc-L-Pro-OMe (10) THF 0.060 �2.02 (M)
3 TFAc-L-Pro-OMe (10) MTBE 0.148 �2.15 (M)
4 Ac-L-Pro-OMe (10) THF 0.059 �2.07 (M)
5 Ac-L-Pro-OMe (10) MTBE 0.157 �2.10 (M)

Fig. 4 Screw-sense excesses of PQX(1000) (ca. 7 � 10�4 M based on
monomer units) in MTBE in the presence of Ac-L-Pro-OMe with varied
concentrations.

Chem. Sci., 2021, 12, 8811–8816 | 8813
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Scheme 2 Asymmetric Suzuki–Miyaura coupling in the presence of
achiral phosphine ligands including PQXphos with chiral additives.
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different polymerization degrees (n ¼ 30–400), which were
selectively synthesized using living polymerization (Fig. 3). The
plot of CD intensities against polymerization degrees showed
that higher screw-sense induction was achieved with increase in
polymerization degree. The curve tting according to Green's
theory13 brings about the energy difference between M- and P-
helices per unit (DGh) of 0.16 kJ mol�1 for Ac-L-Pro-OMe in
MTBE (Table 3, entry 5). The DGh with Ac-L-Pro-OMe in MTBE is
signicantly higher than that in pure limonene, even though
the amino acid additives are used in a small quantity. Even the
use of 0.25 mol% Ac-L-Pro-OMe inMTBE allows the induction of
M-helix with 88% se to PQX(1000) (Fig. 4).
Table 4 Asymmetric Suzuki–Miyaura coupling using chiral additive as a

Entry Chiral additive (mol% in solvent) Liga

1 None PQX
2 TFAc-L-Pro-OMe (10) Non
3 (R)-Limonene (10) PQX
4 TFAc-L-Pro-OMe (10) PQX
5 TFAc-L-Pro-OMe (10) BPD
6 TFAc-L-Pro-OMe (10) QXp
7 TFAc-L-Pro-OMe (7) PQX
8 TFAc-L-Pro-OMe (5) PQX
9 TFAc-L-Pro-OMe (3) PQX
10 TFAc-L-Pro-OMe (1) PQX
11 TFAc-L-Pro-OMe (5) PQX
12 Ac-L-Pro-OMe (10) PQX
13 Ac-L-Pro-OMe (5) PQX
14 Ac-L-Pro-OMe (3) PQX
15 Ac-L-Pro-OMe (1) PQX
16 Ac-D-Pro-OMe (3) PQX

a Standard reaction conditions: PQXphos (30 mg, 1.0 mmol P) and [PdCl(p
Chiral additive was added to the mixture, which was stirred at 30 �C for 24
(0.075 mmol), and H2O (25 mL) were added, and the resultant mixture w

8814 | Chem. Sci., 2021, 12, 8811–8816
We then sought the possibility of application of the partic-
ular helix induction in asymmetric catalysis, by taking Suzuki–
Miyaura coupling of naphthyl bromide 1 with naphthylboronic
acid 2 as a model reaction (Scheme 2).6b,14,17,18 Achiral PQXphos
(1000-mer) containing diphenylphosphino groups was used as
a ligand. In advance, we conrmed that no product was ob-
tained in the absence of PQXphos and that racemic coupling
product was obtained in the absence of a chiral additive (Table
4, entries 1 and 2). Use of 10 mol% (R)-limonene as a chiral
additive resulted in the formation of the coupling product 3
with 43% enantiomeric excess (ee) (entry 3). TFAc-L-Pro-OMe
was then used as a chiral additive in THF (1 : 9 molar ratio) in
asymmetric Suzuki–Miyaura coupling. We observed the forma-
tion of 3 with 92% ee, although the chemical yield was disap-
pointingly low (entry 4). The use of achiral low-molecular weight
phosphines such as BPDPP and QXphos in the presence of
TFAc-L-Pro-OMe resulted in the formation of racemates with low
chemical yields (entries 5 and 6). These results suggested that
the chiral reaction space is not formed directly by the chiral
additive through its coordination to palladium metal, but
rather, created by screw-sense induction to the polymer back-
bone. The results also suggested that the added TFAc-L-Pro-OMe
signicantly inhibited the coupling reactions. When we reduced
the loading of the chiral additive in the reactions with PQXphos,
the reaction yields were improved, but enantioselectivity
decreased signicantly (entries 7–10). In MTBE, we observed
even stronger inhibition of the reaction, even though the higher
enantioselectivity was obtained (entry 11). We found that the
degree of reaction inhibition was improved signicantly with
use of Ac-L-Pro-OMe in MTBE, which afforded 3 in much better
yield with 95% enantioselectivity (entry 12). By reducing the
loading of the chiral additive to 1 mol% in MTBE, we obtained
higher chemical yields without affecting the enantioselectivity
signicantly (entries 13–15). The use of enantiomeric Ac-D-Pro-
OMe as a chiral guest led to the formation of an enantiomeric
source of chiralitya

