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A B S T R A C T

This article describes the formation of neutral TiO4N2-based coordination entities where the titanium centers are
coordinated by oxygenated ligands incorporating one or two biphenolato units, i.e. L1 and L2 respectively. In
these systems, the sixfold coordination spheres of each metallic center are completed by the enantiopure bi-
dentate diphenylethene-1,2-diamine compound, abbreviated as dpeda. A solvent dependent diastereomeric ratio
is evaluated by 1H NMR for the monomeric [Ti(L1)2((1R,2R)-dpeda)] or [Ti(L1)2((1S,2S)-dpeda)] (abbreviated as
[R-Ti] or [S-Ti] respectively) complexes. The highest diastereomeric ratio for [Ti(L1)2(dpeda)] is obtained in
chloroform (2 : 1). Energy calculation and circular dichroism spectra simulation, obtained by DFT, permit to
assign the configuration of the stereoisomer formed in excess. The (1R,2R)-(+)-dpeda privileges the Δ form and
(1S,2S)-(–)-dpeda the Λ form of the [Ti(L1)2(dpeda)] stereoisomers. The helicates formulated as
[Ti2(L2)2((1S,2S)-dpeda)2] and [Ti2(L2)2(1R,2R)-dpeda)2] (abbreviated as [S-Ti2] or [R-Ti2] respectively) are
obtained by following a multi-component self-assembly approach. In this case, the diastereomeric ratios eval-
uated by 1H NMR are much lower compared to those determined for the monomeric species, and a privileged P
and M configuration for the [Ti2(L2)2(1R,2R)-dpeda)2] helicate and the [Ti2(L2)2((1S,2S)-dpeda)2] helicate re-
spectively is assigned through theoretical calculations. Overall, this article describes a strategy to favour
handedness in a helicate system where the chiral control is originated from a ligand that is not inscribed within
the helical framework of the architecture.

1. Introduction

The stereoselective synthesis of coordination compounds has be-
come a very active field since several decades, owing to the major role
played by chiral complexes in various domains such as catalysis, ma-
terials science and biological applications [1]. Focussing on chiral su-
pramolecular polynuclear coordination compounds, the preparation of
these architectures in a stereoselective fshion remains extremely chal-
lenging [2]. Helicates, which are the result of the spontaneous self-as-
sembly process between metal ions and organic strands, are by defini-
tion chiral assemblies due to their inherent helicity [3,4]. Therefore,
many efforts have been devoted to the development of strategies
leading to scalemic mixtures of helicates [5]. The most frequent ap-
proach consists of the preparation of organic strands containing chiral
information in the linker [6] or at the ligand termini [7] that generate
optically pure or enriched helicates in the presence of metal ions. For

charged helicates, the stereocontrol could also be originated by the
presence of enantiopure counterions [8]. Another way to achieve the
stereocontrol of metallo-supramolecular structures implies the co-
ordination of chiral organic additives to coordination sites that do not
participate in the construction of the helical framework of the molecule
[9]. However, this strategy is much more confidential in the case of
helicates [10], as most of the reported helicates contain metal ions
where all the coordination sites are occupied by ligating atoms be-
longing to the organic strands conferring the helical structure of the
complex.

Recently, our group has reported some examples of helicates built
up around TiO4N2 centers through a multicomponent self-assembly
approach [11]. The components involved in these chiral systems are Ti
(IV), achiral nitrogen bidentate ligands (ortho-phenylenediamine [11a]
or 2,2-bipyrimidine [11b]) and a bis-biphenol pro-ligand where the two
biphenol units are linked by a p-phenylene spacer (Fig. 1a) named as

https://doi.org/10.1016/j.ica.2019.119119
Received 13 June 2019; Received in revised form 29 August 2019; Accepted 29 August 2019

⁎ Corresponding author.
E-mail address: mobian@unistra.fr (P. Mobian).

Inorganica Chimica Acta 498 (2019) 119119

Available online 13 September 2019
0020-1693/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00201693
https://www.elsevier.com/locate/ica
https://doi.org/10.1016/j.ica.2019.119119
https://doi.org/10.1016/j.ica.2019.119119
mailto:mobian@unistra.fr
https://doi.org/10.1016/j.ica.2019.119119
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2019.119119&domain=pdf


L2H4. All these architectures display the same three sources of chirality:
a P or M chirality linked to their helical structure, a Δ or Λ chirality
found at each metallo-vertex and a aS or aR axial chirality provided by
the non-planarity of two consecutive phenolato-units.

