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Switchable supramolecular helices for
asymmetric stereodivergent catalysis

Ran Chen 1, Ahmad Hammoud1, Paméla Aoun1, Mayte A. Martínez-Aguirre 1,
Nicolas Vanthuyne 2, Régina Maruchenko1, Patrick Brocorens 3,
Laurent Bouteiller1 & Matthieu Raynal 1

Despite recent developments on thedesignof dynamic catalysts, noneof them
have been exploited for the in-situ control of multiple stereogenic centers in a
single molecular scaffold. We report herein that it is possible to obtain in
majority any amongst the four possible stereoisomers of an amino alcohol by
means of a switchable asymmetric catalyst built on supramolecular helices.
Hydrogen-bonded assemblies between a benzene-1,3,5-tricarboxamide (BTA)
achiral phosphine ligand coordinated to copper and a chiral BTA comonomer
are engaged in a copper-hydride catalyzed hydrosilylation and hydroamina-
tion cascade process. The nature of the product stereoisomer is related to the
handedness of the helices and can thus be directed in a predictable way by
changing the nature of the major enantiomer of the BTA comonomer present
in the assemblies. The strategy allows all stereoisomers to be obtained one-pot
with similar selectivities by conducting the cascade reaction in a concomitant
manner, i.e. without inverting the handedness of the helices, or sequentially,
i.e. by switching the handedness of the supramolecular helices between the
hydrosilylation and hydroamination steps. Supramolecular helical catalysts
appear as a unique and versatile platform to control the configuration of
molecules or polymers embedding several stereogenic centers.

Molecular switches or non-covalent interactions have been combined
with catalytic units in the same (macro)molecular scaffold to control
the outcome of catalytic reactions1–6. Amongst this emerging area,
selecting the configuration of the generated stereogenic element in a
predictable manner is a current challenge that has been achieved by a
limited variety of reconfigurable catalysts7. In the most-employed
strategies, the intrinsically achiral catalytic unit is connected to a
molecular8–14, macromolecular15,16, or supramolecular chiroptical
switch17–19, leading to pseudo-enantiomeric states upon activation of
the switch20 by a suitable stimulus (Fig. 1a). These switchable asym-
metric catalysts have been exclusively employed for the generation of
chiral molecules having opposite configurations, i.e. enantiodi-
vergency. Alternative strategies have been pursued by the Leigh

group21–23 for which two pseudo-enantiomeric catalysts are present
from the beginning in the reaction mixture. This yields an elegant
example of stereodivergency in which a stoichiometric amount of a
substrate anchored to a molecular machine is sequentially trans-
formed by the catalyst pseudo-enantiomers (Fig. 1b)22. In a different
design, the simultaneous operation of a pair of enantioselective
switchable catalysts was prevented by mutual inhibition21.
Light11–13,24–26, redox potential9,27, and chemical triggers17,28–31 are the
stimuli that hold most promise for interconverting the enantiomeric
states of a catalyst on a timescale that is compatible with a chemical
process, with the ultimate goal of controlling multiple stereogenic
elements in small molecules, i.e. stereodivergency32, or during a
polymerization33. However, these systems must overcome significant
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challenges: i) the stimulus and the substrate(s)/reactant(s)34, or cata-
lyst must be compatible35, ii) the catalyst pseudo-enantiomers must
provide perfectly opposite selectivities24, and iii) the stereochemical
switch must be rapid on the reaction timescale12,36. The implementa-
tion of a switchable asymmetric catalyst for the in-situ control of
multiple stereogenic centers in a single molecular scaffold is an unmet
challenge to date.

Recently-developed helical catalysts37, with intrinsically achiral
metal centers anchored at the periphery of covalent38–51 or

supramolecular helices17,52–59, have particular advantages to reach this
goal. For supramolecular helices, a chiral comonomer40 is used to
control the sense of rotation of the hydrogen-bonded assemblies
supporting the catalytic centers. First, the direction of the asymmetric
reaction is imposed by the handedness of the helices, making possible
to control the direction of the catalytic process towards each enan-
tiomer of a product. Importantly, these helices are dynamically chiral
which make possible to fully interconvert their sense of rotation
according to the nature of the major chiral monomer present in their

Fig. 1 | Switchable asymmetric catalysis for enantio- and stereodivergency.
a Reconfigurable asymmetric catalysts based on switchable asymmetric catalysts
(generation of the enantiomers of A* from the same substrate a)8–19.
b Stoichiometric control of two stereogenic centers A* and B* by means of a sub-
strate a-b anchored to a molecular machine embedding two complementary
catalysts22. c Schematic representation of the concept presented in this work. A
stereochemically switchable helical catalyst is used for the catalytic control of two

stereogenic centers A* and B* from the same molecular scaffold a-b. The supra-
molecular helices in each step embed the same achiral phosphine copper complex
but differ by the major enantiomer of the BTA comonomer as indicated in (d).
d Left: schematic representation of the supramolecular helical BTA copolymers
used in this study and of the conversion between their right-handed and left-
handed states leading to selectivity reversal in the catalytic reaction. Right: mole-
cular structures of the corresponding BTA monomers.
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backbone. Second, well-established “sergeants-and-soldiers” and
“diluted majority rule” principles are operative in these systems
allowing homochiral helices to be obtained even if composed of a little
amount of chiral monomers or of a scalemic mixture of monomer
enantiomers, respectively60,61. The implementation of these unique
“sergeants-and-soldiers” and “diluted majority rule” phenomena in
catalysis enable optimal selectivities to be reached for both directions
by simply tuning the supramolecular polymer composition. Third, the
supramolecular helices are intrinsically dynamic: an important feature
for switching the helix handedness and thus inverting the selectivity
in situ.

Wepreviously demonstrated that helical hydrogen-bonded stacks
composed of a benzene-1,3,5-tricarboxamide62,63 (BTA) achiral phos-
phine ligand and a small amount of enantiopure monomers provide
good enantioselectivities in the copper-catalyzed hydrosilylation of
4-nitroacetophenone56 and in the copper-catalyzed hydroamination of
styrene58. In addition, changing the nature of the major BTA enantio-
mer afforded interconversion between enantiomeric helical catalysts
within seconds17. The stereochemical switch was simply achieved by
adding an excess of a chiral comonomer that acted as a chemical sti-
mulus to invert the selectivity of the catalyst (as represented by the
addition of the red-colored monomer in Fig. 1d). However, these pre-
vious results do not exploit the possibility to control the configuration
of two stereogenic centers within the samemolecular scaffold. Thanks
to the unique development of these BTA helical catalysts, we report
herein that any amongst the four possible stereoisomers of an amino
alcohol can be obtained inmajority through a one-pot hydrosilylation/
hydroamination cascade reaction conducted either in a concomitant
manner, i.e. without inverting the handedness of the helices, or
sequentially, i.e. by switching the handedness of the supramolecular
helices between the hydrosilylation andhydroamination steps (Fig. 1c).

