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ABSTRACT: Use of chiral solvents in asymmetric synthesis as
a sole source of enantioselection remains largely unexplored in
organic synthesis. We found that the use of a helical
macromolecular catalyst of which helical chirality is dynamically
formed in chiral solvents allowed several mechanistically
different reactions to proceed with high enantioselectivity. In
this system, the chirality of the solvent, such as limonene,
induces a configurational imbalance to the helical macro-
molecular scaffold of the catalyst, and in turn to the reaction
products through palladium-catalyzed asymmetric reactions
including Suzuki-Miyaura cross-coupling (up to 98% ee),
styrene hydrosilylation (up to 95% ee), and silaboration (up
to 89% ee). Not only enantiomerically pure limonene but also
limonene with low enantiomeric excesses induce single-handed helical structures with majority-rule-based amplification of
homochirality. The helical conformation of the macromolecular catalyst was retained even in the absence of limonene in the
solid state, enabling asymmetric cross-coupling in achiral solvent with high enantioselectivity.

The use of chiral reaction media in asymmetric reactions as
the sole source of enantioselection constitutes a long-

standing challenge in organic synthesis.1,2 Given that the
chirality of the final products can generally be traced back to
the chirality of natural resources via steps of stereoselective/
specific reactions as well as optical resolution, asymmetric
synthesis can therefore be regarded as “the relay of chirality”,
where original natural chirality is transferred into the chirality
of the target molecules. From this perspective, employing
abundant, naturally occurring chiral solvents as sources of
enantioselection in asymmetric reactions is highly desirable, in
a sense that the transfer of natural chirality to the final product
is accomplished within a single step. Several reports have
shown that organic transformations in chiral solvents proceed
enantioselectively. For example, in the electrochemical
dimerization of acetophenone, the use of (S,S)-1,4-bis-
(dimethylamino)-2,3-dimethoxybutane as a cosolvent with
pentane afforded the product with 23% ee.3 A photochemical
cyclization to give a helicene derivative in (S)-ethyl mandelate4

and the photoisomerization of nitrones to oxaziridines in (S)-
2,2,2-trifluoro-1-phenylethanol4 afford the corresponding
products with 2% and 31% ee, respectively. In addition to
these remarkable precedents, which use nonionic chiral organic
liquids as solvents, the use of chiral borate-based ionic liquids
that contain two malic acid units affords 84% ee in a
phosphine-catalyzed aza-Baylis-Hillman reaction.5 The high
selectivity is rationalized in terms of a two-point interaction of

the anionic charge on the borate center and the carboxylic
hydrogen atom with the zwitterionic Baylis-Hillman inter-
mediate, in which the enantio-discrimination occurs. It should
be noted that all these reaction systems employ molecules
bearing densely located polar functional groups and/or acidic
groups to differentiate diastereomeric transition states or
intermediates that are formed by interaction with chiral media
(Figure 1a). This system design makes it difficult to use
nonpolar, abundant chiral organic liquids such as monoterpene
hydrocarbons as the sole determinant of enantioselectivity in
asymmetric reactions, as abundant chiral organic liquids
engage only in weak molecular interactions, based on, e.g.,
van der Waals forces.
Our idea to circumvent this obstacle is based on the use of

chiral catalysts whose chiral conformation is induced by a
chiral solvent (Figure 1b). We expect that this catalyst-based
strategy can be extended to various reactions in which the
same catalyst is applied, given that the mechanism of
stereochemical induction is independent of the individual
reaction mechanism. As the induction power is very weak, it is
essential to multiply or amplify it in order to gain a sufficiently
high difference in free energy difference between stable chiral
conformations. To satisfy this requirement, we are focusing on
helical macromolecular architectures (Figure 1c).6,7 Inducing
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chiral conformations in helical macromolecules has been
attempted using poly(n-hexyl isocyanate)s8 or polyacetylenes
bearing 2,2′-biphenol-derived pendants,9 whose right- and left-
handed helical conformations are in equilibrium. Although the
degree of helix induction is not sufficient, deracemization to
induce helical structures is observed in (S)-1-chloro-2-
methylbutane and (S)-5-ethyl-5-propylundecane. Moreover,
the formation of helical supramolecular architectures has been
reported in chiral solvents such as limonene, although their
degree of helix induction could not be quantified.10,11

