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Abstract: The ligand N,N,N',N’-tetra-
ethylpyridine-2,6-dicarboxamide (L®) re-
acts with trivalent lanthanide ions (Ln")
to give stable mononuclear triple-
stranded helical complexes [Ln(L®),]**
(Ln = La to Lu). The crystal and molecu-
lar  structures of [La(L®),(ClO,);"
2.5C,H,CN (8) and [Eu(L?),}(TfO),-
2THF (9) show that the three ligand

significant than for Eu™in 9, and the pho-

tophysical studies on Eu-doped (2%) La,
Gd, and Lu complexes confirm a better
structural match of L? for the heavy Ln"
ions. The separation of contact and pseu-
do-contact contributions to the induced
lanthanide paramagnetic NMR shifts in
{Ln(L®),]** shows that the triple-helical
structure is maintained in acetonitrile, but

a minor structural change relative to that
observed in the solid state occurs between
Tb™ and Er™ leading to two distinct
1sostructural series for Ln = La—Tb and
Ln = Er-Lu. The origin of this effect to-
gether with its consequences for the dy-
namic helical (P=M) interconversion and
stability of [Ln(L?);]** in solution are
discussed. A detailed investigation of

strands are each meridionally tricoordi-
nated to produce a pseudo-tricapped trig-
onal prismatic arrangement of the nine
donor atoms (six amide O and three pyri-
dine N) around Ln™. The distortions in
the La™ coordination sphere of 8 are more

carboxamides -

tate ligands

Introduction

As a result of their particular 4 f* electronic configurations, the
trivalent lanthanide ions Ln™ exhibit atom-like magnetic and
spectroscopic properties in complexes which make them suit-
able for the development of fascinating molecular and
supramolecular devices.['' 2} Recently particularly rapid devel-
opment has been observed in 1) the design of luminescent
probes for time-resolved fluoroimunoassays'® and DNA-label-
ing," 2) the design of magnetic probes as contrast agents in
magnetic resonance imaging’>! and NMR shift reagents,'®! and
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the emission properties of [Ln(L®),]**
(Ln = Eu, Tb) shows that mixed pyridine—
carboxamide ligands can be used to simul-
taneously optimize the structural and
photophysical properties in mononuclear
triple-helical lanthanide building blocks.

triden-

3) the specific cleavage of DNA and RNA with lanthanide
macrocycles.[”! These applications make use of specific proper-
ties of the lanthanide complexes achieved through a precise
structural and electronic control of the lanthanide coordination
sites. However, the selective recognition and incorporation of
Ln" into organized architectures as a means of simultaneously
controlling the structural (symmetry, stability, accessibility) and
electronic (donor atoms, spin delocalization, energy levels)
properties of the metal remains a challenge in supramolecular
chemistry because Ln™ ions display 1) large and variable coor-
dination numbers, 2) little stereochemical preference, and
3) very similar coordination behavior along the complete series,
slightly modified by a contraction in the ionic radii between
La™ and Lu™ of around 15%.18! Attempts to use the lock-
and-key principle! with preorganized macrocycles, branched
macrocycles,[ 1% and macrobicyclic cryptands possessing
bidentate binding units''®~*# have led to lanthanide complexes
where Ln™ is only partially recognized and protected by these
rigid receptors. In order to allow a better match between the
binding units of the receptor and Ln, covalent podands
made of flexible tripods connected to semi-rigid side arms have
been developed.''® ™13 In one case, a flexible podand has been
shown to exhibit an unprecedented selectivity for the heavier
lanthanides in water.'#) An alternative approach, based on
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the concept of induced fit,'*®! uses the rigid tridentate aromatic
ligands L/ (i = 0—4) as selective receptors for Ln".1177 191 In
triple-stranded helical lanthanide complexes [Ln(L%),}>", the
three ligands display sizable n—m stacking interactions, which
control the size of the coordination sphere around Ln™.
Through the judicious choice of substituents on the strands, the
electronic,!'®! thermodynamic,!*7- 1! and structural!'” proper-
ties of the [Ln(L),]** building blocks can be fine-tuned. These
tridentate binding units have been successfully introduced into
homotopic (L) and heterotopic (L®) segmental ligands,2% 2"
which have in turn been used to prepare homodinuclear f—f
triple-stranded helicates (Ln,(L5),]®* ') and heterodinuclear
d-f noncovalent lanthanide podates (HHH)-[LnM(L®),]**
(M = Fe 221 Zn!23)) The replacement of the terminal benzimi-
dazole unit in L® by a carboxamide unit in L7, which is known
to favor lanthanide complexation and ligand — Eu™ energy
transfers,!?-2* provides the heterodinuclear triple-helical non-
covalent podate (HHH)-[EuZn(L"),]>** where the nonaccordi-
nated Eu"™ is water-resistant and 10*-10% more luminescent

than in (HHH)-[EuZn(L%),]°* .23
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Dipicolinic acid L' is a good candidate for the design of
triple-stranded Ln™ building blocks since it forms stable and
strongly luminescent complexes [Ln(L'® —2H),]*~ in wa-
ter.12¢~ 281 However, only limited structural and electronic con-
trol of the lanthanide coordination sphere is achievable in dipi-
colinate derivatives, because no substituents can be connected to
the carboxylic side arms. Carboxamide derivatives such as L#~?
are promising ligands for the investigation of subtle electronic
and steric effects induced by the wrapped strands in triple-heli-
cal lanthanide building blocks. Although carboxamide side
arms have been extensively used in Ln™ complexes with
branched macrocycles'*®! and multidentate chelates,!*?! com-
plexes of L37? have been studied in detail only with d-block
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metal ions,"* ! and no complete investigation has been reported
for Ln™. To the best of our knowledge, 1:3 complexes
[Ln(L),)(ClO,), (i = 8, 9) have been isolated in the solid state
and briefly characterized by elemental analysis and IR spec-
troscopy, which suggested that the Ln" ions are nonacoordinat-
ed as found in [Ln(L'® — 2H),}* 132

In this paper, we present the detailed coordination behavior
of L? (which possesses diastereotopic methylene protons to fa-
cilitate "HNMR analysis)'**! with the La™ series. Particular
attention has been focused on the structural, thermodynamic,
photophysical, and electronic propcrtics of the 1:3 complexes
[Ln(L®),]** in the solid state and in solution to investigate the
possible fine-tuning of the lanthanide coordination site induced
by the carboxamide side arms.