Results
Structure of the BTA helical catalyst
We selected BTA monomers that previously proved to be suitable for
the copper-catalyzed hydroamination of styrene (Fig. 1d)58. First
component is BTA P, an achiral ligand with CF3 groups at the meta
positions of two of the aryl moieties connected to the phosphorus
atom that were beneficial for both activity and enantioselectivity.
Second component is (S)-BTA or (R)-BTA, chiral BTA comonomers
derived fromLeucine, that efficiently intercalate into the stacks ofBTA
P57 to generate right-handedor left-handedhelices, respectively, and in
turn provide optimal enantioselectivities in the hydrosilylation (HS)
and hydroamination (HA) catalytic processes. Third component is
a-BTA, an achiral additive, that was found to greatly improve the
magnitude of the “sergeants-and-soldiers” and “diluted majority rule”
effects in catalytic coassemblies56,64. In other words, a-BTA allows to
decrease the amount and optical purity of the chiral monomer while
maintaining single-handed helices. For example, in the HA of styrene,
an optimal selectivity of ca. 80% ee (enantiomeric excess) for the
amine product was obtained with as low as 2.5% of (S)-BTA in the
coassemblies, which represent one chiral monomer for 20 copper
catalytic centers58. In addition, a-BTA was found to increase the yield
and optimal selectivity of the reaction. All these monomers assemble
into helical copolymers upon mixing in toluene, as schematically
represented in Fig. 1d and previously characterized58. To implement
the concept presented in Fig. 1c, we will conduct four cascade reac-
tions: (i) two reactions with helical terpolymers of fixed composition
for both steps of the catalytic process, hence embedding BTA P
(coordinated to copper), a-BTA and pure (S)-BTA (or (R)-BTA) [con-
comitant process, no switch of the catalyst handedness, no selectivity
reversal], and (ii) two reactions with helical polymers having different
compositions for each step of the catalytic process, i.e. a helical ter-
polymer for the first step as above and a tetrapolymer for the second
step which contains a scalemic mixture of the chiral monomers

[sequential process, switch of the catalyst handedness, selectivity
reversal]. In the latter case, the switch is achieved by adding an excess
of the chiral monomer initially in minority in the helical terpolymer,
thus generating single-handed helices of opposite handedness thanks
to the dynamic nature of the helices and the efficiency of the “diluted
majority rule” effect56.

Cascade reaction without switch of the catalyst handedness
[concomitant process]
Building on our previous results with copper-functionalized BTA
helices56,58 and inspired by the possibility to engage Cu-H catalysts in
sequential transformations65–68, we selected 3-vinylacetophenone
(VPnone) as the substrate to implement our concept. Preliminary
experiments support that the selectivity of the reaction can be con-
trolled solely by the catalyst, not the substrate, an important para-
meter to obtain all the stereoisomers with similar selectivities (see
Supplementary Figs. 10–11). Initial tests have been conducted under
conditions similar to those established for the HA of styrene58. More
precisely, the fraction of chiral comonomer (fs) over all BTAmonomers
is fixed to 20%. Isothermal Titration Calorimetry (ITC) experiments
reveal that this supramolecular helical catalyst is stable above 0.4mM
at 293K and 1.3mMat 313 K in toluene: the concentration inBTAP has
thus been set to 11mMto ensure that helices aremaintainedduring the
full catalytic process conducted at 313 K (Supplementary Fig. 2). In
addition, an excess of amine electrophile and silane is used to enhance
the yield of the reaction, and the catalytic screening is performed
without exclusion of air58. In this part, silane and amine electrophile are
engaged from the beginning of the reaction, thereby enabling both HS
and HA reactions to start concomitantly (see Note 1 in the Methods
section).

With these initial conditions in hands, and (S)-BTA as the chiral
comonomer, the expected product 1-[3-(1-dibenzylaminoethyl)]-acet-
ophenol, APnol, is obtained in ca. 66% yield, and (R,S)-APnol is the
main stereoisomer (97% ee, diastereomeric ratio of 3.6:1). APnol is
formed together with a small amount of EPnol (ca. 10%) and
3-vinylacetophenol (VPnol, 14%, see the structures in Table 1). The
former probably comes from the protonation of the alkyl copper
catalytic species by residual water69,70 whilst the latter indicates
incomplete HA of the vinyl function, a point confirmed by NMR
monitoring of the concomitant process (Supplementary Fig. 3d).
Thorough screening of various parameters established that addition of
one equivalent of tris[3,5-bis(trifluoromethyl)phenyl]phosphine,
(P(3,5-(CF3)2-C6H3)3), relatively to copper is beneficial for the yield of
the reaction (Supplementary Table 1). The addition of a secondary
ligand is a common strategy used to enhance the performance of Cu-H
type catalysts71,72. Other aromatic solvents were also probed but they
showed no obvious advantage relatively to toluene (Supplementary
Table 2). APnol is now obtained in 76% yield and this constitutes our
optimized conditions for the concomitant process (Table 1, entry 1).

Engaging (R)-BTA instead of (S)-BTA in the catalyticmixture leads
to (S,R)-APnol with similar yield and selectivity as expected for
homochiral BTA helical catalysts adopting opposite screw-sense pre-
ferences (Table 1, entry 2). Control experiment indicates that the role
of a-BTA in theseBTAhelical catalysts for the cascade reaction appears
to be similar to that observed previously in the HA of styrene i.e. it
increases the yield and selectivity of the HA step (Supplementary
Table 1). Selecting the optimized conditions of Table 1, the con-
comitant HS/HA reaction can be performed on 1mmol scale yielding
APnol in ca. 50% isolated yield and similar selectivity (Supplementary
Table 3).

Selection of the conditions for the sequential reaction
Two prerequisites are needed in order to control the configuration of
the stereogenic centers formed by sequential transformations invol-
ving a switchable asymmetric catalyst: i) different reaction rates for the
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two catalytic transformations, and ii) rapid and full inversion of the
enantiomeric state of the catalyst. Hydrosilylation andhydroamination
reactions both require a silane reagent to proceed but HA require an
additional amine electrophile: it allows HS and HA steps to be per-
formed fully independently by adding the amine electrophile after
completion of the HS step. We thus monitored the consumption of
VPnone under the optimized conditions reported in Table 1 as well as
under other conditions. We found out that the rate of the hydro-
silylation reaction varies depending on the conditions, but not the
selectivity (63–70%% ee in VPnol, Supplementary Figs. 4 and 5). It
means that the time for theHS stepmust be adapted for the sequential
reactions (vide infra).

We next probed the possibility to invert the handedness of the
BTA helical catalyst under conditions similar to those used to perform
the catalytic reaction. A CD spectrum of a solution containing the pre-
catalytic system, i.e. all BTA monomers, copper acetate, and the sec-
ondary phosphine ligand, was recorded at 313 K. An excess of (R)-BTA
was then added to this solution leading to 50% ee in favour of the (R)-
BTAmonomers in the supramolecular tetrapolymer. The solution was
stirred for 2minutes and analyzed by CD. CD spectra before and after
addition of (R)-BTA are mirror images (Fig. 2). These CD spectra
exhibit a main CD band which belongs exclusively to BTA P since it is
the only BTA monomer that absorbs in that region. We previously
correlated this induced CD band to the selectivity observed in the
copper-catalyzed HS reactions, i.e. the enantioselectivity (up to opti-
mal selectivity that can be obtained by the system under study) is
proportional to the intensity of this CD band57,59. As the present BTA
coassemblies contain a sufficient number of enantiopure BTA mono-
mers to be homochiral56,58, the invertedCD signals indicate that allBTA
P monomers coordinated to copper are positioned in opposite chiral
environments as the result of a full stereochemical inversion of the
handedness of the helical assemblies (from right-handed to left-han-
ded) upon addition of (R)-BTA monomers. CD spectra of the

supramolecular tetrapolymer upon formation from preexisting ter-
polymer or after cooling from the monomeric state are virtually
identical thus indicating that the thermodynamic state is reached after
switching of the helix handedness (Supplementary Fig. 6).

These CD analyses corroborate that (R)-BTA monomers can play
the role of the stereochemical triggers for inverting the enantiomeric
preference of the dynamic helical catalyst in situ. The exact time
needed to achieve this stereochemical switch hasnotbeen determined
precisely but threeminutes ofmixing appears reasonable to ensure full
stereochemical inversion and to limit side reaction at the vinyl
function.

