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Abstract

The chiral nonaazamacrocyclic amine L, which is a reduction product of the 3+3 Schiff base
macrocycle, wraps around the lanthanide(l11) ions to form enantiopure helical complexes. These Ce
(1), Pr(111), Nd(111), Eu(l11), Gd(111), Th(111), Er(111), Yb(111) and Lu(l11) complexes have been
isolated in enantiopure form and have been characterized by spectroscopic methods. X-ray crystal
structures of the Ln(111) complexes with L show that the thermodynamic product of the complexation
of the RRRRRR-isomer of the macrocycle is the (M)-helical complex in the case of Ce(lll), Pr(lll),
Nd(I11) and Eu(l11). In contrast, the (P)-helical complex is the thermodynamic product in the case of
Yb(I11) and Lu(l11). The NMR and CD spectra show that the (M)-helicity for the kinetic complexation
product of the RRRRRR-isomer of the macrocycle is preferred for all investigated lanthanide(l11)
ions, while the preferred helicity of the thermodynamic product is (M) for the early lanthanide(l11)
ions and (P) for the late lanthanide(l11) ions. In the case of the late lanthanide(l11) ions, a slow
inversion of helicity between the kinetic (M)-helical product and the thermodynamic (P)-helical
product is observed in solution. For Er(I11), Yb(II1) and Lu(l11) both forms have been isolated in pure
form and characterized by NMR and CD. The analysis of 2D NMR spectra of the Lu(l11) complex
reveals the NOE correlations that prove that the helical structure is retained in solution. The NMR
spectra also reveal large isotopic effect on the 1H NMR shifts of paramagnetic Ln(I11) complexes,
related to NH/ND exchange. Photophysical measurements show that Lrrrrrr appears to favour an
efficient 3z*-to-Ln energy transfer process taking place for Eu(111) and Th(lll), but these Eu(ll1)-
and Th(lll)-containing complexes with Lrrrrrr lead to small luminescent quantum yields due to
an incomplete intersystem crossing (isc) transfer, a weak efficiency of the luminescence sensitization
by the ligand, and/or efficient non-radiative deactivation processes. Circularly polarized
luminescence on the MeOH solutions of Eu(l11) and Th(lI1) complexes confirms the presence of
stable chiral emitting species and the observation of almost perfect mirror-image CPL spectra for
these compounds with both enantiomeric forms of L.

Introduction

Both macrocyclic and helical structures continue to attract a lot of attention in inorganic and
supramolecular chemistry. In some cases both structural motifs are combinedl‘ﬁ, e.g. when
binding of metal ion forces a large macrocycle to adopt a twisted conformationZ=4. In such a
conformation the two halves of the macrocycle form a double helical system. Controlling the
helicity at higher organizational order e.g. that of metal complex, supramolecular assembly,
polymer or liquid crystal, is an important but difficult task.” The chirality of metal complexes
and inorganic supramolecular systems may be related e.g. to the spatial disposition of chelating
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ligands around the metal ion, 72 formation of single, double or triple helices, 8 helical twist of
macrocyclic ligand, 2-5 or rotation of the side arms of the macrocycle9 The chiralilty at higher
hierarchical order may sometimes be controlled by the chirality of the molecular building
blocks (e.g. ligands in inorganic systems, monomers in polymeric systems, dopants in liquid
crystals or polymeric systems). Thus the enantiopure supramolecular assemblies and metal
complexes can be obtained in diastereoselective synthesis by using non-racemic chiral ligands,
which may determine the chirality of the supramolecular assembly or metal complex (e.g. the
handedness of the helical structure). Generally, this stratega/ is successful when one of the
possible diastereomers is thermodynamically favoured.9:10 In rare cases two diastereomeric
structures of opposite helicity can be obtained for the same chirality of the molecular building
blocks. Interconversmn of such diastereomers corresponds to a helix inversion process. Helix
inversion2:3811-15 petyween well-defined and well-characterized diastereomers is avery rare
phenomenon and is related to the transformation of the normal right-handed B-DNA into the
left-handed Z-DNAL6, induced by high salt concentrations. Helicity induction and inversion
are attracting a lot of attention in many areas of chemistry as general phenomena, related to
functioning of biological systems, enantioselective catalysis and chiral recognition.

In a recent communication we have reported a new example of helical complexes based on
nonaaza macrocycle L (Scheme 1), which is a reduced derlvatlve of a3+3 condensation product
of 2,6-diformylpyridine and trans-1,2- dlammocyclohexane This 3+3 macrocycle exhibits
much higher helical twist in its Ln(II3) complexes in comparlson with the Ln(l11) complexes
of the related chiral 2+2 macrocycles®, or 3+3 macrocycle derived from 2,6-diformylphenol.
The chiral ligand L can be obtained in enantiopure forms Lrrrrrr and Lssssss, corresponding
to all-R or all-S configuration of the diaminocyclohexane carbon atoms, respectively.

have also demonstrated helicity inversion between the kinetic and the thermodynamic
complexation product in the Yb(I11) complexes of L.

In this contribution we present the synthesis of new enantiopure Ln(l111) complexes of L, as
well as the influence of the size of Ln(l11) ion on the relative stability of the (P)/(M)
diastereomers and helicity inversion process (Scheme 2). We also present luminescence,
circularly polarized luminescence (CPL) and NMR characterization of the complexes in
solution and discuss the effect of NH/ND exchange on 1H NMR paramagnetic shifts.

Results and Discussion

Synthesis

The macrocycle Lwas synthesized previously in a direct 3+3 condensation of enantiopure
trans-1,2-diaminocyclohexane and 2,6-diformylpyridine, followed by reduction of the
obtained macrocyclic Shiff base.17P On the other hand, in a later report1761 it was shown that
in fact a mixture of macrocyclic products was formed in this 3+3 condensation, and that Cd
(1) template was necessary for the isolation of the pure product. It should also be noted that
the same condensation reaction run in the presence of Ln(I11) template leads to 2+2 macrocycle.
3 We have synthesized the macrocyclic amine Lrgrrrrr and its enantiomer Lgsssss in a
modified procedure. While it turned out that the Cd(11) ions are not necessary in the synthesis
of L, short reaction times, higher dilution and recrystallization of the product are crucial for
the isolation of the pure macrocycyle. The identity of L was conflrmed by the X-ray crystal
structure of its hydrochloride derivative, identical to that preV|oust & reported.

The [LnL](NO3)3 complexes exhibit good solubility in water and polar organic solvents, and
often they are difficult to crystallize and to give pure products. On the other hand, the
derivatives such as (M)-[EULrrrRRRI2[EU(NO3)5](NO3)4°2H,0, containing the complex
counter-anions of the type [Ln(NO3)s]2~, exhibit lower solubility and higher tendency to
crystallize.2 While the solution NMR studies of complexation of Ln(l11) ions by L showed
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successful incorporation of the metal ion in the macrocycle in each case, the isolation of pure
complexes presented some problems in the case of Tbh(lI1) and Er(lI11) ions, which exhibit
similar preference for the (P)- and (M)-diastereomeric forms of the ligand (vide infra). In the
case of Er(I11) and Lu(lll), it was possible to obtain both diastereomeric complexes, i.e. (M)-
[LnLRrrRrRRRI(NO3)3 and (P)-[LnLgrrrrRRRI(NO3)3 in enantiopure form. The isolation of the
(P)-isomer was based on the longer reaction times and use of a 6.5% molar excess of the ligand
L (method A) or use of the (M)-isomer as a substrate and extended heating time (method B).
In the case of Eu(l11) and Tb(lI1) complexes, the isolation of the pure (P)-[LNLrrRRRR]
(NO3)3 isomers was not possible, although method B together with fractional recrystallization
allowed to obtain fractions of the complex mixtures enriched in isomer (P) (the molar ratio
(M)/(P) equal to 1:1 and 1:0.8 for Eu(l11) and Th(I1l) complexes, respectively).

