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Cationic Ln™ complexes with the chiral macrocycle L, (P)-

[LnLgrrrrr]®t, interact with anionic Ln™ tris(dipicolinate)
complexes, [Ln’(dpa)s]®", forming tight hydrogen-bonded ion
pairs in solution. Formation of these pairs has been documen-
ted by the DFT calculations, and a strong paramagnetic shift
of the signals of the diamagnetic cation interacting with the
paramagnetic anion was observed. This ion pair interaction
leads to spectral enantiodifferentiation of the A-[Ln’(dpa)s]®~
and A-[Ln’(dpa)s;]®>~ enantiomers of the anionic complex.
Although no Pfeiffer effect was observed for the (P)-
[LnLgrrrrr]®t diastereomers of the cationic complex, the (M)-
[LnLzgrrrr]®* diastereomers induce CD signals in the anionic
[Ln’(dpa);]® partner. These spectra indicate a Pfeiffer effect,
i.e. a shift of equilibrium between the A-[Ln’(dpa)s]®~ and A-

[Ln’(dpa)s]®” enantiomers. This effect arises from the ion pair
interaction between the anionic complex [Ln’(dpa);]®~ and
the intact cationic complex as well as between [Ln'(dpa);]®~
and L. The protonated macrocycle (HsLzrrrrr)®* forms highly
insoluble salts with [Ln’(dpa);]®~. These supramolecular com-
pounds are formed by the reaction of L, acids and [Ln’-
(dpa)s]®~ anions. The same product can also be formed by
the reaction of (M)-[LnLgrrrrr]®* with three equivalents of
dipicolinic acid. The model structure of (H3zLgpprrrr)[Ln'-
(dpa)s] corresponds with a linear polymer with alternate cat-
ionic macrocycles and anionic [Ln’(dpa);]®>~ complexes inter-
acting through charge interactions and multiple hydrogen
bonds.

Introduction

The formation of ion pairs in solution is an important
chemical and biological phenomenon.l! This process plays
a role in medical applications of ionic metal complexes. The
interaction between paramagnetic anionic thulium(III)
complexes such as TmDOTP>~ and Na* cations has been
used for monitoring the concentration of sodium in intact
tissues using NMR imaging. In this application, the para-
magnetic complex acts as a shift reagent that forms ion
pairs with extracellular Na*. This ion pairing induces a fre-
quency shift in the >*Na NMR signal of the paired ion that
is separate from that of the intracellular Na*. Ion pairing
interactions between [Co(en);]** and TmDOTP> have been
studied in the context of new formulations of such 2*Na
NMR shift reagents with lower osmolality.”) Similarly, the
formation of ion pairs between cationic and anionic lanthan-
ide(IIT) complexes has been studied as part of the search
for more efficacious Gd"'-based contrast agents for mag-
netic resonance imaging.’] In the case of chiral anions and
cations, an asymmetric interaction can sometimes lead to
chiral recognition during ion pair formation, which can be
utilised for the detection of enantiomers as well as asym-
metric resolution, induction and synthesis.”*) Formation of
ion pairs involving chiral partners may play an important
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role in catalysis. For instance, the interaction of chiral tetra-
aminophosphonium cations with phosphite anions has
been used in asymmetric hydrophosphonylation of alde-
hydes.’] The same cations together with phenoxide anions
build a supramolecular catalyst based on ion pairing and
hydrogen bonds that catalyze the stereoselective conjugate
addition of acyl anion equivalents to o, B-unsaturated ester
surrogates.®l

Here we present the formation of heteronuclear lantha-
nide(ITT) supramolecular assemblies of anionic lantha-
nide(ITT) tris(dipicolinate) [tris(2,6-pyridinedicarboxylate)]
complexes, [Ln'(dpa);]*, and the cationic complexes
[LnL]** of a chiral macrocycle L (Scheme 1). The latter
complexes are chiral, with L wrapped around the Ln'! ion
in a helical fashion.[:®! These assemblies can be isolated as
four pure stereoisomers corresponding to the two enantio-
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Scheme 1. The cationic complex [LnL]** and the anionic complex
[Ln’(dpa);]*.
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meric pairs of the (P)-[LnLggrrrrl’/(M)-[LnLgsssss]’t
diastereomer and the (M)-[LnLgrrrrrl’/(P)-[LnLssssss]®t
diastereomer. The two diastereomeric forms differ in the
direction of the helical twist of the macrocycle. The nine-
coordinate, tris(terdentate), propeller-shaped [Ln’(dpa)s]*~
complexes are of D3 symmetry and exist in solution as a
labile racemic mixture of A and A enantiomers.”] These
complexes have been studied as luminescent!!” and
NMRI!' spectroscopic probes and as nonlinear optical ma-
terials..'”l [Ln'(dpa)s]*>~ complexes have also been used in
protein crystallography to facilitate crystallization and solu-
tion of crystal structures.['3 This latter application is related
to the formation of a hydrogen-bonded ion pair between
this anionic complex and the ethylguanidine cation.

We are interested in the observation of the Pfeiffer effect
in the interaction of chiral, enantiopure cationic Ln'! com-
plexes and chiral, racemic anionic Ln' complexes. The
Pfeiffer effect!!¥l is a shift in the racemic equilibrium of a
racemic but kinetically labile metal complex caused by an
interaction with a chiral compound. This effect has been
studied for racemic propeller-shaped transition metal com-
plexes. The Pfeiffer effect has also been intensively investi-
gated for lanthanide(III) tris(dipicolinate) complexes!!> and
related tris(2,2'-oxydiacetate) complexes!'® interacting with
chiral agents such as amino acids. Most of these studies
were performed by using circularly polarized luminescence
and CD spectroscopy. We have generated and characterized
heteronuclear pairs of cationic complexes [LnL]** with the
anionic complexes [Ln’(dpa);]*~. It should be noted that the
selective formation of heteronuclear f—f complexes is diffi-
cult due to the similar nature of the Ln""! ions.['”) During
this study we have also observed the formation of another
type of supramolecular assembly, which is a polymeric com-
pound composed of anionic [Ln’(dpa);]*~ complexes and
the cationic protonated form of the macrocycle (H;L)3*.

