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Unusual solvent-regulated inversion of a metal
stereocenter in an enantiopure Eu2L4 helicate:
a new strategy for CPL inversion†
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Hongfeng Li *

Developing artificial metal helicates with stimuli-responsive helicity inversion is a significant challenge in

functional supramolecular chemistry. However, most reported helicity inversions are based on the syn-

chronous transformation of P/M conformation and the metal center’s Δ/Λ configuration, requiring the

overcoming of substantial energy barriers. Herein, we report the first example of Δ/Λ configurational

inversion of metal centers independent of the P/M conformational conversion. The helicate

(NMe4)2[Eu2(L
R)4], maintaining a constant P helical conformation, undergoes a local metal center confi-

gurational conversion from ΛΛ-(NMe4)2[Eu2(L
R)4] → ΔΛ-(NMe4)2[Eu2(L

R)4] → ΔΔ-(NMe4)2[Eu2(L
R)4] upon

increasing the content of CHCl3 in CH3CN. Associated with the conversion, the inversion of circularly

polarized luminescence (CPL) activity took place with the luminescence dissymmetry factor (glum value)

changing from −0.23 to +0.44. The understanding thus gained as to the solvent’s impact on local chirality

inversion enabled the design of CPL optical switches or sensors based on lanthanide helicates.

Introduction

Helical structures are ubiquitous in biological macromolecules
such as DNA and proteins, and the helical chirality (P or M)
plays a crucial role in achieving the given physiological
functions.1–5 When external physiological conditions change,
their helical chirality often undergoes inversion. For instance,
the typically right-handed B-DNA can be converted to left-
handed Z-DNA under conditions such as high salt concen-
tration,6 biogenic amines,7 changes in pH or mechanical
force,8,9 which significantly affect their functions in the cell.
Inspired by the structural characteristics of biomacro-
molecules, various artificial molecular systems featuring
stimuli-responsive helical inversion have been developed,
including organic small molecules,10,11 polymers, supramole-
cular polymers,12–14 and metal complexes.15–19 Chirality inver-
sion usually results in the switching of properties, such as the
selectivity of asymmetric catalysis,20,21 the capability of chiral
recognition,22–25 and chiroptical activities.26–29

Since Lehn reported metal helicates based on poly(2,2′-bipyr-
idine),30 chiral helicates have been developed for applications
in targeted therapy,31 asymmetric catalysis, and chiroptical
studies.32–34 Dynamic regulation of helicity inversion would
undoubtedly lead to new breakthroughs in these research areas.
In helical complexes, chiral inversion typically involves the sim-
ultaneous conversion of helical conformation (P/M) and the
metal center’s (Δ/Λ) configuration.35–39 However, this simul-
taneous conversion necessitates overcoming a substantial
energy barrier, significantly hindering the development of heli-
cates as platforms for chirality inversion. Designing helicates
with localized Δ/Λ or P/M chirality reversal is anticipated to sig-
nificantly reduce the inversion energy barrier, opening new
avenues for exploring their potential.

Introducing lanthanide metals with greater coordination
flexibility into helicates can be considered as an effective solu-
tion for achieving localized Δ/Λ-configurational reversal.
Compared to transition metals, the variable coordination geo-
metry and lack of coordination directionality of Ln(III) ions
allow for more freedom of ligand rearrangement during Δ/Λ-
configurational reversal. Additionally, the helicity inversion of
luminescent lanthanide helicates can induce changes in the
chiroptical properties, such as the inversion of circularly polar-
ized luminescence (CPL) signals, expanding their applications
in chiroptical switches, optical storage, information encryption,
and sensing.40 Currently, there are no reported examples of con-
trolling the chiral reversal of enantiopure lanthanide helicates.
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To achieve local Δ/Λ configurational inversion while
restricting P/M conformational conversion, the chiral
β-diketonate ligands (LR), featuring a “fixed” configurational
chirality (derived from R-binaphthol) and moderate rotation
flexibility, were designed (Scheme 1). The resulting helicate
(NMe4)2[Eu2(L

R)4] features solvent-regulated metal stereocenter
Δ/Λ configurational inversion that was independent of P/M
helical conformation conversion. Comprehensive spectro-
scopic characterization combined with DFT calculations and
weak interaction analysis using the Independent Gradient
Model (IGM) reveals the influence of the counterion on con-
figuration reversal. More importantly, the CPL inversion has
also been realized along with this local Δ/Λ conversion.

