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The phosphinoyl-substituted macrocyclic receptor BgbL?, de-
rived from p-tert-butylcalix[8]arene, was synthesized and its
structure was studied in solution. According to temperature-
dependent 'H and 3'P NMR spectroscopic data, the ca-
lix[8]arene adopts a so-called in—-out cone conformation. To
investigate the influence of the narrow rim substitution, in-
teraction with trivalent lanthanide ions, Ln'! (Ln = La, Eu,
Tb, Lu), was probed by MS, UV/Vis and NMR spectroscopic
titrations. Although both 1:1 (in the presence of triflate) and
2:1 (in the presence of nitrate) Ln:BgbL® complexes could be
isolated in the solid state, the major species present in meth-
anol is the 1:1 complex, irrespective of the anion. NMR spec-
troscopic data point to a common conformation for the 1:1
complexes in solution, the lanthanide ions being coordinated
by four of the eight phosphinoyl arms, with a coordination

sphere completed by methanol molecules or by nitrate ions,
as ascertained by IR and MS spectra. The ligand displays a
weak absorption at 360 nm that can be assigned to an intrali-
gand charge-transfer (ILCT) state, which is very sensitive to
coordination. Photophysical data of the Eu 2:1 complex
point to both metal ion sites providing a very similar chemical
environment for the lanthanide ions, with no coordinated
water, which is contrary to what is observed for the 1:1 com-
plex. The use of optical electronegativity to predict the en-
ergy of the charge-transfer states in the lanthanide systems
with inequivalent ligands is discussed and extensive analysis
of the vibronic satellites of the Eu(°D,—"F}) transitions ascer-
tains conclusions drawn on the Eu'™ coordination.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Calix[n]arenes, or [1,Jmetacyclophanes, present excellent
coordination!!! and extraction!>* capabilities, in addition
to being adequate platforms for the design of catalysts®! or
optical sensors.[! They also provide suitable frameworks for
the construction of more complex noncovalent struc-
tures.” 1 Central to these applications are (1) the availabil-
ity of calixarenes in various ring sizes, up to n = 20,['97 (2)
their capacity to assume different conformations that can
be tuned by the nature of the substituents and/or by two-
or four-point intramolecular bridging,[''] which leads to
controlled luminescent properties!'” and (3) their easy func-
tionalization both at the wide and narrow rims, a versatility
that opens perspectives in many fields of chemistry. Our
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interest in lanthanide complexes with calixarenes lies in the
development of bimetallic model molecules for the study of
energy transfer processes and magnetic interactions,['3 as
well as in the design of lanthanide/actinide extraction sys-
tems and luminescent probes. With respect to the latter
goals, we, among others, have been focusing on p-tert-bu-
tylcalix[n]arenes fitted with dimethylphosphinoylmethylene
pendant groups on the narrow rim (Scheme 1) because the
latter are known to be good complexation groups for tri-
valent lanthanide ions, Ln™. In addition, similar hosts
bearing diphenylphosphinoylmethylene arms have been pre-
viously proposed.l'* '8l The smaller macrocyclic receptor
derived from calix[4]arene, B,bL*, adopts a flattened cone
conformation. It reacts with lanthanide ions to yield both
1:1 and 1:2 (Ln/L) stable complexes with Ln™" ions in ace-
tonitrile; the solvent composition, particularly its water
content, influences strongly the solvation state of the
macrocyclic edifices as well as their luminescent proper-
ties.!”! This macrocycle is also quite convenient for the
binding of 3d metal ions.['® When the number of phenolic
units is increased to six to yield BgbL®, the resulting macro-
cycle exists as a mixture of conformers in dmso with a time-
averaged alternate in—out conformation at elevated tempera-
ture (405 K) of Cg, symmetry. Because of the larger confor-
mational flexibility, both 1:1 and 1:2 complexes with Ln!!!
ions are less stable than the corresponding ones with the
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analogous calix[4]arene, but these complexes still display
interesting photophysical properties.!”! Liquid-liquid ex-
traction studies have demonstrated the separation ability of
B,bL* and B¢bL® for the lighter actinides, as compared to
Ln"" ions, and the calix[6]arene receptor revealed to be the
best extractant.’) Owing to the large dimension of their
annulus, calix[8]arenes are promising receptors both for me-
dium-sized organic compounds?' and large metal cations;
for instance, they can encapsulate up to two Ln'" ions in
the same molecular edifice.['3??! For p-substituted calix[8]-
arenes, the 1:1 versus 2:1 stoichiometry is simply tuned by
the strength of the base used to deprotonate the hydroxy
groups.?>24 However, most of the reported complexes have
2:1 stoichiometry,[>>-2l whereas 1:2 molecular ratios are less
common.?”) The purpose of this paper is to investigate the
influence of the narrow rim substitution of p-tert-butyl-
calix[8]arene by phosphinoyl groups on the coordination
and photophysical properties of both the octamer toward
trivalent lanthanide ions and the resulting complexes. In ad-
dition, we probe the effect of the coordination strength of
the anion with regard to both the stoichiometry of the com-
plexes and the coordination mode of the macrocycle.

n=4 BybL,
n=6 Bgblg
n=38 BgbLg

Scheme 1.

Results and Discussion

Synthesis and Structural Characterisation of Calixarene
BgbL? in Solution

The macrocyclic receptor BgbL® (Scheme 1) was pre-
pared in 46% yield by a Williamson reaction by refluxing
the octasodium derivative of p-tert-butylcalix[8]arene and
chloro(dimethylphosphinoyl)methane in xylene (Scheme 2).

1) 8 Na, CH30H, xylene

2) 8 (CH3),P(O)CH,CI, xylene

Scheme 2.

The structure of BgbL? in a 3.4X 1073 M [D4Jmethanol
solution was established by temperature-dependent NMR
spectroscopy. At 293 K, the 3'P{'H} NMR spectrum dis-
plays a singlet at 6 = 44.8 ppm, which indicates that the
eight phosphorus atoms are equivalent. 'H NMR spectro-
scopic signals for all protons appear as singlets (Figure 1),
2316
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except for the CH,(P=0) and CH;(P=0) groups, which
generate doublets owing to the coupling with the *'P
atom.[1%28291 A]l 'H and '3C NMR spectroscopic data are
consistent with a cone conformation,!'*-3932 which suggests
a time-averaged molecular structure resulting from fast in-
terconversion between the different conformers. At 213 K,
the '"H NMR spectrum is less well-resolved with moderately
broadened signals owing to higher solvent viscosity (Fig-
ure 1). A double quantum filtered correlation spectroscopic
(DQF-COSY) experiment points again to only one confor-
mation for the isomers: the observed correlation peaks can
be assigned to (1) CH;3 groups bound to the same carbon
atom (0 = 1.36 and 0.82 ppm), (2) aromatic protons belong-
ing to one phenol ring (0 = 7.36 and 6.56 ppm) and (3)
protons from the AB spin system of the eight bridging
methylene groups (6 = 4.3 and 3.9 ppm). Appearance of a
correlation peak between the CH, and CH;P=0 groups
(see Figure 2) in the rotating frame Overhauser enhance-
ment spectroscopic experiment (ROESY) could be the re-
sult of partial inversion, which results from p-rert-butyl
moieties that swing through the annulus. Indeed, two dy-
namic processes were detected in large calixarenes with sub-
stituted phenol groups: macrocyclic ring interconversion
and pinched conformer interconversion. The former takes
place by way of two different mechanisms: tzert-butyl-
through-the-annulus and oxygen-through-the-annulus path-
ways, %331 The first mechanism, in which the aryl groups
swing through the annulus in sequence, always operates in
unbridged large calixarenes, as demonstrated for p-tert-bu-
tylcalix[6]arenes.[3%-34331 Alternatively, the presence of suffi-
ciently bulky groups at the narrow rim, as it is the case for
BsbL®, inhibits oxygen-through-the-annulus interconver-
sion so that ring interconversion can only proceed by the
tert-butyl-through-the-annulus route.