Results and Discussion

NMR Studies of Ion-Pair Formation between the (P)-
[LnLgrrrrrl®t Diastereomers and [Ln’(dpa)s]*

In paramagnetic metal complexes the nucleus experiences
an additional shift observed in the NMR spectrum called
the isotropic shift (d;s,), which arises from the interaction of
the nuclear and electronic spins.['8 In the case of lanthanide
complexes, this paramagnetic shift is often called the lan-
thanide induced shift. The isotropic shift can be separated
into the through space, dipolar contribution (also called
pseudocontact) and the through bonds, contact contri-
bution. For a series of isostructural axial lanthanide(I1I)
complexes, including tris(dipicolinate) complexes, the di-
polar shift is proportional to the C; coefficient and the axial
geometric factor <I — 3cos?0/r*> (where the constant C;
depends on the Ln' ion!!"! and r and 0 are polar coordi-
nates of the given nucleus).

Titration of a D,O solution of the diamagnetic (P)-
[LuL grrrrrl’” with D,O solutions of the paramagnetic
[Ln’(dpa)s]* results in profound spectral changes (Figure 1
and Figure 2). The signals of the diamagnetic Lu™ complex
shift gradually with the increasing amount of paramagnetic
complex. This effect is particularly strong in the titration
with [Dy(dpa);]*; the signals of the macrocycle move to
lower frequency and become very broad (Figure 1). The
spectrum obtained after the addition of 1 equiv. of Na;[Dy-
(dpa);]13H,0 to (P)-[LuLrrrrrzl(NO3)3*7H,O in D)0/
CD;0D, exhibits signals of L with chemical shift values as
low as —23.5 ppm and linewidths exceeding 200 Hz. This
kind of spectrum is typical for a paramagnetic complex,
although it arises from the diamagnetic (P)-[LuL grrrrrl’"
complex. The protons of L in the diamagnetic Lu'™ com-
plex clearly experience the influence of the paramagnetic

/). N il (@)
__k A // 3 L_i'_ - (b)
¥ .
el e \ b\}} Lﬂhm ‘mAU\M_ _ (c)
S / / UHJ\U!J*HﬁJ‘hf *huiu_ (d)

DRV TXVIL 1YY SO

40 35 10 5 5 1o pP o

8/ppm

Figure 1. Regions of the '"H NMR spectra (D-0, 298 K) of (a) (P)-[LuL grrrrz]l’*, (b) [Dy(dpa)s]*, (¢) (P)-[Lul zrrrrz]’™ after addition
of 1 equiv. of [Dy(dpa);]*~, (d) after dilution with CD;O0D 1:1 v/v and (e) after further dilution with CD;0D 1:2 v/v. The asterisk denotes

the solvent signal.
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shift. This shift has to arise from the close proximity of a
paramagnetic ion, which in this case is Dy, The origin of
the shifts has to be dipolar, as there is no electronic com-
munication (covalent bond network) between the cationic
Lu™ complex and the anionic Dy"" complex. The appear-
ance of strongly paramagnetically shifted lines of the dia-
magnetic (P)-[LuL zrrrrrl’” complex is direct evidence of
the formation of a tight ion pair between (P)-[LuL ggrrrrl’*
and [Dy(dpa);]* . Similarly, the signals of (P)-[LuL grrrrrl’*
interacting with [Yb(dpa);]>~ in D,O are paramagnetically
shifted. This time the shifts are more moderate (Figure 2)
with most of the signals shifted to higher frequency.

Figure 2. Changes to the '"H NMR signals of (P)-[Lul grrrrzl’*
(D50, 298 K) upon successive addition of 0, 0.05, 0.15, 0.25, 0.35,
0.50, 0.69, 0.91, 1.12, 1.33, 1.54, 1.73, 2.02, 2.50, 3.03 and
3.50 equiv. of paramagnetic [Yb(dpa)s;]>~ from bottom to top,
respectively. The asterisk indicates the solvent signal, the other two
most intense signals in the top spectrum correspond to [Yb-
(dpa);]*~ (including the split signal with the smallest chemical shift,
corresponding to the meta protons of the dipicolinate ligand).

The extent of the paramagnetic shifts experienced by the
macrocycle protons in (P)-[LuLgggrrz]’t is solvent de-
pendent. Successive addition of CD3;0D to D,O solutions
containing (P)-[Lul grrrzzl’" and [Ln’(dpa);]*~ results in
the substantial increase of paramagnetic shifts (Figure I,
Supporting Information Figure S1). This increase is caused
by a shift of equilibrium among the free complex-cation,
free complex-anion and the ion pair. The strong enhance-
ment of the paramagnetic shifts caused by the addition of
methanol confirms the formation of a supramolecular as-
sembly based on hydrogen-bonded ion pairs, as the less po-
lar methanol favours formation of such assemblies. On the
other hand, hydrophobic interactions should be weakened
by the addition of methanol and one would expect to ob-
serve a decrease of paramagnetic shifts reflecting an equilib-
rium shift towards dissociation. It follows that the hydro-
phobic interaction is not a key factor in the assembly of the
(P)-[LnLgrrrrel”*/[Ln’(dpa);*~ ion pair.