The identity of the complexes has been confirmed by elemental analyses and mass spectra.
The positive-mode ESI-MS spectra (Supporting Fig. S1) of methanol solutions of the
complexes show peaks at m/e corresponding to the presence of the cationic complexes
[LnL]3*, in addition to ions {[LnL](NO3)}?* and {[LnL](NO3),}" arising from the ion
clusterisation (Supporting Figs. S1 and S2). Sometimes the peak of [LnL_y]%* can also be
observed (Fig. S1). The (M)-[LnLrrrrrRI(NO3)3] and (P)-[LnLrrrrRRI(NO3)3]
diastereomers give rise to practically the same ESI-MS spectra, thus confirming their isomeric
nature and similar chemical character (Supporting Fig. S2).

X-ray crystal structures — helical conformation of the [LnL]3* complexes in solid state

Since the cavity formed by the nine nitrogen atoms in the “open” conformation of L (observed
in its protonated form17a) is far too large for a single metal ion, the macrocycle L has to wrap
very tightly around the Ln3* ion in a helical fashion in order to form a nine-coordinate complex.
As aresult of this twist, the two symmetry related halves of the macrocycle form a double helix
system as observed in crystals of (M)-[PrLrrrrrr](NO3)3*3CH3CNe32/5H,0, (P)-
[CeLssssss](NO3)3*4CH3CN3H,0 and (P)-[LuLgrrrrRI(NO3)3°17/gCH3CN=3%/,H,0
(Scheme 2, Fig. 1, Supporting Fig. S3).

Although the molecular structures of the (P)-[CeLssssss]®* and (P)-[LuLgrrrrrr]®t cationic
complexes look similar at first sight (Fig. 1), they in fact belong to two types of complexes.
The Type | of [LnL]3* complexes corresponds to the series of (M)-[LnLgrrrrrr]®" complexes
and their antipodes (P)-[LnLssssss]®*, while the Type 11 corresponds to the series of (P)-
[LnLgrrrrrr]®t complexes and their antipodes (M)-[LnLgsssss]®t. Thus the (M)-
[PrLrrrrrr]®T and (P)-[Celssssss]®t complex cations constitute a quasi-enantiomeric pair
of complexes and the mirror image of the (P)-[CeLgsssss]3* cation is very similar to the
(M)'[PrLRRRRRR]3+ cation.

The main difference between the two types of [LnL]3* complex is the direction and extent of
helical twist of the macrocycle. This twist is reflected by the angle formed by the C3-C38 and
C18-C23 bonds (Supporting Fig. S3). For the Type | complexes and the Lrrrrrr €nantiomer
of the ligand one observes the C3-C38-C18-C23 angle values equal to —172.6° for the Ce(lI1)
complex, —174.4° for the Pr(l11) complex, —186.8° and —185.5° for the two independent Eu
(1) complex molecules?, respectively, and —192.5° and —193.8° for the two independent Yb
(1) complex molecules?, respectively. The increase of the values of the C3-C38-C18-C23
angle with the decreasing radius of the metal ion indicates a tighter wrapping of the macrocycle
L around the Ln(l11) ion. For the Type I complexes the extent of helical twist of the macrocycle
is larger. Importantly, the direction of the C3-C38-C18-C23 angle is opposite to that observed
for the Type | complexes. The value of this angle is equal to 254.8° and 255.6° for the (P)-
[LuLrrrrrRI®H and (P)-[YbLgrrrRRI® cationic complexes, respectively. The positive value
reflects the opposite helical twist sense of the Lrrrrrr Macrocycle in comparison with the
Type | complexes. The Type | and Type 11 diastereomers differ also in the configuration18
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at the amine nitrogen atoms. The three 2,6-substituted pyridine fragments of the macrocycle
L in the [LuL]3* complexes form propeller-like structure (Supporting Figs. S4, S5), similar to
that observed in tris(dipicolinato)lanthanide anions

The helical conformation of the ligand was clearly observed also in model structures of three
other complexes of LrrrrrRr (S€€ Supporting Information). In total six X-ray crystal structures
correspond to Type | complexes and three structures correspond to Type Il complexes.
Importantly all crystals of Type | complexes correspond to the lighter lanthanide(l11) ions or
complexes of heavier lanthanide(l11) ions obtained using relatively short reaction times, while
all the Type 11 structures correspond to crystal of complexes of the heavier Yb(I11) and Lu(l11)
ions obtained using longer reaction times or crystals obtained from the Type | Yb(I11) complex
grown for an extended period of time. The discussed structures indicate the preferred (M)-
helicity of the Lrrrrrr ligand in the complexes with the lighter lanthanide ions and (P)-
helicity of the ligand in the thermodynamic complexation product with the heavier Ln(I11) ions.

Relative Stability of the (M)- and (P)- Diastereomers of the [LnL]3* Complexes and the Helicity
Inversion Process

The crystalline Type I and Type Il [LnL](NO3)3 complexes give rise to very distinct CD
spectra, that are characteristic for each type. For example, the CD spectrum of (M)-
[CeLrrrrRRI® is similar to that of the structurally characterized (M)-[YbLRrrrRRI®"
complex, and the CD spectrum of the (P)-[LuLrrrrrRr]®T complex to that of the structurally
characterized (P)-[YbLrrrrrRI]T complex<. As expected the CD spectra of enantiomers are
mirror images (Fig. 2, Supporting Fig. S8). Thus for a given Ln3* ion both the two
diastereomeric Type | and Type 11 complexes and the enantiomers within each pair of these
diastereomeric complexes can be distinguished on the basis of their characteristic CD spectra
(Fig. 2, Fig. 3, Supporting Figs. S8, S9). Although all four stereoisomers of [LnL]3* complexes
exhibit different CD spectra, the spectra of (P)-[LnLgrrrrr]3* complexes resemble somewhat
to those of the (P)-[LnLssssss]3* diastereomers and are very different when compared to the
spectrum of the parent diastereomers (M)-[LnLgrrrrr]®" (as is true for the other pair of
diastereomers). This is in accord with the fact that the overall shape of the (P)-
[LnLrrrrrRI®T complex is similar to that of the (P)-[LnLssssss]®* diastereomer (Fig. 1). The
above observations reflect the stronger influence of P/M helicity of these complexes on the
CD spectra (e.g. via exciton-coupling mechanism) than the influence of R/S configuration at
the cyclohexane fragments. The crystalline Type | and Type 11 [LnL](NOg3)3 complexes give
rise also to distinct TH NMR spectra, particularly for paramagnetic lanthanide(111) complexes
(see NMR section below). The different CD and NMR spectra allow easy identification of the
two types of complexes, as well as monitoring of the conversion of the one type of complex
to the other type in solution.

The [LnL]3* complexes are relatively stable in solution at room temperature, as indicated by
their NMR spectra (Fig. S10). However, the prolonged heating of the complexes in water
solution results in partial ligand release (Fig. 4, Supporting Fig. S11 and Supporting Table S3).
Generally, the (M)-[LnLrrrrrr]®T isomers are more stable for the early and middle lanthanide
(1) ions with the exception of the Ce(I11) complex, which decomposes completely after
heating for 87 h at 318 K. This latter observation indicates that the slow ligand release is caused
by the hydrolysis of the dissociated Ln(l11) ions in water solution. The irreversible hydrolysis
of the free Ln(111) ions into hydroxides in water solution at elevated temperature results in a
shift of the complex dissociation equilibrium. In the case of Ce(l11), the hydroxide is
irreversibly oxidized to Ce(IV) dioxide (observed in the long-standing samples) what further
shifts the dissociation equilibrium. The (P)-[LnLrrrrrR]" diastereomers are more stable than
the corresponding (M)-[LnLrrrrrR]®T diastereomers. For instance, the D,O solutions of
(P)-[YbLgrrrrrI®* show no decomposition to the ligand after addition of three equivalents of
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HCI or NaOH (Fig. S12), while the (M)-[LnLrrrrrr]3t diastereomers are quickly
decomposed to Ln(I11) hydroxides after addition of NaOH.