293 K

213K

80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05
8/ ppm

Figure 1. '"H NMR spectra of the 3.4 X 10~3 M solution of BgbL? in
CD;OD at (a) 293 and (b) 213 K.

'H and 3'P NMR spectroscopic data were obtained over
a wide temperature range (193-353 K; Figure S1, Support-
ing Information). At the lowest temperature, the conforma-
tional interconversion processes are not yet completely fro-
zen despite the observation of two distinct resonances in
the 3!P spectrum. For =293 K, sharp, well-resolved reso-
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Figure 2. ROESY contacts observed at 213K for BgbL?® in
CD;OD: plain arrows are for the ligand alone and dotted arrows
for the solution containing one equivalent of Lu(Otf);.

nances are recorded in both the 'H and 3'P NMR spectra.
This reveals that the activation barrier for macrocyclic ring
interconversion is low.

Interaction of BgbL® with Ln™ in Methanol

To obtain information on the interaction between BgbL8
and lanthanide ions, a 8.1-8.6 X 10 M solution of the
macrocycle in MeOH was titrated with Ln(OTf);:xH,O (Ln
= La, Eu, Lu; typically 10#m, x = 10 for La, 7 for Eu and
9 for Lu) and Ln(NOs3);»xH,O (Ln = La, Eu; typically
103 M, x = 4 for Eu and 3 for Lu) up to a ratio of R =
[Ln"],/[BsbL8];: = 4.5. Titrations were first monitored by
electrospray mass spectrometry (ESMS, see Tables S1 and
S2, Supporting Information). For R =1, both 1:2
[Eu(BgbL®),]** (m/z = 1396.40, caled. 1396.22) and 1:1
[Eu(BgbL®)(CH;COOH)** (m/z = 743.32, caled. 743.45)
species are observed. An increase in R leads to the disap-
pearance of the 1:2 species. When R reaches 2, the main
species is [Eu(BgbL®)(OtH** (m/z = 1159.24, calcd.
1158.95), but [Eu(BgbL®)]?* (m/z = 723.20, caled. 723.44) is
also observed. No signal from the free ligand is detected in
the latter case, which points to the formation of a stable 1:1
species. Titration of the macrocycle solution with Eu-
(NO3)3*4H,0 shows a similar behaviour, except for the
stronger coordination of the counterions, as demonstrated
by the presence of [Eu(BsbL¥)(NOs)** (m/z = 1114.97,
caled. 1115.49), [Eu(BsbL3)(NO3)(H,0),]>* (m/z = 1133.44,
caled. 1134.16) and [Eu(BgbL3)(NO3)(CH;COOH)** (mi/z
= 1145.47, calcd. 1145.52) species for R = 1 (Table S2, Sup-
porting Information). Formation of species with stoichio-
metric ratio Eu/BgbL? of 2:1 was not detected in this case,
probably owing to its low solubility; a precipitate starts to
appear when R > 1.

The titrations were repeated with UV/Vis monitoring,
starting from concentrations of 1.1 X 10# M for BgbL® and
adding lanthanide triflates with concentrations of = § X 103
M. Plots of absorbance versus R evidenced at least two com-
plexed species (Figure S2, Supporting Information) and fac-
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tor analysis revealed four absorbing species (BgbL8, 1:2, 1:1,
2:1), which could be satisfactorily fitted to the following
model (Table 1):

Ln** +BgbL® —[Ln(BgbL®]P*  logK;,
Ln3*+2 BgbL®—[Ln(BgbL®),]** log K>
2 ]_41'13+ + ngLg—) [an(BSbL8)]6+ IOgKZI

Table 1. Log K, values (* 0.2) extracted from the titration of BgbL?
with lanthanide triflates in methanol, at 293 K.

Ln LogK,» LogK, log K>,
La 44 6.9 4.9
Eu 4.3 7.2 5.0
Lu 5.6 7.4 4.9

Because the UV/Vis spectra of the complexes are heavily
correlated, these data should be taken as a first estimate.
The stability constants obtained are smaller than the ones
reported for B,bL*!'"l and B¢bL®!'! as a consequence of the
smaller degree of preorganisation of the octamer. The K,
values are about two orders of magnitude larger than the
K, and K, constants. Calculation of the speciation of Eu'!
with these data and a total ligand concentration between
10# and 103 M shows that for R = 1, the 1:1 species is
always largely predominant (> 93%). For all the concentra-
tions at which the titrations have been conducted, and for
R in the range 0.5-2.0, the concentration of the bimetallic
2:1 complex remains extremely small.

Finally, the speciation was confirmed by 'H and 3'P{'H}
NMR spectroscopic titration at 293 K. The free ligand, 1:2
and 1:1 species coexist in 3.3 X 10~ M methanolic solutions
of BgbL® that contain lutetium triflate when R < 1 (Fig-
ure 3). For 1 < R < 1.6, the minor 1:2 species disappears
whereas the 1:1 species grows until R > 1.6. Together with
ESMS and spectrophotometric titration data, this can be
interpreted as the formation of a thermodynamically stable
complex with 1:1 stoichiometry. Coordination through the
phosphinoyl groups is established as both the 'H and

R=2.0

' ' 16
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6/ ppm

Figure 3. Titration of a BgbL® solution (3.3 X 103 m) by Lu(OTf)s:
9H,O (4.5X 102 M) in CD;0D as monitored by *'P{'H} NMR
spectroscopy at 293 K, R = [Lu'""]/[BgbL®); arrows point to the
signal of the minor 1:2 species, while L denotes the free ligand
signals.
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3IP{'H} NMR signals from the phosphinoyl arms are affec-
ted by the complexation. Two 3'P signals are observed,
shifted from 44.6 ppm for the free ligand to 43.7 ppm (Ad =
0.9 ppm) and 58.5 ppm (Ad = 13.8 ppm) for the 1:1 lutetium
complex. This points to two different chemical environ-
ments for the phosphorus atoms in a 1:1 ratio, which sug-
gests that the octamer has four coordinated and four unco-
ordinated arms. This was further ascertained by tempera-
ture-dependent 1D and 2D NMR experiments described in
the next section. Taking into account all the results ob-
tained during the titrations, one can conclude that the
ESMS, UV/Vis and NMR spectroscopic data are consistent
and point to the predominance of the 1:1 species.