The substantial dipolar shift values experienced by the
protons of the macrocycle do not only indicate the close
proximity of the paramagnetic anion, but also the fact that
the macrocyclic complex must have a preferred orientation
(or orientations) with respect to the anionic complex con-
taining the paramagnetic Ln'™ ion. Otherwise, in the case
of equal probability of all orientations, the <1 — 3cos?0/r3>
term would average to zero leading to no paramagnetic shift
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of the macrocycle signals. It should be noted that nonran-
dom orientations have been observed previously for ion
pair-containing transition metal complexes.[>02-200]

The opposite signs and relative magnitude of the para-
magnetic shifts of the macrocycle protons caused by the
interaction of (P)-[LuLgrrrrrl’t with [Dy(dpa);]*~ or
[Yb(dpa);]*~ are in agreement with the magnetic properties
of the Dy*" and Yb*" ions, particularly with the relative
C; valuest'! for these ions. The paramagnetic shifts of the
macrocyclic protons of (P)-[LuL grrrrr]’” (moved to lower
frequency) induced by the paramagnetic anion [Dy-
(dpa)s]*-, are of opposite sign to those of the pyridine pro-
tons of the [Dy(dpa);]*>~ complex itself (moved to higher
frequency). This corresponds to the different orientation of
these protons with respect to the cone determined by the
<1 - 3cos®0/r*> term. For protons with 0 angle values of
0 < 0 < 54.7°, the sign of the dipolar contribution should
be opposite to that of protons with 0 angle values of 54.7
< 0 < 125.3°.

Variations in the chemical shifts of the macrocycle seen
during the successive addition of [Ln’(dpa);]* to (P)-
[LuL grrrrr]l’™ are accompanied by splitting and chemical
shift variation of the dipicolinate signals of [Ln’(dpa)s]*~.
This corresponds to the NMR enantiodifferentiation of the
optical isomers of the anionic complex (Figures 1 and 2).
The 'H NMR signals of the meta- and para-protons of the
dipicolinate ligand in the paramagnetic [Dy(dpa);]*~ and
[Yb(dpa);]*~ complexes are broad singlets (Figure 1, b),
which split after addition of (P)-[LuLgrrrrrl’” (Figure 1,
c, Figure 2). This splitting reflects the formation of dia-
stereomeric ion pairs (P)-[LuLgrrrrrl’/A-[Ln(dpa)s]*~
and (P)-[LuL grrrrrl’*/A-[Ln(dpa);]*. In contrast, split-
ting of the macrocyclic resonances is not observed. This
behaviour is in agreement with a fast (on the NMR times-
cale) exchange equilibrium between the ion pair and its
constituents and a slow (on the NMR timescale) exchange
equilibrium between A-[Ln(dpa);]>~ and A-[Ln(dpa);]*~

(Scheme 2).
. y fast
A-[Ln(dpa)s]* + (P)-[Ln'Lgggrrel’ === A-[Ln(dpa);]*/(P)-[Ln'Lagrrzr]’’
ion-pair

slow ”I slow
~ fast . -

A-[Ln(dpa)s]* + (P)-[Ln'Lggppgs]’ =—=== A-[Ln(dpa);]"/(P)-[Ln'Lggrers]

ion-pair

Scheme 2. Exchange in the diastereomeric ion pairs.

Splitting of the dipicolinate '"H NMR signals was also
observed for the pair of diamagnetic complexes (P)-
[LuL grrrre]l’™ and [Lu(dpa)s;]*~. This effect is presented in
Figure 3, and the spectrum shows two doublets and two
triplets of the dipicolinate ligand as well as a single set of
macrocyclic resonances. In this case the splitting and shift
of the dipicolinate signals as well as the shift of the macro-
cyclic signals arise from aromatic ring current effects and
are much smaller than those observed for the paramagnetic
Yb'™ and Dy™ analogues. As expected, the spectral
3719
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changes observed for the (P)-[LuLgzgrrrrrl’t/[Lu-
(dpa)s]*~ pair are identical to those observed for the (M)-
[LuLgsssss]> /[Ln(dpa)s]* pair containing the other en-
antiomer of the cationic macrocyclic complex.

g\\/‘;\g . (fj\l —| 3

5, N
oa\‘i’j/ko ﬁh % r avsrlappsd
[N

Figure 3. Splitting of the dipicolinate '"H NMR signals of diamag-
netic [Lu(dpa);]*" caused by the addition of diamagnetic (P)-
[LuL grrrrel®*

Finally we have titrated paramagnetic (P)-[YbLgrrrrrl’"
with diamagnetic [Lu(dpa);]*~. In this case the shifts and
separations of the signals of the dipicolinate complex are
larger than those observed for the (P)-[LuLgzrrrrr]’*/
[Lu(dpa)s]*~ pair, whereas the shifts of (P)-[YbL grrrrrl’"
are small. This result is in agreement with the formation of
an ion pair and the influence of the cationic complex as the
paramagnetic centre.