Herein, we investigate the influence of a chiral diamino ligand on
the overall chirality of the resulting Ti(IV)-based complexes in-
corporating L1 or L2. The chiral bidendate nitrogen ligand selected for
the present study is the widely used (+) or (–) diphenylethene-1,2-
diamine compound, abbreviated as dpeda (Fig. 1b) [12]. Firstly, the
formation of a monomeric TiO4N2 complex formed with two substituted
2,2′-biphenolato ligands (L1) (Fig. 1a) and a chiral nitrogen ligand is
detailed. Next, this coordination chemistry is extended to the formation
of a dinuclear helicate incorporating two TiO4N2 units.

2. Results and discussion

2.1. Monomeric [Ti(L1)2(dpeda)] complexes

A family of monomeric octahedral complexes bearing various bi-
dentate nitrogen ligands and two L1 ligands has been previously re-
ported [13]. These species constructed around a TiO4N2 core are ob-
tained by reacting the [Ti(L1)2(HOPri)2] precursor with a nitrogen
ligand via ligand exchange. By following a similar procedure, the de-
sired [Ti(L1)2(dpeda)] complexes are synthesized as described in Eq. (1)
with both dpeda enantiomers.

+ +[Ti(L ) (HOPr ) ] dpeda [Ti(L ) (dpeda)] 2HOPr1
2

i
2

1
2

i (1)

The [Ti(L1)2((1R,2R)-dpeda)] (abbreviated as [R-Ti]) or [Ti
(L1)2((1S,2S)-dpeda)] (abbreviated as [S-Ti]) complex crystallizes di-
rectly from the reaction solution when vapours of n-pentane are used as
counter-solvent. The red crystalline solids are isolated by filtration and
analysed. The 1H NMR spectrum of the [Ti(L1)2((1R,2R)-dpeda)] crys-
tals dissolved in CD2Cl2 is rather complex in the aromatic region. We
checked that an identical spectrum is obtained when the [S-Ti] complex
is analysed. Each spectrum exhibits two sets of signals in a 1.5 : 1 ratio.
This ratio depends on the solvent employed to run the NMR experiment.
These ratios determined for various solvents are gathered in Table 1.
The higher ratio is gained when the spectrum of this complex is re-
corded in CDCl3. Nevertheless, it is difficult to rationalize the correla-
tion between the diastereomeric ratio and the nature of the solvent.

As mentioned above, the aromatic region of the [Ti(L1)2(dpeda)]

spectrum in CD2Cl2 is complex, but the assignment of several signals
between 1.8 ppm and 4 ppm is possible through COSY, HMBC, HSQC
and ROESY experiments. This region displays two sets of three signals
attributed to the NH2 and CH resonances of the dpeda ligand (see ESI).
DOSY measurement highlights only one diffusion in CDCl3 for these two
species with a diffusion coefficient of 580 ± 10% µm2.s−1 which
corresponds, according to the Stokes-Einstein equation, to a hydro-
dynamic radius of Rh= 7.0 ± 0.7 Å. This value matches the size of a
monomeric complex [13]. Additionally, ES-MS analysis displays an
intense peak at m/z=933.32 corresponding to the mass of the [[Ti
(L1)2((1R,2R)-dpeda)]+H]+ ion (see ESI).

Altogether, these data are conclusive with the presence in solution
of two diastereoisomers in different proportions when the crystalline
solid of [Ti(L1)2((1R,2R)-dpeda)] or [Ti(L1)2((1S,2S)-dpeda)] is dis-
solved. For the complexes formed with (1R,2R)-dpeda, these diaster-
eoisomers are assigned to Δ-[R-Ti] and Λ-[R-Ti]. Optimised structures of
Δ-[R-Ti] and Λ-[R-Ti] complexes, computed via density functional
theory (DFT) using the long range corrected wB97XD functional [14],
are shown in Fig. 2. These modelled structures were obtained starting
from a Ti(L1)2 motif, extracted from the crystal structure of a TiO4N2-
based monomeric complex [13], for which the dpeda ligand has been
implemented.

As far as previous monomeric titanium complexes built around a
TiO4N2 core usually show dynamic behavior [13], the same behaviour
is expected for these complexes incorporating the enantiopure dpeda
ligand. The 1H NMR spectrum of [Ti(L1)2((1R,2R)-dpeda)] in C2D2Cl4
was recorded at variable temperature from 293 K to 371 K (Fig. 3). The
coalescence of several signals was observed and attributed to a Δ Λ
inversion of configuration. In particular, the evolution of the signals at
δ=5.02 and 5.57 ppm assigned to the ortho protons of the dpeda li-
gand is followed (Fig. 3a). Despite the presence of signals of the solvent

Fig. 1. Ligands involved in this study. a) Pro-ligands L1H2 and L2H4. b) Both
enantiomers of the diphenylethene-1,2-diamine (dpeda).