Solution Structure of the 1:1 Complexes with Lu(OTf); and
Lll(NO3)3

The 'H NMR spectrum of a BgbL® solution 3.3 X 1073 M
in [D4]methanol containing one equivalent of lutetium tri-
flate (Figure 4) displays three typical groups of resonances
at 213 K: (1) four signals between 6.6 and 7.6 ppm from the
16 aromatic protons, (2) three pairs of doublets in the range
3.8 to 4.7 ppm from the eight bridging methylene groups
and two signals from eight (CH,)P=0 groups, and (3) two
groups of signals between 0.8 and 1.5 ppm for methylic pro-
tons and four doublets from(CH53)P=O units in the range
2.1 to 1.6 ppm, which correspond to 24 and 16 protons,
respectively. In the DQF-COSY spectrum at the same tem-
perature (Figure S3, Supporting Information) the strongest
cross peaks arise from methylene groups. For instance, cross
peaks in the aromatic region correspond to protons 3 and
5 (see Scheme 1 for the numbering) for both sets of reso-
nances (0 = 7.52/7.46 ppm and 6.73/6.56 ppm), which
points to two different types of phenol rings. The ratio of
their integrated intensities (1:1) and the remarkable differ-
ence in the chemical shift (A = 0.85 ppm) fully back the
interpretation that four phosphinoyl arms are coordinated.
Moreover, the NOE effect evidenced at 293 K between

OTf- 213K J\ l ‘
M A

OTf- 293K
NO;- 213K
. AN SO
NO; 293 K ‘ j
P A N LA

75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0
6/ ppm

Figure 4. "H NMR spectra of a solution of BgbL® (3.3 X107 m)
with 1 equiv. of Lu(OTf)39H,0 or Lu(NOs);-4H-0 in CD;0D at
213 K and 293 K.

2318

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CH,P=0 (6 =4.58 ppm) and CH;P=0 (6 =1.75 ppm) is
consistent with a bent conformation of the phosphinoyl
arm at this temperature, at which the unbound octamer is
conformationally most labile, again pointing to the coordi-
nation of the pendant arms.

The methylene resonances give important information on
the conformation of the bound calixarene because the Ad
shifts can be used for differentiating between sin or anti
aromatic protons.’! Assignment of axial and equatorial
protons is dependent on DQF-COSY experiments (Fig-
ure 5, Table 2). Three types of resonances from the Ar-
CH,Ar methylene protons (H?, HP, H¢) with intensity ratios
6:4:6 are observed at 213 K in the presence of triflate; two
of them appear as pairs of doublets (H* and H€). The pres-
ence of distinct signals for both equatorial and axial pro-
tons for every CH, group points to a cone-like conforma-
tion of the corresponding phenolic units.*?! Comparison of
the chemical shift differences (Ad = = 0.6 for H*, = 0.1 ppm
for HP and H°) with those obtained for unbound BgbL?®
(6 =0.6 ppm) and the anhydrous [LaBbL*]** complex (&
=0.15 ppm)!'7! leads to the assignment of the signals corre-
sponding to the largest Ad value to the uncoordinated units
of the macrocycle. In favour of this assignment is the fact
that unusually small Ad values are observed when a small
guest — in our case the lanthanide ion — enters a calixarene
cavity.'>l Upon increasing the temperature to 293 K, meth-
ylene bridges give rise to four pairs of resonances (H*', H®',
H¢, HY) in the ratio 4:4:4:4; two of them (HP, H®) appear
as pairs of doublets whereas the other two (H?, HY) feature
three components. Finally, two and three signals from
CH,P=0 in a ratio 4:4 and 4:2:2 were observed at 213 and

Na
l\‘d , OTf- 293K be
= @’ d -

e

=
A
Co

OTf~ 213K

5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6

6/ ppm

Figure 5. Part of the 'H NMR spectra of a BgbL® solution
(3.3% 1073 m) with 1 equiv. of Lu(OTf);:9H,0 or Lu(NOs)-4H,O
in CD;0D at 213 and 293 K. Arrows point to resonances from the
CH,PO methylene groups.
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Table 2. '"H NMR spectroscopic chemical shifts (J) of the methylene groups of solutions of BgbL® in CD;OD containing 1 equiv. of

[LU(Otf);] or [Lu(NO'g)g]

T/K Anion Proton OH,, / ppm he | ppm A(H,x —Heg) / ppm 1/ au. 0CH,(P=0) / ppm
213 Otf~ H? 4.46 3.88 0.58 6 4.79, 4.22 (4:4)
H® 4.26 4.17 0.09 4
He 4.59 4.53 0.06 6
293 Otf~ H* 4.46 3.87 0.59 4 4.58, 4.50, 4.43 (4:2:2)
HP 4.69 3.83 0.86 4
He, 4.38 4.07 0.31 4
HY 4.52 4.06 0.46 4
213 NO;~ Ha 4.48 3.89 0.59 5 4.76, 4.57, 4.21 (2:4:2)
Hp 4.26 4.16 0.1 3
293 NO;~ Hao 4.35 3.93 0.42 4 4.47
Hp 4.39 4.02 0.37 4

293 K, respectively. These data can be interpreted by a pro-
posed structure (Figure 6a) in which coordination occurs
through the central four phosphinoyl pendant arms and
possibly implies binding by the phenolic units. Interconver-
sion processes through annulus are then more difficult and
the NMR spectrum at room temperature features sharper
signals. Alternatively, the coordination sphere may be com-
pleted by methanol molecules. Because triflate is very
weakly coordinating in methanol,[*! it is reasonable to sur-
mise that this counterion only interacts in the second coor-
dination sphere.

Figure 6. Schematic representation of the possible solution struc-
ture of the 1:1 complexes with BgbL® compatible with NMR spec-
troscopic data: (a) central coordination involving phenolic groups
in the case of the triflate, (b) side complexation in the case of the
nitrate. Note that phosphinoyl arms are only shown when coordi-
nating, for the sake of clarity.

Next we tested the influence of nitrate, which is more
strongly coordinating than triflate,*®] by measuring the
spectra of 1:1 solutions of BgbL® and lutetium nitrate at a
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concentration of 1.9 X 1073 M. At 213 K, both the 1D (Fig-
ure 5) and 2D (Figure S4, Supporting Information) spectra
are quite similar to the ones discussed above for lutetium
triflate with the exception of the methylene bridge region,
which displays only two types of signals instead of three.
These signals appear as a pair of doublets (Ha, Ad =
0.6 ppm) and a singlet (Hg, Ad = 0.1 ppm) in a ratio 5:3. By
comparing the AJ values with those obtained for lutetium
triflate, this ratio may be explained as arising from the pres-
ence of three methylene bridges connecting four units of the
octamer with coordinated pendant arms (smaller Ad) and
five methylene bridges connecting the other four units with
uncoordinated arms (larger Ad). In line with this interpret-
ation is the observation of three resonances in a ratio 4:2:2
for the CH,(P=0) methylene groups; in view of the fluxion-
ality of the calix[8]arene, the uncoordinated pendants ex-
perience two different chemical environments.