The intensities of the two split signals of the dipicolinate
ligand are equal within the accuracy of signal integration
and we do not observe a measurable Pfeiffer effect, i.e. a
shift of equilibrium between A-[Ln'(dpa);]*~ and A-
[Ln'(dpa);]*-, under the influence of a chiral enantiopure
partner. Similarly, the lack of CD bands reflecting f—f tran-
sition of the anionic dipicolinate complexes indicate no
Pfeiffer effect caused by (P)-[LnLgrrrrrl’”

The NMR spectra indicate that the original C, symmetry
of (P)-[LnLgrrrrrl’™ and D; symmetry of [Ln’(dpa);]*~
are effectively retained in the ion pair. This symmetry re-
flects dynamic exchange, where the cation and the anion
are the exchanging partners between the symmetry-related
binding sites. Moreover, this exchange can involve not only
1:1 association, but also 2:1, 1:2, 1:3 and various other cat-
ion/anion aggregates.[14d-21]

The DFT Calculated Structures of the (P)-[LnLggrrrrl>*/
[Ln’(dpa)s]*> Ion Pairs

Although the aggregation between (P)-[LnLgrrrrr]’t
and [Ln’(dpa);]* is evident in solution, we were unable to
obtain crystalline salts containing these two ionic com-
plexes. In the absence of an X-ray crystal structure we have
used theoretical methods to find the mutual orientation of
the cation and anion. We have assumed the simplest 1:1
pairing as the model for the interaction between the com-
plexes. The (P)-[YLgrrrrrl’*/[Y(dpa)s;]>~ pair has been
chosen as a favourable starting structure for the (P)-
3720
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[YbLRRRRRR]3+/ [Lu(dpa)3]3’ and (P )'[TbLRRRRRR]3+/
[Tb(dpa)s;]*~ pairs. The structures obtained (Figure 4) in-
deed show tight ion pair formation with the anion bound
sideways in respect to the C, axis of the macrocyclic com-
plex. All calculated ion pairs form very stable systems with
an interaction energy between -494 and -515 kcal/mol
(Table 1), identified as minima at hyperenegy surface. Be-
cause interacting molecules have strong opposite charges we
expect the electrostatic term of the interaction energy to be
the most effective. For the small oppositely charged inter-
acting systems with similar interaction energies we were un-
able to perform full Kitaura—Morokuma energy decompo-
sition and show that the electrostatic term can provide over
80% of the interaction energy.l>?!

Figure 4. The calculated structure of the most stable diastereomeric
ion pairs (P)-[YLgrrrrel/A-[Y(dpa)s]*~ (top) and (P)-
[YLgrrrrrl"/A-[Y(dpa);]* (bottom). Hydrogen atoms are not
shown.

Table 1. Calculated interaction energies and Ln-Ln’ distances in
the ion pairs.

Ln-Ln’ (P)-[LnLgrrrral*/ (P)[LnLgrrrrel**/
A-{Ln’(dpa);]* A-{Ln’(dpa)s]*
Energy®®  Distance®  Energy®™ Distancel®!
Y-Y —494.33 6.992 -508.90 7.012
Tb-Tb -511.14 7.031 -506.54 7.036
Yb-Lu -509.90 7.002 -514.79 7.030

[a] keal/mol. [b] A.

The structures obtained of the 1:1 ion-pairs indicate a
“docking site” on the side of the (P)-[LnLzgrrrrrl’" com-
plex. As discussed above, the other symmetry-related dock-
ing site at the cationic complex can also be occupied by the
anion because of a dynamic equilibrium or formation of a
1:2 complex. The structures of the two diastereomeric pairs
(P)-[LnLgrrrrel**/A-[Ln’(dpa)s] and (P)-[LnLgrrrrrl’*/
A-[Ln’(dpa);]*~ are not very different, although the hydro-
gen bond network and contacts within each pair are not
the same (Figure 4). Both structures show the macrocyclic
complex approaching the [Ln’(dpa);]*~ complex roughly
along the local D axis of the anion. This orientation is in
qualitative agreement with the NMR spectroscopic data
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and corresponds to the different orientation of the macro-
cycle and dipicolinate protons with respect to the cone
aligned along the D5 axis, determined by the <1 — 3cos0/
13> term. Because of this orientation, the two types of pro-
tons experience dipolar shifts of opposite signs, as discussed
above. We have tried to confirm experimentally the calcu-
lated structure of the ion pair by observation of NOE ef-
fects corresponding to the close contacts between the hy-
drogen atoms of the macrocycle and dipicolinate ligands. It
should be noted that NOE NMR spectroscopy in addition
to pulsed gradient spin—-echo methods are often used for
the investigation of ion pairs.*?°1 Unfortunately, the
NOESY and ROESY spectra (Supporting Information Fig-
ure S2) indicate only close contacts within each unit, due
to incomplete association.