Cascade reaction with switch of the catalyst handedness
[sequential process]
We then performed each step of the sequential process with the BTA
helical catalyst having opposite handednesses in the same conditions
as the previous CD experiment (Fig. 2). Even thoughAPnol is obtained
in low yield under these conditions (20-30%), we were pleased to see
that the expected stereoisomers are now the dominant species. More
precisely, the (R,R) and (S,S) stereoisomers of APnol are the major
stereoisomers when the handedness of the catalyst is switched from
right to left and from left to right before the HA step, respectively
(Table 2, entries 1 and 2). Enantiomeric excesses for each step have
opposite signs as expected for reactions conducted with a catalyst
displaying opposite intrinsic enantioselectivities. However, the values
of ee2 inentries 1 and 2 indicate that the selectivity of theHA step is not
optimal, thus lowering the overall selectivity of the sequential reaction.
This is likely due to the fact that the stereochemical switch was not
complete when Amine-tBuwas added and thus a small fraction of the
silyl ether of VPnol (estimated to ca. 20%, see Note 2 in the Methods
section)was converted by catalytic helices (or helical fragments) of the
unwanted, non-switched handedness (see Note 3 in the Methods
section).

Table 1 | Catalytic results for the asymmetric HS/HA cascade reaction of VPnone [concomitant reactions]

BTA helical catalysts have the samehandedness for both hydrosilylation (HS) andhydroamination (HA) reactions yielding (R,S)-APnol and (S,R)-APnol as themain stereoisomerswhen (S)-BTA (blue
helix) and (R)-BTA (red helix) are used as the chiral monomers, respectively.a DMMS: dimethoxymethylsilane. ee: enantiomeric excess. dr: diastereomeric ratio.
afs = [(S)-BTA]/([(S)-BTA] + [BTA P]+[a-BTA]) or fs = [(R)-BTA]/([(R)-BTA] + [BTA P]+[a-BTA]). See Supplementary Fig. 3 and Supplementary Tables 1-3 for more details.
bAn internal standard (1,3,5-trimethoxybenzene) is used to measure the NMR yield in APnol on the crude sample.
cError bars:%ofmain stereoisomer±1%, ±1%ee, ±0.2dr, ±1%ee1, ±1%ee2when (S,R)-APnol is themain stereoisomer,%ofmain stereoisomer±2%, ±1%ee, ±0.4dr, ±3%ee1, ±1%ee2when (R,S)-APnol is
themain stereoisomer. Uncertainties are related to the integration of the HPLC signals (see Methods). The absolute and relative configurations are established according to experiments conducted
with DTBM-SEGPHOS as ligand and modelling studies (see Supplementary Figs. 16–19).
dThe enantiomeric excess and diastereomeric ratio are obtained from the chiral HPLC analyses of the crude samples. Ee1 (positive for the (R)-enantiomer of the alcohol) and ee2 (positive for (S)-
enantiomer of the amine) are extracted from the HPLC traces as indicated in Supplementary Fig. 20 and this convention was followed throughout this paper.
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This negative effect was ultimately circumvented by lowering the
amount of a-BTA to 5mol% (Table 2, entries 3 and 4), which probably
leads to slightly shorter and more dynamic terpolymers as a con-
sequence of the decrease of the total BTA monomer concentration.
The (R,R) and (S,S) stereoisomers of APnol are now obtained with a
selectivity thatmatches the one obtained for the concomitant process:
ca. 70% and 78% of the main stereoisomer of APnol for the sequential
and concomitant processes, respectively (compared data in Table 1
and entries 3-4 in Table 2). Note that the amount of copper catalyst
used in the concomitant and sequential processes is identical. Like-
wise, the fact that all APnol stereoisomers are obtained with similar
selectivities discard any potential chiral match or mismatch between
the intermediate VPnol and the helical catalyst and demonstrate the
feasibility of the concept present in Fig. 1c, d.

Having established that a full inversion of the catalyst handedness
canbe achievedunder air in the conditions similar to thoseof Fig. 2, we
next probe the possibility to increase the overall yield of the sequential
process. Analyses of the reaction mixtures of Table 2, entries 3 and 4
and a control experiment with a sequential reaction performed with-
out addition of the chiral BTA monomers suggest that the low yield is
related to catalyst deactivation (Supplementary Figs. 8 and 9). We thus
hypothesized that O2-free and anhydrous conditions may improve the
efficiency of the sequential reaction. The reaction times were adapted
since it appears that the rate of the HS step is dramatically decreased
under these conditions (SupplementaryFig. 5).APnol is now formed in
ca. 65% NMR yield and can be isolated in ca. 40% yield, close to the
isolated yield obtained in concomitant processes, confirming that by-
products are significantly minimized under these conditions (Table 2,
entries 5 and 6, and Supplementary Fig. 9). The (R,R) and (S,S) ste-
reoisomers of APnol are obtained as the main stereoisomers as
expected for each step being promoted by a helical catalyst with
opposite handednesses, but with a lower selectivity (ca. 80% ee, dr=
1.3:1) compared to the same reaction performed under air. Examining
the enantiomeric excess of each step reveals that the origin of the

lower selectivity comes from the HS step, which is far from being
optimal, indicating that the HS of VPnone is not completed before the
stereochemical switch (see Note 3 in theMethods section). In contrast,
the selectivity of the HA step is of ca. 70% ee, with opposite sign
compared to ee1, inferring that full stereochemical switch occurs
under these conditions. Attempts to improve further the selectivity of
the sequential reaction performed under nitrogen and anhydrous
conditions towards the (R,R) and (S,S) stereoisomers of APnol were
not successful since a delicate balance between catalyst activity (forHS
step) and catalyst dynamicity (for the stereochemical switch) was not
reached (Supplementary Table 4). Data shown in Table 2 and Supple-
mentary Table 4 nevertheless represent unique examples of reactions
for which the stereoisomer(s) that require(s) opposite catalyst selec-
tivities is(are) formed one pot with an ee> 76% by means of a single
catalytic system.

Discussion
The four stereoisomers of APnol can thus be obtained with similar
selectivities either from a concomitant process in which both steps are
performed with a left-handed or right-handed helical catalyst or
sequential reactions (under air) in which the handedness of the BTA
helix is fully switched in between the HS and HA steps (Fig. 3). Dual
catalysis32 and cascade catalysis65 are the most efficient strategies to
achieve asymmetric stereodivergency with molecular catalysts but
require several catalysts and/or multi-pot procedures because of the
non-dynamic nature of the catalysts engaged in these reactions. The
present work represents an alternative method to achieve stereo-
divergency in which all stereoisomers can be obtained one-pot thanks
to a switchable asymmetric catalyst. It is also notable that because of
the efficient control of the chiral and dynamic properties of the helical
coassemblies, asymmetric stereodivergency is achievedwith an achiral
ligand thereby representing a powerful implementation of artificial
chirogenesis73.

In summary, the present work demonstrates the possibility to
achieve asymmetric stereodivergency by means of a switchable
asymmetric copper catalyst engaged in two transformations. The four
stereoisomers of an amino alcohol are accessible one-pot, thus
avoiding the isolation of the product intermediate from the initial
catalytic system that is required when two enantiomers of a non-
switchable catalyst are needed for each step of a sequential catalytic
process. The approach is made possible by the incorporation of an
achiral benzene-1,3,5-tricarboxamide (BTA) phosphine ligand in a
supramolecular polymer for which the optical purity and handedness
are controlled by an enantiopure BTAmonomer derived from Leucine.
The work benefits from the fact that the direction of the asymmetric
reaction is directly related to the handedness of the helical polymer,
which canbe switched in twoopposite directions by selecting themain
BTAenantiomer in thepolymers at each stepof the reaction, leading to
predictable configuration of two stereogenic centers. The stereo-
chemical switch occurs through the addition of an excess of the BTA
enantiomer acting as a chiral chemical trigger that inverts the stereo-
chemical preference of the copper catalyst. The achiral BTA additive
present in the supramolecular terpolymer, as well as the secondary
phosphine ligand, improve the selectivity and yield of the reaction,
respectively. Not only a fine tuning of the chirality of the supramole-
cular assemblies but also a proper control of their dynamicity is key to
address stereodivergency. The present work demonstrates the feasi-
bility of the concept to select one major (70%-79%) amongst four
possible stereoisomers of an amino alcohol by applying the supra-
molecular helical catalyst in either concomitant (with no inversion of
catalyst handedness) or sequential (with inversion of catalyst hand-
edness) hydrosilylation and hydroamination reactions. The concept
has been demonstrated for copper hydride type catalysis but can be
reasonably extended to other catalytic processes and to the control of
more than two stereogenic centers in smallmolecules or polymers33. It