In contrast, the spectrum recorded at 293 K is remarka-
bly different from the one for the triflate complex: much
broader and unresolved signals in the methylene region are
observed. The two distinguishable pairs of signals from the
methylene groups H* and HP' have average Ad = 0.4 ppm,
which is in line with faster chemical exchanges on the NMR
timescale. Only one averaged resonance is seen for the eight
CH,P=0 units. Interpretation of these data can be made
by reference to a complex with the parent p-tert-butylca-
lix[8]arene HgL8, [Eu(H¢L3)(NO3)(DMF),], in which both
nitrate and calixarene act as bidentate ligands.’*! In our
case, in view of the strong coordinating nature of the pen-
dant arms and of their length and flexibility, one could pos-
tulate a “side” coordination as well, but involving one (or
two) bidentate nitrate anion(s), as the mono- (85%) and
bis(nitrato) (15%) complexes are the predominant species
in Ln(NO3); methanol solutions at the concentrations used
in this work.[*” Therefore, the above-described data may be
interpreted by considering a side coordination of the lute-
tium ion by four phosphinoyl arms out of the octamer “cav-
ity” (see Figure 6b). The lutetium ion may not be coordi-
nated as deeply in the macrocycle as in the case of the trifl-
ate and, as a consequence, methanol molecules may com-
plete the inner coordination sphere or compete with the
2319
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phosphoryl and nitrate groups. In such a model, the system
is more fluxional relative to the triflate complex, which ex-
plains the average Ad values observed at room temperature.
Consequently, the choice of the counterion, triflate or ni-
trate, allows the final structure of the lanthanide complexes
to be tuned: four phosphinoyl arms are bound in each case
but the coordination geometry and the cation orientation
in the calixarene cavity depend on the counterion used.

Isolation and Characterization of the 1:1 and 2:1 Ln™"

Complexes

The 1:1 and 2:1 Ln™ complexes (Ln = La, Eu, Tb, and
Lu) evidenced in solution studies could be isolated from
stoichiometric solutions of BgbL? (= 3.4 X 1073 m) and lan-
thanide triflate or nitrate in methanol. For Eu''l, elemental
analyses correspond to formulae Eu(OTf);(BgbL?)-13H,0
and Eu,(BgbL?¥)(NO3)s'H,0. Unfortunately, no single crys-
tals of X-ray quality could be obtained, despite numerous
trials. The '"H NMR spectra of a methanolic solution of the
isolated 1:1 and 2:1 lutetium complexes are similar to the
spectra obtained for a solution of BgbL?® containing one
equivalent of lutetium triflate and nitrate, respectively (Fig-
ure S5, Supporting Information). The low solubility of
these complexes, particularly the lutetium 2:1 species, re-
quired heating the solutions and high dilution; as a conse-
quence, the 'TH NMR spectra contain traces attributed to
the free octamer, which reveals partial decomplexation.
High resolution MS (FAB) data for 1:1 (Lu) and 2:1 (Tb)
complexes in methanol are shown in Table 3 and Figure S6
(Supporting Information). For the bimetallic complex, only
peaks corresponding to a 1:1 species are observed, in line
with the corresponding NMR spectroscopic data and
pointing again to the low stability of the 2:1 species in solu-
tion.

Table 3. Molecular peaks and main fragments observed by MS
(FAB) analysis of Lu(BgbL®)(OTf);:13H,0 and Tb,(BgbL®)(NOs):
H,0.

Ln Mol.Weight  Species Obsd. m/z  Caled. m/z
Lu 2638.84 [L+ Lu]** 730.99 730.66
[L+2HP* 1010.03 1009.52
[L+H + NaP* 1021.02 1020.51
[L+H + Na + H,OP* 1029.00 1029.52
[L +2Na + 3H,O + CH;OH**  1073.98 1074.53
[L +2Na + 2H,0 + 2CH;OHP*  1080.98 1081.54
[L+ Lu+ OTfP* 1170.96 1170.47
[2L + LupP* 1403.68 1403.00
[L+H]* 2018.06 2018.03
[L + Na]* 2041.04 2040.01
Tb 2520.84 [L + 6H + 4H,0 + 4CH;0H]°*  370.45 370.54
[L + 6H + 5H,O + 4CH;0H]°*  373.29 373.54
[L+ Tbp** 725.99 72531
[L+Tb+ H,OP* 730.33 731.32
[L+ Tb +4H,0 + 2CH;0H** 77097 770.68
[L + Tb + 6H,O + CH;OH** 772.98 772.01
[L+2H + 6H,0 + 3CH;0H]**  1110.98 1111.60
[L+Tb+ NOsP** 1119.47 1118.97
[2L +Tb + 7H,0 + 6CH;0H**  1503.99 1503.74
[L+Tb+2NOs]* 2300.00 2299.94
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The IR spectra of the 1:1 and 2:1 Eu'™ complexes (Fig-
ure S7, Supporting Information) reveal bathochromic shifts
of 25 and 40 cm !, respectively, relative to that of the free
ligand, for the v(P=0) vibration; these shifts confirm the
coordination of the macrocycle by the metal ion. A similar
redshift (35 cm™!) was reported for a 1:2 (Ln/L) lanthanide
complex with B,bL*.['"] Typical vibrations of CH, groups
are observed in the spectral ranges 750 to 760, 935 to 945
and 1290 to 1295 cm™', and they are assigned to out-of-
plane C-H twisting, rocking and wagging modes, respec-
tively. Anion vibrations were assigned by comparison with
Eu(OTf)5-5H,0 and Eu(NOs);-6H,0. The presence of both
coordinated and uncoordinated triflate groups is conse-
quently ascertained for the Eu'™ 1:1 complex. In the 1100
to 1300 cm™! range, higher frequency v(SO;) and v(CF3)
modes of this complex overlap to form a broad structured
band that remarkably differs from the corresponding bands
for the triflate salt. The presence of a coordinated triflate
anion is also confirmed by the appearance of v(SO3) and
V5(SO3) modes at 1028 and 1238 cm™!, respectively.[*8] The
latter overlaps with the vy(CF3) mode. Bands at 1280, 1222
and 1164 cm™! are assigned to the v,(SO3), v{(CF53) and
v.s(CF3) modes of uncoordinated triflate. In the FIR range,
the intense peak at 638 cm™! and the less intense band at
518 cm™! correspond to the 64SO;3) and J,,(SO3) modes.
The integral intensity ratio d4(SO5)/0,4(SO3) is 1.6 and 0.9
for the 1:1 complex and triflate salt, respectively. The bands
at 570 and 750 cm™! are associated with 6,(CF;) and
J4(CF5) but overlap of the latter with 6(CH) vibrations pre-
vents further intensity analysis. The difference in the inten-
sities of the 6(SO5) vibrations, as well as the redshift of the
045(SO3) and 6,,(CF;) bands for the octamer complex in
comparison with corresponding bands for europium triflate
are compatible with the presence of two uncoordinated tri-
flate anions in the isolated 1:1 complex.

In the IR spectrum of the 2:1 europium nitrato complex,
the characteristic nitrate bands appear at 1510 (vs), 1280
(v1), 1030 (v,), 738 and 755 (v3) cm™!. The splitting of the
two strongest absorptions (vs and v;) is = 230 cm™!, which
indicates bidentate coordination by the europium ion with a
relatively strong metal-nitrate interaction.l*! All the nitrate
groups appear to be coordinated by the lanthanide ion as
no band from the free NO5;~ was detected.