All of the ionic pairs investigated form well defined lock—
key structures. The isosurface of DFT total electron density
(Supporting Information Figure S3) shows how the propel-
ler-like anion fits into the [LnLgzgrrrrr]’” cavity. Such a
lock—key orientation provides very close contact between
the metal ions. Despite differences in atom sizes, the dis-
tance R between the Ln' ions oscillates at around 7A
(Table 1.) These close contacts are in agreement with the
'H NMR spectroscopic data indicating strong interactions
and the formation of a tight contact ion pair rather than
the more distant solvent-separated or solvent-shared ion
pair.™ All ion pairs containing A isomers show a slightly
shorter distance between the Ln atoms than those contain-
ing A isomers. In the case of a Tb/Tb complex, a shorter R
distance (in the A isomer) is correlated with stronger inter-
action, however in cases of Y/Y and Yb/Lu complexes we
have found the opposite correlation. Therefore, the distance
between the Ln'! ions cannot be used as reliable quality
measure of stability of such complexes. The calculated
structures indicate an important role of hydrogen bonds in
the formation of the (P)-[LnLgrrrrrl’/[Ln’(dpa)s]*~ pair.
The carboxylate carbonyl groups of the dipicolinate ligands
as hydrogen bond acceptors, and the NH groups of the
macrocycle act as hydrogen bond donors. Thus the formed
(P)-[LnLggrrrrrl’/[Ln’(dpa)s]*~ pair can be referred to
more precisely as a “charge-assisted supramolecular moi-
ety”.*al We have found five hydrogen bonds between the
cationic and anionic complex that are typical for each pair:
a) a N-H---O bond, which is the strongest bond with signifi-
cant shift of the proton from the cation (N-H) to the anion
(0), b) a C-H---O supported N-H---O hydrogen bond, c) a
bifurcated C-H---O and d) a weak C-H---O interaction (a
and b are shown in the Supporting Information Figure S4).
All geometrical parameters of the hydrogen bonding inter-
actions are presented in the Supporting Information
Table S1. The NBO analysis®*24 shows charge transfer
from anion to cation in each complex upon complexation.
The most significant charge transfer we have observed is in
the Y/Y complex pair: 0.64 and 0.25 e for the A and A
diastereomers, respectively. The Tb/Tb pair transfers 0.19
and 0.23 e for the A and A diastereomers, respectively (the
Yb/Lu complex pair transfers only 0.15 and 0.23 e). Inside
the monomers the metal cation charges drop from +3 to
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+1.5 in [Ln’(dpa);]* and +1.6 to +1.9 in [LoL grrrrzl’*
The charge transfer between the cation and the anion is not
significant, and the most dramatic rearrangement of elec-
tron density is observed inside the individual complex ions.

As indicated in Table 1, the relative energy of the two
diastereomeric pairs is not very different. Single point cal-
culations with the IEFPCM approach (solvent: water, tem-
perature: 298.15 K, pressure: 1 atm) in the gas phase geom-
etry yielded AG values for the formation of ionic pairs con-
taining the A and A isomers equal to —51.6 and —56.9 kJ/
mol, respectively. In reality, this difference is probably even
smaller, which explains the lack of observation of the
Pfeiffer effect.

The Interaction between the (M)-[LnLggrrrrl>*
Diastereomers and [Ln’(dpa);]>—: Pfeiffer Effect and
Formation of Supramolecular Polymers

Although we did not observed any clear CD signals cor-
responding to the f—f transition of [Ln’(dpa);]*>~ induced by
(P)-[LnLrrrrrr]’* diastereomers, clear CD signals were in-
duced by (M)-[LnLggrrrz]’" diastereomers (Figures 5 and
6).

= La

430 4:10 , 4E[i0 , 4[80 ' S(I)EI
hinm

Figure 5. CD spectra of water solutions of [Pr(dpa);]>  mixed with

(M)-[LnLgrrrerl®:  (M)-[LaLgrrrrel**  (brown line), (M)-
[CeLrrrrrrl’* (black line), (M)-[NALrrrrrrl®" (blue line), (M)-
[EuL zrrrrrl’™ (green line) and (M)-[TbLgrrrrrl’t (violet line,
0.02 mm water solutions, measured 10 min after mixing the com-
plexes).

430 440 460 480
Al nm

Figure 6. CD spectra of water solutions of [Dy(dpa);]*>” mixed with
(M)-[LnLgrrrrel’* or (P)-[LnLssssssI™: (M)-[CeLrrrrrrl®*
(green line), (P)-[CeLgsssss]’™ (blue line), (M)-[Eulgrrrrr]™ (red
line), (P)-[EuLggssss]’™ (brown line, 0.02 mm water solutions, mea-
sured 10 min after mixing the complexes).
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Because the [Ln’(dpa)s;]>~ complexes, present as racemic
mixtures, do not give CD signals themselves, the observed
CD effects have to be caused by the interaction with the
chiral enantiopure cationic complexes. As the latter (M)-
[LnLgrrrrr]l’™ complexes may also give CD spectra corre-
sponding to f-f transitions, we tried to choose (M)-
[LnL grrrre)l’/[Ln’(dpa)s]*~ pairs where the transitions of
the Ln™ and Ln'™ ions do not overlap. For instance, we
have observed CD spectra corresponding mainly to the Pr!!!
transitions in [Pr(dpa);]*~ interacting with the cationic com-
plexes (M)-[LnLggrrrrl’’, where Ln™ = Lalll Ce™
Nd™, Eu'™ and Tb™ (Figure 5). The CD spectrum ob-
served for the mixture of (M)-[Lalgrrrrr]’” with [Pr-
(dpa)s]*~ is completely different from that of (M)-
[PrLgrrrrrl’", so the CD f—f Pr'" transitions do not result
from scrambling (transmetalation) of the two Ln'" ions, but
from the disturbed equilibrium between the A and A
enantiomers of the anionic Pr''! complex. We have also ob-
served clear CD spectra corresponding to the Dy transi-
tions in the [Dy(dpa);]*>~ complex interacting with the cat-
ionic complexes (M)-[LnLgrzrrr]’*, where Ln™ = Ce™! or
Eu (Figure 6). The sign of the induced CD depends on
the enantiomer of the cationic complex; the CD spectra ob-
tained for the (M)-[LnLgzgrrrz]l’*/[Ln’(dpa)s]® pairs are
mirror images of those obtained with the (P)-[LnLggsgss]
3*/[Ln’(dpa)s]*~ pairs (Figure 6). This is direct evidence that
the CD signals observed arise from the interactions of
[Ln'(dpa);]*~ with the chiral cationic complexes and the
Pfeiffer effect is observed. The dynamic equilibrium be-
tween the A-[Ln’(dpa);]>~ and A-[Ln’(dpa);]*~ enantiomers
is disturbed by the interaction with the chiral cationic com-
plex.