Results and Discussions

Synthesis of the complexes: Reaction of 3 equiv of L® with
1 equiv of Ln(TfO);-nH,O (n = 0.3-2.2;: Ln =Y, Sm, Eu, Gd,
Tb, Lu; TfO = trifluoromethanesulfonate) in THF followed by
crystallization produced microcrystalline powders in almost
quantitative yields, with elemental analyses corresponding to
[Ln(L*),(TfO),-H,O (Ln =Y, 2; Sm, 4; Eu, 5; Gd, 6; Tb, 7;
Lu, 3). Pure 1:3 complexes could not be obtained for the larger
lanthanides (Ln = La—-Nd) under similar experimental condi-
tions. The elemental analyses suggest the formation of mixtures
of 1:2 and 1:3 complexes. Microcrystalline [La(L%),]J(ClO,), (1)
could be isolated quantitatively from a propionitrile solution
containing 1 equiv of La(ClO,);-5.4H,0 and 4 equiv of L®. The
IR spectra in KBr of complexes 1-7 display the typical bands
associated with the coordinated ligands®% together with unco-
ordinated TfO~ 13 and ClO; 3%

Crystal and molecular structures of [La(L%),|(ClO,),-
2.5C,H;CN (8) and [Eu(L?),(TTO),-2THF (9): X-ray quality
crystals of 8 and 9 were obtained by the same procedure as
described above, but the prisms were not separated from the
mother liquor. Both structures consist of a discrete [Ln(L%},]**
cations and disordered uncoordinated anions and solvent mole-
cules. In each cation, the three tridentate ligands L? are merid-
ionally tricoordinated to and helically wrapped around the
metal ion producing pseudo-D, triple-helical complexes
analogous to those reported for [Ln(L'® — 2H),]* .12 Select-
ed bond lengths and angles are given in Table 1. Figure 1 shows
ORTEPPS! views of the cations along their pseudo-C, axis with
the atomic numbering schemes around Ln™, and Figure 2 shows
stereoviews of both cations in similar orientations.

The Ln™ ions in [Ln(L®),]** are nonacoordinated producing
distorted pseudo-tricapped trigonal prismatic coordination
polyhedrons where the six O atoms of the carboxamide groups
occupy the vertices of the trigonal prism and the N atoms of the
pyridine rings occupy the capping positions, forming an equato-
rial plane containing the lanthanide ion. In [Eu(L?),]**, the
cation is located about a crystallographic twofold axis passing
through Eu, N1b, and C3b. This twofold axis is perpendicular
to the pseudo-C, axis, and there is thus only limited deviation
from an idealized D, symmetry (except for the ethyl groups).
The two facial planes defined by the two distal tripods O 1a/
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Table 1. Structural data for complexes [La(L®),](C10,);-2.5C,H,CN (8) and a)

|Eu(L®),)(TfO), 2 THF (9).
a} Selected bond lengths (Ay and bite angles (*).

Complex 8 Complex 9
Ligand a Ligandb Ligandc Ligand a  Ligand b [a]
Ln-0O1 2.470(5) 2.496(6) 2.527(6) 2.426(5)  2.392(5)
Ln-N1 2.679(7y  2.733(TY  2.696(7) 2.547(6) 2.565(9)
Ln-02 2.525(5)  2.501(5) 2.501(6) 2.405(5)
O1-Ln-N1 60.9(2) 61.4(2) 62.2(2) 63.3(2) 62.6(1) @]
N1-Ln-O2 61.7(2) 60.9(2) 604(2) 63.3(2)
01-Ln-02 122.4(2) 122.3(2) 122.3(2) 126.4(2) 125.2(2)
b) Angles N-Ln-N, O-Ln-N, and O-Ln-O.
Complex 8 Complex 9
Nta-La-N1b 130.2(2) N1a-Eu-N1b 119.1(1)
N la-La-N1¢ 111.8(2) N1a-Eu-Nla’ 121.8(2)
N1b-La-Nlc 118.0(2) b)
Ola-La-Ntb 134.4(2) Ola-Eu-N1b 139.0(1)
0O2a-La-Nic 135.0(2) O1la-Eu-N1a’ 73.4(2)
Q2b-La-Nla 141.2(2) O2a-Eu-N1b 74.5(1)
Ote-La-Nla 136.3(2) O2a-Eu-Nta’ 135.3(hH
Olc-La-N1b 72.3(2) O1b-Eu-N1a 74.6(2)
Ola-La-Nic 73.4(2) O1b’-Eu-Nla 135.6(2)
O2a-La-N1b 82.5(2)
O1b-La-N1la 81.6(2)
(O 2¢c-La-N1la 73.2(2)
O1b-La-Nte 138.8(2)
O2b-La-Nlc 71.9(2)
02c-La-N1b 132.9(2)
O1a-La-O1b R1.3(2) O2a-Eu-0O1b’ 76.6(2}
0O 1a-La-O2c 92.1(2) O1a-Eu-O1b 81.3(2)
02a-La-O2b 87.9(2) O1a-Eu-Ota’ 82.0(2)
0O2a-La-Otlc 154.8(2) Ota-Eu-O1b 147.8(2)
O1b-La-0O2c 153.8(2) 02a-Eu-O1b 89.1(2)
0O2b-La-02¢ 76.7(2) 0O2a-Eu-O1a’ 79.1(2)
O {a-La-O2b 144.6(2) Ola-En-O2a 148.9(2)
Ola-La-Olc 77.0(2) Figure 1. Atomic numbering scheme for a) [La(L®);)** (8) and b) [Eu(L®);]** (9)
2a-La-0O1b 86.1(2) along the pseudo-C, axis.
Q2a-La-0O2¢ 76.2(2)
O1b-La-Olc 81.0(2)
02b-La-Olc 31.0(2)

[a] The complex 9 is located about a twofold axis with Eu, N1b,
and C3b in special position 4e; the other part of the complex is
obtained by the symmetry operation 1—x, 1, '/, —z.

01b/0O2a’and O 1a’/O 1b'/O 2a are almost parallel
(interplane angle = 3.5%) and separated by 3.26 A,
a distance significantly shorter than found for
[Eu(L'® — 2H),]*~ (3.44 A); this indicates a sig-
nificant flattening of the trigonal prism along the
pseudo-C; axis.[*®) A detailed geometrical analysis
of the coordination sphere based on the ¢, 8, and
w, angles depicted in Scheme 1118 25)is reported in
Table 2. These measure 1) the average bending of
the two distal tripods connected to Eu (¢), 2) the
flattening of the pseudo-trigonal prism along the
pseudo-C;, axis (6,), and 3) the deformation of
the trigonal prism defined by the distal tripods
toward the octahedron (w,). The ¢ angles for
[Ew(L'® — 2H),]?~ and [Ew(L®),** (178-180%)
do not deviate significantly from the expected val-
ue for a perfect trigonal prism (¢ =1807) and indi-
cate only a small bending of the two distal tripods.
The 0, angles in [Eu(L®),]>* (46-49°) are slightly

b

Figure 2. ORTEP!*® stereoviews of a) [La(L*),]*" (8) and b) [Eu(L®),]** (9) (ellipsoids at 50%
probability level).
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Scheme 1. Definition of the ¢, 0, and w; angles in the coordination sphere of the
lanthanide complexes.

