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The solid state (Ln = Eu) and solution (Ln = Lu) structure of the dinuclear complexes [Ln,L(dmf)s]-xsolv, where
L is the hexaanion of p-nitrocalix[8]arene (n-HgL) or p-tert-butylcalix[8]arene (b-HgL) and dmf = dimethylform-
amide, have been analysed and compared. The neutral [Eu,(n-H,L)(dmf)s] species displays C, symmetry with the
axis perpendicular to the Eu-Eu internuclear axis. The europium(im) ions are separated by 3.810(1) A and are
surrounded by eight O atoms, with six Eu—O distances in the range 2.2-2.4 A (two phenoxides, two p-phenoxides
and two dmf) while the remaining Eu-O bond lengths are much longer (2.7-2.9 A, one phenol and one p-dmf).
The geometry of the dinuclear assembly is comparable to that observed for [Eu,(b-H,L)(dmf),]-4dmf, both
ligands adopting a two-bladed propeller conformation. The solution structure of [Lu,L(dmf)s], L = b-H,L®" and
n-H,L%", has been investigated by '"H NMR spectroscopy in [*H,]Jdmf. The dinuclear complexes retain a two-fold
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symmetry element and the ligand conformation is identical for both edifices and very close to the solid-state
conformation. An intramolecular racemisation process has been evidenced and characterised at 294 K:
k=7.0£0.7s",AG*=67.1 £ 0.4 kI mol™! (b-HgL)and k=1.1 £ 0.1 s', AG*=71.6 £ 0.4 kJ mol~" (n-H,L).

The past ten years have seen sustained progress in the complex-
ation and supramolecular chemistry of the trivalent lanthanide
ions. This renewed interest is mainly due to fast developing
biomedical applications® of rare-earth-metal-containing sys-
tems, for instance in nuclear magnetic imaging,? cancer ther-
apy,>* specific cleavage of DNA and RNA,>” fluoroimmuno-
assays and luminescent labelling of biomolecules.® In reference
to the latter uses, a great deal of attention has been devoted to
the design of lanthanide-based (mainly Eu™, Tb™ and Sm™)
luminescent probes,®® which require very specific, and some-
times somewhat contradictory, properties: e.g. facile population
of the ligand 'nn* and 3nn* states to ensure efficient subsequent
energy transfer onto the metal ion, and protection of the lan-
thanoid(m) excited states against non-radiative deexcitation
processes through high-energy vibrations or mixing of the 4f
states with either the ligand states or, in the case of Eu™, with
the ligand-to-metal charge-transfer (LMCT) state.' To meet
this challenge, chemists have applied different strategies based
on the use of polyaminocarboxylic chelates,*'! of self-assembly
processes'*!*  or preorganised macrocyclic receptors.'*'¢
Among the latter, calixarenes emerged as easy-to-synthesize
and versatile hosts'”™" which are helpful in the design of
lanthanide-containing luminescent stains.?*** Whereas most of
the work with lanthanide ions has concentrated on calix[4]-
arenes,}?**>27" we have launched a programme aiming at
untangling the photophysical and structural properties of lan-

+ Supplementary data available: table of angles and figures of the co-
ordination polyhedron of Eu™ in [Eu,(n-H,L)(dmf)]-3dmf-H,0; 'H
NMR spectra of n-Hgl, b-HgL, [Lu(b-H¢L)(NO,)(dmf),], [Lu(b-
H,L)(dmf);] and [Lu,(n-H,L)(dmf)s]; DQF-COSY and ROESY 'H
NMR spectra of [Lu,(n-H,L)(dmf)s] and [Lu,(b-H,L)(dmf)s]. For dir-
ect electronic access see http://www.rsc.org/suppdata/dt/1998/497/,
otherwise available from BLDSC (No. SUP 57324, 9 pp.) or the RSC
library. See Instructions for Authors, 1998, Issue 1 (http://www.rsc.org/
dalton).