Results and discussion
Assembly and structure of (NMe4)2[Eu2(L

R)4]

The synthetic procedures of the ligands (LR/S) and their charac-
terization through ESI-TOF-MS and 1H, 13C, and 19F NMR are
given in the ESI (Scheme S1 and Fig. S1–S12†). To obtain the
(NMe4)2[Eu2(L

R)4] helicate, the ligand LR was assembled with
Eu(OTf)3 in a 2 : 1 stoichiometric ratio with tetramethyl-
ammonium hydroxide (NMe4OH) as the base in CH3CN. The
high quality, block-shaped crystals suitable for single crystal
X-ray analysis were obtained by slow evaporation of the aceto-
nitrile/1,4-dioxane solution of (NMe4)2[Eu2(L

R)4]. The crystal
structure analysis confirmed the formation of a quadruple-
stranded dinuclear helicate (Fig. 1). (NMe4)2[Eu2(L

R)4] crystal-

lized in the chiral space group P4212. In each helicate, the
R-BINOL spacer imparts the assembly with P-helical chirality
and homochiral ΔΔ configuration to the two metal centers. In
the ligands, there are five dihedral angles generating from the
BINOL spacer (α = −67.15°), the binaphthyl and benzene ring

Scheme 1 Previous works: the reported examples of the synchronous inversion of Δ/Λ configuration and P/M helix conformation.38,39 This work:
the solvent-regulated Δ/Λ metal center configuration inversion process of the helicate (NMe4)2Eu2(L

R)4 while maintaining its P helical conformation.

Fig. 1 X-ray single crystal structure of the helicate (NMe4)2[Eu2(L
R)4],

and partially enlarged views of the multiple supramolecular interactions
C–H⋯F, C–H⋯O and C–H⋯π between the counterions and the helicate
(color code for Eu: red, C: gray, N: blue, F: cyan, H: green, and O:
orange). Hydrogen atoms on the helicate and external solvent molecules
have been omitted for clarity.
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(β = −51.39°), and the benzene ring and diketone unit (γ =
−27.90°).

The formation of the helicate results in a large internal
cavity, with a calculated volume of 217 Å3, as determined using
the MoloVol program (Fig. S34†).41 In (NMe4)2[Eu2(L

R)4], the
internal cavity encapsulates one molecular counter cation
(NMe4)

+, positioned near one side of the Eu3+ ion. The remain-
ing (NMe4)

+ resides within the cavity formed by the four hepta-
fluorinated chains on the helicate’s exterior, engaging in
strong C–H⋯F hydrogen bonding interactions. Notably, the
distribution of these counterions near the Eu3+ ions effectively
balances the negative charge from the ligands. As shown by
the weak interaction markings in Fig. 1, multiple C–H⋯O and
C–H⋯π interactions exist between (NMe4)

+ and the ligands
within the helicate, with distances ranging from 2.72–3.96 Å
and 2.61–3.87 Å, respectively. The counterion outside the heli-
cate exhibits multiple C–H⋯F hydrogen bonding interactions
with the ligands, with distances ranging from 2.54–3.83 Å.
Therefore, we believe that the electrostatic interactions, hydro-
gen bonding, and C–H⋯π interactions between (NMe4)

+ and
the helicate play crucial roles in compensating for the entropy
reduction during the assembly processes.