A striking feature of the CD spectra of the complex mix-
tures is a strong dependence of the induced Cotton effect
observed for the anionic dipicolinate complex on the cat-
ionic complex used. For instance a positive CD signal is
observed for the 449 nm transition of the [Pr(dpa);]*~ anion
interacting with (M)-[LnLgrrrrr]’” containing lighter
Ln"" ions (La™, Ce'™, Nd™). In contrast, a negative CD
signal is observed for the same transition of [Pr(dpa);]*~
interacting with (M)-[LnLzgrrrrl’" containing heavier
Eu"™ and Tb™" ions. Similarly, opposite signs of CD signals
are observed for the ff transitions of the Dy ion in the
[Dy(dpa);]* anion interacting with (M)-[LnLgrrrrzl’*
containing the lighter Ce' ion in comparison with the
analogous pair containing the heavier Eu! ion (Figure 6).
We initially attributed this effect to the transition of the
(M)-[LnLgrrrrel®* complex to its (P)-[LnLggrrrel** dia-
stereomer with opposite helicity. However, this process is
not important in the time scale of the CD measurements as
indicated by the lack of characteristic changes in the NMR
and CD spectra accompanying the (M) to (P) transition.[”-*]

Closer inspection of the solutions used for the CD mea-
surements indicated cloudiness for the (M)-[LnLgrrrrrl’/
[Ln'(dpa);]*~ pairs containing lighter Ln'™!. The extent of
precipitate formation (decomposition) correlates roughly
with the intensity of the positive 449 nm transition of the
[Pr(dpa);]* anion. Thus the CD signals observed arise from
3722
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two different interactions leading to the Pfeiffer effect. The
first interaction is an ion pair interaction between the intact
(M)-[LnL grrrrrl’t cation and [Ln’(dpa)s]*". The second
interaction is between [Ln’(dpa);]*" and a decomposition
product. Further clues come from NMR measurements of
the solutions corresponding to the CD samples. The 'H
NMR spectra of the mixtures of [Pr(dpa);]*~ with various
(M)-[LnL grrrrrl®™ complexes (Lo = La'l!, Ce'!l, Prlll)
show signals of the complex anion and cation as well as
diamagnetic signals corresponding to the decomplexed
macrocycle. Transmetalation between the cationic Pr!'f
complex and the anionic La™ and Ce™ complexes was not
observed, i.e. the characteristic '"H NMR signals of (M)-
[PrLzrrrrrl’" were absent. In addition to the signals of the
starting complex cation and anion, characteristic signals at
0 = 15.2 and 13.9 ppm were observed for all the samples.
These signals correspond with [Pr(dpa);]*~ interacting with
some kind of decomposition product. As the signals at J =
15.2 and 13.9 ppm do not depend on the Ln™ present in
the cationic complex, the decomposition product has to be
a demetalated derivative of macrocycle L, most likely its
protonated form.

To further understand the decomposition reaction ac-
companying the interaction between (M)-[LnLgzrrrrl’t
and [Ln’(dpa)s;]*>-, and the nature of the precipitates
formed, we have performed a series of a control reactions.
Firstly we mixed the free macrocycle with [Ln’(dpa)s;]*~ and
did not observe any reaction. Conversely, mixing the sub-
strates under acidic conditions, e.g. reacting the in situ gen-
erated protonated form of the macrocycle with [Ln’-
(dpa)s]* results in the immediate formation of precipitates.
For instance the reaction of a water solution of the proton-
ated macrocyclic amine H;L3* generated from 1 equiv. of L
and three equiv. of HCI or HNO; with the water solution
of Na;[Ln'(dpa);]-nH,0 results in the immediate formation
of precipitates. These products are practically insoluble in
water and common organic solvents. Interestingly, the same
reaction with [Pr(dpa)s;]*", monitored by 'H NMR spec-
troscopy, is accompanied with the formation of a small
amount (as judged by signal intensity) of a soluble deriva-
tive giving rise to characteristic signals at 6 = 15.2 and
13.9 ppm.

The elemental analyses of the precipitates correspond to
(HsLrrrrrr)[Ln'(dpa);]-xNaNO;z-yH,O-zCH;OH. The el-
emental analyses do not indicate, however, the structure of
the product, in particular the possibility of the metalation
of the macrocycle or formation of mixed macrocycle/dipico-
linate Ln"™ complexes. Although these precipitates gave
practically no NMR spectra due to their insolubility, we
were able to confirm the presence of the intact complex
anion and the intact macrocycle by reacting the precipitates
with a base. For instance the reaction of a suspension of
[(HsL){Pr(DPA);}]-2NaNO5-10H,0-3CH;0H in D,O/
CDsOD with three equivalents of NaOH results in com-
plete dissolution of the precipitate and leads to a 'H NMR
spectrum that clearly indicates the presence of [Pr(dpa)s]*~
and the free macrocycle in a 1:1 ratio (Figure 7). A similar
result was obtained for the Ce™ supramolecular polymer
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(Supporting Information Figure S5). It follows that the pre-
cipitates correspond to salts of the protonated macrocycle
and the intact anionic tris(dipicolinate) complexes and their
reaction with bases is caused by deprotonation of the cation
and formation of neutral L:

(H3Lgrrrre)[Pr(dpa)s] | + 30H — L + [Pr(dpa);]* + 3H,O

Figure 7. '"H NMR spectra (D,O/CD;0D, 1:1 v/v solutions) of L
(top), the [Pr(dpa);]*>  complex (middle) and the (HsLgzrrrrr)’*/
[Pr(dpa);]*>~ supramolecular polymer reacted with 3equiv. of
NaOH (bottom).