1 IUPAC names: calix[4]arene = 1%,3%,5% 7*tetrahydroxy-1,3,5,7(1,3)-
tetrabenzenacyclooctaphane; calix[8]arene = 12,3%,5%72,9%,11%,13% 15
octahydroxy-1,3,5,7,9,11,13,15(1,3)-octabenzenacyclohexadecaphane.

b-HgL R= C(CH3)3
n-HgL R =NO,

thanide complexes with calix[8]arenes,{ which were shown to
encapsulate two lanthanide ions?*® Such supramolecular
assemblies are model molecules to test lanthanide-to-lanthan-
ide energy-transfer processes and can also provide two
luminescent stains in one edifice, i.e. when two different lan-
thanoid(mm) ions are encapsulated.

Our investigation first focused on dinuclear complexes with
p-tert-butylcalix[8]arene (b-HgL).3**! While b-HgL acts as a
good sensitizer for Tb™, the replacement of the p-tert-butyl
groups by electron-attracting nitro groups (n-HgL) shifts the
Inn* and 3nn* states to lower energy and the LMCT state to
higher energy, resulting in a better sensitisation of Eu™, but
prevents any ligand-to-Tb™ energy-transfer process.*> Upper-
rim substitution of calix[8]arene therefore provides a good
handle to tune the photophysical properties of their lanthanide-
containing complexes. In this paper we present the solid-state
structure of [Eu,(n-H,L)(dmf)s]-3dmf-H,O 1 (dmf = dimethyl-
formamide) and compare it to the structure of the correspond-
ing complex with p-fert-butylcalix[8]arene 2.?® Reports on the
solution structure of f-block metal-ion complexes with calix-
arenes are scarce despite the great interest in them for solvent
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Fig. 1 Top: atom numbering scheme for [Eu,(n-H,L)(dmf),]-3dmf-
H,O 1. In the text equivalent atoms are designated by capital letters and
their coordinates are obtained by the symmetry transformation —x + %,
-y + % z. Bottom: H atom numbering scheme used to interpret 'H
NMR spectra

extraction.’** We have therefore undertaken an NMR study to
resolve the structure of the diamagnetic lutetium(1r) complexes
with both b-HgL and n-HgL with the aim of determining the
ligand conformation in solution and discussing the influence
of the para substituent on the structural properties of the
dinuclear edifices. Furthermore, a dynamic process between two
distinct conformations of the macrocycles could be evidenced
and quantitatively characterised for both dinuclear lutetium(iir)
complexes.

Results and Discussion
Solid-state structure of complex 1

Details of the X-ray experimental conditions, cell data, struc-
ture solution and refinement are given in the Experimental sec-
tion while the atom-numbering scheme is shown in Fig. 1. The
asymmetric unit consists of 16 neutral dinuclear complexes
[Eu,(n-H,L)(dmf)] with C, symmetry (Fig. 2). The two euro-
pium(m) ions are surrounded by eight O atoms from four
phenoxides (two of them bridging the two metal ions), three
dmf molecules (one of which is bridging), and one phenol
group. Six Eu—O distances are in the expected range 2.215(8)—
2.399(8) A while the remaining two Eu-O contacts are much
longer [2.704(7), 2.919(2) A] and arise respectively from inter-
action with the bridging dmf molecule and probably with the
undissociated phenol group (the H atom could not be located
but solvent water molecules are within hydrogen-bonding dis-
tance for the phenol). Analysis of the Eu—O bond distances
with reference to those found in 2 (Table 1) indicates shorter
Eu-O1 and longer Eu—02 and Eu—03 bonds in 1, resulting in
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Table 1 The Eu-Eu and Eu-O distances (A) in [Eu,(n-H,L)-
(dmf)s]-3dmf-H,O 1 and [Eu,(b-H,L)(dmf)s]-4dmf 2 (a phase)*