Table 1
Diastereomeric ratios determined by 1H NMR. Crystals of the [Ti(L1)2(dpeda)]
or [Ti2(L2)2(dpeda)2] complexes obtained with an enantiopure dpeda ligand are
dissolved in a deuterated solvent. For [Ti(L1)2(dpeda)], the ratios are calculated
from the integrals of the two doublets between 5.60 ppm and 6.40 ppm (see
ESI). For [Ti2(L2)2(dpeda)2] the ratios are calculated from the integrals of the
two singlets between 8.36 ppm and 8.55 ppm. a For the experiment run in
C2D2Cl4, the signals between 1.80 ppm and 3.40 ppm are integrated.b The
spectrum of [Ti2(L2)2(dpeda)2] in CD3CN was not recorded due to the poor
solubility of the complex in this solvent.

Solvent diastereomeric ratio

[Ti(L1)2(dpeda)] [Ti2(L2)2(dpeda)2]

CD2Cl2 1.5 : 1 1 : 1
Acetone‑d6 1.7 : 1 1.2 : 1
CD3CN b 1.8 : 1 –
C2D2Cl4 a 1.95 : 1 1 : 1
CDCl3 2 : 1 1 : 1.1

Fig. 2. a) Computed molecular models of Λ-[R-Ti]. b) Computed molecular
models of Δ-[R-Ti]. The computed models of Λ-[Ti(L1)2((1S,2S)-dpeda)] and Δ-
[Ti(L1)2((1S,2S)-dpeda)] are given in ESI. L1 are in grey, dpeda in black, Ti in
blue and O in red.
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13C satellites superimposed with the studied signals, it is possible to
simulate these signals and to extract the kinetic constants. The Eyring
plot (Fig. 3b) allows us to determine the activation parameters, ΔH≠,
ΔS≠ and ΔG≠ associated to this fluxional process. ΔH≠ and ΔS≠ are
respectively found to be 67.8 ± 4 kJ.mol−1 and
192.4 ± 10 J.mol−1.K−1. The positive ΔS≠ value suggests a process
involving a weakly constrained transition state, whereas the rather high
enthalpy suggests an elongation of the Ti-N bonds for the transition
state.

Next, chiroptical properties of these two complexes [S-Ti] and [R-
Ti] are studied by electronic circular dichroism (ECD) as shown in
Fig. 4. The analysed solutions are prepared by dissolving [S-Ti] crystals
or [R-Ti] crystals in dichloromethane. In the visible region, in which the
free enantiopure dpeda molecule is CD-silent, i.e. above 280 nm, the
ECD spectra are mirror-image in the 400–500 nm region. It should be
mentioned that the absorption in the visible domain for phenolato-
based titanium(IV) complexes is due to charge transfers between the
lone pair of the oxygen atoms and the empty 3d-orbitals of the Ti(IV)
[15]. The UV–visible absorption spectrum of [S-Ti] given in ESI

confirms the presence of a broad band (ε430= 2280 L.mol−1.cm−1)
between 400 nm and 500 nm. Next, at 310 nm, positive and negative
peaks are observed for [R-Ti] and [S-Ti] respectively. Also, for the re-
gion where the (–) and (+) dpeda enantiomers are active, two sym-
metrical curves are observed. Undoubtedly, these chiroptical properties
of the analysed complexes confirm the excess of one diastereoisomer
compared to the other as highlighted by 1H NMR analysis.

2.2. [Ti2(L2)2((1S,2S)-dpeda)2] and [Ti2(L2)2((1R,2R)-dpeda)2]
helicates

For the synthesis of the dimeric complexes incorporating the L2 li-
gand instead of L1, the synthetic methodology is different from the one
described above, as the multicomponent self-assembly process de-
scribed in Eq. (2) is performed in warm toluene (100 °C) starting from
L2H4, (+) or (–)-dpeda and Ti(OiPr)4.