Table 2. Selected angles (*) [a] for the Ln™ coordination spheres in [La(L?),}(C10,);-2.5C,HCN (8),
[Eu(L®),)(TfO),-2 THF (9), and Cs;[Eu(L*® — 2H),}-9H,0. Top: ¢; middle: 0, (distal tripods); bottom:

interligand w, angles [b].

[Ew(L'® — 2H),]*~ (2.52-2.54 A).126) The Eu-O(amide) bonds
in [Eu(L®),)>* (2.39-2.43 A) are slightly shorter than the
Eu—O(carboxylate) bonds in [Eu(L'® —2H),]*" (2.43
2.45 A) 1281 but fall within the expected range.25 37! Calculation
of the Eu™ ionic radius by using Shannon’s definition®®! with
H(N) =1.46 A and HO)=1314A gives 1.09 A, a smaller value
than expected for nonacoordinated Eu™ (1.12 A)® and than
found for [Eu(LY),]** and [Eu(L¥),]** (1.13 A)1'7 181 and for
[Ew(L'® — 2H),]*~ (1.12 A). This result suggests that there is a
slight contraction of the Eu'™ coordination sphere induced by
the wrapped tridentate ligands L7,

The coordination sphere around La™ in [La(L%),]** is more
distorted and displays significant deviations from the ideal D,
symmetry. The two distal oxygen tripods defining the triangular
faces of the trigonal prism are more tilted (6.3°) than in
[Eu(L®),]**, but the three N atoms of the pyridine rings capping
the lateral faces of the prism still form an intermediate plane
containing the metal atom. However, these
pyridine rings are no longer equally distributed
around La™, and the N1a-La-N1b angle
(130.2(2)°) is significantly larger than 120
The flattening of the two tripods along the

pseudo-C, axis (0;) is similar for both cations
[Ln(L*),]** (Ln = La, Eu; Table 2), but the

8 9 Cs,[Eu(L™ — 2H),] [¢]

R'-La-R? 176 R!-Eu-R? 178 178
R'-La-O1a 47 R!-Eu-Ola 49 45
R!-La-O1b 50 R'-Eu-O1b 47 45
R'-La-Nlc 46 R?*-Eu-02a 46 46
R2-La-02a 50

R2-La-O2b 51

R2-La-02¢ 43

proj(O ta)-La-proj(O 2c) 20 proj(O 1a)-Eu-proj(O 1a”) 15 19
proj(O 1c)-La-proj(OQ 2b) 18 proj(O1b)-Eu-proj(O 2a) 17 18
proj(O2a)-La-proj(O 1b) 25 proj(0 1b)-Eu-proj(0O 2a”) 17 18
proj(N 1a)-La-proj(N 1b) 130 proj(N 1a)-Eu-proj(N 1b) 119 121
proj(N 1a)-La-proj(N 1c) 112 proj(N 1a)-Eu-proj(N 1a") 122 120

proj(N 1b)-La-proj(N 1c) 118 proj(N 1a")-Eu-proj(O 1b’) 119 120

w; angles between the eclipsed oxygen atoms in
[La(L®),]** (18-25°) reveal an increased de-
formation of the trigonal prism toward the oc-
tahedron for the larger La™. A similar trend
has been reported for [Ln(L'" — 2H),]*~ on
going from Lu to La.[*®) However, the most
striking distortion is associated with the severe
tilting of the pyridine rings leading to 1) bent
conformations of the meridionally tricoordi-
nated ligands and 2) significant mismatches
between the orientation of the nitrogen lone

fa] For the definition of ¢, 6, and w, see Scheme 1 and ref. {18]; the error in the angles is typically <17,
[b] proj(Oi)is the projection of O} along the R'—R? direction onto a perpendicular plane passing through
the lanthanide atom; the resulting vectors R' and R? correspond to: R' =La-Q1a+ La—-O1b +
La-O1lc or R'=Eu-Ola + Eu-O1b+ Eu-02a’ and R?=1L1a-02a + La-02b + La-02c or
R2 = Eu-Qta’ + Eu-01b + Eu-02a. [c] In the crystal structure of Cs;[Eu(L.'® — 2H),]-9H,0, the
anion [Bu(L'® — 2H),]*” is located aboul a crystallographic twofold axis as similarly observed for

[Eu(L®),]** [26].

larger than those found in [Eu(L!® — 2H),]*~ (45-46°), in
agreement with the observed larger separation between the fa-
cial planes in the latter complex. The w, angles between the
eclipsed oxygen donor atoms of the distal tripods (14-17°) ex-
emplify the typical distortion from the ideal trigonal prism
(w; = 0°) toward the octahedron (w; = 60°) induced by con-
strained tridentate tigands in mononuclear lanthanide helicates,
as previously observed for [Eu(L'),]** (109! T and [Eu(L?),]**
(13-14°).1181 The tridentate ligand strand b lies about the two-
fold axis in [Eu(L®),]** and consequently adopts a twist confor-
mation of the carbonyl side arms with Eul" in the plane of
the coordinated pyridine ring. The two other coordinated tri-
dentate ligand strands (a and a') display bent conformations
with Eu'" located significantly out of the plane of the coordinat-
ed pyridine rings (1.00 A, Figure 2). Nevertheless, the Eu—N
bond lengths (2.55-2.57 A) are close to the values reported
for Eu—N(pyridine)!*7- 18:24.251 and similar to those found in
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pairs of the pyridine rings and the La™ ion.
Consequently, La™ lies significantly out of the
plane of each pyridine ring (1.17-1.50 A), and
the La—-N bond lengths (2.68-2.73 A, average
2.70(2) A) are 0.15 A longer than those found
in [Eu(L®),]>*; we expect an expansion of
0.09-0.10 A on going from Eu™ to La" 8! as
observed for the Ln—O(amide) bonds (Table 1). These observa-
tions indicate that steric constraints in the ligand backbone
force the N atoms of the pyridine rings to move away to accom-
modate the large La™ ion in the cavity, leading to an uncom-
pressed La™ ionic radius of 1.21 A in [La(L%),]*>* B8 (expected
value for nonacoordinate La: 1.22 A)."®! In contrast to triple-
stranded helicates with polyaromatic ligands, which tend to give
hexagonal close-packing of the crystals,®** the [Ln(L®%),}**
cations in 8 and 9 do not show any remarkable arrangement or
packing interactions.