Interestingly, the same kind of (HsLgrrrrr)[Pr(dpa);]
precipitates are formed in the reaction of macrocyclic com-
plexes with dipicolinic acid, which is represented by the sim-
plified reaction:

(M)-[LnL grrrerl’* + 3Hydpa — (H3Lgrrrre)[Ln(dpa)s] | + 3H*

The reaction reflects the competition for the Ln™ ion

between the macrocyclic and chelating ligand and its equi-
librium is influenced by the formation of an insoluble prod-
uct containing the chelate complex. This reaction is particu-
larly easy for the complexes of La! and Ce! where imme-
diate formation of precipitate is observed. On the other
hand, the more stable diastereomeric complexes (P)-
[LnLgrrrrr]l’™ of Lu™ and Yb™ do not form precipitates
with dipicolinic acid in water solutions even after several
days.

The (HsLzrrrrr)[Ln'(dpa);] precipitates are amorphous
and we were not able to obtain crystals for X-ray structure
determination. The highly insoluble nature of these com-
pounds suggests that they are polymeric species rather than
simple ionic salts. In particular, a supramolecular linear
polymer resulting from organization of the D; symmetric
[Ln'(dpa)s]* propellers along the C; axis of protonated
macrocycles (HsLgzgrrrr)’*, maximizing the hydrogen
bond interactions and forming tight anion—cation contacts
is a particularly appealing possibility. A model of the pro-
posed linear polymer is presented in Figure 8.

Presumably the cloudiness of some of the complex mix-
tures used for CD measurements is due to the formation of
insoluble products of the type (HiLgzrrrr)[Ln'(dpa)s].
The protonated form of the macrocycle was formed by slow
dissociation of the macrocyclic complex followed by hydrol-
ysis. Possibly, before the insoluble polymeric products pre-
cipitate, some sort of ion pair, with a given anion to cation
ratio and given protonation state of the macrocycle, is
formed, which is soluble enough to give a CD spectrum.
Likely this transient form of the ion pair is related to the
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Figure 8. The MM+ model structure of the (H;Lgzrrrzr)*'/
[Ln’(dpa)s]*~ supramolecular polymer (the protonated macrocycle
L in green).

'"H NMR signals at 6 = 15.2 and 13.9 ppm in the case of the
[Pr(dpa)s]*~ derivative. This hypothesis explains the strong
variation of the induced CD signals of [Ln’(dpa);]*~ with
the change of Ln' in the series of the interacting (M)-
[LnLgrrrrrr]l’" cationic complexes. Firstly, the different
shape of the protonated macrocyclic cation®! (HsLgrrrrr)>*
in comparison with the shape of the complex cations (M)-
[LnLgrrrrr]l’™ results in the different preference for the A-
[Ln’(dpa)s;]*~ or A-[Ln’(dpa);]*>~ enantiomers of the anionic
complex, hence the opposite Pfeiffer effect. Secondly, the
stability of the (M)-[LnLggrrrrz]’" complexes differs along
the series of the Ln"" ions. The larger ions such as La'l
and Ce'" form less stable complexes that dissociate more
easily and undergo hydrolysis, hence the Pfeiffer effect ob-
served for the corresponding mixtures is predominantly due
to the interaction of [Ln’(dpa);]*~ with some form of the
protonated macrocycle. On the other hand the smaller Ln'!
ions, such as Tb", form more stable (M)-[LnLgrrrrrl’*
complexes and the Pfeiffer effect is caused predominantly
by the interaction of [Ln’(dpa)s;]* with the intact complex
cation. Finally for complexes such as (M)-[NdLgrrrrrl>*
both types of cation are present and the corresponding
Pfeiffer effects are largely cancelled.

Conclusions

The (M)-[LnLgrrrrz]’” diastereomers of the cationic
macrocyclic complexes form tight ion pairs with anionic
Ln'"™ tris(dipicolinate) complexes indicated by the strong
paramagnetic shift experienced by the signals of a diamag-
netic cation interacting with paramagnetic anions. This ion
pair interaction leads to spectral enantiodifferentiation of
the A-[Ln’(dpa);]*~ and A-[Ln’(dpa);]*~ enantiomers of the
anionic complex, which is seen by a doubling of the dipicol-
inate '"H NMR signals. On the other hand, no Pfeiffer effect
was observed with these diastereomers of the cationic com-
plex, thus indicating no substantial preference of the com-
plex cation for either the A or A enantiomer of the complex
anion. DFT calculations indicate the formation of stable
3723
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(M)-[LnLgrrrrel**/[Ln’(dpa);]*  pairs  (with  AE
= 500 kcal/mol). The calculated structures show ion pairing
assisted by the formation of hydrogen bonds between the
complex cation and the complex anion.

The mixtures of (M)-[LnLggrrrrrl’” diastereomers of
the cationic complexes and the anionic complexes [Ln'-
(dpa);]*~ give rise to CD spectra corresponding to the f—f
transitions of the anionic complex. These spectra indicate a
Pfeiffer effect, which is a shift of equilibrium between the
A-[Ln'(dpa);]> and A-[Ln’(dpa)s;]*>~ enantiomers. Closer
analysis indicates that this effect arises from two kinds of
interactions. The first is ion pair formation between the an-
ionic complex and the intact cationic complex. The second
is most likely an ion pair formation between the complex
anion and some form of the protonated macrocycle.