(R)-BTA 
34 µmol

Terpolymer: Tetrapolymer:

Fig. 2 | Switching of the handedness of the BTA helical precatalysts. CD spectra
of the pre-catalytic mixture before and after addition of (R)-BTA (toluene, 313 K).
BTA P•[Cu]=BTA P (22 µmol), Cu(OAc) (11 µmol), and P(3,5-(CF3)2-C6H3)3 (11 µmol).
After addition of (R)-BTA (34 µmol) dissolved in a minimal amount of toluene, the
helical coassemblies contain 45 µmol of enantiopuremonomers (fs= 0.5) with a 50%
ee in favour of (R)-BTA. A very small CD signal is detected at ca. 350nm.
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is also conceivable that the catalytic properties and the dynamicity of
this class of supramolecular helical catalysts can be improved by a
proper design of the molecular structure of the monomers. Work
along this direction is currently underway in our laboratory.

Methods
Synthetic procedures
The syntheses of BTA P, a-BTA, (S)-BTA, (R)-BTA, Amine-DM and
Amine-tBu were reported previously56,58. (S)-BTA and (R)-BTA
monomers used in this study have been purified by preparative HPLC.
VPnone was prepared adapting a literature procedure (Supplemen-
tary Figs. 47 and 48)74. (S)- and (R)-DTBM-SEPHOS ( > 99%, TCI), PdCl2
(99%, Sigma-Aldrich), PPh3 (99%, Sigma-Aldrich), P(4-CH3-C6H4)3 (98%,
Sigma-Aldrich), P(3,5-(CH3)2-C6H3)3 (96%, Sigma-Aldrich), tBuPPh2
(97%, Sigma-Aldrich), 1,2-bis(diphenylphosphino)ethane ( > 97%, TCI),
1,2-bis(diphenylphosphino)benzene ( > 98%, TCI), Cu(OAc)2 (98%,
Sigma-Aldrich), P(3,5-(CF3)2-C6H3)3 (97%, ABCR), P(3,5-(CH3)2-4-OCH3-
C6H2)3 (97%, Sigma-Aldrich), DMMS (97%, Alfa Aesar), 3’-

bromoacetophenone ( > 98%, TCI), Cs2CO3 (>98%, TCI) and potassium
vinyltrifluoroborate (95%, Sigma-Aldrich) were purchased and used
without any purification. Deuterated solvents were purchased from
Eurisotop and used without further purification. Anhydrous solvents
were obtained from a solvent purification system (IT-Inc). Purification
by flash chromatography was performed by adsorbing the samples on
silica; the adsorbed samples were introduced in the solid loader and
purified by means of Reveleris X2 purification system (Buchi®) using
pre-packed silica cartridges Ecoflex® (irregular 50 µmsilica) of 25 g (for
ca. 1mmol catalytic samples). 1H NMR spectra were recorded on a
Brucker 400AVANCEor 300AVANCE (400 and 300MHz respectively)
and are calibrated with residual CDCl3 protons signals at δ7.26 ppm.
13C NMR spectra were recorded on a Brucker 400 AVANCE or 300
AVANCE (100 and 75MHz respectively) and are calibrated with CDCl3
signal at δ77.16 ppm. Data are reported as follows: chemical shift (δ
ppm), multiplicity (s= singlet, d= doublet, t= triplet, q= quartet, dd=
doublet of doublets, dt= doublet of triplets, m= multiplet, bs= broad
signal), coupling constant (Hz) and integration. Exact mass

Table 2 | Catalytic results for the implementation of the concept in the asymmetric HS/HA cascade reaction of VPnone
[sequential reactions]

BTA helical catalysts have opposite handednesses for the hydrosilylation (HS) and hydroamination (HA) steps yielding (R,R)-APnol and (S,S)-APnol as themain stereoisomerswhen an excess of (R)-
BTA (blue to red helix) or (S)-BTA (red to blue helix) are added to the catalytic mixture, respectively.a See Supplementary Figs. 7-9 and Supplementary Table 4 for more details. DMMS:
dimethoxymethylsilane. ee: enantiomeric excess. dr: diastereomeric ratio.
aThe reactions are performed without exclusion of air, expect otherwise stated.
bThe amount of a-BTA is of 5mol% instead of 10mol%.
cThe reaction is performedunder nitrogen. The reaction times are adapted as follows: 60minutes andovernight for theHSandHA steps, respectively. The reactions reported in entries 5 and 6were
performed on a ca. 1.0mmol scale leading to APnol in 38% and 40% isolated yields, respectively.
dAn internal standard (1,3,5-trimethoxybenzene) is used to measure the yield in APnol on the crude sample.
eError bars:%ofmain stereoisomer ±1%, ±1%ee, ±0.2dr, ±1%ee1, ±1%ee2when (R,R)-APnol is themain stereoisomer,%ofmain stereoisomer ±2%, ±1% ee, ±0.4dr, ±3%ee1, ±1%ee2when (S,S)-APnol is
the main stereoisomer.
fThe enantiomeric excess and diastereomeric ratio are obtained from the chiral HPLC analyses of the crude (entries 1–4) or the purified (entries 5–6) samples.
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measurements (HRMS) were obtained on TQ R30-10 HRMS spectro-
meter by ESI+ ionization and are reported in m/z for the major signal.
FT-IR analysis was performed on a Bruker Tensor 27 spectrometer in
ATR (diamond probe).

HPLC analyses
APnol stereoisomers have been isolated in enantiopure form by pre-
parative HPLC (Supplementary Figs. 12–15, Supplementary Table 5).
The following material has been used for HPLC analyses of catalytic
experiments: Chiralpak IG-3 column (0.46 cm × 25 cm) bought from
Chiral Technologies®, Waters 2487 Dual λ Absorbance Detector, with
the following conditions: heptane/EtOH 98/2, 0.5mL/min, 230 nm,
293K. Retention times: between 19 and 26min for APnol, between 33
and 37min forVPnol. Ee, dr, ee1 and ee2 values are extracted from the
HPLC traces as indicated in Supplementary Fig. 20. Error bars: when
themain stereoisomer is (R,R)-APnolor (S,R)-APnol, the uncertainty is
±1% for the area of themainHPLC signal, ±1% for ee, ±0.2 for dr, ±1% for
ee1 and ±1% for ee2 whilst when the main stereoisomer is (S,S)-APnol
or (R,S)-APnol, the uncertainty is ±2% for the area of the main HPLC
signal, ±1% for ee, ±0.4 for dr, ±3% for ee1, and ±1% for ee2 due to
overlap of the signals. The uncertainty of ±2% has been estimated by
deconvolution of the signals corresponding to the (S,S) and (R,S) ste-
reoisomers of APnol in the case where these signals have significant
different intensities. For the (R,R) and (S,R) stereoisomers, an error bar
of ±1% is set relatively to the intrinsic uncertainty of the HPLC analysis.
For the determination of the absolute and relative configurations of
APnol (catalytic reactions performed with (S)- and (R)-DTBM-SEPHOS
and MM/MD calculations): see Supplementary Figs. 16–19.