Photophysical properties of [La(L®),]J(C10,), (1), [Ln(L®),]-
(Tf0);-H,0 (Ln=Eu, 5; Gd, 6; Th, 7; Lu, 3) and
[Eu(L®),][(TfO),-2THF (9): In acetonitrile, L® shows a broad
and asymmetric absorption band envelope centered around
37040 cm™! (Table 3) and assigned to a combination © — n*
and n — 7* transitions,!'8) by analogy with those found at lower
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Table 3. Ligand-centered absorptions in acetonitrile solution (293 K) and ligand-
centered singlet- and triplet-state energies as determined from emission spectra of
the solids at 77 K for L.? and its complexes [Ln(L®),]** (1-7).

Absorption Emission
Compd n—-n* +n-o ¥ Y * 3
L 37040 (7160) [a] [b] (b
1LY [e] 31150 (32000) 26040 21300
[La(L?),1** (1) 46950 (37130) 23500 20600
41840 (33 500)
35970 (31170)
[La(L}), 1" [d] 33450 (61590) 22220 18520
28170 (47920)
|GA(L?),]* " (6) 47170 (44900) 23500 20600
42550 (36830)
35840 (35300)
[GALY ] 33445 (59950) 22220 183500

27780 (48 500)

47170 (45960) {di (dl
42370 (35660)
35840 (33400)

47620 (45910) [d] [d]
42550 (34490)
35840 (33010)

47170 (39060) le] [e]
42370 (32000)
35840 (30510)

47170 (42760) [c] le)
42370 (34760)
35830 (33590)

Y(L?LP ()

[Lu(L*)J* (3)

IEW(L®),1** (5

[Th(L*),1** (7)

[a] Energies are given for the maximum of the band envelope incm ! and the molar
absorption coefficient (s) is given in parentheses in M~ *cm ™!, {b] Too weak to be
detected. [c] See ref. [17]. [d] Not measured. [e] Not detected due to L? — L™
energy transfer.

energy for L' (31150 cm™ ) and L7 (33320 cm ~').[2*1 Upon
irradiation of LY in the UV region (solid state, 77 K), we do not
detect any significant emission. This points to the existence of
cfficient nonradiative deactivation pathways in the free ligand.
The absorption spectra are strongly modified upon complexa-
tion, and irradiation of {La(L®),}(Cl0,); (1) and [Gd(L®),)-
(TfO),-H,0 (6) at 28400 cm ! (solid state, 77 K) results in a
faint luminescence from the 'nr* state characterized by a broad
band centered at 23500 cm™!, as previously reported for
[Ln(LY),}(C10,), (Ln = La, Gd).''"- '8 This assignment is cor-
roborated by the almost complete disappearance of the broad
emission band in the time-resolved emission spectra (delay time:

0.01-0.75 ms}, which reveal a weak and structured band cen-
tered at 20600 cm ™! assigned to the phosphorescence of the
3rr* state. Compared to [La(LY),}(ClO,), (Lu = La, Gd), the
ligand-centered nr* and *nn* levels in 1 and 6 are blue-shifted
by ca. 1500-2000 cm ™.

The ligand-centered luminescence vanishes in the Eu (5) and
Tb (7) complexes leading to typical Eu'™- and Tb"-centered
emissions.!! This implies efficient intramolecular L® — Ln™
energy transfer processes in the 1:3 complexes (Figure 3). We

Arbitrary units

0 DeF; j\l/\ I=14

T I T——— T L I I

360 400 440 480 520 568 600 640 680 720

[nm]}

Figure 3. Low-resolution time-resolved (delay time = 0.01 ms) emission spectra
of a) [GA(L®),[TfO);-H,0 (6), b) [Th(L®),(TfO),-H,O (7). and ¢} [Ew(L.®),]-
(TfO);  H,0 (5) in the solid state at 77 K (4,,. = 352 nm).

“exe

have used Eu™ as & luminescent structural probe to investigate

the geometry of the coordination sitesin 1, 3, 5, 6, and 9. For the
crystaline Eu complex 9, the luminescence spectra obtained
upon irradiation at 25190 cm™ ! (via the excited states of the
ligand) or through laser excitation in the >D,« " F, transition are
similar. There is no significant temperature dependence between
10 and 295 K, except for the expected intensity decrease at high
temperature. Corrected and integrated intensities at 10 K for the
Dy —"F;(j=0,1,2,3,4) transitions (Table 4) point to the lack
of inversion center at the Eu™ site.!'! A close scrutiny of both
emission and excitation spectra at 10 K in the region of the
*Dye"F, transition reveals the existence of a slightly unsym-
metrical band with a major component at 17216 cm ™! (full
width at half height (fwhh) = 2.4 cm ™!} and a weak shoulder at
low energy probably associated with sites displaying a closely

Table 4. Corrected integrated intensities (/) and main identified Eu(’F) encrgy levels (em™!, J=1-4, origin "F,) in [En(L®);J(TfO),-2THF (9), [Ew(L.%),(TtO),-
H,0 (5). and 2% Eu-doped complexes as calculated from luminescence spectra at 10 K (Z.,.: *Dy«"F,).

exe

Level 9 I .9 5 1.4(5) Gd(2% Eu) 1y La(2% Eu) Iy Lu(2% Eu)
6a la 3a. [,
“Fy (o) 18] 17216 17219 17217 17246 17211
“F 307 1.00 336 1.00 334 1.00 331 1.00 1.00
399 360 362 349
419 417 414 432
TF 968 4.42 951 4.66 951 5.44 957 1.72 3.5
983 992 990 987
1062 1018 1040 1011
1133 1040 1170
Fy 1829 0.05 1831 b [b] [b] 1849 {b] |b]
°F, 2641 1.32 2665 1.1t 2664 1.37 2695 1.34 0.9
2818 2834 2832 2803
2829 2872 2871 2915
3007

la] Energy of the *D,«"F, transition (given in cm ™ !) used as /,, for the laser-excited emission spectra. [b] Too weak to measure.
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related geometry.['® 2% Frey and Horrocks have recently pro-
posed a correlation between the energy of the Dy« 7F, transi-
tion (¥) and parameters describing the ability &, of n; coordinat-
ing atoms i to produce a nephelauxetic effect [Eq. (1)].14°7 A
simple calculation for Eu™ in 9 using Coy = 1.0 (coefficients

V=17, + Con 20 1)

for nonacoordination),"*™ 3, =17374 cm ™1 80y eeyetic =
—15.3,2225 and 84 _orporamide = — 15.7%0 predicts an energy
of 17233 cm ™! for the 3D, « " F, transition at 295 K in qualita-
tively good agreement with the observed transition at
17227 cm ™! (fwhh = 9.5cm ! at 295 K).