The NMR and CD spectra indicate that the (M)-[LnLrrrrrr](NO3)3 isomers convert to the
(P)-[LnLrrrRRRI(NO3)3 isomers in solution. The conversion of (M)-diastereomers into (P)-
diastereomers corresponds to helicity inversion and is strongly dependent on the size of the Ln
(111) ion. The helicity inversion of [LnL]3* complexes is a slow process, taking weeks at room
temperature. This process was followed in more details by recording the 1H NMR spectra of
the D50 solutions of the complexes heated at 318 K over a period of two months. At this
temperature the apparent first-order rate constant have been estimated to be in the order of
1075 s71 (see Supporting Information). In the case of the smallest Ln(l11) (Ln = Lu) ion, the
(P)-isomeric form of the Lrrrrrr ligand is thermodynamically preferred and the conversion
of the (M)-isomer, which is a kinetic product of complexation, is practically complete after
heating for two weeks at 318 K (Fig. 4, Supporting Table S3). The (P)-isomer is also clearly
thermodynamically preferred for the Yb(I11) and Er(I11) complexes (Supporting Fig. S11),
while the Th(II1) exhibits comparable preference for the two diastereomeric forms (Fig. 4). In
the case of Eu(I11) complexes, the kinetic (M)-[LnLgrrrrrr]®t product is also a
thermodynamic product, with the equilibrium ratio of the concentrations of the (M)- and (P)-
diastereomers equal to 5:1 (Fig. 4). Finally, only the (M)-form is practically observed for the
larger Ln(111) ions (Ln = Ce and Pr, Supporting Fig. S11).

The observed variation for the preferred helix direction along the series of lanthanide(I11) ions
reflects true thermodynamic effect, i.e. different equilibrium constants for the (M)-
[LnLgrrrrrrI} < (P)-[LnLgrrrrrrI® reaction, rather than the incomplete conversion
process. This is proved by the behavior of the fractions of the Eu(l11) complex mixtures
enriched in isomer (P) (Supporting Figs. S13 and S14) with the (M)/(P) ratio ranging from 1:1
to 2:1. These fractions were enriched in the less soluble (P)-isomer in the process of fractional
recrystallization and do not correspond to the equilibrium concentrations. However, when these
samples are kept in solution for 20 days at room temperature, the equilibrium ratio of (M)/
(P) equal to 5:1 is restored (Supporting Fig. S14). This experiment indicates that the observed
helicity inversion process in the [LnL]3* complexes is reversible.

NMR spectroscopy — helical conformation of the [LnL]3* complexes in solution and unusual
isotope effect on IH NMR shifts

The H NMR spectra of the isolated Ce(111), Pr(111), Nd(I11), Eu(111), To(111), Er(111), Yb(III)
and Lu(l11) complexes correspond to the presence of 29 signals, out of which 3 signals of
exchangeable protons gradually disappear in solvents such as D,O or CD30D (Supporting
Figs. S12, S15-S20). This number of lines indicates that the complexed macrocycle L adopts
a conformation of C, symmetry, in contrast to D3 symmetry of the free ligand (reflected in the
observation of 10 1H NMR signalsl7a). In the case of the compounds with paramagnetic Ln
(11) ions, the signals span a wide range, and the spectra of the two diastereomers, (M)-
[LnLrrRRRRI(NO3)3 and (P)-[LnLrrrrRR]I(NO3)3, are very different (Supporting Figs. S12,
S18-S20). This reflects the high sensitivity of 1H NMR shifts of paramagnetic macrocyclic
complexes to changes in complex structure.3:20 On the other hand, the difference between the
spectra of the two diastereomers of the Lu(I11) complex is small (Supporting Fig. S21).

In the case of (P)-[LULRRrRRRI(NO3)3 and (M)-[PrLrrrrRRI(NO3)3 complexes, it was
possible to assign all the 29 signals on the basis of 2D NMR spectra (Fig. 5, Supporting Figs.
S22-S25, see Supporting Information for details).

Apart from the crosspeaks, which are expected for the neighboring protons positioned close in
space in ligand L, the ROESY spectra of the (P)-[LULrrrrrRRI(NO3)3 complex exhibit
additional crosspeaks corresponding to pairs of signals of protons tn, tNH’, pNH’”, ug,
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dNH”,nNH’”’, un,and uNH’ (Fig. 5, see Scheme 1 for the labeling of the positions). In Scheme
1 these pairs do not correspond to protons that are close to each other. For the pairs ug,
nNNH’”, tn and tNH’ the inter-proton distances in the X-ray crystal structure /@ of the
hydrochloride derivative of L are longer than 4-5 A, hence the crosspeaks corresponding to
these pairs are not expected for the “open” conformation of the macrocycle present in its free
protonated form (Fig. 6). Since in the “open” conformation these distances are too long to
explain the observation of clear NOE-type correlations in the ROESY spectra, the observation
of additional “long range” ROESY correlations firmly indicates that the macrocycle L is
considerably squeezed in its Ln(l11) complexes. On the other hand, the analysis of the X-ray
crystal structure of the (P)-[LULrrrrrRRI(NO3)3 complex shows that the distances between
the protons corresponding to the pairs of signals tn, tNH’, pNH’”, ug, dNH”, nNH’”’; un,
and uNH’ are equal to 3.48, 3.60, 2.59, 2.60, 2.60, 2.14, 2.33 and 2.09 A, respectively, and
are fully consistent with the observation of the above NOE-type correlations (Fig. 6). As a
result, the observation of the discussed additional ROESY crosspeaks proves that the helical
conformation of the ligand, observed in the solid state, is retained in solution. The helical twist
of the macrocycle is large enough to place closely in space protons that are positioned across
the macrocycle in the “open” conformation. In other words, the two protons in each pair giving
rise to additional ROESY correlations (tn, tNH’, pNH’”, ug, dNH””, nNH’”, un, and uNH’)
belong to the two symmetry related halves of the macrocycle (Fig. 6).

In addition to P/M helicity inversion process, which takes weeks at room temperature, another
faster process is revealed by the 1H NMR spectra. The IH NMR spectra of the D,O, CD30D,
or CD30D/CDCl3solutions of the (M)-[LnLrrrrrRI(NO3)3 complexes with the paramagnetic
lanthanide(l11) ions exhibit rather unexpected behavior in time. For the freshly prepared
solutions 29 signals are observed, as discussed above. With time a new set of lines gradually
appears. The new lines are very close to the original signals, so apparent doubling of signals
is observed (Fig. 7-Fig. 9, Supporting Figs. 20, 26). This doubling effect is most pronounced
for the strongly paramagnetically shifted resonances, except the signals of the NH protons,
which gradually disappear at the same time. Finally, all of the original resonances within each
doublet gradually disappear, and a set of 26 lines remains. This unexpected effect is explained
by the integration of signals. The changes in time of the relative intensity of the original signals
and their gradually growing twin counterparts follow the trend of the disappearance of the
amine NH signals (Fig. 7, Fig. 9, Supporting Fig. S26). This proves, that apparent doubling of
the resonances is related to the NH/ND exchange (Scheme 3), i.e. the original set of lines
corresponds to the complex isotopologue with non-deuterated amine, while the final set of lines
corresponds to the complex isotopologue with deuterated amine positions.

This explanation is additionally supported by the fact that the largest shift differences between
the original signal and the new signal are observed for the positions close to the amine nitrogen
atoms, e.g. protons o, t, e and u (Fig. 7, Fig. 8). The observed apparent splitting of signals
represent an interesting case of isotope effect, since the influence of deuteration of the nitrogen
atoms on the 'H NMR shifts of the adjacent carbon-attached protons is very strong. The
maximum differences between the shift values of the non-deuterated and deuterated
isotopologues, ATH(D), amount to 460, 320, 190 and 280 ppb for the Yb(I11), Th(l11), Eu(l11)
and Pr(I11) Type | complexes, respectively.