Solvent-regulated inversion of Δ/Λ configuration and CPL in
(NMe4)2[Eu2(L

R)4]

To investigate the solvent-dependent dynamic helicity reversal,
the solution structure of the complex was first characterized
using high-resolution electrospray ionization mass spec-
trometry (ESI-TOF-MS) and 1H NMR spectroscopy. ESI-TOF-MS
confirmed the preservation of the quadruple-stranded helical
structure of the complexes after dissolving freshly prepared
crystals of (NMe4)2[Eu2(L

R)4] (Fig. S13†). The presence of a
single diffusion band in diffusion-ordered NMR spectroscopy
(DOSY) suggests the formation of a single species (Fig. 2b).
The hydrodynamic radius (7.25 Å) estimated from the
diffusion coefficient (D = 8.0 × 10−6 cm2 s−1) aligns with the
size of the helicate determined from single-crystal X-ray diffrac-
tion analysis. However, the 1H NMR measurements contradict
the existence of a single species, revealing two sets of reso-
nance signals as depicted in Fig. 2b. For example, the methyl-
ene signal Hk associated with the diketonate units splits into
two distinct signals, with an integration ratio of Hk1 (δ,
−4.0 ppm) : Hk2 (δ, −4.9 ppm) = 1 : 1.3 (Fig. 2b). This finding
indicates the presence of at least two species in CD3CN. First,
the presence of a pair of enantiomers for the helicate can be
excluded due to the R configuration of the binaphthyl unit
being locked by the ethylene group. However, within a single
dinuclear helicate, each metal stereocenter can adopt either a
Δ or Λ configuration, leading to a maximum of three possible
diastereoisomers: ΔΔ-(NMe4)2[Eu2(L

R)4] (H-ΔΔ), ΛΛ-
(NMe4)2[Eu2(L

R)4] (H-ΛΛ), and ΔΛ-(NMe4)2[Eu2(L
R)4] (H-ΔΛ).

Upon re-examination of the 1H NMR spectrum, a subtle
shoulder peak near Hk2 at δ = −5.0 ppm was observed (labeled
as Hk3). Therefore, the three sets of Hk1–k3 signals observed in
the 1H NMR spectrum likely indicate a dynamic equilibrium
between these three diastereoisomers.

The presence of diastereoisomeric mixtures in the helicate
was further confirmed by CD and CPL spectroscopy experi-
ments. As shown in Fig. 2d, the CD spectrum of
(NMe4)2[Eu2(L

R)4] exhibits two distinct Cotton effects in the
wavelength ranges of 250–287 nm and 287–370 nm, corres-
ponding to the π–π* transition of the binaphthyl group and
the ILCT transition of the ligand, respectively. The negative
Cotton effect at λmax = 262 nm aligns with the R configuration
of the binaphthyl group.42 Meanwhile, the negative exciton
couplet observed for the ligand’s transition in the 287–370 nm
range indicates a Δ configuration at the metal center and a P
helical conformation of the helicate,43 consistent with the
crystal structure analysis. Interestingly, the configurational
deductions based on CPL spectrum analysis contradict those
derived from CD analysis. The negative and positive signals at
the 5D0 → 7F1 (594 nm) and 5D0 → 7F2 (612 nm) transitions,
respectively (Fig. 2e), indicate a Λ configuration for the Eu3+

ion.44–46 This discrepancy in the metal center configurations
inferred from CD and CPL spectra is a unique phenomenon
not previously observed. We propose that this conflict can be
explained rationally by considering their distinct chiroptical
origins. The exciton coupling pattern observed in the circular
dichroism (CD) spectrum is related to the rotational strengths
of non-degenerate excitonic states (RA and RB) of the chromo-
phore, which can be defined using eqn (1):47

RA=B ¼ +
Eμ2r
4ℏ

sin θ � sin θ′ � sin τð Þ ð1Þ

where τ represents the included angle between the two dipole
moments (μA and μB) of spatially proximate chromophores,
and θ and θ′ are the angles between μA, μB and r̂ (r̂ is the
vector connecting the centre of gravity of the chromophores).
By virtue of TD-DFT, the angles (τ, θ and θ′) in
(NMe4)2[Eu2(L