+ + +L H 2Ti(O Pr) 2dpeda [Ti (L ) (dpeda) ] 8HO Pr2
4

i
4 2

2
2 2

i (2)

Under these conditions, orange crystals appear in the medium after
a few days. Single crystals are obtained by performing the reaction with
either (1S,2S)-(–)-dpeda or (1R,2R)-(+)-dpeda. The crystal structures
of [Ti2(L2)2((1S,2S)-dpeda)2] ([S-Ti2]) and [Ti2(L2)2((1R,2R)-dpeda)2]
([R-Ti2]) are displayed in Fig. 5. These compounds crystallize in the
centrosymmetric P21 space group with four molecules per unit cell.
These structures are very similar to the previously reported helicate
built from the ortho-phenylenediamine ligand since two inequivalent L2

strands are found in these architectures with one L2 ligand wrapped
around a second fully extended L2 strand [11a]. Several sources of
chirality are found in these structures: a P or M helicity, a Δ or Λ
chirality provided by each octahedral metal centre, an aR or aS axial
chirality arising from the non-planarity of two consecutive phenolato
units and also the presence of two stereogenic centers within the dpeda
ligands. In these crystalline networks, two diastereoisomers character-
ized by an opposite helicity are found. For instance, concerning the
helicate obtained with (1S,2S)-(–)-dpeda, both (P)-[S-Ti2] and (M)-[S-
Ti2] are observed in the unit cell in equal proportion with a ΔΔ and a ΛΛ
configuration found at each metal center for the P and M helicate re-
spectively. Concerning the metrical description of the complex, an in-
termetallic distance of 8.8 Å separates the two titanium centres. The Ti-
N bonds are longer compared to the Ti-O bonds with mean Ti-N and Ti-

Fig. 3. a) 1H NMR spectra (400MHz) of [R-Ti] in C2D2Cl4 at variable temperature (Hortho dpeda region). b) Eyring plot determined from the simulated spectra at
variable temperature of [R-Ti] (Hortho dpeda region). The estimated error for each ln(k/T) value is ± 5%.

Fig. 4. CD-spectra of [S-Ti] (blue curve) and [R-Ti] (red curve) (RT, CH2Cl2,
10−5 mol.L–1).
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O lengths found in [S-Ti2] of 2.239 ± 0.057 Å and 1.872 ± 0.044 Å
respectively; these values lie in the usual range [11a]. Having estab-
lished the structure of these species, the crystals were dissolved in a
deuterated solvent and the resulting solutions were analysed by 1H
NMR. Again, the 1H NMR spectrum is highly complex; nevertheless, two
sets of signals in different ratio, depending on the solvent used to
perform the NMR experiment, could be clearly identified. These ratios
extracted for this series of spectra are listed in Table 1. In average, the
ratios corresponding to the dimeric species are lower compared to those
gained for [Ti(L1)2(dpeda)]. In CD2Cl2 and C2D2Cl4, the two species are
present in a 1 : 1 ratio, whereas in acetone‑d6 a 1.2 : 1 ratio is noted.

According to DOSY, only one single diffusion coefficient is attrib-
uted to these species in CDCl3 at D= 420 ± 10% µm2.s−1, which
corresponds to an hydrodynamic radius of 9.6 ± 0.9 Å compatible
with a dinuclear assembly. A single intense peak is detected by mass
spectrometry analysis (ES-MS) at m/z=1732.52, matching the
[Ti2(L2)2((1S,2S)-dpeda)2+Na]+ ion. As for the monomeric com-
plexes, the presence in solution of two diasteroisomers upon crystal
dissolution is confirmed by these investigations. Two dimensional NMR
experiments (COSY, ROESY, HSQC) allowed us to assign a majority of

the signals. This assignment is proposed in the ESI. In particular, the 1H
NMR spectrum shows the six characteristic signals above 7.94 ppm at-
tributed for each diastereoisomer to the protons of the para-phenylene
bridges within the helicate. More precisely, for one diastereoisomer, the
four protons of one para-phenylene bridge resonate as one sharp singlet,
whereas two singlets integrating for two protons each correspond to the
resonance of the rest of the para-phenylene protons within a helicate.
This is in full accordance with an orthogonal arrangement of the two
para-phenylene bridges within the complex, as observed in the C2
symmetric crystal structure. Contrary to the monomeric species, no
coalescence of the signals is observed when the complex is heated up to
371 K (C2D2Cl4). Furthermore, 2D ROESY analysis performed at room
temperature reveals no cross peak due to chemical exchange. This re-
flects the high helical configuration stability for a diastereoisomer in
the range of temperature studied. Due to the poor diastereomeric excess
highlighted by NMR, we anticipated that the CD signal in the dpeda
ligand silent region of the [S-Ti2] and [R-Ti2] complexes would be very
weak. However, the solutions obtained by dissolving the [S-Ti2] and
[R-Ti2] crystals in CH2Cl2 studied by circular dichroism display for the
visible region, as for the [Ti(L1)2dpeda] complexes, mirror-image