Raman spectra of the 1:1 and 2:1 complexes are in line
with the above analysis. In addition, the lower effective
cross-section of the Raman scattering, as measured by the
area of the v(CH) modes, observed for the 2:1 complex,
indicates less changes in polarizability relative to the 1:1
complex. Finally, the appearance of the v(-O-CH,-) vi-
bration as a doublet with frequencies 1012 and 1028 cm™!
in the 1:1 europium complex, relative to a single band at
1012 cm™! for uncoordinated BgbL® may be evidence for co-
ordinated ether O atoms.['”]

Ligand-Centred Photophysical Properties

The absorption spectrum of BgbL?® in methanol at 293 K
(Figure 7) displays a broad band with a maximum at
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43500 cm™' (230 nm, & = 8995 M cm™!), assigned to a tran-
sition mainly involving orbitals located on the phosphinoyl
groups, and a less intense and split band at 37170 and
36230 cm™! (276 and 279 nm, ¢ = 2910 and 2720 M 'cm™!)
for transitions mainly located on the phenyl rings. These
absorption bands are not affected by the complexation. Fi-
nally, a very weak band is observed around 27600 cm!
(360 nm, ¢ = 110 M 'em™"), which sustains a large batho-
chromic shift (= 3500 cm™!) upon complexation to Ln'™.
Because the energy of this band is independent of the lan-
thanide ion, it can be assigned to a transition connected
with an intraligand charge transfer (ILCT) state. The latter
is seen at 27000 cm™' in the excitation spectrum of a pow-
dered sample of BgbL® at 293 K, in addition to a band
centred at 32800 cm™! and attributed to the 'nn* level (Fig-
ure S8, Supporting Information). The redshift of the ILCT
band in the absorption spectra of solutions containing
BgbL?® and one equivalent of lanthanide salt confirms the
complex formation.[*? A similar weak ILCT band was re-
ported at 27030 cm™! in the excitation spectrum of euro-
pium benzoate.[*!1 Moreover, it is known that ILCT energy
depends on the position of the carboxylate group in hetero-
cyclic pyridine—carboxylic ligands containing nonbonding
electron pairs.*?! According to these data, the large inten-
sity of the ILCT band in complexes with BgbL?, as well as
its strong redshift upon complexation, are typical of a
charge transfer from the phenol ring to the oxygen atom
of the phosphinoyl groups. Because the ILCT band of the
complexes lies at lower energy and is more intense than the
corresponding band for the uncoordinated ligand, the tran-
sition dipole moment is larger for the complexes.[*’]

E/Mlem™

80007

40007

50 40 30 20
E/10 cm

Figure 7. Absorption spectra of BgbL® (1.7 X 104 M) in MeOH at
293 K (black curves) with 1 equiv. of Lu(OTf); (dot), Eu(OTf);3
(dash) and 2 equiv. of Eu(OTf); (dash-dot). The inset zooms on the
intraligand charge transfer absorption.

According to emission spectra at 77 K, the 'nrn* state of
a powdered sample of the octameric ligand is located at
32800 cm™!. The singlet state energy is not affected by the
complexation in the Lu™ 1:1 complex but sustains a slight
blueshift in the 2:1 complex (+320 cm!). The triplet state
emission occurs at 23600 cm ! for BgbL® and is only seen
for the Lu'™ complexes, for which it is blueshifted by +400
and +130 cm™! for the 1:1 and 2:1 complexes, respectively.
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It displays a fine structure with vibronic progressions of =
1470 cm™ (1:1) and 1280 cm™' (2:1) which can be attributed
to the vibrational mode of the phenol moieties and nitrate
groups, respectively (Figure S9, Supporting Information).
The Iuminescence decay associated with the 3nn* state of
BgbL® is a single exponential function corresponding to a
lifetime of 2.61 ms which increases to 3.5-3.6 ms upon com-
plexation. The energy gap AECnn* — !nn*) amounts to =
8450 and 9150 cm™' (0-phonon transitions) for the investi-
gated 1:1 and 2:1 lutetium complexes, respectively, which is
not quite optimum for an efficient ISC.[*¥l The 3nn*-to-
metal energy transfer efficiency also depends on the energy
gap between the feeding triplet state and the accepting Ln'!
levels. In our case, it appears to be adequate for Tb'', with
AECrn* — 5D,) = 3600-3800 cm™!, but somewhat less well-
suited for Eu™, with AECGrn* — 3Dy) = 6800-7000 cm™!.
The excitation spectra of the luminescent lanthanide
complexes contain typical broad bands arising from ligand
levels, which confirm the energy transfer from coordinated
BgbL3 to Ln', and narrow and characteristic lines from
the metal ions. Comparison of the excitation spectra of the
1:1 europium and terbium complexes at 77 K reveals an ad-
ditional intense broad band centred at 24200 cm™! and ex-
panding to 21400 cm™! in the spectrum of the former, which
is assigned to a ligand-to-metal charge transfer (LMCT)
band (Figure 8). The strong intensity of this LMCT band
is uncommon and could be produced by intensity stealing
as the LMCT and ILCT states overlap. A weak band as-
signed to the LMCT state was also found in the excitation
spectrum of the Eu'™ 2:1 complex with a low-energy edge
at 21800 cm™! at 77 K (Figure S10, Supporting Infor-
mation). The broad band observed in the range 26000 to
28000 cm ! for the 2:1 Tb'! complex is assigned to an f-d
transition. The optical electronegativity*! of the ligand in
the Eu' 1:1 and 2:1 complexes can be calculated from the
energy of the LMCT band and amounts to y; = 2.80 and
2.78, respectively. The slightly smaller y; value for the 2:1
complex is caused by the presence of coordinated nitrate
groups. It has indeed been found for mixed-ligand com-
plexes that ligands with high optical electronegativity

E/103¢m™!

Figure 8. Normalized excitation spectra of the 1:1 powdered com-
plexes with Eu'"! (a, b) and Tb'! (c, d) at 293 K (a, ¢) and 77 K (b,
d). Analysing wavelength set at 612 (Eu') and 545 (Tb"!) nm,
respectively.
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weaken the metal-ligand interaction of the other ligands
with lower y; values.*>4”] Therefore, when nitrate, with
high optical electronegativity and low polarizability, is coor-
dinated in the 2:1 Eu''' complex, the interaction between
the metal ion and the calixarene is weakened, henceforth
the smaller intensity of the LMCT band. In absence of ni-
trate, which is the case for the 1:1 complex, the Eu-BgbL8
interaction is larger, which leads to a mixing between the
ILCT and LMCT states and a concomitant reduction in
the efficiency of the excitation of Eu' by the ligand states.
Finally, by using the y; values found for BgbL®, the energy
of the LMCT state in the terbium complexes can be esti-
mated to be larger than 51000 cm™!.

Metal-Centred Photophysical Properties in the Solid State

The *Dy—’F, transitions of the 1:1 and 2:1 europium
complexes recorded at 77 K under broad band excitation
display a maximum number of Stark components, which
points to low site symmetry (Figure 9; see listing of crystal-
field splitting in Table S3, Supporting Information). The in-
tegrated intensities of the Dy—’F, transitions relative to
SDy—"F, 0.06, 2.28, 0.14 (1:1 complex) and 0.09, 2.55, 0.34
(2:1 complex) for J = 0, 2, 4, respectively, are similar for the
two types of complexes.

2

£ V(Eu-Lig)
< V(-0-CH2-)

17 16 15 14
E/103 em™!

Figure 9. Luminescence spectra of 1:1 (a) and 2:1 (b) europium
complexes at 77 K.