The emission spectrum obtained through selective laser exci-
tation at the maximum of the D, <« "F, transition (17216 cm ™!
at 10 K, fwhh = 2.4 cm ") provides a *D, — "F, (J =1-4) pat-
tern typical for Eu™ in a pseudo-trigonal coordination site (Fig-
ure 4) 11718 The magnetic dipole *D, ~ 7F, transition is split

5D, 7F,

J=2 J=1
- - A.)\AJ
Il A

1 Il A 1 e i1 1
700 680 660 640 620 600 nm

Figure 4. Part of the laser-excited emission spectrum of single crystals of
[Eu(L®),)(TfO);-2THF (9) at 10K (4., = 580.86 nm). Vertical scale: arbitrary
units.

into two main transitions 4, — 4, and 4, — E (both allowed in
C,, D,, and Dy, symmetries); the latter are further split into two
components separated by 20 cm ! (Table 4) as similarly ob-
served for [Eu(L'),J(ClO,), (15-18 cm ™ H1'7! and [Ew(L?),]-
(Cl0,), (22 cm™1)."® The splitting arises from a slight devia-
tion from the ideal trigonal symmetry and/or from a distortion
induced by the excitation to the 3D level, since the luminescence
spectra reflect the properties of the excited state.['”-'# The
>D, — "F, spectral region is dominated by two strong transi-
tions, which we tentatively assign to the two allowed electric
dipole 4, —» E transitions in D, as found for [Eu(L'),]-
(C10,),;"* 1 and [Ew(L*),(C10,),.1*8 The small separation be-
tween these two transitions (15 cm ™ !) may be interpreted as
reflecting a site symmetry relatively close to D,,. The observa-
tion of only three emission peaks in the region of the °D, — "F,
transition (4," > A5, 24," - E”) confirms the hypothesis of a
slightly distorted D,, microsymmetry around Eu', in agree-
ment with the X-ray crystal structure of 9 (four and six allowed
5D, — "F, transitions are expected in D, and C, symmetries,
respectively) .l!!

The lifetime of the Eu(®D,) level (Table 5) for 9 is long (1.7
1.8 ms) and reflects the absence of interaction with OH oscilla-
tors in the Eu™ coordination sphere.l!! The fact that it is unaf-
fected by temperature variations (10—295 K) points to rather

Chem. Eur. J. 1997, 3, No. 10

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

Table 5. Observed lifetimes (t, ms) of the Eu(°D,) level in [Eu(L®),}(TfO),-2 THF
%), (Eu(L®),)(Tf0);-H,0 (5), and 2% Eu-doped complexes at various tempera-
tures in the solid state and in degassed acetonitrile solution.

Compd Feelem™) 10K 77K 295K 295 K (sol.)
9 17218 1.78(3)  1.71(5)  1.80(4)
32468 1.793)  1.80(4)  1.71(11)
5 17222 1.83(5)  1.90(3)  1.80(3)  2.49(16)
32468 1.92(3)  1.933) -
Gd(2% Eu), 6a 17227 1.79(7)  1.75(8)  1.66(7)
32468 1.89(7) - -
Lu(2% Eu),3a 32468 1.6(2)  [a] [a]
La(2% Eu), 1a 17256 0.79(2)  0.77(3)  0.66(1)
32468 0.77(2)  0.742)  0.52(9)

[a] Too weak to measure.

inefficient vibrational quenching processes of the Eu(®D,) level
by the ligand backbone. Upon drying, crystals of 9 are trans-
formed into a microcrystalline powder corresponding to com-
plex § where the two THF molecules are replaced by one water
molecule. The °D,<’F, excitation spectrum consists of
two distinct bands at 17219cm™! (fwhh=3cm™!) and
17215cm ™! (fwhh~9 cm™!), suggesting the existence of at
least two slightly different coordination sites in 5. Excitation
through these two components of the 0—0 transition yields very
similar emission spectra. The D, — "F; (j =1-4) pattern in the
emission spectrum of 5 is different from that observed for 9; this
reflects a change in the symmetry of the Eu' coordination site
(cf. the splitting of the " F, level, Table 4). However, the fact that
the Eu(®D,) lifetime remains long for 5 indicates that the water
molecule does not enter the first coordination sphere. A similar
situation has been observed in the dinuclear triple helicate
[Eu,(L%),](MeCN)y(ClO,),.*"! The introduction of small
amount of Eu™ (2%) into the La (1a), Gd (6a), and Lu (3a)
complexes provides a means to probe the coordination site
around the metal ions.!" The emission spectra together with the
measured lifetimes of both 2% Eu-doped complexes 3a and 6a
are similar to those found for 5 and point to isostructural nona-
coordinate complexes for the complete series Eu- Lu (Tables 4
and 5, Figure F 1 in the Supporting Information). However, the
lifetime is significantly reduced for the 2% Eu-doped La com-
plex 1a; this strongly suggests some close interaction between
Eu™ and a water molecule in this compound.?> #!! Moreover,
the relative intensity of the D, — 7F, transition is reduced with
respect to 3a and 6a, and the *D,« " F, transition is red-shifted
by 27 cm ™! at 10 K, reflecting a higher coordination number
than in 3a, 5, or 6a. Although elemental analysis suggests that
1 is anhydrous, the IR spectrum of 1a clearly indicates that this
compound contains water. A rough estimation using the empir-
ical equation of Horrocks and Sudnick [Eq. (2)],"*"" with

q = AEu(TlIzIO - T:];zt) (2)

A, =1.05 and 7,,,, =1.8 ms (the lifetime of Eu™ in 9 where no
water molecule is bound to the metal), predicts that the coordi-
nation of one water molecule to Eu™ (g =1.0) in this environ-
ment reduces the lifetime of the Eu(*D,) level to 0.66 ms, a value
identical with the observed lifetime at 295 K (Table 5).