Fig. 5. a) and b) X-ray crystal structure of (M)-[R-Ti2] (two views). c) and d) X-ray crystal structure of (P)-[S-Ti2] (two views). For clarity, H atoms are omitted
except for the non-aromatic hydrogens of the dpeda ligand. L2 are in grey, dpeda in black, Ti in blue and O in red.
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signals for [R-Ti2] and [S-Ti2] respectively, which allows to anticipate
significant chiroptical properties if an isolated stereoisomer is con-
sidered (Fig. 6). Importantly, when the crystal used to resolve the
structure of [R-Ti2] by X-ray diffraction analysis is dissolved in di-
chloromethane and the resulting solution analysed by CD, a CD curve
similar to the one recorded for the analysis of [R-Ti2] is obtained (see
ESI). This clearly demonstrates that the 1 : 1 diastereomeric proportion
of (P)-[R-Ti2] and (M)-[R-Ti2] characterized in the crystal lattice is
modified upon crystal dissolution due to different energies associated to
each diastereoisomer despite the apparent equal diastereomeric pro-
portion determined by 1H NMR in CD2Cl2. Thus, the crystal packing
forces could explain the equal diastereomeric proportion found in the
crystalline state.

2.3. Computational investigations

The assignment of the chiroptical properties to the correct stereo-
isomer is indeed a major issue in the present study. In a similar manner,
for the monomeric species as well as for the helicates, the identification
of the most predominant diastereoisomer highlighted by the NMR
spectra is also essential. Thus, the structures for all the possible ste-
reoisomers of the [Ti2(L2)2(dpeda)2] and [Ti(L1)2(dpeda)] complexes
were modelled in the gas phase using density functional theory (DFT)
with the long range corrected functional wB97XD. The computed mo-
lecular models of (Δ)-[R-Ti] and (Λ)-[R-Ti] were already shown in Fig. 1
(the models of the two monomeric complexes incorporating the
(1S,2S)-(-)-dpeda are given in ESI). In ESI are also found the models of
the four helicate stereoisomers, the computed structures of which were
calculated starting from their crystal structures. The energy differences
associated to a pair of diastereoisomer with opposite Δ /Λ or P / M
configuration are listed in Table 2.

For the monomeric complexes, a marked difference of energy is
found between two diastereoisomers bearing the same enantiopure

dpeda ligand. Concerning complexes formed with the (1R,2R)-
(+)-dpeda ligand, the complex showing a Δ configuration is most stable
whereas the (1S,2S)-(-)-dpeda ligand induces a better stability for the Λ
form, meaning that the most predominant species observed by NMR are
(Δ)-[R-Ti] and (Λ)-[S-Ti] respectively. If the [Ti(L1)2((1R,2R)-dpeda)]
stereoisomers are considered, the Boltzmann distribution law allows to
calculate a Δ / Λ ratio matching extremely well with the ratio experi-
mentally determined by 1H NMR when the analysis is performed in
CDCl3 (ratio(exp.) = 2). Also, for the helicates, an energy difference is
found between two diastereoisomers with opposite helicity. However,
this difference is less pronounced as the one determined for two
monomeric diastereoisomers. The ratio between (P)- and (M)-[R-Ti2] is
only 1.16, reflecting that the P complex is a slightly more stable species
compared to (M)-[R-Ti2]. Again, a good match is found with the ex-
perimental value determined by 1H NMR for the diastereomeric mixture
obtained if the [S-Ti2] or [R-Ti2] crystals is dissolved in CDCl3 (ra-
tio(exp.) = 1.1).

Next, to interpret the recorded CD spectra and to propose their as-
signments, the simulated CD spectra were generated using the tight-
binding based simplified Tamm-Dancoff approximation (sTDA-xtb)
developed by Grimme et al. [16] and starting from the computed
structures discussed just above. Fig. 7 displays the resulting CD spectra
for the monomeric Ti-complexes and the double-stranded helicates.
Two mirror-image curves are observed, when the CD spectra of the two
enantiomers of [Ti(L1)2(dpeda)] are compared. A similar observation is
made for the CD spectra of two diastereoisomers such as (Δ)-[S-Ti] and
(Λ)-[S-Ti] but these curves have different intensities. Clearly, these
theoretical CD spectra highlight that the chiroptical response of a
monomeric species depends almost only on its Δ or Λ configuration and
that the enantiopure dpeda ligand within the complex has only a very
minor impact on the CD signal. The same conclusions arise from the
analysis of the CD spectra computed for the helicates. Two enantiomers
as well as two diastereoisomers with an opposite helicity have mirror
image CD, but the curves have different intensities for two diastereoi-
somers. Table 3 lists the maxima associated with their signs of the ex-
perimental and computed CD spectra of the stereoisomers for the he-
licates and the monomeric complexes. Indeed, a strict comparison
between the experimental data and the computed ones is untrivial since
an experimental spectrum results from a solution containing two dia-
stereoisomers and the theoretical curves are calculated for a modelled
compound in the gas phase.