The discussed isotope effect is even larger for the Type 11 complex (P)-[YbLRRrrrrR]
(NO3)3+6H,0, with the maximum AH(D) value as high as 500 ppb (Fig. 9). The NH/ND
exchange process is much faster than the P < M helicity inversion process, as seen in
Suppporting Fig. S26. For example, the apparent first-order rates for this exchange (CD3OD
solutions, 298K) are equal to 1.54x10* s and 1.65x10 4 s™1 for the two different NH
positions of the (P)-[YbLgrrrrRI(NO3)3*6H,0 complex, 1.15x104 s71 for the (M)-
[PrLRrrRRRRRI(NO3)3°H,0 complex and 1.0x1074 571 for the (M)-[YbLRRRRRRI(NO3)3]
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*CHCI3*H,0 complex (Figs. S33, S34). The deuteration of amine nitrogen atoms in the
[LnL]3* complexes is accelerated by bases such as triethylamine (Fig. 9, Supporting Fig. S27)
and is inhibited by acids such as HNO3 (Supporting Fig. S27). This influence of acid/base on
the NH/ND exchange is opposite to that expected for associative mechanism of deuteration of
free amine ligand L, i.e. protonation of amine nitrogen atoms. The observed effects may be
explained for instance by dissociative mechanism of deuteration of complexed amine (i.e.
deprotonation of NH groups), with the amide type [LnL_p]%* complexes as intermediates. As
mentioned above, the [LnL_]2* species were observed in the ESI-MS spectra. The somewhat
different rates of NH/ND exchange for the non-equivalent nitrogen positions in the same
complex indicate that the deuteration process corresponds to intact complex and is not related
to dissociation of the ligand.

Large isotope effects on the IH NMR shifts were previously observed for some metalloproteins
containing iron porphyrins21 and synthetic iron porphyrinszz. In both cases, the magnitude of
the shift difference is predominantly determined by the presence of paramagnetic metal ion,
and the isotope effect arises from the change of the contact contribution to the isotropic shift.
Large isotope effects on 'H NMR shifts are also observed in hydrogen-bonded systems.23 In
our case, the observed unusually large isotope effect may reflect the sensitivity of dipolar shifts
to subtle changes in the complex structure.

Photophysical and chiroptical properties

The intense band observed in the electronic spectrum of Lrrrrrr at 37 585 cm™2 is only
slightly red-shifted upon complexation with Ln(I11) ions (ca. 815 cm™1, Table 1). On the other
hand, ligand emission is observed for the complexes. Fluorescence from a short-lived 1rn*
state occurs for all complexes while ligand phosphorescence from a long-lived 3an* state is
seen for the Gd(111) complex only, an efficient 3tn*-to-Ln energy transfer process taking place
for Eu(l11) and Th(l11) and resulting in metal-centred emission exclusively (Supporting Fig.
$28). The emission from the ligand lnn* state in the Eu(l11) and Tb(l11) complexes suggests
an incomplete intersystem crossing (isc) from the singlet to the triplet state.

The very small fluorescence quantum yields of the free ligand (QF = 0.8%) and complexed
ligand in the Gd(111) complex (QF = 0.7%) confirmed that Lrrrrrg is Weakly luminescent.
The quantum yields of the metal-centred luminescence obtained upon ligand excitation are
small, Q" =0.03 and 3.0% for Eu and Tb, respectively. They may be explained by the weak
efficiency of the isc process, the emission from the 1z* is still visible on the emission spectra,
and by the relative energies of the triplet state of the complexed ligand and of the

excited °Dg and °Dy levels (Fig. 10 and 328).24 Another factor that may also largely contribute
to the small quantum yields of the Eu(l11) and Th(lll) complexes is the weak efficiency of the
luminescence sensitization by the ligand (nsens = 7 % 1073, see Supporting Information).
However, the presence of efficient non-radiative processes originated from the NH oscillators
of the macrocyclic amine has a profound effect on the luminescence quantum yields. This effect
is reflected in steady increase of luminescence intensity of the solutions of the (M)-
[EULRRRRRR]I(NO3)3°4H,0 complex in CD30D (Fig. S30). The time-scale of this increase
corresponds to slow deuteration of the amine nitrogen atoms observed in the NMR spectra
discussed above (Scheme 3). The effect of NH oscillators has also been confirmed by the
measurement of the luminescence lifetimes of the Eu(l11) complex with Lrrrrrr in MeOH
and CD30D (tpmeon = 0.18 ms and tcpzop = 0.90 ms). Insertion to these t values to the
modified equation<2:4°;

-1 = =
T(‘HJ()H - T('L)30L)_q(l/A)+a+nNHy
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(where g is the number of coordinated water molecules, 1/A is a decay constant for the water
molecule oscillators, y is a decay constant for the amine NH oscillators, nyy is the number of
NH groups and a is a correction for quenching by outer-sphere solvent molecules) gives
negative g value of coordinated water molecules for the a, y and A parameters taken from ref.
25 or 26. Since the NMR data for the Lu(l11) complex indicate that the structure of the complex
in solution corresponds to that in the solid state, most likely the structure of the (M)-
[EuLrrrrrr]® cation in solution is also reflected by its X-ray crystal structure and water
molecules are not bound to Eu3* ion. Substitution of g = 0, ny = 6 and a = 0 in the above
equation yields y value equal to 0.74 ms™1, which is smaller to that reported in ref. 25 (1.2
ms™1) and ref. 26 (0.99 ms™1). On the other hand, this y value is similar to that of 0.759 ms™1
determined30 for NH oscillators in Eu(111) complexes of ethylenediamine. It should be noted
that the number of studied cases is rather limited, and the differences in y values may reflect
the sensitivity of the quenching rate to the distance, as well as the influence of the possible H-
bonds on the NH oscillators. Similarly, the lifetimes determined for the (M)-[TbLgrrrrrR]®
complex (tpeon = 0.28 ms and tcpsop = 0.31 ms) allow to calculate the y constant for Th(l11)
equal to 0.058 ms™1, in comparison to 0.073 ms™1 determined? for the Th(111) complexes of
ethylenediamine.

We have resorted to circularly polarized luminescence (CPL) to study the chiroptical properties
of the Eu(l11)- and Th(Ill)-containing compounds. Generally speaking, CPL spectroscopy is
the emission analog to circular dichroism (CD) spectroscopy. CD allows one to detect the
differential absorption of left and right circularly polarized light, while CPL measures the
difference in the emission intensity of left circularly polarized light versus right circularly
polarized light. CPL has primarily been focused on studies aimed at investigating the chiral
structures and solution dynamics of luminescent lanthanide complexes.loa' 28,29 The CPL
spectra of 1 x 1072 M solutions of the Eu(111) and Th(l11) complexes with each optical isomer
of L, LrrrrirR and Lssssss, are plotted in Figure 11 in the spectral range of the °Dy—'F;
and °D,— ’Fs transitions, which are particularly well-suited for CPL measurements since they
satisfy the magnetic-dipole selection rule, AJ = 0, £1 (except 0«0), respectively. The CPL
spectra of each of these complex solutions were measured following excitation at 283-284 nm
in MeOH at 295 K. As shown in Fig. 11, the detection of a CPL signal confirmed the presence
of stable chiral emitting species on the luminescence time scale, and almost perfect mirror-
image CPL spectra for the Eu(l11) and Th(l1l) complexes with both enantiomers, Lrrrrrr and
Lssssss, were obtained. It is common to report the degree of CPL in terms of the luminescence
dissymmetry factor, g;ym(A), which is defined as follows:

AT I, -1,

8lum="7-= N
515U+

where I|_and Iy refer, respectively, to the intensity of left and right circularly polarized
emissions. The gjym values of the (M)-[LnLrrrrrr]ST OF (P)-[LnLssssss]®t (Ln = Eu and
Tb) complexes amounted to +0.02 or —0.02 at 16 890 cm™1, and —0.01, +0.06, and —0.02 or
+0.01, —0.06, and +0.02 at 18 495, 18 445, and 18 210 cm™1 in the spectral region of

the 5Dy—’F4 (Eu) and °D4— "F5 (Th), respectively. These CPL results suggest that the emitted
light is polarized in a direction determined by the helicity of the Eu(l11) and Th(lll) ions, which
in turn is controlled by the absolute configuration at the diaminocyclohexane carbon centers.