R)4] were calculated and are listed in Table S2.†
According to eqn (1), the RA values are positive for both H-ΛΛ
and H-ΔΔ isomers (the details are described in the ESI†),
despite the inverse configurations of the metal centers. The
positive value indicates a negative exciton couplet, which is
consistent with the observed pattern in the CD spectrum
(Fig. 2d). This finding demonstrates that the exciton coupling
pattern in helicates remains consistent as long as the P
helical conformation remains unchanged, regardless of the
Δ/Λ configurational inversion. Consequently, employing the
empirical rule of exciton coupling patterns in CD spectra to
deduce the configuration of the metal stereocenter is not
effective in this study. This specific case emphasizes the need
for caution when correlating the configuration of the metal
center with CD spectra, despite the rule’s proven effectiveness
in most instances.

Conversely, the circularly polarized luminescence (CPL)
spectral pattern is reported to solely correspond to the
configuration of the Ln3+ ion. Thus, the Λ configuration
deduced from the CPL spectrum likely arises from an excess
of Λ- over Δ-configurational moieties in the mixture
of ΔΔ-(NMe4)2[Eu2(L

R)4], ΛΛ-(NMe4)2[Eu2(L
R)4], and ΔΛ-

(NMe4)2[Eu2(L
R)4].
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To elucidate the structural transformation from a H-ΛΛ
configuration in the crystal to a diastereoisomeric mixture in
solution, we reexamined the crystal structure of
(NMe4)2[Eu2(L

R)4]. We suggest that supramolecular inter-
actions between the counterions and the helicate may play a
crucial role in this configurational conversion. For example,
beyond electrostatic interactions, twelve hydrogen bonds (C–
H⋯O) and C–H⋯π interactions exist between the inner
(NMe4)

+ and the helicate (Fig. 1). The (NMe4)
+ located outside

the helicate also exhibits multiple hydrogen bonding (C–H⋯O

and C–H⋯F) interactions with the oxygen and fluorine atoms
of the ligands. Therefore, we propose that solvation of the
counterions and the helicate in CH3CN may disrupt or weaken
these interactions, leading to the observed transformation.
This implies that strengthening ion pair interactions by
adding weak polar solvents into CH3CN will result in conver-
sion from Λ to Δ.

This inference is supported by the varying proportions of
the three components, H-ΔΔ, H-ΛΛ, and H-ΔΛ, in different
polar solvents. Upon increasing the content of weakly polar

Fig. 2 Solvent-regulated inversion of the Δ/Λ configurations and CPL in (NMe4)2[Eu2(L
R)4]. (a) The inversion process (ΛΛ ⇌ ΔΛ ⇌ ΔΔ) in the helicate

(NMe4)2[Eu2(L
R)4]. (b) 1H NMR and 1H DOSY spectra of (NMe4)2[Eu2(L

R)4] (400 MHz, 295 K, CD3CN). (c) Partial 1H NMR spectral changes of
(NMe4)2[Eu2(L

R)4] with the increase of CDCl3 content in CD3CN (400 MHz, 295 K, CD3CN/CDCl3 = v/v): CD3CN/CDCl3 = 10 : 0, Hk1 : Hk2 : Hk3 =
0.45 : 0.44 : 0.11; CD3CN/CDCl3 = 5 : 5, Hk1 : Hk2 : Hk3 = 0.49 : 0.15 : 0.36; CD3CN/CDCl3 = 3 : 7, Hk1 : Hk2 : Hk3 = 0.39 : 0.22 : 0.39; CD3CN/CDCl3 =
1 : 9, Hk1 : Hk2 : Hk3 = 0.39 : 0.21 : 0.40. (d) CD and (e) CPL spectral changes of (NMe4)2[Eu2(L

R)4] with the increase of CHCl3 content in CH3CN (v/v, c
= 2.5 × 10−6 M); the inset graph shows the increasing trend of the glum value of (NMe4)2[Eu2(L