CD analyses
Circular dichroism (CD) measurements were performed on a Jasco
J-1500 spectrometer equipped with a Peltier thermostated cell holder
and Xe laser. CD spectra were recorded at 313 K (except otherwise
stated) with the following parameters: 50 nm.min-1 sweep rate,

0.05 nm data pitch, 2.0 nm bandwidth, and between 400 and 275 nm.
The solutions were placed into cylindrical spectrosil quartz cell of
0.05mm pathlength (Starna® 31/Q/0.05). Toluene and cell contribu-
tions at the same temperature were subtracted from the obtained
signals. CD analyses at different temperatures (Supplementary Fig. 6b)
have been performed upon heating the solution containing the
supramolecular tetrapolymer from 293K to 313 K (heating rate:
2 K.min-1).

ITC analyses
ITC data (Supplementary Fig. 2) were recorded on a Microcal VP-ITC
apparatus at the desired temperature, injecting a toluene solution
containing BTA P (2.8mM), a-BTA (2.8mM), (S)-BTA (1.4mM) corre-
sponding to a total BTA concentration of 7.0mM. into neat toluene.
Injections of 5μL over 10 seconds were performed every 480 seconds
at a stirring rate of 300 rpm.

MM/MD calculations
APnol stereoisomers were built and their conformations were gener-
ated using molecular mechanics (MM) and molecular dynamics (MD)
methods implemented in the Materials Studio 6.0 modelling package
[BIOVIA, Dassault Systèmes, Biovia Materials Studio, 6.0, San Diego:
Dassault Systèmes, 2011]. The molecules were modelled without
explicit solvent, using a distance-dependent dielectric constant. The
atomic chargeswere assigned from the PolymerConsistent Force Field
(PCFF)75,76. and a long-range interaction cutoff was set to 14 Å with a
splinewidth of 1 Å. As a force field, Dreiding77 wasmodified to properly
reproduce van derWaals interactions of hydrogen atoms of atom type
H_ (R0 _reduced from 3.195 Å to 2.83 Å)78.

Selected catalytic experiments
Note that the excess of DMMS (an eye-irritant chemical) is quenched
with ammonium fluoride to avoid evaporation following the proce-
dure described in reference65.

Fig. 3 | Asymmetric stereodivergent catalysis with a stereochemically switch-
able BTA helical catalyst. HPLC traces under the most selective conditions
employing either the BTA helical catalyst with a single handedness for both

hydrosilylation (HS) and hydroamination (HA) reactions (right, entries 1–2 of
Table 1) or the BTA helical catalyst with opposite handednesses for the HS and HA
reactions (left, entries 3–4 of Table 2).
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Control of the selectivity of the reaction by the catalyst. catalytic
experiments have been performed with a racemic mixture of (S)- and
(R)-DTBM-SEPHOS or by a BTA helical catalyst incorporating an equi-
molar mixture of (S)-BTA and (R)-BTA, see Supplementary Figs. 10–11.

Optimized conditions with helical BTA catalyst [concomitant pro-
cess]. An oven-dried 50mL Schlenk tube was loaded with BTA P
(108.5mg, 0.113mmol, 10.0mol%), Cu(OAc)2 (10.3mg, 0.056mmol,
5.0mol%), P(3,5-(CF3)2-C6H3)3 (38mg, 0.056mmol, 5mol%) and
anhydrous THF (2.5mL), and the mixture was stirred for 10minutes.
The solvent was then removed under vacuum and the tubewas kept in
vacuum (10-3 mbar) for 1 hour. (S)-BTA (59.5mg, 0.056mmol, 5mol%),
a-BTA (123mg, 0.113mmol, 10.0mol%) and anhydrous toluene
(10mL) were added to the tube and the mixture was briefly heated to
reflux and stirred for 10minutes at room temperature. VPnone
(164.5mg, 1.13mmol, 100mol%) and Amine-tBu (600mg, 2.02mmol,
180mol%) were added to the tube. The Schlenk tube was sealed with
a rubber septum, then evacuated and backfilled with N2 three times.
An atmosphere of nitrogen was maintained during the following
addition. The reaction mixture was stirred and heated to 313 K, prior
to the addition of DMMS (598mg, 695 μL, 5.63mmol, 500mol%) via
syringe. After overnight, the reaction mixture was cooled down to
room temperature. A saturated solution of NH4F (10mL) in MeOH
was added and the mixture was stirred until it became transparent.
Then a saturated aqueous solution of Na2CO3 (10mL) as well as
EtOAc (5mL) were added. The phases were separated and the aqu-
eous layer was extracted with EtOAc (2×5mL). The organic phases
were collected and evaporated under vacuum. The crude product
was then purified by flash column chromatography, eluting with
petroleum ether/dichloromethane (gradient from 100/0 to 30/70),
to yield APnol as a faint yellow oil (212mg, 51% yield). The 1H NMR
spectrum and the HPLC trace of APnol are shown in Supplementary
Fig. 41 and Supplementary Fig. 29, respectively (also Fig. 3 for the
HPLC trace). Catalysis with (R)-BTA instead of (S)-BTA was con-
ducted following the same procedure, yielding APnol in 48% yield.
The 1H NMR spectrum and the HPLC trace of APnol are shown in
Supplementary Fig. 41 and Supplementary Fig. 30, respectively (also
Fig. 3 for the HPLC trace).

Optimized conditions with helical BTA catalyst [sequential
process]
An oven-dried reaction tube was loaded with BTA P (21.7mg, 22.5
μmol, 10.0mol%), Cu(OAc)2 (2.1mg, 11.3 μmol, 5.0mol%), P(3,5-(CF3)2-
C6H3)3 (7.6mg, 11.3 μmol, 5mol%) and anhydrous THF (500μL), was
stirred for 10minutes on a shaking machine. The solvent was then
removed under vacuum and the tube was kept in vacuum (10-3 mbar)
for 1 hour. (S)-BTA (11.9mg, 11.3 μmol, 5mol%), a-BTA (12.3mg, 11.25
μmol, 5.0mol%) and anhydrous toluene (2mL) were added to the tube
and the mixture was briefly heated to reflux and stirred for 10minutes
at room temperature. VPnone (32.9mg, 225 μmol, 100mol%) was
added to the tube. The reaction mixture was heated to 313 K and
DMMS (140μL, 1125μmol, 500mol%)was added. The reactionmixture
was stirred for 15minutes at 313 K. A solution of (R)-BTA (35.7mg, 33.9
μmol, 15mol%) in toluene (0.2mL) was then added and the mixture
was allowed to stir for additional 3minutes at 313 K. Then Amine-tBu
(120mg, 405 μmol, 180mol%) as well as DMMS (140μL, 1125 μmol,
500mol%) were added successively. After 2 hours, the reaction mix-
ture was cooled down to room temperature. A saturated solution of
NH4F (2mL) in MeOH was added to quench the mixture and the mix-
ture was stirred until it became transparent. Then a saturated aqueous
solution of Na2CO3 (2mL) as well as EtOAc (1mL) were added. The
phases were separated and the aqueous layer was extracted with
EtOAc (2×1mL). 1,3,5-trimethoxybenzene (37.8mg, 225 μmol, 100mol
%) was added to the combined organic phases and the NMR yield was
established after evaporation of the solvents. The mixture was then

filtered over silica plug and elutedwith dichloromethaneprior toHPLC
analysis. The 1HNMRspectrumand theHPLC trace ofAPnol are shown
in Supplementary Fig. 8 and Supplementary Fig. 35 (also Fig. 2),
respectively. Catalysis starting with (R)-BTA and with addition of (S)-
BTA after the HS step (Table 2, entry 4) was conducted following the
same procedure. The 1H NMR spectrum and the HPLC trace of APnol
are shown in Supplementary Fig. 8 and Supplementary Fig. 36 (also
Fig. 3), respectively.

For additional catalytic procedures, see the dedicated parts in the
Supplementary Information.