Data relevant to the 2:1 complex will first be discussed.
The excitation profile of the "Dy<’F, transition obtained
upon monitoring the *Dy—"F, transition (Figure S11, Sup-
porting Information) is symmetric, narrow (full width at
half height, fwhh = 7.6 cm™), and occurs at 17254 cm™' at
room temperature and at 17242 cm™! at 10 K. This points
to a very similar chemical environment for the two Eu'l!
ions, a fact which is further ascertained by the identical
emission spectra obtained upon selective laser excitation
through the 0-0 band profile (Figure S12, Supporting In-
formation). Moreover, emission from the Eu(°D;) level
could also be obtained at 10 K, which is typical of nitrato
complexes (Figure S13, Supporting Information). A
number of vibronic satellites related to ligand vibrations
and associated with the >Dy—"F; (J = 0, 1, and 2) transi-
tions are observed in both excitation and emission spectra.
At 10 K, we denote the following satellites (see Figure 9):
(1) vw(Bu-Lig) with frequencies 195 and 405cm™' in the
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range 17400 to 16850 cm™', (2) vs(NO;3), v3(NO;5") and
v6(NO;3") around ca. 705, 740 and 820 cm !, respectively, in
the range 16420 to 16530 cm !, (3) vibronic repetition of
the ’Dy—’F,; transition with frequency 195cm™ in the
range 16800 to 16450 cm™!, (4) two stretching vibrations
v1(NO5") with frequencies 1280 and 1315 cm™! attributed to
nonequivalent nitrates, in the range 15960 to 15930 cm!.
In the excitation spectrum, vibronic sidebands appear on
the SD,<«"F, transition with frequencies 200 (Ln-Lig), 670
(Oring)» 940 (out-of-plane C-H rocking mode), 1020 [v(-O-
CH>-)], 1120 [»(P=0)] and 1480 cm™' (vyn). These data
confirm the coordination of the P=0O groups, which is in
line with ES-MS, NMR, and IR data; they also indicate the
presence of different types of coordinated nitrate groups.
Furthermore, the luminescence decays of the Eu(°D,) and
Tb(°Dy) levels are single exponential functions (Table 4).
They are long enough to ascertain the absence of water
molecules in the inner coordination sphere of the lantha-
nide ion, the latter is protected from such an interaction
by the coordination of nitrate ions. The lifetimes vary only
slightly with temperature, which points to a small influence
of temperature-dependent nonradiative deactivation pro-
cesses.

Table 4. Lifetimes (ms) of the metal-centred luminescence upon li-
gand excitation of powdered samples of Eu'' and Tb'' 1:1 and 2:1
complexes with BgbL?® in the solid state (ss) and of a 2 X 107> M
solutions (sol) in methanol (ve,. = 37040 cm'). Standard devia-
tions are given in parentheses.

T/K  Sample Eu I:1 Eul:1 Eu2l Tbl:d Tbl:l Tb2l
(OTH) (NO;)  (NO3)  (OTf) (NO;z) (NOy)
10 sS 1.27(1), 72% 1.62(3) - -
0.39(1), 38%
77 ss 1.18(4) 1.38(2) 1.35(2) 1.934)
sol 1.11(1), 62%  1.28(4) 1.722)  1.72(2)
0.5(3), 38%
295  ss 1.09(2) 53% 1.29(1)  1.59(1) 1.66(3)
0.22(3), 47%
sol 0.93(2), 58%  1.10(2) 1.52(3) 1.66(3)

0.30(2), 42%

Relative to the 2:1 complex, the >Dy<'F, transition of
the 1:1 species is broader (fwhh = 38 cm™!) and weaker. It
has a maximum around 17280 cm! at 293 K and features at
least three distinct components separated by about 20 cm™!.
Such large energy differences point to the presence of dif-
ferently coordinated europium ions. The analysis could not,
however, be pursued further; the very small intensity of the
0-0 transition prevented the selective laser excitation of the
various components. Luminescence lifetime data (Table 4)
shed more light on the potential Eu'! species present in the
complex. While data recorded under low resolution reflect
one averaged lifetime for both Eu™ and Tb™, high-resolu-
tion conditions used for Eu'™ led to double exponential
functions. The longer lifetime, which contributes 60-70%
to the decay, corresponds to an Eu'! environment devoid
of O-H vibrations, whereas the shorter lifetime corresponds
to a metal ion bound to water molecules. Assuming that
the extra quenching corresponding to the shorter lifetime
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only arises from coordinated water molecules, which is rea-
sonable in view of the elemental analysis, an average hy-
dration number ¢ = 2 can be estimated. As a result, in-
terpretation of both the *Dy<«’F, excitation profile and the
lifetime data leads to postulate that two of the three coordi-
nation environments have the same hydration number ¢ =
2, whereas the third environment has ¢ = 0. This model is
feasible in view of the large conformational mobility of the
macrocycle and interaction with triflate anions, as shown
below. Vibration satellites are also found in the lumines-
cence spectrum of the Eu' 1:1 complex at 10 K: (1) v(Eu—
Lig) with frequencies 107 and 195 cm™! in the range 17160
to 17070 cm™!, (2) v,4(SO5) and v(CF5) vibrations with fre-
quencies 1260 and 1180 cm™!, respectively (16000
16090 cm™'), (3) a line with frequency 1025 cm™! (16240
16040 cm™') which is a superposition of v,,(SO5) and w(C—
O-CH,-) vibrational modes. The appearance of vibronic
satellites corresponding to triflate vibrations ascertains co-
ordination to the europium ion. The presence of two lower
frequency v(Eu-Lig) satellites is in line with the biex-
ponential lifetime obtained and confirms the presence of at
least two different chemical environments for Eu'™l. More-
over, lines with frequencies 200 (Eu-Lig), 638 (OTf"), 765
(out-of-plane C-H twist) and 1140 cm™! [w(P=0)] appear in
the excitation spectrum at 77 K as vibronic sidebands of the
SD,<'F, transition. The presence of the second and fourth
lines points to the simultaneous coordination of triflate and
phosphinoyl arms of the calixarene. The comparatively
large intensity of the vibronic sidebands of the *Dy—"F,
electronic transition in both 1:1 and 2:1 complexes is caused
by a resonant vibronic effect in which intensity is borrowed
from neighbouring electronic transitions.*®! The intensity of
the vibronic interaction is slightly higher in the 1:1 complex,
which is judged from the integral intensity of the *Dy—"F,
vibronic sidebands normalized to the intensity of the Stark
components of this transition. This observation is in agree-
ment with the presence of a LMCT state in the latter com-
plex and with all the previously discussed data regarding
the coordination mode of BgbL® in 1:1 complexes.

Metal-Centred Photophysical Properties in Solution

The Iuminescence decay of an equimolar solution of eu-
ropium triflate and BgbL® in methanol is biexponential with
lifetimes similar to those determined for the powdered 1:1
sample (Table 4). In addition, the emission spectra of these
two samples are very alike (Figure S14, Supporting Infor-
mation). This is in line with NMR and MS data and points
to a solution structure of the complex similar to the solid
state one. In contrast, a single exponential decay with a life-
time slightly shorter than the one for the powdered 2:1 sam-
ple is observed for the equimolar solution of europium ni-
trate and BgbL3. The emission spectra of this solution and
of a powdered 2:1 sample are quite different: (1) the fre-
quency of the v(Eu-Lig) vibronic satellite is = 10 cm ! larger
in solution, (2) the Stark components of the hypersensitive
SDy—F, transition are very different and (3) the relative
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intensity of the Dy—’F, transition is larger in solution.
These data could be explained by a transformation of the
1:1 complex into a 2:1 species upon crystallization, as ob-
served with other calix[8]arenes,?”) whereas an inverse
2:1—1:1 transformation occurs upon dissolution.