Bond* 1 2%
Eu---EuA 3.810(2) 3.692(1)
Eu-O1 (phenoxide) 2.266(7) 2.386(5)
Eu-03 (phenoxide) 2.215(8) 2.168(4)
Eu-0O4 (u-phenoxide) 2.384(7) 2.351(5)
Eu—O4A (p-phenoxide) 2.399(8) 2.365(5)
Eu-013 (dmf) 2.375(7) 2.379(5)
Eu-014 (dmf) 2.384(7) 2.373(5)
Mean Eu-O (6 distances) 2.34(8) 2.34(8)
Eu-02 (phenol) 2.92(1) 2.771(7)
Eu-015 (p-dmf) 2.704(7) 2.657(5)
Mean Eu-O (8 distances) 2.46(24) 2.43(19)

« Atoms labelled A are generated by symmetry operations. * Averages of
two bond lengths (the Eu atoms lie in slightly different environments in
complex 2).

Fig. 2 An ORTEP ¥ view of the neutral complex [Eu,(n-H,L)(dmf)s].
The two-fold axis goes through O15 and is perpendicular to the inter-
nuclear Eu-Eu axis

metal ions less centred in the calixarene cavity than in 2, hence-
forth the longer Eu--- Eu distance, 3.810(2) A, as compared
to 3.692(1) A in 2. The co-ordination polyhedra of the
europium(1) ions in 1 and 2 may be regarded as distorted
bicapped trigonal prisms,?** 02 and O15 acting as the capping
atoms (Fig. F1, Table S1 of SUP 57324). Luminescence spectra
confirm this interpretation since emission lines from the euro-
pium °D, level have a pattern close to the one measured for a
species with pseudo-trigonal symmetry.***? It is noteworthy that
the mean Eu-O distance calculated with the six ‘fully bonding’
O atoms is identical in 1 and 2. The corresponding effective
ionic radius, estimated according to Shannon’s definition 3
with ro=1.31 A, amounts to 1.03 A and is larger than the
literature value of 0.95 A for six-co-ordination.’” On the other
hand, the radii calculated by taking into account the eight con-
tacts are larger (1.15 and 1.12 A for 1 and 2, respectively) than
the literature value for eight-co-ordination (1.07 A%, and cor-
respond to the radius quoted for nine-co-ordination (1.12 A ).

The ligand conformation (Fig. 3) is very different from that
of the free molecule*® and can be viewed as if the calix[8]arene
would consist of two calix[4]arenes in the cone conformation
and placed side by side in a ‘transoid’ configuration, as exem-



Table 2 Selected dihedral angles (°) between phenolic planes in
[Eu,L(dmf)s], L =n-H,L 1 or b-H,L 2, as calculated with the PACHA
program.® For the plane numbering see Fig. 2

Angle -2 2-3 34 41A 1-1A 2-2A 3-3A 4-4A
1 60 73 75 85 168 148 147 153
2% 58 65 74 82 165 135 167 147

* Average value calculated for planes corresponding to those defined in
complex 1 (2 does not display C, symmetry).

Fig. 3 An ORTEP view of the ligand conformation in complex 1,
showing the numbering of the phenol groups
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Fig. 4 Proton NMR spectrum (360 MHz) of 1072 M [Lu,(n-H,L)-
(dmf)s] in [*H,]dmf at room temperature. Stars denotes resonances
from bonded dmf

plified by the dihedral angle between rings 4 and 1A (Fig. 3)
close to 90°. The conformation is analogous to the two-bladed
propeller conformation described for 2?® (Table 2) and it brings
the O atoms closer to each other than in the free molecule
conformation, so that the ligand cavity matches better the ionic
radius of the metal ions, allowing the co-ordination of two
lanthanoid(i) ions through bridging of phenoxide groups. In
[(UO,),(b-H,L)(OH)]™ none of the phenol or phenoxide groups
is bridging, the two U atoms being linked by a hydroxide ion,
and the conformation of the ligand is close to the free calix-
arene conformation. ‘!