We conclude from the photophysical studies that Eu™ lies in
a fairly well-protected pseudo-D,, coordination site in 9, in
agreement with its crystal structure. However, the crystalline

0947-6539/97/0310-1651 $ 17.50 4 .50/0 1651
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edifice is very sensitive to the loss of interstitial solvent mole-
cules, and the replacement of the THF molecules in 9 with one
water molecule in 5 strongly alters the crystallinity of the sample
leading to the existence of several slightly different coordination
sites of lower symmetry. Luminescence from 2% Eu-doped
complexes show that the Gd™ and the Lu™ complexes are
isostructural with 5, but the emission properties of Eu™ in the
2% Eu-doped La complex la point to a different chemical
arrangement around Eu™ involving the coordination of one
water molecule. This result is in line with the distortion observed
in the crystal structure of the La complex 8, where the bound
pyridine rings are severely tilted to accommodate the larger La™
in the cavity leading to a reduced protection of the metallic
coordination site.

Behavior and structure of [Ln(L?),]** (Ln = La to Lu) in acetoni-
trile solution: A reliable qualitative analysis of the complexes
formed in solution is obtained by electrospray MS (ES-MS)
titrations of 107 *M acctonitrile solutions of L°® with
Ln(TfO);-nH,0 (Ln = La, Ce, Pr, Nd, Sm). As expected, we
observe the successive formation of the three complexes
(Ln(L®)3* (i =1-3) together with their adducts with triflate
anions (Figure 5, Table ST Supporting Information).[*?! As a

tence of weak ES-MS peaks corresponding to traces of unex-
pected 1:4 complexes [Ln(L®),]*" and [Ln(L®),(TfO)]**.
ES-MS spectra recorded under the same conditions indicate
that the intensity of the peak corresponding to [Ln(L?),]*>* de-
creases stepwise on going from La™ to Pr'™:; the signal for Nd'™
is faint and completely disappears for Sm™. The formation of
[Ln(L?),]*" in solution is thus closely related to the size of Ln'™
and the accessibility of the metallic site in [Ln(L?),]*>* for fur-
ther complexation. This implies that large Ln™ ions are less
efficiently protected from external interactions in [Ln(L®%),]**,
in agreement with the solid-state photophysical investigations.
Tandem MS—-MS experiments at low collision energy (30 V)
show that [Ln(L®),]** is weakly stable in the gas phase and
readily fragments to give quantitatively [Ln(L?),]*".

Upon complexation to Ln™, the absorption spectrum of L? is
significantly modified both in shape and intensity (Table 3).
This allows a quantitative analysis of the complexation process
by means of spectrophotometric titrations. Spectrophotometric
data obtained under the same conditions as those described for
ES-MS (total ligand concentration 10~ *Mm) and for Ln:L?® ratios
in the range 0.1-2.0 (Ln = La to Lu) display one pronounced
end point for Ln:L® = 0.33 followed by a smooth evolution
until Ln:L? =1.0-1.1. Factor analysis'** points to four ab-

sorbing species and the data can be fitted satisfacto-
rily to Equations (3—3) (Table 6, Figure 6).

[La(L?),(OTH)*
L® +H]*
1.667 [278.1] 42t [La(L%),(O0TH)>* Ln®* + L® — [La(L))*" log(pt") (3)
1.2¢7 [La(L2),)* 869.7

a0 | L@ | 2eas (La@L9)OTD, I (La(Lo)OTD,}* Ln®* +2L% == [Ln(L*LP* log(h) )
4.0e6 e 739 8912 3+ 9 9y 13+ t A
l Ln®* +3L% == [La(L*),]*"  log(8%") &)

0 b | L uaplds it . .l : : -
2067 - 2781 se9.7 Strongly correlated calculated UV spectra are ob-
N 32386 4014 tained for the various complexes [Ln(L?)]?* (i =1-
10er Lt 3), leading to large uncertainties for the stability
o 231.2 416.1 991.2 constants. Attempts to fit the data with a supple-
. L e ?113'9 mentary species [Ln(L?),]** failed because 1) only
0 T j T " 5597' ’ | ' ' a minor amount of this complex is expected in solu-
4066 - 3035 ’ tion according to the ES-MS titrations and 2) the
3066 - 2781 UV spectra of the various complexes are too similar
2066 - 416‘1421-1 La(L2)(OTOP to allow the introduction of a fourth absorbing com-
1.066 2.2 \l[ 69:33 9912 plex in the model. The values of log(fL") for
0 | i , , , e : , Ln = La to Lu increase smoothly with decreasing
200 400 600 800 1000 Ln™ {onic radius (R’),1*¥ and a plot of log(f%") vs.

m/z

Figurc 5. ES-MS fitration of L? (10~*m) with La(TfO),-3H,0 in acctonitrile for ratios

La:L® =1:1 (top), La:L? =1:2 (middle), and La:L? =1:3 (bottom).

result of the large solvation cnergies of Ln™ [*3! associated with

variable ES-MS responses for lanthanide complexes!** and the
strong ES-MS response of traces of protonated ligand
(L2 +H]". m/z = 278.1),122: 251 3 quantitative interpretation of
the ES-MS peaks is not possible,'?? 4# but the evolution of the
spectra during the titration clearly establishes that significant
amounts of [Ln(L®),]** and [Ln(L%),]** coexist in solution for
a stoichiometric ratio Ln:L? =1:3 and a total ligand concentra-
tion of 10~ *m. This result suggests that the 1:3 complexes have
a limited stability in solution. A careful examination of the
spectra for Ln:L® =1:3 (Ln = La, Ce, Pr, Nd) shows the exis-
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1/R’is roughly linear and corresponds to the classi-
cal electrostatic behavior® 141 associated with the
increase of the charge density on Ln™ on going from

Table 6. Cumulative stability constants (log(f")) for the complexes [Ln(L®)]J**
(i =1-3) in acetonitrile at 25°C.