Notes quoted in the manuscript
Note 1: Throughout this paper, in the concomitant process, HS and HA
reactions are initiated at the same time but the HA reaction is slower
than the HS reaction (see Supplementary Fig. 3).
Note 2: The calculations are made by considering that conversion
occurs only before or after the switch, i.e. with catalysts displaying
opposite enantioselectivities. These values are actually lower limit
values if one considers that conversion occurs also during the ste-
reochemical switch, e.g. with a racemic catalyst.
Note 3: We attribute the discrepancy between the time of stereo-
chemical switch probed by CD spectroscopy (Fig. 2) and that deduced
from these catalytic experiments by a slower dynamicity of the
supramolecular helices embedding the catalytic active species/resting
states versus the pre-catalytic species. Whilst related supramolecular
BTA terpolymers with copper acetate complexes anchored at their
periphery have been found to be well-soluble single helices (see
reference56), it can be surmised that the generation of hydride species,
that tend to bridge several copper atoms, may generate aggregated
supramolecular helices through copper crosslinks that are expected to
be less soluble and less dynamic under our experimental
conditions59,64. This might also explain why the rate of the stereo-
chemical switch in the present case (on the timescale of minutes) is
slower than in our previous study dealing with HS only and for which
the switch occurred on the timescale of seconds17.

Data availability
The synthetic, analytical andmodellingdata generated in this study are
all provided in the Supplementary Information. Raw data corre-
sponding to CD spectra analyses of Fig. 2 have been deposited in the
FigShare database (https://doi.org/10.6084/m9.figshare.25592565)79.

References
1. Raynal, M., Ballester, P., Vidal-Ferran, A. & van Leeuwen, P. W. N. M.

Supramolecular catalysis. Part 2: artificial enzyme mimics. Chem.
Soc. Rev. 43, 1734–1787 (2014).

2. Blanco, V., Leigh, D. A. & Marcos, V. Artificial switchable catalysts.
Chem. Soc. Rev. 44, 5341–5370 (2015).

3. Lifschitz, A.M., Rosen,M. S.,McGuirk, C.M. &Mirkin, C. A. Allosteric
supramolecular coordination constructs. J. Am. Chem. Soc. 137,
7252–7261 (2015).

4. Vlatković, M., Collins, B. S. L. & Feringa, B. L. Dynamic responsive
systems for catalytic function.Chem. - Eur. J.22, 17080–17111 (2016).

5. Choudhury, J. Recent developments on artificial switchable cata-
lysis. Tetrahedron Lett. 59, 487–495 (2018).

6. Goswami, A., Saha, S., Biswas, P. K. & Schmittel, M. Nano)
mechanical motion triggered by metal coordination: from func-
tional devices to networked multicomponent catalytic machinery.
Chem. Rev. 120, 125–199 (2020).

7. Romanazzi, G., Degennaro, L., Mastrorilli, P. & Luisi, R. Chiral
switchable catalysts for dynamic control of enantioselectivity. ACS
Catal. 7, 4100–4114 (2017).

8. Wang, J. & Feringa, B. L. Dynamic control of chiral space in a cata-
lytic asymmetric reaction using a molecular motor. Science 331,
1429–1432 (2011).

Article https://doi.org/10.1038/s41467-024-48412-z

Nature Communications |         (2024) 15:4116 8

https://doi.org/10.6084/m9.figshare.25592565


9. Mortezaei, S., Catarineu, N. R. & Canary, J. W. A redox-reconfigur-
able, ambidextrous asymmetric catalyst. J. Am. Chem. Soc. 134,
8054–8057 (2012).

10. Storch, G. & Trapp, O. Temperature-controlled bidirectional enan-
tioselectivity in a dynamic catalyst for asymmetric hydrogenation.
Angew. Chem. Int. Ed. 54, 3580–3586 (2015).

11. Le Bailly, B. A. F., Byrne, L. & Clayden, J. Refoldable foldamers:
global conformational switching by deletion or insertion of a single
hydrogen bond. Angew. Chem. Int. Ed. 55, 2132–2136 (2016).

12. Pizzolato, S. F., Štacko, P., Kistemaker, J. C. M., van Leeuwen, T. &
Feringa, B. L. Phosphoramidite-based photoresponsive ligands
displaying multifold transfer of chirality in dynamic enantioselec-
tive metal catalysis. Nat. Catal. 3, 488–496 (2020).

13. Chen, X. et al. Enantiodivergent epoxidation of alkenes with a
photoswitchable phosphate manganese-salen complex. Nat.
Synth. 1, 873–882 (2022).

14. Zhou, L. et al. Photoswitchable enantioselective and helix-sense
controlled living polymerization. Angew. Chem. Int. Ed. 62,
e202310105 (2023).

15. Yamamoto, T., Yamada, T., Nagata, Y. & Suginome, M. High-
molecular-weight polyquinoxaline-basedhelically chiral phosphine
(PQXphos) as chirality-switchable, reusable, and highly enantiose-
lective monodentate ligand in catalytic asymmetric hydrosilylation
of styrenes. J. Am. Chem. Soc. 132, 7899–7901 (2010).

16. Nagata, Y., Nishikawa, T. & Suginome, M. Exerting control over the
helical chirality in the main chain of sergeants-and-soldiers-type
poly(quinoxaline-2,3-diyl)s by changing from random to block
copolymerization protocols. J. Am. Chem. Soc. 137,
4070–4073 (2015).

17. Zimbron, J. M. et al. Real-time control of the enantioselectivity of a
supramolecular catalyst allows selecting the configuration of con-
secutively formed stereogenic centers. Angew. Chem. Int. Ed. 56,
14016–14019 (2017).

18. Tan, L. et al. Enantiocontrolled macrocyclization by encapsulation
of substrates in chiral capsules.Nat. Synth. 2, 1222–1231 https://doi.
org/10.1038/s44160-023-00360-0 (2023).

19. Zhang, L., Wang, H.-X., Li, S. & Liu, M. Supramolecular chiroptical
switches. Chem. Soc. Rev. 49, 9095–9120 (2020).

20. Sahoo, D., Benny, R., Ks, N. K. & De, S. Stimuli-Responsive Chir-
optical Switching. ChemPlusChem 87, e202100322 (2022).

21. DeBo,G., Leigh, D. A.,McTernan,C. T. &Wang, S. A complementary
pair of enantioselective switchable organocatalysts. Chem. Sci. 8,
7077–7081 (2017).

22. Kassem, S. et al. Stereodivergent synthesis with a programmable
molecular machine. Nature 549, 374–378 (2017).

23. Dommaschk,M., Echavarren, J., Leigh, D. A.,Marcos, V. &Singleton,
T. A. Dynamic control of chiral space through local symmetry
breaking in a rotaxane organocatalyst. Angew. Chem. Int. Ed. 58,
14955–14958 (2019).

24. Pizzolato, S. F. et al. Central-to-helical-to-axial-to-central transfer of
chirality with a photoresponsive catalyst. J. Am. Chem. Soc. 140,
17278–17289 (2018).

25. Gilissen, P. J. et al. Enantiodivergent sulfoxidation catalyzed by a
photoswitchable iron salen phosphate complex.Chem. – Eur. J. 29,
e202203539 (2023).

26. Chen, C.-T., Tsai, C.-C., Tsou, P.-K., Huang, G.-T. & Yu, C.-H. Enan-
tiodivergent Steglich rearrangement of O-carboxylazlactones cat-
alyzed by a chirality switchable helicene containing a
4-aminopyridine unit. Chem. Sci. 8, 524–529 (2016).

27. Mortezaei, S., Catarineu, N. R., Duan, X., Hu, C. & Canary, J. W.
Redox-configurable ambidextrous catalysis: structural and
mechanistic insight. Chem. Sci. 6, 5904–5912 (2015).

28. Tian, X. et al. Diastereodivergent asymmetric sulfa-michael addi-
tions of α-branched enones using a single chiral organic catalyst. J.
Am. Chem. Soc. 133, 17934–17941 (2011).

29. Moteki, S. A. et al. An achiral-acid-induced switch in the enantios-
electivity of a chiral cis-diamine-based organocatalyst for asym-
metric aldol and mannich reactions. Angew. Chem. Int. Ed. 51,
1187–1190 (2012).