R)4] at 594 nm during the solvent regulation process.
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CDCl3 in CD3CN, the integration ratio of Hk shifts from
Hk1 : Hk2 : Hk3 = 0.45 : 0.44 : 0.11 in pure CD3CN to
0.39 : 0.21 : 0.40 in CD3CN/CDCl3 = 1 : 9, indicating the pres-
ence of diastereoisomeric interconversion (Fig. 2c). This con-
version is also reflected in the intensity variation of the molar
extinction coefficient in the CD spectra, where Δε (λ = 347 nm)
increases from −160 M−1 cm−1 in CH3CN to −286 M−1 cm−1 at
a CD3CN/CDCl3 ratio of 1 : 9 (Fig. 2d). The increased Δε
suggests a higher proportion of the Δ-configurational moiety
within the diastereoisomeric mixture. This configurational
reversal is more directly observed in the inversion of CPL
signals. For example, the glum value of −0.23 at 594 nm in
CH3CN is reversed to +0.44 in CH3CN/CHCl3 = 1 : 9 (Fig. 2e,
orange line), indicating a transformation from a Λ-dominated
to a Δ-dominated diastereoisomeric composition.

Combining 1H NMR and CPL spectra, we infer that the
proton Hk3 with gradually increasing integration corresponds
to the homochiral H-ΔΔ isomer, while the Hk2 with the
reduced integration corresponds to the homochiral H-ΛΛ. The
remaining Hk1 is attributed to the pseudo-meso H-ΔΛ, as
its content remains relatively constant, with only a slight
decrease from 0.45 to 0.39, consistent with the transformation
process of H-ΛΛ → H-ΔΛ → H-ΔΔ. We propose that the con-
figuration reversal process is driven by the enhanced ion pair
interactions resulting from the increased content of weakly
polar CHCl3. ESI-TOF-MS provides evidence for ion pair for-
mation in a mixed solvent of CH3CN/CHCl3, where a peak at
m/z = 4132.4870 corresponding to the [(NMe4)

+ + Eu2(L
R)4]

−

ion was observed (Fig. S21†). Furthermore, the H–F corre-
lation signals in the HOESY spectrum support the presence of
ion pair interactions between (NMe4)

+ and the heptafluor-
oalkyl chains (Fig. S22†). Additionally, the helicate exhibits
distinct luminescence efficiencies in CH3CN and CH3CN/
CHCl3 = 1 : 9, with luminescence quantum yields of 19% and
24%, respectively (Fig. S32 and S33†), and detailed photo-
physical parameters are summarized in Table S1.† In con-
clusion, this rare example of solvent-regulated inversion of Δ
↔ Λ configuration and CPL signals, independent of P ↔ M
helical reversal, provides valuable insights into the dynamic
regulation of multinuclear assemblies and the development of
CPL optical switches.

DFT computational studies and IGM analysis

To investigate the role of solvent in regulating the supramo-
lecular interactions between (NMe4)

+ and [Eu2(L
R)4]

2−,
thereby controlling the Δ/Λ configuration inversion, DFT cal-
culations were performed to assess the system energy of the
helicate in three diastereoisomers: H-ΛΛ, H-ΔΛ, and H-ΔΔ.
Details of the DFT calculations are provided in the ESI.†
Initial coordinates for H-ΔΔ were obtained from the X-ray
structure, while coordinates for H-ΔΛ and H-ΛΛ were gener-
ated by reversing the Δ configuration of one or two Eu3+ ions
in the H-ΔΔ helicate. Initially, the three structures were opti-
mized without the counterion (NMe4)

+ to model the situation
of the helicate in CH3CN, where the ion pair should dis-
sociate to an extreme due to the excellent solvation capability

of CH3CN, as evidenced by the identical chemical shifts of
free (NMe4)

+ and those within the complex (Fig. 2b and
S18†).