First, Table 3 highlights, for the monomeric complexes, that the
theoretical spectra display more maxima compared to the experimental
ones. Nevertheless, some similarities emerge when two spectra are
discussed as the spectra of [R-Ti](exp.) and (Δ)-[R-Ti](theo.). In this case,
it appears that the two most intense CD signals for Δ-[R-Ti](theo.), at
λ=293 nm (-) and 317 nm (+) respectively, possess identical signs as
the two maxima found for [R-Ti](exp.) (λ=259 nm (-) and 310 nm
(+)). This similarity is limited to the UV region but it correlates that the
Δ form is predicted to be the most stable diastereoisomer for [R-Ti]. A
much better match in terms of wavelength accuracy and number of
maxima is obtained for the helicates (see Table 3, for instance entries
[R-Ti2](exp.) and (P)-[R-Ti2](theo.)). This confirms the previous assump-
tions gained via the energies calculation, as for the [R-Ti2] and [S-Ti2]
assemblies, the P and M helicates are the most predominant species
respectively.

3. Conclusion

Herein we investigated the stereoselective formation of monomeric
and dinuclear complexes constructed around TiO4N2 motifs by co-
ordinating the enantiopure (+) or (–) diphenylethene-1,2-diamine li-
gand. More precisely, this study reported the case where the helicity of
a titanium-based double-stranded helicate is influenced by a chiral in-
formation that is external to the helical framework of the architecture.
Also, a solvent dependent effect on the diastereomeric ratio is noticed

Fig. 6. CD-spectra of [S-Ti2] (blue curve) and [R-Ti2] (red curve) (CH2Cl2,
10−5 mol.L–1).

Table 2
Results from DFT calculations. The energies are calculated for the complexes in
gas phase.

wB97XD // Def2TZVP

[R-Ti] ΔE (Λ – Δ) 1.7 kJ/mol
ratio (Δ /Λ) 2.00

[S-Ti] ΔE (Λ – Δ) − 1.7 kJ/mol
ratio (Δ /Λ) 0.5

[R-Ti2] ΔE (P – M) − 0.4 kJ/mol
ratio (P / M) 1.16

[S-Ti2] ΔE (P – M) 0.4 kJ/mol
ratio (P / M) 0.86
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for the [Ti(L1)2(dpeda)] species and for the [Ti2(L2)2(dpeda)2] heli-
cates. The energies calculation supported by simulated circular di-
chroism spectra allowed to determine that the (1R,2R)-(+)-dpeda li-
gand induces preferentially the formation of the Δ and P forms of [R-Ti]
and [R-Ti2] respectively. In the case of the (1S,2S)-(-)-dpeda ligand, an
excess of the (Λ)-[S-Ti] complex and of the M helicate is generated.
Overall, the diastereomeric ratios obtained with the dpeda ligand are
rather modest, nevertheless it validates the initial goal of this study.
These poor excesses are rationalized by the structural features of the Ti
(L1)2 and the Ti2(L2)2 sub-motifs providing no restricted environment to
accommodate the dpeda ligands. Therefore, more sterically demanding
chiral nitrogen ligands should increase the stereoselective control in
these systems.

4. Experimental section

Bruker Avance-300, Avance-400 and Avance-500 were used for
solution NMR spectroscopy analysis. 1H NMR DOSY measurements
were performed at 600.13MHz with a 5mm 1H/X z-gradient BBI probe
and by applying a PFGSTE pulse sequence using bipolar gradients.
DOSY spectra were generated with the DOSY module of
NMRNotebookTM software, through maximum entropy and inverse
Laplace transform calculations. Mass spectrometry was performed at
the Service Commun d’Analyses, Université de Strasbourg (France). The
electrospray analyses were performed on Micro-TOF (Bruker) apparatus
equipped with an electrospray (ES) source. CD spectra were recorded
on a Jasco apparatus “J-810″. A PerkinElmer polarimeter was used to
mesure the optical rotation. The (1R,2R)-(+)-dpeda (98%) and (1S,2S)-