Solution structure of [Lu,(n-H,L)(dmf);] 3

Diamagnetic lutetium was chosen for determination of solution
structures by NMR spectroscopy since its complexes produce
sharp NMR lines. The one-dimensional '"H NMR spectrum of
a 1072 M solution of complex 3 in [*H,]dmf (Fig. 4) displays
three groups of signals arising from the ligand: (i) eight
doublets between § 7.46 and 8.53 from the 16 aromatic protons,

(ii) two groups of four doublets in the range & 3.24-4.77
assigned to the methylene protons, and (iii) one broad singlet at
8 10.3 corresponding to the two hydroxyl protons. In addition,
signals from free water (singlet at & 3.54, one molecule per mol-
ecule of 3) and from co-ordinated dmf (distinct from the par-
tially deuteriated dmf at & 2.76, 2.94 and 8.05) are observed;
integration of the dmf signals at 6 2.81 and 2.98 yields 4.7 dmf
molecules per molecule of 3, in line with the chemical formul-
ation of the dinuclear complex and indicating that almost no
exchange with [’H,]dmf occurs. Finally, a triplet (5 1.36) and a
quartet (6 3.38) are assigned to triethylammonium, either free
or complexed by the ligand. Indeed, Gutsche et al.** have shown
that the interaction between calixarenes and amines involves a
two-step process, viz. proton transfer from the calixarene to the
amine followed by the association of the two ions formed; they
have shown that the amine resonances then undergo a down-
field shift from 6 0.96 and 2.43 (neat) to 1.18 and 3.10 for the
complex with p-allylcalix[4]arene in dmf (8 1.30 and 3.25 in
dmf in presence of an excess of trifluoroacetic acid).** The
association constants connected with these steps have been
estimated by several authors for various bases and calix[n]-
arenes (n =4, 6 or 8).** In our case a solution of the europium
complex 1 displays the same signals as a solution of 3, indicat-
ing that the protonated base does not lie in the vicinity of the
metal ion. Moreover, integration of the NMR signals points to
the presence of one complexed triethylamine molecule per 10
molecules of complex. Such a small amount of base remains
undetected by elemental and X-ray analyses of the isolated
complexes. The '"H NMR spectrum shows little variation with
temperature, between 47.2 and —22.5 °C, except for a downfield
shift of the water resonance and a broadening of the signals
resulting in the pairwise coalescence of the signals associated
with the aromatic protons.

At this stage it is important to identify clearly the species
in solution. Besangon* has shown the complexation process
leading to the formation of the dinuclear complexes with b-HgL
to consist of three steps: formation of a 1: 1 complex (similar to
the one isolated by Harrowfield et a/.**) and transformation into
the 2:1 complex going through an observable reaction inter-
mediate having a 1:1 Eu™ to ligand ratio; the estimated log K,
is 5.* Taking this figure into account, we calculate our solution
to contain less than 5% (9.5% if we take log K,; =4) of the
mononuclear species, which therefore would not be observable
in the NMR spectrum. This is confirmed by comparing the
spectra of the free calixarene, of the 1:1 species and of the
dinuclear complex under similar experimental conditions (Fig.
F3, SUP 57324). The latter does not display identifiable signals
from the first two species. Therefore, we are confident that the
spectrum of Fig. 4 is characteristic of the 2:1 species and that
the observed triethylammonium cation does not influence the
metal-ion environment, nor the overall ligand conformation.