We have extensively studied poly(quinoxaline-2,3-diyl)s
(hereafter: PQXs), which adopt rigid but dynamic helical
structures. Single-handed helical conformations of PQXs can
be easily obtained by introduction of various chiral side
chains.12,13 The key characteristics of PQXs that bear chiral
side chains are the solvent-dependent, bidirectional induction
of right- and left-handed helix structures.14 For instance, PQXs
with (S)-3-octyloxymethyl side chains exhibit exclusive left- or
right-handed helicity in n-octane or cyclooctane.15 Further-
more, PQXs serve as highly enantioselective chirality-switch-
able macromolecular catalysts upon incorporation of catalyti-
cally active pendants.16−20 The high sensitivity of the main-
chain chirality toward the nature of the solvent inspired us to

use chiral solvents to induce helical screw-sense in PQX-based
catalysts that bear achiral side chains.
Herein, we report the successful use of a helically dynamic

macromolecular catalyst for this purpose. We discovered that
an achiral PQX that bears 2-(diphenylphosphino)phenyl
pendants forms a purely single-handed helical structure in
enantiomerically enriched limonene, which is a natural organic
compound. In limonene, this helically chiral PQX can serve as
a highly effective chiral catalyst in several different asymmetric
catalytic reactions with enantioselectivities of up to 98% ee.
The use of limonene with low enantiomeric purity still afforded
high enantioselectivity thanks to the amplification of the
homochirality. The chirality of the PQX was fixed in the solid
state, and this “memory of chirality”21,22 also allowed an
enantioselective cross-coupling reaction in achiral solvents. All
these key aspects arise from the characteristic features of
macromolecules, where even subtle energy differences in
nonbonding molecular interactions can be accumulated and
thus multiplied along the rigid macromolecular scaffold. We
anticipate that this aspect might make our system applicable to
a wide variety of catalytic asymmetric reactions.

■ RESULTS AND DISCUSSION
Helical Screw-Sense Induction to PQXs by Chiral

Solvents. Initially, achiral PQXs 40mers 1(40)−5(40), which
differ in their achiral side chains, were dissolved in readily
available, naturally occurring chiral solvents. As judged from
their circular dichroism (CD) spectra,23 PQXs 5(40), which
bears n-propoxymethyl side chains, exhibited the most effective
screw-sense induction in the chiral solvents (Table 1). In
particular, (R)-limonene induced a right-handed (P) helical
structure of 5(40) with 72% screw-sense excess (se). Among
the seven chiral solvents used, (R)-limonene generally
exhibited the most effective induction of a right-handed
screw-sense: its comparison with (R)-menthene ((R)-MEN)
suggested that the terminal carbon−carbon double bond of
(R)-limonene may play an important role in the screw-sense
induction. It should be noted that (S)-2-methyl-1-butanol
((S)-HMB) showed in general a moderate but noticeable
screw-sense induction. These results prompted us to use PQXs
5(DP) with n-propoxymethyl side chains and (R)-limonene as
a chiral solvent for further experiments in this study.24

Amplification of Homochirality in the Screw-Sense
Induction by Chiral Solvents. PQXs 5(DP) bearing n-
propoxymethyl side chains with varying degrees of polymer-
ization (DP = 30−1000) (Figure 2a) exhibited identical CD
signals, albeit with a different intensity (Kuhn’s dissymmetry
factor, gabs), which nonlinearly increases with increasing DP
(Figure 2b). The application of Green’s theory afforded an
estimate of ΔGh = 0.10 kJ/mol, which corresponds to the free
energy difference between P- and M-helices per monomer
unit.23 Homochiral (>99% se) screw-sense was induced in
PQX 5(DP) of which DP ≥ 120 (Figure 2c). In (R)-limonene
of varying enantiopurity (Figure 2d), the se of 5(DP) with
varying DP (40, 200, and 1000) increased nonlinearly with
increasing enantiomeric excess of (R)-limonene. The non-
linearity depended on DP: 5(DP)s with higher DP exhibited
sharper positive nonlinear increases in screw-sense induction.
This plot clearly indicated that (R)-limonene with 65% ee is
enough to induce an exclusively homochiral right-handed
helical structure in 5(1000).23,25

Asymmetric Reaction in Chiral Solvents. We then
prepared the random co-1000mers L1 and L2, which contain