The absolute quantum yield of the metal-centred lumi-
nescence upon ligand excitation for BgL® solutions contain-
ing one equivalent of Eu(OTf); or Tb(OTf); in methanol at
293 K is equal to 0.23 and 0.70%, respectively. These low
values could be caused by high-energy vibration quenching
in addition to a relatively inefficient intersystem crossing
process. The quantum yields are somewhat smaller for the
solutions containing nitrate, 0.18% (Eu) and 0.53% (Tb).
It is worth noting that the powdered 2:1 europium complex
has a much higher luminescence intensity than the 1:1 com-
plex.

Conclusions

The results reported here allow us to discuss the influ-
ence of the calixarene size on the complexation properties
toward lanthanide ions. The smallest calix[4]arene ana-
logue, B4,bL*, exists in the cone conformation in organic
solution and forms stable 1:1 and 1:2 complexes with Ln™!
ions (logB; =11 and log B, =20 in acetonitrile).l'”? When the
size is increased to yield BgbL®, the larger flexibility of the
macrocyclic host is reflected in an alternate in—out confor-
mation, but complexes with the same stoichiometry form,
with similar stability (log; = 10 and log 3, = 20 in acetoni-
trile).['”1 With the larger octamer BgbL®, the major species
that forms in methanol (solubility problems prevented the
study in acetonitrile) has a 1:1 stoichiometry, whereas the
1:2 species is hardly detected; a minor 2:1 species also forms
and can be isolated in the solid state. Observation of the
latter species is consistent with the bimetallic complexes
usually isolated with calix[8]arenes but only in the presence
of a nitrate counterion because of its bidentate chelating
mode. However, the strong coordination ability of the phos-
phinoyl groups toward lanthanide ions tends to equalize the
ligand-Ln"" interaction in the 1:1 species with the three re-
ceptors (log Ky, =7 in methanol for BgbL® compares favour-
ably with logf; = 10 in acetonitrile for the other macro-
cycles). With respect to the complexes with B¢bL®, the pho-
tophysical properties appear to be less interesting, but they
were recorded in a more polar solvent, methanol versus ace-
tonitrile, which prevents strict comparison. However, they
are better than with the smallest macrocyclic host, B,bL#,
at least as far as Eu' is concerned. In addition, a corre-
lation was observed between the optical electronegativities
of the ligands and the luminescence efficiency, in relation-
ship with the energy of the LMCT states in lanthanide com-
plexes with the investigated calix[8]arene. The coordination
ability and optical electronegativity of the counterion used
can be considered as an instrument for assembling lantha-
nide complexes with a predetermined structure. This opens
perspectives for the molecular design of new luminescent
lanthanide systems with inequivalent ligands. With these
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data at hand, we are now testing the extraction and separa-
tion capabilities of the three calixarene receptors towards
both lanthanide and actinide cations.!?)

Experimental Section

Starting Materials and General Procedures: All reagents and sol-
vents were of analytical grade and were used without further purifi-
cation. Chloro(dimethylphosphinoyl)methane was purchased from
Hoechst AG (Germany). Stock solutions of lanthanides were made
in freshly boiled, doubly distilled water from the corresponding ni-
trates and triflates, Ln(NO;);-xH,O (x = 3, 4) and Ln(OTf);-xH,O
(Ln = La, Eu, Tb, Lu; x = 6-10), prepared from their oxides
(Rhone-Poulenc, 99.99%) in the usual way.*”) Concentrations of
the solutions were determined by complexometric titrations using a
standardized Na,H>EDTA solution in urotropine buffered medium
and with xylenol orange as indicator.®” Elemental analyses were
performed by the Ilse Beetz Laboratory (96301 Kronach, Ger-
many). ESMS spectra were measured with a Finnigan SSQ 710C
spectrometer by using a capillary temperature of 200 °C and accel-
eration potential of 4.5 kV; 10°~10~* M solutions of the free ligand
or its complexes dissolved in methanol were infused in a mixture
of CH3;CN/H>O/HCOOH (50:50:1) for the ligand, or pure CH;OH
for the complexes. High resolution MS (FAB) spectra were re-
corded with an FTMS 4.7T BioApex Il spectrometer from Bruker
by the MS-Service unit of the University of Fribourg (Switzerland).

5,11,16,23,29,35,41,47-Octa-tert-butyl-49,50,51,52,53,54,55,56-
octakis(dimethylphosphinoylmethyleneoxy)calix[8]arene (BgbL?): A
warm solution of chloro(dimethylphosphinoyl)methane (9.24 g,
73.05 mmol) in xylene (20 mL) was added to fine suspension of
octasodium derivative of p-tert-butylcalix[8]arene in refluxing
xylene. The latter was prepared by the addition of Na (0.64 g,
27.89 mmol) to a mixture of p-tert-butylcalix[8]arene (2.26 g,
1.74 mmol), MeOH (70 mL) and xylene (200 mL), followed by dis-
tillation of MeOH and part of the xylene. The resulting mixture
was heated at reflux and stirred under an atmosphere of nitrogen
for 97 h. After cooling to 50-60 °C, the mother liquor was sepa-
rated by centrifugation, and the precipitate was washed with warm
(40-50 °C) xylene (5% 25 mL) and dichloromethane (150 mL, stir-
ring at room temp. for 2 h). After filtration, the white solid residue
(3.73 g) was washed with distilled water (8 X 60 mL), separated by
centrifugation and redissolved in MeOH (200 mL). Concentrated
HCI (2 mL) was added, the transparent colourless methanol solu-
tion was filtered and methanol was evaporated. The residue was
washed with water (7 X 80 mL), dried and recrystallised from DMF
to give a white solid (1.74 g, 49.5%). BgbL® does not melt until
300 °C and is soluble at room temp. in MeOH, EtOH, 2-propanol
and chloroform and sparingly soluble at elevated temperatures in
DMSO, DMF and acetonitrile; BgbL® is insoluble in water, aro-
matic and aliphatic hydrocarbons (heptane, toluene, xylene), ace-
tone, diethyl ether, THF, acetic acid and diisopropyl ether. It can
be recrystallised from DMF, DMSO, and acetonitrile. '"H NMR
(400 MHz, [Dg]DMSO): 6 = 6.98 (s, 16 H, Ar-H), 4.04 (s, 16 H,
Ar-CH,-Ar), 3.97 (s, 16 H, CH,P=0), 1.36 [d, 2Jyp = 9.2 Hz, 48
H, (CH;),PO], 1.04 (s, 72 H, C(CH3);]) ppm. '"H NMR (400 MHz,
CD;0D, 293 K): 0 = 7.07 (s, 16 H, Ar-H), 4.16 (s, 16 H, Ar-CH,-
Ar), 4.15 (d, ?Jyu = 5.64 Hz, 16 H, CH,P=0), 1.59 [d, 2Jyp =
13.32 Hz, 48 H, (CH;),P=0], 1.13 (s, 72 H, C(CH,);]) ppm.
3SIP{TH} NMR (161.9 MHz, [Dg]DMSO): 6 = 39.8 ppm. '3C NMR
(100.6 MHz, CDCl5): 6 = 153.2 (d, 3Jcp = 11.3 Hz, Ar-i), 147.6(s,
Ar-0), 132.0 (s, Ar-m), 126.7 (s, Ar-p), 71.5 (d, Jcp = 80 Hz,
CH,P=0), 34.7(s, tert. C), 31.8 (CHs-tert), 29.9 (s, Ar-CH,-Ar),
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14.9 (d, Jep = 68.3 Hz, CH;P=0) ppm. IR (KBr disk): v = 1171
(P=0) cm™'. ESMS: m/z = 1009.98 [BgbL® + 2H]**, 2018.35 [BgbL?®
+ H]'*, 2040.95 [BgbL® + Na]'*. IR: ¥ = 1160 and 1173 (P=0)
cm! (before and after heating for 20 h at 413 K). Raman: vy,
1592, 1112 cm!; breathing mode of phenol ring 1008 cm™! for
BybLSH,0. Cy1oH,54024Ps (= BgbL3-8H,0) (2162.44): caled. C
62.21, H 8.58, P 11.46; found C 62.34, H 8.99, P 11.42.