The observation of 17 signals for 34 protons implies a two-
fold symmetry element for [Lu,(n-H,L)(dmf)s], C,, C, or i. To
get further insight into the solution structure we have per-
formed DQF-COSY (double quantum filtered correlation spec-
troscopy) (Fig. F4, SUP 57324) and ROESY (rotating frame
Overhauser enhancement spectroscopy) (see Fig. 5) experi-
ments. Complete relative assignment of the protons was
achieved as follows (see Fig. 1 for the numbering scheme). (i)
The doublet at § 4.75 was assigned to H7A; the DQF-COSY
experiment points to the signal at § 3.26 arising from the gem-
inal H7B proton. (ii) Dipolar interactions are evidenced
between H7B and the two aromatic protons H3 and H13 by
ROESY correlation peaks (Fig. F5, SUP 57324). (iii) Desig-
nation of the aromatic protons bound to the same phenol ring
follows from the DQF-COSY data, e.g H5 couples with H3
and H13 with H11. (iv) Protons HS and H11 display nuclear
Overhauser effects with H28D and H14B, and so on. (v)
Nuclear Overhauser effects observed between aromatic protons
of adjacent phenol rings confirm this assignment (Table 3),
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Table 3 Proton NMR shifts (ppm) and coupling constants (Hz) for [Lu,L(dmf)s] in [*H;Jdmf at room temperature; L = n-H,L*~ (1072 M, 3) or

b-H,L® (7 X 1073 M, 4). See Fig. 1 for the numbering scheme

Compound OH 3 5 11 13 18 20 25 27 TA 7B 14A 14B 21A 21B 28A 28B
3 ) 10.33  8.53 831 7.82 799 826 842 747 7.46 475 326 458 345 430 331 452 349
- 30 29 30 30 30 31 29 28 129 131 130 131 139 143 144 1438
4 ) 11.80 7.34 721 726 6.63 7.05 7.00 7.14 697 492 290 499 292 382 314 476 294
J - — = = 121 122 143 136 126 126 115 115
tert-butyl NEt, dmf
Compound H,O
3 5 — — — — 354 338 136 8.05 298 281
J - - - = 74 14 - -
4 S .35 129 1.17  1.09 351 246 097 805 298 281
J — — — — — 7.2 7.2 — — —
288y 21B
H gp 0 200 2 m
78 !
218 O 00“ (::) %
58 ) LY
Scheme 1 Conformational exchange mechanism in complex 3 as
4.0 unravelled by ROESY experiments
U concerned.* Therefore, we infer from our X-ray diffraction
21A ! ' ® O (Ln = Eu) and NMR (Ln = Lu) study that the solution struc-
28A 0 (;) ] L45 ture of complex 3 probably displays an averaged C, symmetry.
14A ” il Dissociation of bonded dmf molecules does not occur, as
7A @ ] 0 Q exemplified by the observation of only one D, «+— "F, transi-
p tion in the absorption spectrum.®
E The ROESY data point to an exchange process which inter-
4 converts the chemical environment of pairs of protons, without
4'55 4.0 35 - changing the overall ligand conformation: (i) H7A and H14A,
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Fig. 5 The ROESY 'H NMR spectra (400 MHz) of 1072 M [Lu,-
(n-H,L)(dmf)s] in [*H,Jdmf at room temperature. Top: methylene
protons. Bottom: aromatic protons. One-contour peaks represent
nuclear Overhauser effects while the other peaks arise from exchange
contributions

which is not unambiguous: for instance H3 could be H5, but
this is without consequence for the overall symmetry of the
molecule. A symmetry plane is now ruled out, but we cannot
decide formally between C, and i. In the solid state the series of
bimetallic complexes with b-H,L (Ln=La, Eu, Tm or Lu)
exhibits similar structure, as far as the ligand conformation is
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H7B and H14B, H21A and H28B, H21B and H28A and (ii) H3
and H20, H5 and H18, H13 and H11, H27 and H25. Examin-
ation of the crystal structure of complex 1 reveals two distinct
conformations for the methylene groups, with protons pointing
inside (one group) or outside (three groups) the ligand cavity.
The interconversion between the chemical environment of
H21A and H28B, and of H21B and H28A, is only possible
between two methylene groups pointing respectively inside and
outside the cavity and the two-dimensional NMR data indicate
they are attached to the same phenol ring. The only candidates
are protons on the bridging phenolates which rotate around an
axis going through the O atom and the C atom in para position.
The associated mechanism is shown in Scheme 1 where C21 and
C28 exchange chemical environments. In fact this corresponds
to an intramolecular racemisation process. We note that 1 crys-
tallises as a racemic mixture and that due to the process evi-
denced from the NMR data a synthesis with a chiral base would
probably not lead to an optically active complex as found for
the dinuclear titanium complex with b-HgL.**