Figure 1. Possible effect of chiral solvents on asymmetric reactions, in
which the chiral solvent serves as the sole source of enantioselection.
(a) Differentiation of two enantiomeric reaction pathways via the
direct interaction between the chiral solvent (Solv*) with the
transition structures (TSR and TSS). (b) The use of a catalyst with
dynamic chirality, whose interactions with a chiral solvent induce one
predominant enantiomeric chiral conformation (CatS). (c) Control of
the dynamic chirality of a catalyst based on the induction of a chiral
conformation in a helical macromolecule by a chiral solvent.
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on average 10 and 50 coordination units, respectively, with 2-

(diphenylphosphino)phenyl pendants, by living copolymeriza-

tion for their use in asymmetric Suzuki-Miyaura coupling

(SMC) reactions.18,26 The use of L1 in THF resulted in the

formation of a racemic coupling product (entry 1, Table 2).

Subsequently, (R)-limonene was used as the reaction solvent

together with THF in these coupling reactions. Before adding

substrates (7 and 8) and reagents, solutions of L1 in the

Table 1. Structures and Screw-Sense Induction Properties of Achiral PQXs 1(40)−5(40) Based on Kuhn’s CD-Derived
Dissymmetry Factor gabs

a in Chiral Solvents

se (%)b

polymer (S)-CMB (S)-HMB (S)-CIT α-PIN β-PIN (R)-MEN (R)-limonene

1(40) c c c 2 (P) c c 51 (P)
2(40) 5 (P) c 3 (P) 6 (M) 4 (P) 4 (P) 30 (P)
3(40) 5 (M) 31 (M) 20 (P) 14 (P) 24 (P) 21 (P) 44 (P)
4(40) 3 (M) 29 (M) 8 (P) 12 (P) 17 (P) 33 (P) 59 (P)
5(40) 10 (P) 34 (M) 11 (P) 20 (P) 27 (P) 40 (P) 72 (P)

aΔε/ε at 366.0 nm (T = 293 K). bThe gabs value of a single-handed helical polymer gmax (100% se, P-helix) was set to 2.37 × 10−3 at 366.0 nm,
which was estimated by the curve fittings shown in Figure 1c,d. cInsoluble.

Figure 2. Determination of se values of 5(DP) in (R)-limonene. (a) Structure of 5(DP). (b) CD spectra of 5(DP) (DP = 30−300) in (R)-
limonene (98.1% ee). (c) Correlation between DP and the se of 5(DP) (DP = 30−300) in (R)-limonene (98.1% ee). (d) Correlation between the
ee of (R)-limonene and the se of 5(40), 5(200), and 5(1000).
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designated solvents were allowed to stand for 12 h at room
temperature to allow completion of the helical screw-sense
induction. The reactions in (R)-limonene/THF afforded
coupling product 9 in high enantioselectivity (96−98% ee)
(entries 2−4). (S)-Limonene, which is also readily available
from natural sources, afforded an enantiomeric coupling
product with identical enantiomeric excess (entry 5). The
use of L2, which contains more coordination units, delivered
products with a little lower enantioselectivity (entry 6). The
fact that PQX 5(1000) failed to afford any reaction product
clearly suggests that the asymmetric reaction occurs at the
palladium center, which is coordinated by the phosphorus
atom (entry 7). For comparison, triphenylphosphine and its
polystyrene-embedded derivative L3 were used instead of L1,
giving no or merely trace amounts of the product (entries 8
and 9) . (B ia ry l )d ipheny lphosph ine L4 and 5-
(diphenylphosphino)phenylquinoxaline L5, which can be

regarded as a low-molecular-weight model of L1, afforded
racemic products (entries 10 and 11). These results suggest
that the limonene is not exerting its effect directly on the
palladium center but on the main chain of the PQX, to which a
single-handed helical structure is induced. This mechanism of
chirality transfer also allowed the use of (S)-HMB as a chiral
solvent that gave high enantiomeric excess (entry 12). High
enantioselectivity was also attained with the use of orange oil,
which contains (R)-limonene as a major component (entry
13). When (R)-limonene with 63% ee was used as a solvent,
the cross-coupling product was obtained with 93% ee (entry
16). The degree of homochirality amplification in catalysis
using L1 can be directly correlated to the nonlinear screw-
sense induction in PQX 5(1000) (Figure 2d). We also carried
out SMC reactions in achiral solvents using L1*, i.e., L1 that
was dissolved in (R)-limonene prior to addition of Pd
precursor in order to induce a P-helical conformation. The