nd Solvent Yield/% ee/%

phos THF 63 0
e THF 0 —
phos THF 57 43
phos THF 16 92
PP THF 12 0
hos THF 17 0
phos THF 27 87
phos THF 49 84
phos THF 49 54
phos THF 55 36
phos MTBE 10 95
phos MTBE 48 95
phos MTBE 60 91
phos MTBE 64 91
phos MTBE 71 87
phos MTBE 62 92 (S)

-allyl)]2 (1.0 mmol Pd) were stirred in a solvent (0.50 mL) at 30 �C for 1 h.
h. The bromide 1 (0.025 mmol), the boronic acid 2 (0.050 mmol), K3PO4
as stirred at 30 �C for 72 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Asymmetric Suzuki–Miyaura coupling with the use of
a substoichiometric amount of chiral nonbonding guest.
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(S)-coupling product under the same reaction conditions (entry
16).

We tried to reduce the amount of chiral additives, keeping
the concentration of chiral additive at 3 mol% in MTBE, but
increasing the concentration of PQXphos in the helix induction
step. In a 10-fold reaction scale, Ac-L-Pro-OMe (20 mg) and
MTBE (0.50 mL, 3 : 97 molar ratio) were used in the equilibra-
tion step (Scheme 3). The amount of Ac-L-Pro-OMe corresponds
to 0.5 equiv. of 1 and 0.13 equiv. of monomer units of PQXphos.
Aer the removal of MTBE used in the equilibration, 1-propanol
(5 mL) was added as a reaction solvent to the solid catalyst
before starting the reaction. The heterogeneous reaction, in
which the catalyst was hardly dissolved, afforded 3 with 90% ee
in 67% yield. By contrast, when the reaction was carried out in
MTBE without switching the solvent to 1-propanol, 3 was ob-
tained with 68% ee (73% yield). These results suggested that
homochiralM-helix sense was induced in the equilibration step
at high concentration with a substoichiometric amount of Ac-L-
Pro-OMe, and that the induced helix was maintained during the
progress of the reaction in the solid state using 1-propanol as
a reaction solvent.

Conclusions

We found that protected amino acids enable the screw-sense
induction to virtually achiral poly(quinoxaline-2,3-diyl)s (PQX)
that have no chiral group or receptor site. The induction power
of proline derivatives such as Ac-Pro-OMe and TFAc-Pro-OMe
were signicantly stronger than limonene, which previously
showed the most powerful screw-sense induction among the
chiral solvents. A signicant effect of achiral solvent was noted:
ether solvents, particularly MTBE, resulted in better screw-sense
induction than did halogenated solvents such as chloroform,
probably because of weaker interaction with PQX. Upon using
achiral PQXphos containing diphenylphosphino coordinating
groups, asymmetric Suzuki–Miyaura coupling proceeded with
high enantioselectivities with up to 95% ee in the presence of
protected proline derivatives as a sole chiral source. For use in
catalysis, Ac-Pro-OMe was found to be most effective, while
TFAc-Pro-OMe signicantly retarded the catalysis. These results
clearly demonstrate that nonbonding interaction between the
chiral additives and dynamic helical polymer can serve as an
effective driving force to shi the equilibrium of helical
conformations, leading to highly enantioselective asymmetric
catalysis.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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