1:1 Complexes: A methanolic solution (3 mL) of BgbL® (0.0215 g,
0.0102 mmol) was heated at 60°C and a solution of Ln-
(OTf)53*xH,O (Ln = La, x = 10; Eu, x = 7; Tb, x = 6; Lu, x = 9;
0.0106 g, 0.0142 mmol for Eu) in MeOH (1.75 mL) was slowly
added. A precipitate appeared, and the mixture was stirred for 2 h
under an atmosphere of nitrogen at 60 °C. The precipitate was cen-
trifuged, washed repeatedly with MeOH and dried for 48 h at 60 °C
and 102 Torr. All compounds are extremely hygroscopic yellow
powders. Yields: 62 (La), 58 (Eu), 44 (Tb) and 72% (Lu). Eu-
(BgbL®)(OTf)5*13H,0 (2851.72): caled. C 48.44, H 6.86, O 21.32,
P 8.69, S 3.37; found C 47.43, H 6.26, O 26.15, P 9.02, S 3.51.
Formulae of the other complexes were established by 'H and
SIP{'H} NMR spectroscopy. HRMS (FAB): m/z = 723.20
[Eu(BgbL®)**, 730.99 [Lu(BgbL®)]**, experimental isotopic distri-
bution patterns matched the calculated ones (Figure S5, Support-
ing Information). IR: ¥ = 1130 (P=0), shift 7, 2, 3 and 9 cm™! for
La, Eu, Tb, and Lu, respectively; 635 cm™! (OTf"), shift 1, 2, I and
2 for La, Eu, Tb, and Lu, respectively. Raman: v,, 1592,
1112 cm™'; breathing mode of phenol ring 1012, 1028 cm™' for
Tb(BgbL?) (OTf)5:13H,0.

2:1 Complexes: A MeOH solution (4 mL) of BgbL? (0.0226 g;
0.0107 mmol) was heated at 60 °C, and a solution of Ln(NO3);
xH,0 (0.0912 g; 0.0222 mmol for Eu; Ln = La, x = 4; Eu, x = 4;
Tb, Lu, x = 3) in MeOH (1.4 mL) was added dropwise. A precipi-
tate appeared, and the mixture was stirred for 4 h under an atmo-
sphere of nitrogen at 60 °C. The precipitate was centrifuged,
washed with MeOH (2X6 mL) and dried for 48 h at 60 °C and
102 Torr. All the compounds appeared as white hygroscopic pow-
ders. Yields: 58 (La), 52 (Eu), 48 (Tb) and 64% (Lu).
Euy(BgbL?)(NO3)e'H,0 (2712.32): caled. C 49.60, H 6.32, O 20.62,
P 9.13, N 3.10; found C 51.52, H 6.35, O 15.30, P 9.38, N 2.18.
Formulae of the other complexes were established by 'H and
SIP{'H} NMR experiments. HRMS (FAB): m/z = 723.28
[Eu(BgbL®)J**, 725.99 [Tb(BgbL®)]**, experimental isotopic distri-
bution patterns matched the calculated ones. IR: ¥ = 1115 (P=0),
shift 3, 5 and 10 cm™! for Eu, Tb and Lu, respectively; 735 (NO3"),
shift 3, 5 and 8 cm™' for Eu, Tb and Lu. Raman: v,, 1592,
1112cm™'; breathing mode of phenol ring 1036 cm™! for
Lu,(BgbL?) (NO3)¢'H,0.

Analytical and Physicochemical Measurements: UV/Vis absorption
spectra were measured with a Perkin—Elmer Lambda 900 spectrom-
eter with the use of quartz Suprasil® cells of 0.2- and 1-cm path
length. Reflectance IR spectra were obtained from powdered sam-
ples with a Perkin-Elmer Spectrum One FTIR spectrometer. FIR
spectra were recorded with an IFS 13v FTIR spectrometer from
Bruker equipped with a pyroelectric DTGS detector. Raman spec-
tra were obtained by means of a Spex 1403 spectrometer with RCA
photomultiplier and an argon laser Stabilite 2017 from Spectra-
Physics. 1D 'H and *'P{'H} NMR experiments as well as 2D
DQF-COSY and ROESY experiments were performed with a
Bruker Avance DRX 400 spectrometer. Chemical shifts are given in
ppm relative to TMS. All spectra were recorded in CD;0D (99.9 %,
Aldrich). Spectrophotometric titrations were performed on a J&M
diode-array spectrometer (Tidas series) connected to an external
computer in a thermostatted (25.0 £0.1 °C) glass-jacketed vessel
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with quartz cells of 0.100 cm path length. In a typical experiment,
BgbL® (10# Mm; 12 mL) was titrated with solutions of the Ln"! salt
(103 m); the titrant (0.1 mL) was added by means of a Socorex®
micropipette, and spectra were measured after 5 min to equilibrate
the solution. The solvent used (MeOH) was of spectroscopic grade
(Fluka AG, Buchs, Switzerland). Factor analysis®®!! and mathemat-
ical treatment of the spectrophotometric data were performed with
the SPECFITB?33 program.

Low-resolution luminescence measurements (spectra and lifetimes)
were recorded with a Fluorolog FL 3-22 spectrometer from Spex-
Jobin—Yvon-Horiba at 293 and 77 K and corrected for the instru-
mental function. Emission and excitation spectra of solutions were
measured in 1-cm path length quartz Suprasil cell. The temperature
was kept constant by using a FL-1027 thermostatted cell holder
connected to a water bath. Phosphorescence lifetimes (z, averages
of at least three measurements) were measured by using a quartz
capillary, monitoring the maxima of the emission spectra, and en-
forcing a 0.05 ms delay. The decays were analysed with Origin 7.0.
Quantum yields of Eu''- and Tb"!-centred luminescence were de-
termined relative to those of the corresponding tris(dipicolinates)
in 0.2-cm Quartz Suprasil cells.> The refractive indices were 1.333
for solutions in water and 1.3288 for solutions in MeOH, Ao =
279 (ref. A = 0.1938) and 276 (sample, 4 = 0.1911) nm; a filter
(320 nm) was inserted to eliminate Raleigh diffusion and second
order spectra. High resolution laser-excited luminescence spectra
and lifetimes were measured by using published procedures.[>3

Supporting Information (see footnote on the first page of this arti-
cle): Additional tables of the MS spectrum analysis of BgbL® con-
taining different equivalents of Eu(OTf);-7H,0 or Eu(NO3);+4H,0,
'H, DQF-COSY and ROESY NMR spectroscopic data of the Lu
complexes and their HRMS (FAB) spectra. IR and luminescence
data of the europium complexes.
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