Table 2. SMC Reactions Using Various Achiral Ligands in Chiral Solvents

entry ligand solventa yield (%)b ee (%)

1 L1 THF 70 <1
2 L1 (R)-limonene/THF (70/30) 61 96 (S)
3 L1 (R)-limonene/THF (95/5) 66 98 (S)
4 L1 (R)-limonene/THF (98/2) 56 97 (S)
5 L1 (S)-limonene/THF (95/5) 54 98 (R)
6 L2 (R)-limonene/THF (95/5) 55 85 (S)
7 5(1000) (R)-limonene/THF (95/5) NDd

8 PPh3 (R)-limonene/THF (95/5) trace
9 L3 (R)-limonene/THF (95/5) NDd

10 L4 (R)-limonene/THF (95/5) 19 <1
11 L5 (R)-limonene/THF (95/5) 59 <1
12 L1 (S)-HMB 50 92 (R)
13 L1 orange oil/THF (95/5) 55 97 (S)
14 L1 (R)-limonene (6.7% ee)/THF (95/5) 68 36 (S)
15 L1 (R)-limonene (12.6% ee)/THF (95/5) 69 70 (S)
16 L1 (R)-limonene (63.4% ee)/THF (95/5) 61 93 (S)
17 L1*c THF 62 45 (S)
18 L1*c 1-PrOH 64 88 (S)

aUnless otherwise noted, (R)-limonene: 98.1% ee; (S)-limonene: 95.5% ee; (S)-HMB: > 99.9% ee. bIsolated yield. cL1 was dissolved in (R)-
limonene at RT for 24 h in order to induce a (P)-helical structure prior to the formation of the palladium catalyst. dNot detected.
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catalyst L1* was reprecipitated into MeOH, washed, and dried
under reduce pressure to completely remove (R)-limonene.
When L1* was used in THF, which is a good solvent for L1*,
the SMC reaction proceeded with 45% ee, which suggests a
memory effect with respect to the helical screw-sense (entry
17).21,22 The use of solvents that dissolve L1* less readily
rendered the catalyst heterogeneous and produced more
pronounced memory effects. Indeed, the SMC reaction in 1-
PrOH resulted in the formation of 9 with 88% ee (entry 18).
Applications to Other Catalytic Asymmetric Reac-

tions. Finally, we examined the generality of our chirality
transfer system by applying it to other asymmetric catalytic
reactions, taking advantage of indirect participation of chiral
solvents to the reaction center through noncovalent molecular
interactions at the polymer backbone. For instance, the
hydrosilylation of styrene using L1 in (R)-limonene afforded
the corresponding product with 95% ee in good yield (Figure
3a).16,17,27 A PQX-based ligand (L6), in which the phosphorus
atom carries 3,5-xylyl groups, exhibited high levels of
enantioselectivity in the asymmetric silaborative C−C bond
cleavage of a methylenecyclopropane19,28 even at elevated
temperatures (Figure 3b).
Safety Statement. No unexpected or unusually high safety

hazards were encountered in this research.

■ CONCLUSIONS
In summary, we have achieved a highly efficient chirality
transfer from solvent to the macromolecular main chain of
PQXs. The induced helical screw-sense resulted in high levels
of stereodifferentiation in asymmetric reactions by attaching
catalytically active pendants onto the macromolecular scaffold
in a modular manner. Overall, our system represents the first
example for the use of solvent chirality as the exclusive source
of enantioselection in catalytic asymmetric reactions. The most
important aspect of our macromolecular system is the
accumulation of the small solvent effect in the macromolecular

scaffold without relying upon direct interactions between the
chiral solvent and the reaction center. The induced chirality
can be successfully memorized in the solid state, even after
removal of the chiral solvent, which allowed highly
enantioselective SMC reactions in achiral solvents. These
characteristic aspects of helical macromolecular scaffolds
should open up new highly attractive opportunities for catalytic
asymmetric transformations, where abundant chiral solvents
serve as the determinant of enantioselectivity.
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