Metal log(f) log(B,)  log(Bs) Metal log(f,) log(f,)  log(Bs)
La™  7.4(33) 148(3) 21.0(3) Dy 7.5(3) 148(4) 22.5(4)
Ce  7.6(3) 143(4)  22.0(3) Ho™  73(4) 14.8(4) 22.3(4)
pritt 7.6(3)  14.6(3) 22.2(3) Er'  7.7(4) 1444  22.7(4)
Nd™  7.5(3) 13.8(4) 21.5(4) Tm™  8.5(3) 16.0(3) 22.1(4)
Sm"™ 7333y 1444 22.0(4) Y 8.5(3) 15.6(3) 22.8(4)
Eu™  83(3) 153(3) 22.3(3) Lul™  81(3) 15.2(3) 229(3)
Gd™  7.9(3)  147(4)  22.6(4) i 7.6(3) 14.6(4) 22.4(4)
Th'  82(3) 14.5(4) 229(4)

0947-6539/97/0310-1652 $ 17.50+ .50/0 Chem. Eur. J. 1997, 3. No. 10
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” N respectively, on the NMR timescale. The
Logh . . ¥ .oz . downfield shifts of C? and C*® in
22 Bi ______ L TN g g ingf """ Diy EHIEf t i Lf [La(L®),*" (+3.71 and +4.81 ppm, re-
0 "{a Ce Pt sm Ev ° Tm spectively, with respect to the free ligand;
Table 7) are typical of N-coordinated
18 | pyridine rings.°® To a lesser extent, the
= g signal of the carbonyl C* is also shifted
o togh L L 3 downfield (+1.52 ppm); this has been

SR & TN S B oeenenemcaaannes oo o R i 1. i + . ! s be
14 }F 4 % tentatively attributed to the coordination
Ll of the oxygen atom to Ln™.13% The obser-
vation of two well-resolved sets of signals
0+ for the methylenes C* 7 and the methyls
Log B C*®® indicates that the rotation about the

N ST S bodog . o . .

p SRR SO b 3 3 3 TR C*—N(amide) bond is severely hindered
6 et e b S in the complex as a consequence of the
0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 drainage of the electron density from the
VR'{A") coordinated carbonyl group toward
Figure 6. Stability constants log(f*") for [Ln(L?)]** (i =1-3) vs 1/RI (RJ fonic radii of nine coordinate La™32 The 'HNMR spectrum  of

an) [381

La to Lu, as has been similarly observed for [Ln(L'® — 2H),]*~
in water (Ln = La—Dy).!?¢! This trend strongly contrasts with
the sigmoidal behavior observed for [Ln(L'),]**, which has
been explained by means of interstrand interactions between the
benzimidazole side arms.[17- 19

The affinity of L? for Eu" can be assessed by means of electro-
chemistry.*®! The cyclic voltammogram of [Eu(L?);)** in ace-
tonitrile displays a quasi-reversible cathodic wave at
E ;= —0.62V vs. SCE, assigned to the Eu"/Eu" reduction
process, together with three broad and irreversible ligand-cen-
tered reduction waves (— 0.62, —1.30, and —1.38 V vs. SCE),
which are similarly observed for [Ln(L?),]** (Ln = Y, Lu). Tak-
ing into account the potential of solvated Eu/Eu" in acetoni-
trile (E,;; = + 0.21 V vs. SCE).”*”) we can estimate the ratio of
the stability constants as shown in Equation (6). The large

pEe 1 9y 13+
log E];T(H—l) :Ws_g‘(Euz([Eu(L )T

(6)
— E(Eu*) = —134

negative value obtained is identical to that found for
[EuFe(L7),]> " 181 where Eu' is coordinated by carboxamide
side arms, which are known to destabilize Eu'.[*7-#8 From the
log(B5“™) value determined spectrophotometrically, log(f5")
is calculated to be approximately 9 for [Eu(L®),]**. Carboxam-
ide groups thus have a weaker affinity for Eu" than benzimida-
zole groups, since log(B,"*™y~17 for [Eu(L!),]P+.1#!

The 'H and 13C NMR spectra were recorded in acetonitrile
for a total ligand concentration of 0.15M and for Ln:L® = 0.33,
so that the complexes [Ln(L®),]** are predominant in solution
(>99% according to stability constants reported in Table 6).
'H and **C NMR signals were assigned by using 2D {'H~-"H}
COSY and 2D {*H-'*C} HETCOR NMR correlation spectro-
scopies and nuclear Overhauser effects (NOE; measured for
0.01 M solution; Table 7). The **C NMR spectrum of the dia-
magnetic complex [La{L®),]’* displays eight signals corre-
sponding to three equivalent ligand strands related by a C, axis
passing through the metal and three C, axes or a ¢, plane per-
pendicular to the C; axis leading to D, or D,, symmetries,

Chem. Eur. J 1997, 3, No. 10

[La(L?),]** confirms the N-coordination

of the central pyridine ring in solution
(H*? are shifted downfield)®® and the hindered rotation
around the C*~N bond (two quartets observed for H*5 and
H”7), but the observation of enantiotopic protons for the
methylenes H* > and H™7" implies the existence of three o,
planes, leading to an average pseudo-cylindrical D, symmetry
for [La(L®),]** as a result of a fast P==M helical interconversion
on the NMR timescale at room temperature. Addition of an
excess of L? to a solution of [La(L?),]** does not give separate
signals for free and coordinated L.?, in agreement with the exis-

Table 7. NMR shifts (with respect to TMS) for ligand L° and its complexes
[La(L*),** in CD,CN at 298 K.

a) '"HNMR shifts.

€ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

Compd H? H? H* He H™ ™ H®
L° 7.63 787  3.56 1.26 3.34 1.15
[La(L®),P* 7.94 8.30  3.56 1.31 3.32 1.01
[Y(L2),]** 8.06 834 369,370 137 314,330 088
[Lu(L?),)** 8.08 836 372372 1.39 311,329 0.63
[Ce(L%),1** 9.13 9.61 365 1.45 3.36 0.63
[Pr(L®),]*" 1038 1069  3.93 1.60 2.44 —0.40
[N, P 9.22 938  3.63 1.45 3.61 0.83
[Sm(L®),)>* 8.15 8.47  3.66 1.35 3.22 0.83
[Eu(L?),1** 6.00 6.77  3.60 1.22 3.61, 3.98 1.48
[Tb(L"),]** 1917 1870 0.44,483 117 —586,035 —9.39
[Er(L®),]3" 429 470 321,470 1.14 5.85,8.48 1.14
[Tm(L%),]** 4.31 489 456,638 1.22 1.87.3.56  2.06
[YB(L®),** 6.60 691 361,440 1.20 310,440 204
b) 13C NMR shifts.
Compd C! C? c? c* Cs ce C’ Cs
L’ 153.47 123.55 137.85 167.97 43.17 14.15 40.07 12.71
[La(L®),]"  150.84 12726 142.66 16949 4524 1396 4291 1224
[Y(L®),PP" 149.33 12810 142.76 169.05 4558 13.98 44.41 12.20
[LuL), 1Pt 153.97 132.88 14278 168.69 4596 13.75 4373 11.70
[Ce(L®),]3*  153.97 132.88 14278 168.69 4596 13.75 43.73 (1.70
[Pr(L*),>* 15904 14239 141.65 17099 47.06 13.51 4361 10.68
[INA(L2)3F  154.24 143,53 138.61 17014 4719 1344 4472 1193
[Sm(L?),]%*  151.84 127.42 143.23 171.97 4551 14.05 43.65 12.18
[Eu(L®),]*" 14541 9592 15229 163.22 4305 1540 4253 13.47
[To(L?),]** 18677 6671 19432 13542 3583 10.64 3532 10.64
[Ex(L®),P* 12976 8891 15292 i37.94 4739 17.66 4241 10.56
[Tm(L%);]** 13509 106.11 145.65 13896 4491 1545 4405 14.23
[YBL®),]**  140.61 121.172 143.09 153.83 4531 1443 4494 13.74
0947-6539/97/0310-1653 $ 17.50 +.50/0 — 1653
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tence of a fast ligand exchange processes on the NMR timescale.
The 'HNMR spectra for [Ln(L®);1** (Ln =Y, Lu) are similar
except for the dynamic processes occurring in solution. An ex-
cess of ligand produces distinct signals for free and coordinated
L? at room temperature, and the methylene proton pairs H* >’
and H™7 are each diastereotopic (observed as pseudo-sex-
tets'*3l) pointing to a blocked D,-symmetrical triple-helical
structure. Coalescence of the two sextets assigned to H® and H*'
to give the quartet expected for an average D5, symmetry occurs
at 318 K for [Y(L?),}** and 333 K for [Lu(L®),]**. These re-
sults lead to estimated energy barriers AG(T,,,) of 73 and
78 kI mol ™! for the dynamic helical P==M interconversion, ac-
cording to a simplified treatment of the Eyring equation (Fig-