(–)-dpeda (97%) ligands were purchased from Alfa Aesar and Ti(OiPr)4
(97%) from Sigma-Aldrich. Complex [Ti(L1)2(HOPri)2] was synthesized
following a reported procedure [17]. The X-ray diffraction data were
collected at 173 K on a Bruker Smart CCD diffractometer with Mo-Kα
radiation (λ=0.71073 Å). The structures were solved and refined
using the Bruker SHELXTL Software Package using SHELXS-97 (Shel-
drick, 2014) and refined by full matrix least-squares on F2 using
SHELXL-97 (Sheldrick, 2014) with anisotropic thermal parameters for
all non-hydrogen atoms [18]. The hydrogen atoms were introduced at
calculated positions and not refined (riding model).

5. [Ti(L1)2((1R,2R)-dpeda)] and [Ti(L1)2((1S,2S)-dpeda)]

Under an inert atmosphere, [Ti(L1)2(HOPri)2] (10mg, 11.9 µmol) and
the enantiopure dpeda ligand (2.6mg, 1 equiv) were dissolved in dry
CH2Cl2 (1mL). The resulting mixture was ultrasonicated and crystals
were obtained by slow diffusion of pentane vapours (yield 6mg, 54%).
1H RMN (CD2Cl2, 600MHz) : major isomer, δ=7.60–6.80 (m, 38H),
5.79 (d, 3J=7.6Hz, 4H), 3.49 (m, 2H), 2.81 (m, 2H), 2.25 (m, 2H);
minor isomer, δ=7.60–6.80 (m, 38H), 6.26 (d, 3J=7.4Hz, 4H), 3.10
(m, 2H), 2.57 (m, 2H), 1.91 (m, 2H). 13C{1H} NMR (CD2Cl2, 125MHz) :
δ=160.9, 160.8, 160.1, 160.0, 141.8, 141.3, 139.5, 139.3, 138.9,
132.8, 132.7, 132.6, 132.5, 130.7, 130.5, 130.4, 130.3, 130.2, 130.1,
130.0, 129.9, 129.7, 129.5, 129.3, 129.2, 129.1, 129.0, 128.8, 128.6,
128.5, 128.3, 128.2, 128.1, 127.3, 127.2, 127.1, 127.0, 126.9, 126.8,
122.2, 122.1, 120.9, 120.8, 63.0, 62.0. 1H NMR DOSY (CDCl3, 600MHz):
D=579 ± 10% µm2s−1. ES-MS : m/z=933.32 calcd for [[Ti
(L1)2(dpeda)]+H+] : m/z=933.32. [Ti(L1)2((1R,2R)-(+)-dpeda)]:
[α]22D =+140°.dm−1.g−1.cm3. Anal. Calcd. for C62H48N2O4Ti•¾CH2Cl2:
C, 75.62; N, 2.81; H, 5.01. Found C, 75.62; N, 2.85; H, 5.25. [Ti
(L1)2((1S,2S)-(–)-dpeda)]: [α]22D = –150°.dm−1.g−1.cm3. Anal. Calcd. for
C62H48N2O4Ti•¼CH2Cl2: C, 78.36; N, 2.94; H, 5.12. Found C, 78.44; N,
2.72; H, 5.44.

6. [Ti2(L2)2((1R,2R)-dpeda)2] and [Ti2(L2)2((1S,2S)-dpeda)2]

Under inert atmosphere, L2H4 (16,70 µmol) and the enantiopure
dpeda ligand (16,70 µmol) were solubilized in dry degazed toluene. To
this solution was added Ti(OiPr)4 (5 µL). The resulting solution was
heated at 100 °C and orange crystals appeared in the medium after two
days. X-ray crystal structure CCDC for [Ti2(L2)2((1R,2R)-dpeda)2]
1916725; P21/c ; a=20.1956(11) Å, b=26.3701(15) Å,
c=21.0982(9) Å, α=90°, β=102.927(2) °, γ=90°, Z=4. The final

Fig. 7. Computed CD Spectra of the monomeric Ti-complexes (left) and Ti-helicates (right).

Table 3
Maxima of the experimental spectra compared to the theoretical spectra of
selected stereoisomers. For clarity, only the theoretical data obtained for
complexes incorporating the (1R,2R)-(+)-dpeda ligands are listed (the corre-
sponding enantiomers incorporating (1S,2S)-(-)-dpeda have opposite signs).