The protonated macrocycle (HsLzrrrrr)’+ forms highly
insoluble salts with [Ln’(dpa)s;]*". We propose that these
compounds are supramolecular linear polymers in which
the cationic protonated macrocycle interacts with the tris-
(dipicolinate) Ln'™ complexes through ion pairing and
multiple hydrogen bonds. These supramolecular com-
pounds are formed in the reaction of the macrocycle L, ac-
ids and [Ln’(dpa);]*>~ anions. The same product can be also
formed in the reaction of the complex cations (M)-
[LnLgrrrrr]l’” with three equivalents of dipicolinic acid.
To the best of our knowledge this is the first example of
a reaction of a chelate ligand with a macrocyclic complex
resulting in formation of a supramolecular assembly be-
tween the formed chelate complex and protonated macro-
cycle.

Experimental and Computational Section

Methods: The NMR spectra were measured with Bruker Avance
500 and AMX 300 spectrometers. The CD spectra were measured
with a Jasco J-715 Spectropolarimeter. The elemental analyses were
carried out with a Perkin-Elmer 2400 CHN elemental analyzer.
The DFT theory that has become a standard computation level for
molecular complexes is also useful to investigate ion-pairing.*! We
have chosen DFT level theory with the hybrid functional of Truhlar
and Zhao M062XP7! with split valance effective core potential ef-
fective for the lanthanides by Stevens, Basch and Krauss (CEP-
31G).283% All calculations have been performed with Gaussian
09831 computer code. The model of the supramolecular polymer
was generated using the HyperChem program.(?!

Synthesis: The cationic (P)-[LnLzgrrrrl(NO3); and (M)-
[LnLzrrrrrl(NO3); complexes were synthesized as described pre-
viously.”81  The anionic Ln"' trisdipicolinate complexes
[Nas;Ln'(dpa)s]'nH>O were synthesized using modified literature
procedure.’2-¢]

Preparation of the (H;L)[{Ln’(dpa);}] supramolecular polymers:

Method A: [Na;Ln(DPA);]'nH,O (0.1 mmol) was dissolved in
water (SmL) and combined with a solution of of Lgzzrrrr
(0.1 mmol) in MeOH (5 mL). Aqueous HNOj; solution (1.5 mL,
3 mmol, 2 M) was added and the mixture was stirred for 1 day. The
precipitate was collected by filtration, washed with water/MeOH
(1 mL) and dried in vacuo.

(HL)[{Ce(dpa);}|-2NaNO;-4H,0-8CH;OH:  Yield  117mg
(65.4%). [(C39HgoNo)(C21HoN30,Ce)[(NaNO3)»(H,0)4(CH;0H)g
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(1788.79): caled. C 45.66, H 6.14, N 10.96; found C 45.62, H 6.14,
N 11.22.

(HL)[{Pr(dpa);}]-2NaNO510H,0-3CH;OH:  Yield 117 mg
(67.3%). [(C390HsoNo)(C21HoN30,,P1)](NaNO3),(H,0),0(CH3;0H)3
(1737.46): caled. C 43.55, H 5.86, N 11.29; found C 43.50, H 5.92,
N 10.99.

(Hz;L)[{Dy(dpa)s}]:3NaNO;54H,0-12CH;0H: Yield 130 mg
(64.2%). [(C39HeoNo)(C2 HoN301,Dy)[(NaNO;)3(H,0)4(CH3-
OH);, (2024.33): caled. C 42.72, H 6.22, N 10.38; found C 42.80,
H 5.97, N 10.04.

(H5L)[{Yb(dpa)3}|- 3NaNO,4H,0-90CH:OH:  Yield 106 mg
(54.7%). [(C30HgoNo)(C21HoN30,,Yb)|(NaNO3)3(H,0)4(CH30H)g
(1938.75): caled. C 42.75, H 5.87, N 10.84; found C 42.76, H 5.67,
N 10.51.

(H;L)[{Lu(dpa)s}]-3NaNO;-8H,0-6CH;OH: Yield 122 mg
(62.1%). [(C30HsoNo)(C21HoN301,Lu)[(NaNO;);(H,0)s(CH30H)s
(1916.61): caled. C 41.36, H 5.73, N 10.96; found C 41.33, H 5.74,
N 10.91.

Method B: (M)-[Pr(Lgrrrrr)l(NO3);*(H>O) (99.7 mg, 0.1 mmol)
was dissolved in MeOH (5 mL) and combined with a solution of
H,DPA (50.2 mg, 0.3 mmol) in water (5 mL). After 10 min the re-
sulting solution became cloudy. The mixture was stirred for 1 day
to complete reaction. The precipitate was collected by filtration,
washed with MeOH/water (1:1, 1 mL) and dried in vacuo.

(H;L)[{Pr(dpa);}|-3HNO+12H,0-2CH;0H:  Yield 122 mg
(69.1%). [(C39HgoNo)(CaiHgN301,P1)J(HNO;)3(H,0),2(CH;0H),
(1760.49): caled. C 42.30, H 5.95, N 11.93; found C 42.11, H 5.69,
N 11.62.

Supporting Information (see footnote on the first page of this arti-
cle): Figures S1-S4, Table S1 (NMR spectra and views of the calcu-
lated structures, and parameters for the hydrogen bonds are pre-
sented as well as the coordinates (pdb format) of fully optimized:
(P)-[YLgrrrrel 1A-[Y(dpa)sP, (P)-[YLgrrrrrl**/A-[Y(dpa)s]*,
(P)-[TbL grrrrrl>*/A-[Tb(dpa)s]*", (P)-[TbLrrrrrr]**/A-[Tb-
(dpa)sP*, (P)-[LuLrrrrrel*/A-[Yb(dpa)s]* and (P)-[LuL grrrrel®*
/A-[Yb(dpa)s]>.
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