30. Oczipka, P., Müller, D., Leitner, W. & Franciò, G. Enantiodivergent
asymmetric catalysis with the tropos BIPHEP ligand and a proline
derivative as chiral selector. Chem. Sci. 7, 678–683 (2015).

31. Nagamoto, M., Yamauchi, D. & Nishimura, T. Iridium-catalyzed
asymmetric [3+2] annulation of aromatic ketimines with alkynes via
C–H activation: unexpected inversion of the enantioselectivity
induced by protic acids. Chem. Commun. 52, 5876–5879 (2016).

32. Krautwald, S. & Carreira, E. M. Stereodivergence in asymmetric
catalysis. J. Am. Chem. Soc. 139, 5627–5639 (2017).

33. Coates, G. W. & Waymouth, R. M. Oscillating stereocontrol: a
strategy for the synthesis of thermoplastic elastomeric poly-
propylene. Science 267, 217–219 (1995).

34. Mortezaei, S., Catarineu, N. R. &Canary, J.W. Dial-in selection of any
of four stereochemical outcomes among two substrates by in situ
stereo-reconfiguration of a single ambidextrous catalyst. Tetra-
hedron Lett. 57, 459–462 (2016).

35. Zhao, D., Neubauer, T. M. & Feringa, B. L. Dynamic control of chir-
ality in phosphine ligands for enantioselective catalysis. Nat. Com-
mun. 6, 6652 (2015).

36. Sud, D., Norsten, T. B. & Branda, N. R. Photoswitching of stereo-
selectivity in catalysis using a copper dithienylethene complex.
Angew. Chem. Int. Ed. 44, 2019–2021 (2005).

37. Li, Y., Bouteiller, L. & Raynal, M. Catalysts supported by homochiral
molecular helices: a new concept to implement asymmetric
amplification in catalytic science. ChemCatChem 11,
5212–5226 (2019).

38. Reggelin, M., Schultz, M. & Holbach, M. Helical chiral polymers
without additional stereogenic units: a new class of ligands in
asymmetric catalysis. Angew. Chem. Int. Ed. 41, 1614–1617 (2002).

39. Reggelin, M., Doerr, S., Klussmann, M., Schultz, M. & Holbach, M.
Helically chiral polymers: A class of ligands for asymmetric cata-
lysis. Proc. Natl Acad. Sci. 101, 5461–5466 (2004).

40. Song, X., Li, Y.-X., Zhou, L., Liu, N. & Wu, Z.-Q. Controlled synthesis
of one-handed helical polymers carrying achiral organoiodine
pendants for enantioselective synthesis of quaternary all-carbon
stereogenic centers. Macromolecules 55, 4441–4449 (2022).

41. Yamamoto, T. & Suginome, M. Helical Poly(quinoxaline-2,3-diyl)s
bearing metal-binding sites as polymer-based chiral ligands for
asymmetric catalysis. Angew. Chem. Int. Ed. 48, 539–542 (2009).

42. Yamamoto, T., Akai, Y., Nagata, Y. & Suginome, M. Highly enantio-
selective synthesis of axially chiral biarylphosphonates: asymmetric
suzuki–miyaura coupling using high-molecular-weight, helically
chiral polyquinoxaline-based phosphines. Angew. Chem. Int. Ed.
50, 8844–8847 (2011).

43. Yamamoto, T., Adachi, T. & Suginome, M. Complementary Induc-
tion of Right- and Left-Handed Helical Structures by the Positioning
of Chiral Groups on theMonomer Units: Introduction of (−)-Menthol
as Side Chains of Poly(quinoxaline-2,3-diyl)s. ACS Macro Lett. 2,
790–793 (2013).

44. Takata, L. M. S. et al. Helical Poly(phenylacetylene) bearing chiral
and achiral imidazolidinone-based pendants that catalyze asym-
metric reactions due to catalytically active achiral pendants assis-
ted by macromolecular helicity. Macromol. Rapid Commun. 36,
2047–2054 (2015).

45. Yamamoto, T., Murakami, R. & Suginome,M. Single-Handed Helical
Poly(quinoxaline-2,3-diyl)s Bearing Achiral 4-Aminopyrid-3-yl Pen-
dants as Highly Enantioselective, Reusable Chiral Nucleophilic
Organocatalysts in the Steglich Reaction. J. Am. Chem. Soc. 139,
2557–2560 (2017).

46. Yoshinaga, Y., Yamamoto, T. & Suginome, M. Enantioconvergent
Cu-Catalyzed Intramolecular C–C Coupling at Boron-Bound C(sp3)

Article https://doi.org/10.1038/s41467-024-48412-z

Nature Communications |         (2024) 15:4116 9

https://doi.org/10.1038/s44160-023-00360-0
https://doi.org/10.1038/s44160-023-00360-0


Atoms of α-Aminoalkylboronates Using a C1-Symmetrical 2,2′-
Bipyridyl Ligand Attached to a Helically Chiral Macromolecular
Scaffold. J. Am. Chem. Soc. 142, 18317–18323 (2020).

47. Yamamoto, T., Murakami, R. & Suginome, M. PQXdpap: Helical
Poly(quinoxaline-2,3-diyl)s Bearing 4-(Dipropylamino)pyridin-3-yl
Pendants as Chirality-Switchable Nucleophilic Catalysts for the
Kinetic Resolution of Secondary Alcohols. Org. Lett. 23,
8711–8716 (2021).

48. Nagata, Y., Takeda, R. &Suginome,M.Asymmetric catalysis in chiral
solvents: chirality transfer with amplification of homochirality
through a helical macromolecular scaffold. ACS Cent. Sci. 5,
1235–1240 (2019).

49. Ikai, T. et al. Emergence of highly enantioselective catalytic activity
in a helical polymer mediated by deracemization of racemic pen-
dants. J. Am. Chem. Soc. 143, 12725–12735 (2021).

50. Wu, Z.-Q. et al. Achiral organoiodine-functionalized helical poly-
isocyanides for multiple asymmetric dearomative oxidations. Nat.
Commun. 14, 566 (2023).

51. Xu, L. et al. Thermo-responsive chiral micelles as recyclable orga-
nocatalyst for asymmetric Rauhut-Currier reaction in water. Nat.
Commun. 14, 7287 (2023).

52. Raynal, M., Portier, F., van Leeuwen, P. W. & Bouteiller, L. Tunable
asymmetric catalysis through ligand stacking in chiral rigid rods. J.
Am. Chem. Soc. 135, 17687–17690 (2013).

53. Desmarchelier, A. et al. Correlation between the selectivity and the
structure of an asymmetric catalyst built on a chirally amplified
supramolecular helical scaffold. J. Am. Chem. Soc. 138,
4908–4916 (2016).

54. Li, Y., Caumes, X., Raynal, M. & Bouteiller, L. Modulation of catalyst
enantioselectivity through reversible assembly of supramolecular
helices. Chem. Commun. 55, 2162–2165 (2019).

55. Shen, Z. et al. Asymmetric catalysismediatedby amirror symmetry-
broken helical nanoribbon. Nat. Commun. 10, 1–8 (2019).

56. Li, Y., Hammoud, A., Bouteiller, L. & Raynal, M. Emergence of
homochiral benzene-1,3,5-tricarboxamide helical assemblies and
catalysts upon addition of an achiral monomer. J. Am. Chem. Soc.
142, 5676–5688 (2020).

57. Martínez-Aguirre, M. A., Li, Y., Vanthuyne, N., Bouteiller, L. & Raynal,
M. Dissecting the role of the sergeants in supramolecular helical
catalysts: from chain capping to intercalation. Angew. Chem. Int.
Ed. 60, 4183–4191 (2021).