Wavelengths (nm)

Experimental [R-Ti] (-) 259 (+) 310 (+) 411
[S-Ti] (+) 259 (-) 310 (-) 420
[S-Ti2] (+) 277 (-) 303 (+) 317 (-) 337 (+) 430
[R-Ti2] (-) 274 (+) 305 (-) 318 (+) 338 (-) 429

Theoretical Δ-[R-Ti] (+) 251 (+) 274 (-) 293 (+) 317 (-) 424
Λ-[R-Ti] (-) 251 (+) 275 (-) 293 (+) 317 (-) 448
(M)-[R-Ti2] (+) 280 (-) 302 (+) 325 (-) 358 (+) 416
(P)-[R-Ti2] (-) 278 (+) 299 (-) 327 (+) 358 (-) 419
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anisotropic full-matrix least-squares refinement on F2 with 2425 vari-
ables converged at R1= 9.57%, for the observed data and
wR2=26.83% for all data. The goodness-of-fit was 1.023. CCDC for
[Ti2(L2)2((1S,2S)-dpeda)2] 1916728. 1H RMN (C2D2Cl4, 600MHz) :
first isomer, δ=8.46 (s, 4H), 8.10 (s, 2H), 7.92 (s, 2H), 7.71 (d,
3J=8.0 Hz, 2H), 7.68 (d, 3J=8.0 Hz, 2H), 7.54–6.80 (m, 52H), 6.39
(d, 3J=7.3 Hz, 4H), 6.34 (m, 4H), 4.07 (m, 2H), 2.71 (m, 2H), 2.60 (m,
4H), 2.18 (m, 2H), 1.97 (m, 2H); second isomer, δ=8.39 (s, 4H), 8.25
(s, 2H), 8.23 (s, 2H), 7.86 (d, 3J=7.9 Hz, 2H), 7.64 (d, 3J=8.0 Hz,
2H), 7.54–6.80 (m, 52H), 5.92 (d, 3J=7.7 Hz, 4H), 5.75 (d,
3J=7.5 Hz, 4H), 3.92 (m, 2H), 3.19 (m, 4H), 2.81 (m, 2H), 2.60 (m,
2H), 2.07 (m, 2H). 13C{1H} NMR (C2D2Cl4, 125MHz) : δ=161.1,
161.0, 160.8, 160.6, 160.1, 159.9, 159.7, 159.4, 141.8, 141.5, 139.1,
139.0, 138.7, 138.3, 138.1, 137.9, 137.8, 137.7, 136.4, 133.1, 132.9,
132.6, 132.5, 132.4, 132.2, 132.0, 131.6, 131.1, 130.8, 130.8, 130.7,
130.6, 130.4, 130.3, 130.2, 130.0, 129.7, 129.6, 129.5, 129.4, 129.3,
129.1, 128.9, 128.8, 128.7, 128.5, 128.1, 128.0, 127.8, 127.7, 127.6,
127.5, 127.4, 127.3, 127.2, 126.9, 126.3, 125.9, 125.8, 125.7, 125.6,
125.4, 124.8, 124.1, 122.4, 122.2, 121.0, 120.9, 120.7, 120.6, 120.0,
63.0, 62.6, 62.4, 61.1. 1H NMR DOSY (CDCl3, 600MHz): D =
(423 ± 10%) µm2s−1. ES-MS: m/z=1732.52 calcd for
[[Ti2(L2)2(dpeda)2]+Na+] : m/z=1732.52). [Ti2(L2)2((1R,2R)-
dpeda)2]: [α]22D = 440°.dm−1.g−1.cm3, [Ti2(L2)2((1S,2S)-dpeda)2]:
[α]22D = –450°.dm−1.g−1.cm3. Anal. Calcd. for [Ti2(L2)2((1S,2S)-
dpeda)2]: C112H84N4O8Ti2: C, 78.68; N, 3.28; H, 4.95. Found C, 78.39;
N, 3.23; H, 5.06. Anal. Calcd. for [Ti2(L2)2((1R,2R)-dpeda)2]:
C112H84N4O8Ti2: C, 78.68; N, 3.28; H, 4.95. Found C, 78.72; N, 3.15; H,
5.04.

7. Computational details

DFT calculations were performed using the GAUSSIAN09.D01 [19]
software. Optimisation of the various complexes were done using the
density functional theory in combination with the wB97XD [14] long
range functional and the Def2-TZVP basis set [20]. CD spectra were
obtained using the sTDA-xtb method developed by S. Grimme et al.
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