The optimized structures and calculated system energies
are depicted in Fig. 3a and S37.† Compared to the single-
crystal structure, the dihedral angle (α′) of the binaphthyl
moiety in H-ΔΔ increases from −63.56° to −68.28°.
Simultaneously, the heptafluoroalkyl chains in H-ΔΔ
approach each other, with the C–H⋯F distance shortening
from 4.12 Å to 2.54 Å. In contrast to H-ΔΔ, H-ΛΛ achieves a
complete reversal of configuration by twisting the dihedral
angle (γ′) between the biphenyl and diketonate unit from
−26.15° to +34.40°. This reversal process also increases the
Eu⋯Eu distance from 14.34 Å in H-ΔΔ to 15.46 Å. In the het-
erochiral H-ΔΛ, the Eu⋯Eu distance is shortened to 14.32 Å
with dihedral angles (γ′) of −27.34° and +29.71°, respectively
(Fig. S37†). Precise energy calculations reveal that H-ΛΛ pos-
sesses the lowest energy compared to H-ΔΛ and H-ΔΔ, which
aligns with the prediction of the Λ-configurational excess of
(NMe4)2[Eu2(L

R)4] in CH3CN inferred from chiroptical
analysis.

ESI-TOF-MS, NMR, and CPL spectra have established a cor-
relation between configuration reversal and the enhancement
of ion pair interactions. Therefore, geometry optimizations
and energy calculations were further performed for the three
helicates (H-ΛΛ, H-ΔΛ, and H-ΔΔ) in the presence of the coun-
terion (NMe4)

+. The results indicate that H-ΔΔ exhibits lower
energies than H-ΛΛ and H-ΔΛ, suggesting that H-ΔΔ is the
thermodynamically dominant component in the mixed
solvent. This result is consistent with the observed configur-
ation reversal in CH3CN/CHCl3.

Considering the influence of the counterion on configur-
ation reversal, we propose that the strength of interactions
between (NMe4)

+ and Δ- and Λ-configurational isomers should
differ. To explore this further, we performed visualization ana-
lyses of the weak interactions using the Independent Gradient
Model (IGM).48,49 The results revealed a significant presence of
green regions between (NMe4)

+ and the helicate, indicating the
presence of multiple weak intermolecular interactions
(Fig. 3c). To quantitatively investigate and visualize these
supramolecular interactions, Hirshfeld surface analysis was
conducted. This analysis highlighted strong contacts between
(NMe4)

+ and the helicate, predominantly driven by C–H⋯F
and C–H⋯O interactions. It was found that H-ΔΔ exhibits
tighter contacts with (NMe4)

+ compared to H-ΛΛ, evidenced by
the shorter N⋯Eu distance (4.73 Å for H-ΔΔ and 4.83 Å for H-
ΛΛ) and the larger C–H⋯O contribution (25.5% for H-ΔΔ and
20.8% for H-ΛΛ) (Fig. 3b and c). This result implies that the
formation of the (NMe4)

+/H-ΔΔ ion pair is more thermo-
dynamically favourable than that of the (NMe4)

+/H-ΛΛ ana-
logue. Therefore, based on the aforementioned DFT calcu-
lations, IGM, and Hirshfeld surface analyses, the solvent-
dependent formation of ion pairs and the discriminated
thermodynamic stability of the diastereoisomeric partners are
the primary factors responsible for the observed dynamic con-
figuration reversal.
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Conclusion

This work presents the first example of a metal helicate exhi-
biting Δ/Λ configuration inversion at the metal stereocenter,
independent of P/M helical conformation reversal. This
achievement was realized by employing a strategy that com-
bines a conformationally “fixed” binaphthyl group with a
“dynamic” lanthanide coordination unit, thereby inverting the
local chirality of the helicate. This strategy not only reduces
the difficulty of regulating the metal center configuration
inversion but also enables the ground-state absorption and
lanthanide excited-state emission to exhibit opposite chiropti-
cal changes, which is unattainable in helicates undergoing Δ/
Λ and P/M simultaneous reversals. These findings offer a
viable strategy for dynamically regulating local chirality rever-
sal in helicates while highlighting the unique potential of
lanthanide supramolecules as CPL switches due to their sig-
nificant CPL signal variations (Δglum = 0.67 for this work).
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Foundation Joint Guidance Project no. LH2023B022.
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