Solution structure of [Lu,(b-H,L)(dmf);] 4 and dynamic study of
complexes 3 and 4

In previous work we have concluded, from the number of
observed signals, that the one-dimensional NMR spectrum
of [Y,(b-H,L)(dmf)s] is consistent with C, symmetry.** To
complete the comparison between the solid-state and solution
structure of the complexes with n-Hgl. and b-HgL, we have
thoroughly investigated a 7 x 10~* M solution of 4 in [*H,]dmf.
Its one-dimensional NMR spectrum (Fig. 6) displays four
groups of signals arising from the ligand and corresponding to
aromatic (eight singlets), methylenic (eight doublets), methylic
(four singlets) and alcoholic protons (one singlet). In addition,
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Fig. 6 Proton NMR spectrum (360 MHz) of 7x107% M [Lu,-
(b-H,L)(dmf)s] in [*H,Jdmf at room temperature. Stars denote reson-
ances from bonded dmf
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Fig. 7 The NOESY 'H NMR spectra (400 MHz) of 7x 1073 M
[Luy(b-H,L)(dmf)s] in [*H,Jdmf at room temperature, recorded with
100 ms mixing time. Top: methylene protons. Bottom: aromatic protons

we find signals from bonded dmf (5.7 molecules per molecule
of 4), water (1.5 molecule per molecule of 4) and free triethyl-
amine (6 0.97 and 2.46; 1 molecule per 15 molecules of 4). This
spectrum is consistent with a dinuclear species (¢f. Fig. F3, SUP
57324) having a two-fold symmetry element. The DQF-COSY
and ROESY experiments (Figs. F6 and F7, SUP 57324)
allowed us to establish the assignments reported in Table 3 and

to conclude that 3 and 4 have very similar solution structures.
Moreover, 4 also undergoes a racemisation process and the sig-
nals from the methyl groups confirm the proposed mechanism
(Scheme 1). The peaks at & 1.09 and 1.17 are sharp (full width
at half height, fwh.h.=1.5 Hz), the corresponding methyl
groups do not exchange and are attached to aromatic rings the
meta-protons of which are exchanging (H11, H13 and H25,
H27). On the other hand, the methyl groups generating peaks at
8 1.29 and 1.35 (fw.h.h. =5 Hz) belong to the aromatic rings
with m-protons H3, H5 and H18, H20 and are undergoing an
exchange process. The latter prevented us from assigning the
two signals to methyl groups attached to specific phenolic rings.

Nuclear Overhauser enhancement spectroscopy (NOESY)
experiments (Fig. 7) helped us to quantify the intramolecular
exchange process between the two chiral conformations of the
complexes: comparison with the ROESY spectra indicates that
all the correlation peaks in the NOESY spectra correspond to
two exchange processes, an intermolecular one between the
water molecules and the hydroxyl groups of the phenol rings
and an intramolecular one involving the ligand. The rate con-
stant k of the latter racemisation process has been evaluated
using formulae (1) and (2):* where I,, and I, represent the

I, 1+ e

IAB - 1 _ e*Zkrm (l)

k = arcth(Lypg/Isp)/Th, 2)