58. Aoun, P., Hammoud, A., Martínez-Aguirre, M. A., Bouteiller, L. &
Raynal, M. Asymmetric hydroamination with far fewer chiral
species than copper centers achieved by tuning the structure
of supramolecular helical catalysts. Catal. Sci. Technol. 12,
834–842 (2022).

59. Hammoud, A. et al. Rationalizing the extent of the “sergeants-and-
soldiers” effect in supramolecular helical catalysts: effect of copper
coordination. Chem. – Eur. J. 29, e202300189 (2023).

60. Yashima, E. et al. Supramolecular helical systems: helical assem-
blies of small molecules, foldamers, and polymers with chiral
amplification and their functions. Chem. Rev. 116,
13752–13990 (2016).

61. Palmans, A. R. A. &Meijer, E.W. Amplification of chirality in dynamic
supramolecular aggregates. Angew. Chem. Int. Ed. 46,
8948–8968 (2007).

62. Cantekin, S., de Greef, T. F. A. & Palmans, A. R. A. Benzene-1,3,5-
tricarboxamide: a versatile ordering moiety for supramolecular
chemistry. Chem. Soc. Rev. 41, 6125–6138 (2012).

63. Dorca, Y.,Matern, J., Fernández,G.&Sánchez, L. C3-Symmetricalπ-
scaffolds: useful building blocks to construct helical supramole-
cular polymers. Isr. J. Chem. 59, 869–880 (2019).

64. Kong, H. et al. Probing achiral benzene-1,3,5-tricarboxamide
monomers as inducers of homochirality in supramolecular helical
catalysts. ChemstryEurope 1, e202300027 (2023).

65. Shi, S.-L., Wong, Z. L. & Buchwald, S. L. Copper-catalysed enan-
tioselective stereodivergent synthesis of amino alcohols. Nature
532, 353–356 (2016).

66. Xu-Xu,Q.-F., Liu,Q.-Q., Zhang, X. &You, S.-L. Copper-catalyzed ring
opening of benzofurans and an enantioselective hydroamination
cascade. Angew. Chem. Int. Ed. 57, 15204–15208 (2018).

67. Nishino, S., Hirano, K. & Miura, M. Cu-catalyzed reductive gem-
difunctionalization of terminal alkynes via hydrosilylation/hydro-
amination cascade: concise synthesis of α-aminosilanes. Chem. –
Eur. J. 26, 8725–8728 (2020).

68. Gao, D.-W. et al. CascadeCuH-catalysed conversion of alkynes into
enantioenriched 1,1-disubstituted products. Nat. Catal. 3,
23–29 (2020).

69. Saxena, A., Choi, B. & Lam,H.W. Enantioselective copper-catalyzed
reductive coupling of alkenylazaarenes with ketones. J. Am. Chem.
Soc. 134, 8428–8431 (2012).

70. Ichikawa, S. & Buchwald, S. L. Asymmetric synthesis of γ-amino
alcohols by copper-catalyzed hydroamination. Org. Lett. 21,
8736–8739 (2019).

71. Lipshutz, B. H., Noson, K., Chrisman, W. & Lower, A. Asymmetric
hydrosilylation of aryl ketones catalyzed by copper hydride com-
plexed by nonracemic biphenyl bis-phosphine ligands. J. Am.
Chem. Soc. 125, 8779–8789 (2003).

72. Niu, D. & Buchwald, S. L. Design of modified amine transfer
reagents allows the synthesis of α-chiral secondary amines via cuh-
catalyzedhydroamination. J. Am. Chem.Soc. 137, 9716–9721 (2015).

73. Escárcega-Bobadilla, M. V. & Kleij, A. W. Artificial chirogenesis: a
gateway to new opportunities in material science and catalysis.
Chem. Sci. 3, 2421–2428 (2012).

74. Molander, G. A. & Brown, A. R. Suzuki−Miyaura Cross-Coupling
Reactions of Potassium Vinyltrifluoroborate with Aryl and Hetero-
aryl Electrophiles. J. Org. Chem. 71, 9681–9686 (2006).

75. Sun, H. Ab initio calculations and force field development for
computer simulation of polysilanes. Macromolecules 28,
701–712 (1995).

76. Sun, H., Ren, P. & Fried, J. R. The COMPASS force field: para-
meterization and validation for phosphazenes. Computational
Theor. Polym. Sci. 8, 229–246 (1998).

77. Mayo, S. L., Olafson, B. D. & Goddard, W. A. DREIDING: a generic
force field for molecular simulations. J. Phys. Chem. 94,
8897–8909 (1990).

78. Hoyas, S. et al. PEPDROID: Development of a Generic DREIDING-
based force field for the assessment of peptoid secondary struc-
tures. Adv. Theory Simul. 1, 1800089 (2018).

79. Chen, R. et al. Switchable supramolecular helices for asymmetric
stereodivergent catalysis. Data set. Figshare https://doi.org/10.
6084/m9.figshare.25592565 (2024).

Acknowledgements
This work was supported by the China Scholarship Council (CSC-
202106650009, PhD grant of R.C.), by the French Agence Nationale de
la Recherche (project ANR−17-CE07-0002 AbsoluCat, PhD grant of A.H.,
PDRAgrant of P.A.) andby theConsejoNacional deCiencia y Tecnologia
(CONACYT, PDRA grant of M.A.M.-A.). Omar Khaled and Ludovic
Dubreucq (IPCM, Sorbonne Université) are acknowledged for assistance
with chiral HPLC experiments and preparation of starting materials,
respectively. Gilles Clodic (MS3U, Sorbonne Université) is acknowl-
edged for the ESI analysis of catalytic samples. TheGDR3712 Chirafun is
acknowledged for allowing a collaborative network between the part-
ners of this project.

Author contributions
M.R. and L.B. designed the project. L.B. performed the ITC analyses.
R.C. performed the optimization of the catalytic conditions for the
cascade reaction (concomitant and sequential conditions), the 1H NMR

Article https://doi.org/10.1038/s41467-024-48412-z

Nature Communications |         (2024) 15:4116 10

https://doi.org/10.6084/m9.figshare.25592565
https://doi.org/10.6084/m9.figshare.25592565


monitoring of the catalytic reactions, CD analyses and the catalytic
reactions on ca. 1mmol scale. A.H. conducted catalytic experiments
that led to the selection of the substrate, the preparation of APnol
stereoisomers for isolation by preparative HPLC and initial conditions
for the concomitant process. P.A. and M.A.M.-A. conducted pre-
liminary catalytic and CD experiments, respectively, for the sequential
process. N.V. performed the separation of the APnol stereoisomers by
preparative HPLC and their chiroptical analyses. R.M. performed 1H
NMR analyses of the catalytic mixtures. P.B. provided MM/MD calcu-
lations for the determination of the absolute and relative configura-
tions of APnol. M.R. and R.C. prepared the overall manuscript,
including the Figs. All authors contributed to the preparation of the
manuscript by commenting and discussing the manuscript. The
overall project was supervised by M.R.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48412-z.

Correspondence and requests for materials should be addressed to
Matthieu Raynal.

Peer review information Nature Communications thanks the anon-
ymous, reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-48412-z

Nature Communications |         (2024) 15:4116 11

https://doi.org/10.1038/s41467-024-48412-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Switchable supramolecular helices for asymmetric stereodivergent catalysis
	Results
	Structure of the BTA helical catalyst
	Cascade reaction without switch of the catalyst handedness [concomitant process]
	Selection of the conditions for the sequential reaction
	Cascade reaction with switch of the catalyst handedness [sequential process]

	Discussion
	Methods
	Synthetic procedures
	HPLC analyses
	CD analyses
	ITC analyses
	MM/MD calculations
	Selected catalytic experiments
	Control of the selectivity of the reaction by the catalyst
	Optimized conditions with helical BTA catalyst [concomitant process]
	Optimized conditions with helical BTA catalyst [sequential process]
	Notes quoted in the manuscript

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