Although it was not possible to isolate the pure (P)- and (M)-diastereisomeric forms of the
same Eu(l11) or Th(I11) complex (i.e. [LnLrrrrrRI®T OF [LNLssssss]®™), we have recorded
the CPL spectrum of a 1 x 1072 M solution containing a mixture of the (M)-[EuLrrrrrR]®"
and (P)-[EuLrrrrrr]®" isomers with a (M):(P) ratio of 3.5:1 in MeOH. By comparing it to
the one of (M)-[EuLgrrrrrr]® (see Fig. 11), the observed CPL spectrum of the 3.5:1 (M)-
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[EuLgrrrrrr]®:(P)-[EULrrrRRR]®T complex solution reveals several peaks corresponding
to the contribution of each diastereoisomer present in solution. The CPL of the 3.5:1 (M)-
[EuLrrrrrrI®:(P)-[EULRRRRRR]®T complex solution shows that the weak single band,
which is positive in sign, observed in the 16 665-16 835 cm™ region of the CPL of (M)-
[EuLrrrrRR]I® is made up of two components — positive and negative in sign — with the latter
being the most intense. These results clearly indicate that the observed CPL changes (i.e. sign,
magnitude and/or shape) are due to the influence of the different local helicity ((M) and (P))
at the metal center for the two diastereoisomers present in solution. Otherwise, mirror-image
CPL spectra would be observed if the polarization of the emitted light would be controlled by
the absolute configuration at the diaminocyclohexane carbon centers, as shown for (M)-
[LnLrrrrRRI®T and (P)-[LnLssssss]® in Fig. 11. The observation of one peak centred at 16
875 cm1, and two peaks centred at 16 875 and 16 790 cm ™1 in the Eu(l11) total luminescence
spectra of (M)-[EuLgrrrrRI3T (or (P)-[EuLssssss]®t) and of the 3.5:1 (M)-
[EuLrrrrrr]®:(P)-[EULrrrRRR]PT complex solution is also consistent with the presence of
each diastereoisomeric form of [EuLgrrrrrr]®* in the latter complex solution, respectively
(Fig. 11). It should be noted that the observed CPL changes between the CPL spectra of a 1 x
1072 M (M)-[TbLrrrrrrI3T complex solution measured before and after the solution was
heated at 328 K for three weeks also confirmed that the polarization of the emitted light is
controlled by the (M)/(P) helicity at the metal center. As shown in Fig. S29, noticeable spectral
changes were observed in the Th(Ill) total luminescence and CPL spectra. In agreement with
the fact that Eu(l11) in theory has a simpler crystal field energy level pattern than Th(lll), the
spectral changes observed are less obvious for the Th(l1l) systems than for the Eu(l11) complex
solutions.

Conclusions

Both the X-ray crystal structures of the [LnL](NO3)3 complexes and ROESY spectra of the
Lu(I11) complex show that the large nonaaza macrocycle L has to wrap thightly around the Ln
(111) ions in order to form [LnL]3* complexes. In these complexes the two halves of the ligand
form a double-helical system. Moreover, the [LnL](NO3)3 complexes can exist in two
diasteromeric forms of opposite helicity, which have the same chirality at all stereogenic carbon
centres and are synthesized from the same enantiomer of chiral ligand. For the all-R enantiomer
of the ligand, the binding of the Ln(ll1) ions results in kinetic complexes of M-helicity, (M)-
[LnLgrrrrre]®*. These M-helical complexes slowly convert in the helicity inversion process
into the (P)-[LnLgrrrrr]® diastereomers. Unlike most known cases of helicity
inversion+17+2, the described process corresponds to conversion between well-defined, exact
diastereomers, which enantiopure forms have been characterized on the basis of NMR, CD,
ESI-MS and X-ray crystal data. The helicity inversion process in [LnL]3* complexes is strongly
dependent on the size of Ln3* jon and is not observed for the lighter lanthanide(l11) ions. Thus
the (M)-[LnLrrrrrr]®" complex is the theromodynamic product in the case of Pr(I11) ion,
while the (P)-[LnLgrrrrr]®t complexes are the thermodynamic product in the case of Yb(I11)
and Lu(lll) ions.

Finally, the CPL results (i.e. stable chiral emitting species and mirror image CPL spectra) are
in line with the results of the CD and 'H NMR studies. As discussed above, the Ln(111)
complexes are quite stable in solution at room temperature, while the conversion of (M)-
diastereomer into (P)-diastereomer, corresponding to a helical inversion, is a slow process in
methanol at room temperature (Supporting Fig. S10). On the other hand, the photophysical
properties of the ligand L and its Ln(111) complexes demonstrate that the various energy
conversion processes occurring in the former compounds are not optimum. In particular, an
incomplete isc transfer, a weak efficiency of the luminescence sensitization by the ligand, and/
or efficient non-radiative deactivation processes may largely contribute to the weak ligand-
and metal-centered luminescent quantum yields.
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The NMR spectra were taken on Bruker Avance 500 and AMX 300 spectrometers. The
chemical shifts were referenced to the residual solvent signal or DSS. The gradient COSY,
TOCSY, NOESY, ROESY and HMQC spectra were acquired using 512x1K data points and
zero filled to 1Kx1K matrix. Mixing times 25-200 ms were used in NOESY and ROESY
experiments. The CD spectra were measured on Jasco J-715 Spectropolarimeter. The positive-
mode electrospray mass spectra of ca. 1 x 107 M methanol solutions of the complexes were
obtained using Bruker microOTOF-Q instrument. The elemental analyses were carried out on
a Perkin-Elmer 2400 CHN elemental analyzer. Electronic spectra in the UV/Vis range were
recorded at 295 K with a Varian Cary 50Bio spectrometer using 1.0 and 0.1 cm quartz cells.
Fluorescence and phosphorescence spectra were recorded on a Varian Cary Eclipse and Perkin-
Elmer LS-50B spectrometers equipped for low temperature (77 K) measurements.
Luminescence lifetimes were measured on the Varian Cary Eclipse utilizing the short
phosphorescence decay software package. Quantum yields were determined using the
following equation:

0./ Q=1 A () /A AN L)/ LA 2 /[ Dy /D,

where A is the absorbance at the excitation wavelength (1), | is the intensity of the excitation
light at the same wavelength, n is the refractive index, D is the integrated luminescence
intensity, and the subscript “x” refers to the sample and “r” to the reference. The spectra were
corrected for instrumental functions. Quantum yields of the ligand- and metal-centred
emissions were measured relative to quinine sulfate in 0.05 M HySO,4 (QF = 54.6%)30 and [Ln
(2,6-pyridine-dicarboxylate = DPA)]3~ in Tris buffer (0.1 M) for Eu (QEY, = 13.5%)30 and
Tb(Q™, = 26.5%)31, respectively. CPL measurements were made on an instrument described
previously, operating in a differential photon-counting mode.28¢,29b