areas of the diagonal and correlation peaks, respectively, T,
is the mixing time (100 ms under the conditions used for record-
ing the spectra of Fig. 7) and arcth is the arc of the hyperbolic
tangent. The formulae are valid provided the exchange takes
place between two equally populated sites (kg =kgs=k),
and provided the spin-lattice relaxation rates are identical
(R*=R/B), as well as the transverse relaxation times (7,* =
T,5). These conditions are fulfilled for an intramolecular pro-
cess and analysis of the I,,/I,5 ratios for the three couples
(H11, H13), (HS5, H18) and (H28A, H21B) leads for [Lu,(b-
H,L)(dmf)4] to k(294 K)=7.0£0.7 s! and, using Eyring’s
formula, AG*=67.1 £0.4 kJ mol™. For [Lu,(n-H,L)(dmf)s]
the estimation is more difficult, the NOESY correlation peaks
being weak, and only one pair of protons (H11, H13) could be
used to estimate the kinetic parameters: £(294 K)=1.1 £ 0.1
s and AGF=71.6+0.4 kJ mol™'. We assign the slower
exchange in 3, compared to 4, to a larger interaction between
the para substituents and the solvent. To our knowledge, these
kinetic data are the first ones reported for bimetallic edifices
with calix[8]arenes, while other two-dimensional NMR studies
have focused on free calixarenes. For instance, Janssen et al.>
have measured AG*=61 kJ mol™' for the interconversion
between the undulated conformation of free b-HgL and its
mirror image in benzene.

Conclusion

The series of complexes [Ln,(b-H,L)(dmf)s] (Ln = La, Pr, Euor
Lu) have similar solid-state structures, with the ligand adopting
a two-bladed propeller conformation and allowing the binding
of two metal ions at short intermetallic distances (3.6-3.8 A).?
The data reported in this paper demonstrate that this arrange-
ment is maintained in solution and, furthermore, both in the
solid state and in solution when the bulky para-tert-butyl
groups are substituted by nitro groups. These supramolecular
assemblies retain electroneutrality in solution, which could be
of interest in magnetic resonance imaging, a field in which
efforts are made to replace the presently used anionic species by
neutral complexes.> Moreover, complexation by the lanthanide
ions does not completely rigidify the structure, with the ligand
continuing to undergo a pseudo-rotation of the phenol rings,
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resulting in a fast racemisation process, evidenced for the first
time in the case of a metal complex with calixarene, and in an
overall structure retaining a two-fold symmetry element. In
subsequent papers we shall deal with the kinetics of formation
of lanthanide-containing bimetallic complexes with calix[8]-
arenes.

Experimental
Synthesis

Ligands b-HgL and n-Hgl were synthesized and purified
according to known literature procedures.***> The complexes of
Eu™ and Lu™ were obtained from dmf (Fluka, puriss) solu-
tions in the presence of an excess of triethylamine (Fluka,
puriss), using the general procedure described by Furphy et al.®
Yellow crystals of [Eu,(n-H,L)(dmf)]-3dmf-H,O 1 suitable
for X-ray diffraction study were grown from a dmf solution
into which methanol was slowly diffused during 30 d. The
Lu-containing complexes gave satisfactory elemental analyses
for [Lu,L,(dmf)s]-xdmf with x=2 for L=n-H,L® (3) and
x=0 for L=b-H,L% (4). The complexes are efflorescent
and may display variable solvation,* they were pumped under
vacuum before preparing the solutions for NMR measure-
ments.

NMR measurements

Control spectra were recorded with a Bruker AM-360 (360
MHZz) spectrometer, two-dimensional spectra on a Bruker ARX
(400 MHz) spectrometer. Chemical shifts were determined
using the residual formylic protons of [*H,]dmf (Armar, 99.5
atom% D: 'H, & 8.05). Two-dimensional spectra were acquired
using 2048 X 512 matrices over a 4500 Hz sweep width in both
dimensions. Quadrature detection was achieved through the
TPPI (time proportional phase increments) procedure.®' Scalar
connectivities were obtained from DFQ-COSY experiments*
and dipolar couplings from conventional NOESY* and
ROESY ** sequences with mixing times between 50 and 200 ms.
The spin-lock period of the ROESY sequences was applied
by coherent continuous-wave irradiation at yB,/2n =2 kHz,
where v is the gyromagnetic ratio and B, the magnetic field.
Experimental data were handled with the UXNMR program
from Bruker; the standard sinebell squared routine was used
for apodisation with a shift range of 60-90° and zero filling
was applied to both dimensions to obtain 2K x 2K square
matrices with real data points. Assignment of the resonances
was confirmed by HMQC (heteronuclear multiple quantum
correlation) experiments* and the relative error on the Gibbs
free energy was calculated according to expression (3).%