The crystallographic measurements were performed on k—geometry Kuma KM4CCD
automated four-circle diffractometers (w-scan) with graphite—-monochromatized MoKa
radiation. The data for the crystals were collected at 100(2) K. The data were corrected for
Lorentz and polarization effects, and analytical absorption correction was applied. Data
collection, cell refinement, and data reduction and analysis were carried out with the KM4CCD
software (Oxford Diffraction Poland): CrysAlis CCD and CrysAlis RED, respectively.32 The
structures of complexes were solved by direct methods using the SHELXS-97 program.33 The
crystals of (M)-[PrLrrrrrr](NO3)3*3CH3CN+3%/3H0, (P)-[CeLssssss]
(NO3)3#4CH3CN+3H,0 and (P)-[LULrrrrrRI(NO3)3°17/gCH3CNe33/4H,0 were grown by
slow evaporation of the methanol/acetonitrile solutions. Suitable crystals were cut from larger
ones and mounted on a Kuma KM4 diffractometer. The structures were solved in a routine
way (SHELXS97, SHELXL97)33, 34 usin%the SHELXTLS3® program package. All figures
were made with SHELXTL35, MERCURY 36 and DIAMONDS3 programs. The structures
suffered from partial disorder of solvent (water and acetonitrile) molecules. In (P)-
[LULrrRRRRI(NO3)3¢17/gCH3CN#33/,H,0 2.75 water and 0.875 acetonitrile molecules per
asymmetric part were disordered. In (M)-[PrLrrrrrr]I(NO3)3#3CH3CN#32/3H,0 and (P)-
[CeLssssss](NO3)3*4CH3CNe3H,0 all the water molecules were disordered and apart from
that in (P)-[CeLgsssss](NO3)324CH3CNe3H,0 a CH3CN molecule was disordered, too. The
positions of C- and N-bonded H atoms were calculated from geometry, excluding disordered
acetonitrile molecules. All ordered non-H atoms were refined anisotropically, the disordered
ones were isotropic and the isotropic thermal vibration factors of the H atoms were 1.2 times
the trace of the anisotropic factors of relevant adjacent C or N atoms. The occupation factors
of the disordered molecules were chosen so to warrant maximum filling of the space and were
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not refined. The data pertinent to the data collection and refinement are given in Supporting
Table S1.

LrRRRRRR @Mine (or Lggssss amine)—The solution of 1 mmol (135.1 mg) of 2,6-
diformylpyridine in 43 ml of methanol was combined with the solution of 1 mmol (114.2 mg)
of trans-(1R,2R)-diaminocyclohexane (or trans-(1S,2S)-diaminocyclohexane) in 7 ml of
methanol and stirred for 30 min. at room temperature. The formed mixture of Schiff base
macrocyles was reduced on a water bath with 12 mmol (454 mg) of NaBHjy, which was
gradually added for 2 hrs. The stirring was continued for 2 hrs and the mixture was evaporated
to dryness under reduced pressure. The residue was redissolved in 15 ml of water and solid
NaOH was added until pH was ca. 14. The precipitated white solid was extracted with 3 x 5
ml of dichloromethane and the organic fractions were dried over anhydrous Nay;SO4. The
solution was filtered and evaporated to dryness. The crude product was purified by fractional
recrystallization from dichloromethane/acetonitrile mixture. The obtained white product was
filtered, washed with 1 ml of cold acetonitrile and dried. Yield 118.6 mg (54.58%). ESI-MS:
m/z: 652.2 C39H58N9+; 674.2 C39H57N9N&+. IH NMR (CDC|3) 6 7.59 (3H, t); 7.21 (GH, d),
4.00 (6H, d); 3.78 (6H, d); 3.47 (6H, broad); 2.31 (6H, m); 2.03 (6H, m); 1.99 (6H, m); 1.01 -
1,24 (12H. m). Anal. Calc. (found) for C39H5gNgOq 5: C, 70.87 (70.98); H, 8.84 (8.57); N,
19.07 (19.17).

[LNL](NO3)3*nH>O complexes of the Type | (Ln = Ce, Pr, Nd, Eu, Gd, Tb)—The
solution of 0.2 mmol (130.4 mg) of an appropriate enantiomer of macrocycle L in 8 ml of
methanol was combined with the solution of 0.2 mmol of Ln(NO3)3enH,0 in 8 ml of methanol
and the mixture was refluxed for 1 hr (30 min. in the case of Ce(l1l) complexes). The solution
was evaporated to dryness and the residue was dissolved in a mixture of 2 ml of methanol and
8 ml of acetonitrile. The solution was concentrated on rotary evaporator until precipitate
appeared. The mixture was left overnight in the freezer. The obtained precipitate was filtered,
washed with small amounts of cold acetonitrile and dried.

(M)-[CeLrrrrRRI(NO3)3¢2H,0—Yield 137.3 mg (67.7%). ESI-MS: m/z: 263.8 [CeL]3",
426.7 {[CeL](NO3)}*, 915.5 {[CeL](NO3)}2*. TH NMR (500 MHz, D50, 298K): & —13.49,
-8.64,-7.60,-1.81,-1.46,-1.46,-1.10,-0.73,-0.48, 0.29, 0.63, 1.13, 1.74, 1.93, 2.36, 2.43,
2.63,2.83,3.12, 3.12, 5.17, 6.38, 7.86, 8.29, 9.12, 9.23, 9.69, 10.04, 10.22. 1H NMR (500
MHz, CD3CN, 298K): § —15.35, —10.13, —8.40, —2.42, —1.75, —1.38, —1.00, —0.97, —0.64,
0.25,0.50, 1.07,2.17, 2.29, 2.40, 2.46, 2.70, 3.13, 3.15, 3.37, 5.60, 7.74, 7.93, 8.53, 9.15, 9.46,
9.73, 10.25, 10.33. Anal. calc. (found) for CeC3gHg1N12011: C, 46.19 (46.14); H, 6.06 (5.74);
N, 16.57 (16.70). CD [H50, 298K, Amax/nm (/M 1em™1)]: 192 (-26), 201 (-3.3), 210 (-7.1),
227 (0.7), 239 (-0.7), 264 (6), 279 (~1.8).

(P)-[CeLssssss] (NO3)3*2H,0—CD [H,0, 298K, Amax/nm (¢/M~tcm™1)]: 192 (25), 200
(3.7), 209 (7.6), 227 (~0.7), 240 (0.6), 264 (~6), 279 (1.8).

(M)-[PrLrrrrRR]](NO3)3*H20—Yield 141.2 mg (70.8%). ESI-MS: m/z: 264.1 [PrL]3*,
427.2 {[PrL](NO3)}*, 916.4 {[PrL](NO3)}>*. H NMR (500 MHz, D,0, 298K): 5 —25.38,
~21.16, -16.66, —15.54, —4.23, ~3.92, —2.50, —1.96, —0.56, —0.56, —0.56, —0.05, —0.05, —0.05,
0.01, 0.08, 0.70, 1.29, 1.36, 1.80, 4.56, 5.95, 6.69, 7.47, 9.20, 12.60, 16.42, 21.27, 21.64. 1H
NMR (500 MHz, CD3CN, 298K): & —28.05, —19.72, ~17.41, —16.91, —4.46, ~3.88, —2.70,
~1.24,-0.52, -0.17, —0.15, —0.04, —0.03, 0.48, 1.27, 1.35, 1.69, 1.98, 3.6, 4.32, 6.41, 6.64,
7.92,9.16, 12.48, 16.14, 20.90, 21.41. Anal. Calc. (found) for PrC43H75N13015: C, 43.66
(43.60); H, 6.43 (6.13); N, 16.14 (16.21). CD [H,0, 298K, Amax/nm (e/M~Lcm™1)]: 192 (25.3),
201 (-3.4), 209 (-6.2), 225 (1.1), 237 (-0.9), 267 (4.5) 280 (0.6), 284 (0.9).
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(P)-[PrLssssss](NO3)3*H,O—CD [H20, 298K, Amax/nm (/M ~1em™1))]: 192 (24), 201 (3),
210 (6), 224 (-1), 238 (0.7), 266 (—4) 280 nm (-0.5), 284 (-1).

(M)-[NdLRrrrrRR](NO3)3¢0.5H,0—Yield of 150.7 mg (76.0%). ESI-MS: m/z: 396.2
[NdL_]2*, 856.4 {[NdL_y](NO3)}*, 919.3 {[NdL](NO3),}*. *H NMR (500 MHz, D,0,
298K): 5 -17.21, -11.77, -3.81, ~1.12, —0.58, —0.25, ~0.13, 0.03, 0.12, 0.62, 0.86, 0.94, 1.93,
2.24,2.57,2.84, 3.43, 4.11, 459, 5.15, 5.57, 6.32, 6.96, 7.93, 7.93, 8.84, 9.59, 11.16,

17.35. 1H NMR (500 MHz, CD4CN, 298K): 3 —17.64, —11.40, -3.76, —0.88, —0.24, —0.24,
~0.24, -0.08, 0.40, 0.70, 0.74, 0.90, 0.92, 2.12, 2.80, 3.21, 3.72, 3.90, 5.88, 6.71, 7.21, 8.10,
8.21, 8.63, 9.68, 11.08, 17.27. Anal. Calc. (found) for NdC3gHsgN12010 5: C, 47.26 (47.20);
H, 5.90 (5.68); N, 16.96 (16.92). CD [H;0, 298K, Amax/nm (¢/M~tecm™1)]: 192 (-22), 201
(-3.3), 210 (~6.6), 225 (0.4), 238 (~1.5), 264 (7), 279 (-1.2).

(P)-[NdLssssss](NO3)320.5H,0—CD [H20, 298K, Amax/nm (e/M~tcm™1))]: 192 (22), 201
(3), 211 (-7), 225 (-0.5), 237 (1.0), 264 (-8), 279 (2.0).

(M)-[EULRRRRRR](NO3)3*4H,0—Yield 160.8 mg (75.7%). NMR identical to that of the
previously synthesized (M)-[EULrrrrRRI(NO3)3*CHCIl3¢2H,0 complexz. Anal. Calc.
(fOUﬂd) for EuCs3gHgsN12013: C, 44.11 (43.77); H, 6.17 (5.93); N, 15.83 (15.65). CD [Hzo,
298K, Amax/nm (e/M~1ecm™1)]: 193 (—17), 200 (-5.8), 208 (-8.8), 228 (-0.5), 236 (—0.4), 263
(6), 278 (-0.9).

(P)-[EuLssssss] (NOz)3+4H,0—CD [H,0, 298K, Amax/nm (/M ~Lcm™1)]: 192 (-18), 201
(6.1), 208 (9.1), 227 (0.5), 236 (0.2), 264 (-5.4), 277 (~1.4).

(M)-[GdLRrrrRRRI(NO3)3*4H,0—Yield 136 mg (63.7%). ESI-MS: m/z: 269.8 [GdL]3*,
404.2 [GdL_n]?*. Anal. Calc. (found) for GdC39HgsN12013: C, 43.89 (43.55); H, 6.14 (6.28);
N, 15.75 (15.70). CD [H50, 298K, Amax/nm (e/M1ecm™1))]: 194 (-19), 201 (-8.2) 208 (—11),
224 (-1.3), 229 (-1.7), 263 (6.6), 278 (—0.8).

(M)-[TbLrrRRRRI(NO3)3*4H,O—NMR identical to that of the previously synthesized (M)-
[TOLRRRRRR]I(NO3)3*CHCI3e2H,0 Complexz. Anal. Calc. (found) for TbC3gHgsN12013: C,
43.82 (43.51); H, 6.13 (5.81); N, 15.72 (15.53). CD [H50, 298K, Amax/nm (alM_lcm_l)]: 193
(-19), 201 (-8.6), 207 (-8.7), 226 (-0.4), 230 (—0.8), 264 (3.7), 277 (-0.6).

(P)-[TbLssssss](NO3)324H,0—CD [H20, 298K, Ama/nm (e/M~tcm™1)]: 193 (-20), 202
(7.6), 207 (7), 225 (0.1), 229 (0.3), 264 (—3.3), 278 (0.8).

[LNL](NO3)3*CHCI3*nH,0 complexes of the Type | (Ln = Er, Lu)—The solution of
0.2 mmol (130.4 mg) of an appropriate enantiomer of macrocycle L in 8 ml of chloroform was
combined with the solution of 0.2 mmol of Ln(NO3)3°nH,0 in 4 ml of methanol, and the
mixture was refluxed for 40 min.. The mixture was filtered, the volume of the filtrate was
reduced to ca. 6 ml and 8 ml of chloroform was added. The solution was concentrated on rotary
evaporator until precipitate appeared and left overnight in the freezer. The obtained precipitate
was filtered, washed with small amounts of cold chloroform and dried under vacuum.

(M)-[ErLrrrRRRI(NO3)3*CHCI3+2.5H,0—Yield 92.3 mg (39.5%). ESI-MS: m/z: 273.2
[ErL]3*, 440.2 {[ErL](NO3)}*, 943.6 {[ErL](NO3)}?*. 1H NMR (500 MHz, D,0, 298K): &
—41.41,-32.58,-10.95,-10.42,-8.99,-7.13,-6.27,-5.33,-2.76,—1.94,-1.17,-1.17,-0.46,
—0.46,-0.46,6.98, 6.98,6.98, 8.07, 8.49, 14.29, 15.78, 15.78, 27.17, 37.08, 51.65, 68.96. Anal.
Calc. (found) for ErC4oHg3N12011 5Cla: C, 41.08 (40.87); H, 5.43 (5.25); N, 14.37 (14.68).
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CD [H,0, 298K, Amax/nm (e/M~ecm™1)]: 193 (—20), 206 (~8.4), 223 (-0.5), 231 (~1.0), 264
(3.9), 279 (~0.4).

(M)-[LULRRRRRRI(NO3)3*CHCI32H,0—Yield 127.3 mg (54.5%). ESI-MS: m/z: 275.5
[LuL]3*, 444.2 {[LuL](NO3)}*, 950.4 {[LuL](NO3)}?*. TH NMR (500 MHz, D,0, 298K): &
0.78,0.84,0.96,0.96, 1.16, 1.32, 1.41, 1.59, 1.62, 1.66, 1.77, 1.95, 2.15, 2.35, 2.55, 2.78, 3.30,
3.78, 3.98, 4.00, 4.22, 4.64, 4.52, 4.67, 7.48, 7.49, 7.57, 7.98, 8.04. Anal. Calc. (found) for:
LuCagHgoN12Cl3011 C, 41.12 (41.11); H, 5.35 (5.52); N, 14.39 (14.69). CD [H,0, 298K,
Amax/nm (e/M~1em™)]: 193 (-21), 223 (0.2),230 (-0.4), 264 (4.0) (-1).

[LNL](NO3)3*nH>O complexes of the Type

Method A (Ln =Lu). (P)-[LULRrrrRRI(NO3)3*7H,O—The solution of 138.9 mg (0.213
mmol) of Lrrrrrr in 5 Ml of methanol was combined with 0.2 mmol (83 mg) of Lu
(NO3)3*3H,0 in 5 ml of methanol and the mixture was refluxed for 2 hrs. The solution was
cooled down, 30 ml of acetonitrile was added in portions, the volume was reduced on a rotary
evaporator until a precipitate appeared, and the mixture was left to stand in the freezer
overnight. The obtained product was filtered, washed with cold acetonitrile and dried under
vacuum. Yield 127.8 mg (57%). ESI-MS: m/z: 275.5 [LuL]3*, 444.2 {[LuL](NO3)}*, 950.5
{[LuL](NO3)}**. 1H NMR (500 MHz, D,0, 298K): § 0.78, 0.85, 1.02, 1.12, 1.19, 1.38, 1.54,
1.58,1.67,1.67,1.67,1.81,2.14,2.21, 2.26, 2.26, 3.09, 3.62, 3.71, 4.00, 4.16, 4.30, 4.60, 4.64,
7.48,7.50, 7.60, 7.99, 8.04. 13C NMR (500 MHz, D,0, 298K): § 26.62, 26.92, 27.24, 33.07,
33.31, 33.73,50.98, 53.88, 54.49, 62.09, 65.46, 67.57, 125.23, 126.03, 127.39, 144.48, 144.64,
159.43, 160.43, 163.16. Anal. Calc. (found) for LuCzgHggN12015: C, 41.99 (41.79); H, 6.20
(6.20); N, 15.19 (14.99). CD [H,0, 298K, Amax/nm (¢/M~1cm™1)]: 191 (51), 203 (16), 227
(-6.7), 271 (16).