AAGHAG: = {[ATT ( In %) +1 ]2 + (% )2}% / In(ky TIK)

3)

X-Ray crystallography

A single crystal of complex 1 was mounted on a fibre and trans-
ferred to the goniometer. The crystal was cooled to —100 °C
during data collection by using a stream of cold nitrogen gas.
The space group was determined to be Fddd from the system-
atic absences. A summary of data collection and structure
refinement is given in Table 4. The europium complex resides
around a crystallographic two-fold axis which necessitates that
the bridging dmf molecule be disordered. The disorder of this
molecule was resolved so that O15 resides on the two-fold
axis and N7, C35, C36, and C37 are present at 50% occu-
pancy fractionally disordered about the C, axis. Several nitro
groups exhibited high thermal motion but only one could be
resolved into a disorder model: two alternative positions were
resolved for O11 and O12 and these atoms were included at
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Table 4 Summary of crystal data, data collection, structure solution
and refinements details for [Eu,(n-H,L)(dmf);]-3dmf-H,O

Formula CgoHo,Eu,N(Os;4
M 2109.62
Colour, habit Yellow parallelepiped
Crystal size/mm 0.18 x 0.20 X 0.60
Crystal system Orthorhombic
Space group Fddd
alA 27.1031(4)
blA 34.9926(1)
clA 43.0044(5)
UIA? 40785.7(8)
Z 16
F(000) 17 184
DJgcem™? 1.374
wmm ! 1.301
Unit-cell reflections (0 range/°) 7433 (1.06-27.86)
hkl Ranges —33 to 35,

—36 to 45,

—47 to 55
Reflections measured 55357

Unique reflections 11913 (R, =0.1092)

Reflections with 1 > 2¢ 5283

Absorption correction SADABS*’
Extinction coefficient 0.000 039(6)
Range of relative transmission factors 0.97 t0 0.72

Refinement method Full-matrix least squares
on F2 no restraint
Direct methods

Riding, B=1.2U,(C)

Solution method
Hydrogen atom treatment

No. variables 570
Goodness of fit on F? 1.056
Final R1, wR2 indices (I = 20) 0.0983, 0.2521

(all data)
Density range in final map/e A~

0.2032, 0.3322
1.782 and —0.689

Data collection on a Siemens SMART instrument with CCD area
detector and graphite-monochromatised Mo-Ka radiation (A = 0.7107
A). Computing was done with SHELXTL.%®

50% occupancy. The methyl H atoms of the four dmf molecules
bonded in a monodentate way to the europium ions were
included as rigid groups with B=1.2U,(C). Refinement of
non-H atoms was carried out with anisotropic thermal
parameters.

Chemical analysis revealed a formulation including three
solvent dmf and one water molecule per dinuclear complex.
This would require 1.5 dmf and 1 H,O molecules in the asym-
metric unit. Resolution of the unco-ordinated solvent and
water molecules was problematic. Two partially (25% each)
occupied positions were located for the water molecule. These
make sense because they are within hydrogen-bonding distance
of O2. Several diffuse peaks were observed in the unit cell which
could arise from dmf molecules; however, it was not possible to
resolve these. Contributions from these dmf and H,O molecules
were therefore not included in the final refinement. Possible
locations of these molecules are in the eight cavities displayed
by the unit cell (Fig. F2, SUP 57324), of approximate dimen-
sions 11 X 6 X 27 A and having a surface mostly comprised of
O atoms from the nitro groups (the molar volume of a dmf
molecule is 81 A%).

CCDC reference number 186/798.

See http://www.rsc.org/suppdata/dt/1998/497/ for crystallo-
graphic files in .cif format.
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