Method B (Ln = Er, Lu)—0.1 mmol of an appropriate [LnL](NO3)3*CHCIl3°nH,0 complex
was dissolved in a mixture of 10 ml of acetonitrile and 4 ml of water. The solution was refluxed
(120 hrs for Er(111) complex and 2 hrs for Lu complex), evaporated to dryness and redissolved
in a mixture of 2 ml of methanol and 8 ml of acetonitrile. The solution was concentrated on
rotary evaporator to ca. 5 ml, until precipitate appeared and was left overnight in the freezer.
The obtained precipitate was filtered, washed with small amounts of cold acetonitrile and dried
under vacuum.

(P)-[ErLrrrrRRI(NO3)3*7H,0—Yield 43.1 mg (38.1%). ESI-MS: m/z: 273.2 [ErL]3*,
440.8 {[ErL](NO3)}*, 943.8 {[ErL](NO3)}?*. IH NMR (500 MHz, D50, 298K): & —67.05,
-18.89, —16.10, —16.10, —14.37, -12.12,—10.98, —8.75, —2 to 4.3 seven overlapped broad
signals, 6.32, 6.87, 7.75, 9.94, 9.97, 10.20, 15.82, 23.36, 38.87, 72.43, 88.72, 157.10. Anal.
Calc. (found) for ErC3gH71N1201¢: C, 41.41 (41.31); H, 6.33 (6.12); N, 14.86 (14.76). CD
[H20, 298K, Amax/nm (¢/M~1ecm™1)]: 190 (49), 203 (18), 227 (—6.1), 272 (18).

(P)-[LULRrRRRR](NO3)3°4.5H,0—Yield 67.3 mg (61.5%). Anal. Calc. (found) for
LuC3gHggN120135: C, 42.82 (42.87); H, 6.08 (5.73); N, 15.36 (15.19).

The (M)-[YbLRrrRRRI(NO3)3*CHCI3*H20, (M)-[YbLRrrRRRRI2[YP(NO3)s]
(NO3)4#4H50, (P)-[YbLRrRrrrRRRI(NO3)3°6H,0 complexes have been obtained as described
previously<4.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Top: views along the direction perpendicular to the C, axis of the structures of the (M)-
[PrLrrrrRRI®Y (right), (P)-[CeLssssss]®" (middle) and (P)-[LuLrrrrrrI®" (right)
macrocyclic complexes. Bottom: views along the C, axis of the same complexes.
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Fig. 2.
The CD spectra of the two enantiomeric [NdL](NO3)3+0.5H,0 complexes in 1 x 1073 M

H,0 solutions: (M)-[NdLgrrrrr]®" (green ) and (P)-[NdLssssss]®™ (blue).
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Fig. 3.
The CD spectra of the two diastereomers of the Er(111) complexes with Lrrrrrgr in 1 x 1073
M H,0 solutions: (M)-[ErLgrrrrrrI3" (green) and (P)-[ErLrrrrrrI®T (blue).
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Fig. 4.

The dependence of the relative concentration of the (M)- and (P)-diastereomers on the heating
time of 1 x 1072 M solutions of (M)-[LnLgrrrrrr](NO3)3 complexes (D50, 318K). The red,
blue and black plots represent the (M)- and (P)-[LnLgrrrrrr]3t complexes, and the free ligand
LRRRRRR: respectively.
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Fig. 5.

The ROESY spectrum of the (P)-[LULRRrrRRRI(NO3)3*7H,0 complex (D0, 298K). Red
color indicates the cross-peaks corresponding to short distances characteristic for the twisted
form of the macrocycle (see text for details).
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Fig. 6.

The comparison of the inter-proton distances between the structures of (P)-[LuLrrrrrr]®*
complex (left) and the protonated free macrocycle (right). The two indicated coloured distances
correspond to the same pairs of protons u-g (green) and NH’”’-n (red).
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Fig. 7.

The fragments of the 1H NMR spectrum (298K, CD30D/CDCl3 1:2 v/v) of the partially
deuterated (M)-[EuLrrrrRRRI(NO3)3°4H,0 complex illustrating the doubling of the signals
0 and t, correlated to the changes of intensity of signals NH” and NH’”, respectively.
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Fig. 8.
The fragments of the 1H NMR spectra recorded over 27 h (298K, CD3;0D/CD3CN) of the

(M)-[PrLRrrrRRRI(NO3)3°H,0 complex, illustrating the doubling of the resonances due to
isotope effect. Spectra measured after (from top) 15 min, 2 h 30 min, 5 h and 27 h.
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The fragments of the 1H NMR spectra (298K, CD30D) of (P)-[YbLgrrrrrl(NO3)3¢6H,0
complex, illustrating the disappearing of NH signal, doubling of the resonances due to isotope
effect and the influence of added base. Traces A — E : spectra measured after 0.45 h, 1.45 h,
2.45 h, 4.45h, and 27h, respectively; trace F: spectrum of a sample containing 5 pL of N

(CyHs)3 measured after 0.25 h.
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Figure 10.
Schematic energy diagram for Eu(l11)- and Th(l11)-containing complexes with Lrrrrrr. Data
for Sq and T are those of the Gd(I11) complex in frozen MeOH solution at 77 K.
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Circularly polarized luminescence (upper curve) and total luminescence (lower curve) spectra
of (M)-[LnLrrrrr]I®T (Ln = Eu, Tb, black) and (P)-[LnLgsssss]®t (Ln = Eu, Tb, red) in 1 x
1072 M MeOH at 295 K, upon excitation at 283-284 nm, respectively. Left: °Dg—'F4 (Eu)
transition, middle: °D4— 'Fs (Th) transition, and right: 5Dg—’F transition of (M)-
[EULRRRRRR]3+ (black) anda3.5:1 (M)'[EULRRRRRR]3+:(P)'[EULRRRRRR]3+ complex

solution (blue).
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Scheme 1.
The macrocycle Lrrrrrr and its labeling scheme
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(M)-[LuLRRRRRR]3+ (P )'[LuLRRRRRR] N

5

(M)'[P rLRRRRRR] " (P)'[P rLRRRRRR] N

Scheme 2.

Formation, helicity inversion and X-ray crystal structures of the [LnL]3* complexes. The
structures of (M)-[PrLgrrrrrr]®t and (P)-[LuLgrrrrrr]®t complex cations are based on
crystallographic data reported in this work, the drawing of the macrocyle Lrrrrrr is based
on the crystallographic data of the protonated Iigand1 a and the drawing of (M)-
[LuLrrrrrr]I3 is based on the crystallographic data of the isomorphic Yb(lII) complexz.
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Scheme 3.
The NH/ND exchange in the [LnL]3* complexes.
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Table 1

Page 31

Ligand-centred absorptions in MeOH solutions (295 K), ligand-centred singlet- and triplet-state energies as determined
from emission spectra of solutions 2-3 x 107 and 3-4 x 107 M in MeOH (295 and 77 K) for the ligand LrrrRRR

and its Ln(I11)-containing complexes, respectively.2

Compound E(x—n*)lcm™P E(tra*)/em™ ECrr*)lcm™
solution® solution solid stated solid stated
Lrrerer 36 500 (4.10) sh 33615 29 585 (sh) 24905
37585 (4.22) 32 260
[GAL rararel® 35 750 (4.40) sh 32305 30910 (sh) 24 875
36 760 (4.57) 32155 27 960 (sh)
[EUL prprral® 35750 (3.94) sh 32305 e e
36 770 (4.12)
[TbLprrrral®* 35 750 (4.00) sh 32305 e e

36 770 (4.18)

ash = shoulder

b
X=norm

c . . .
At the concentration used, the LH-NMR spectra recorded at room temperature and 213 K show only one set of signals suggesting the presence of only
one diastereomer in MeOH solution; Loge values are given between parentheses

dValues given for frozen solutions in MeOH

eNot observed because of the LRRRRRR-t0-Ln energy transfer process
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