ure 7).°1 These data strongly suggest that small Ln™ ions pro-

Easarzsarsas: \RARSERARRELEZZN T

38 ppm 3.4 3.0

Figure 7. Partof the "H NMR spectra of [Y(L?),}** in CD,CN showing the signals
of the methylene protons H>® and H” 7 at 294 K (left) and 333 K (right).

duce kinetically inert D, triple-helical complexes [Ln(L®),]** on
the NMR timescale, while larger Ln™ ions lead to average pseu-
do-cylindrical D, structures arising from fast P==M intercon-
version. As expected, the transition between these two dynamic
behaviors is gradual, and the variable-temperature NMR study
of [Sm(L®),]** (the weak paramagnetism of Sm'" has only neg-
ligible influence on the line broadening)!®?' shows that the
diastereotopic protons H”7" become enantiotopic at 263 K,
which involves an energy barrier of only 55 kJmol ™ .[! For
[La(L®),}37, the signals of H>> and H”' 7' remain enantiotopic
at the lowest accessible temperature in acetonitrile (233 K), indi-
cating an even smaller energy barrier.

Further structural information is gained from the use of para-
magnetic Ln" jons, which allow the separation of contact (55))
and pseudo-contact (J) contributions to the isotropic NMR
paramagnetic shifts (8%°).12%-27-321 A straightforward scpara-
tion of a contact term F, and a pseudo-contact term G, for each
nucleus 7 in the axial lanthanide complexes [Ln(L®),]** uses
1) Equation (7), 2) the theoretical values for {S,, (the expec-
tation value of .S,)1** und C, (the anisotropic part of the axial
magnetic susceptibility tensor)®* of the free ions, and
3) multilinear regression for at least two different paramagnetic
Ln!.15-271 The contact term F; is given by Equation (8) and
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50 = 8510 — 8% = 5%, + OFF = F(S,», + G.C; (M
4
Fi= hy B, ®

reflects through-bond Fermi interactions between the paramag-
netic center and the nucleus i (4; is the hyperfine interaction
parameter and B, the applicd magnetic induction).”?! The
pseudo-contact term G; depends on the geometric position of
the nucleus i (r, and 6, are the internal axial coordinates of the
nucleus 7 with respect to the ligand field axes) for a particular

ligand field constant g at a given temperature T [Eq. (9)].127 54
a 1—3cos?f,
Gi=g2——35 — &

The diamagnetic correction §f* in Equation (7) is taken from
the chemical shifts measured for the isostructural diamagnetic
complexes: [La(L®),]?* for Ln = Ce-Nd, [Y(L%),]** for
Ln = Sm-Dy, and [Lu(L®),]*" for Ln= Ho-Yb.I*3 This
simple approach gives satisfactory results provided that the
complexes [L.n(L®),]®* are isostructural in solution. This must
be checked graphically from plots of 65°/<S.>; vs. C;(S.>;
[Eq. (10)) and 8}5°/C; vs. {S.>;/C; [Eq. (11)], which are expected

3

5% C.

L — o G, 10
s, S, (10)
05 _ g <8,

o =l v

to be linear for isostructural series.'>! Analysis of the paramag-
netic data of Table 7 for each measured nucleus i in [Ln(L%),}**
according to Equations (10) and (11) systematically produces
two straight lines associated with two different isostructural
series involving respectively large Ln'™ ions (Ce-Tb) and small
Ln' jons (Er—Yb) (Figure 8). A structural change thus occurs

19

LI
Lo

B

O

T
.

R?=09998 .

B A? = 09885

06 b o P S S G I S R S i Ly

3.0 -25 2.0 -1.5 -1.0 -0.5 0.0 0.5
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Figure 8. Plot for HZ in [La(L*),** at 298 K of 65°/<S.),; vs. C,/<S.>, [Eq. (10)]
(top) and 85°/C; vs. (S.,/C; (Eq. (11)] (bottom).
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Table 8. Computed values for contact (£) and pseudo-contact (G,) terms for 'H and '*C nuclei in paramagnetic complexes [Ln(L®),]** in CD,CN at 298 K using Equation (7)

271.
a) Series Ln = Ce—Th.

H? H? H® H® Cct C? c? c* Cs C* C’ Cc®
F 0.129(4)  0.41(1) 0.023(7)  0.00(2) 0.25(9) 301(9) —1.02(3) 0.6(1) 0.31(S)  —0.07(3) 0.23(5) —0.11(3)
G, _0477(2)  —0.160(5) —0.006(3)  0.118(6) —0.53(4) —040(3) —0.22(1) 0.16(5) 0.00(2) 0.064(9)  0.02(2) 0.06(1)
AF; 0.01 0.04 0.49 0.05 0.07 0.04 0.02 0.11 0.13 0.20 0.16 0.31
b) Series Ln = Er ‘'Yb

H? H3 H® He C! C? C3 Cc# C* Ce c’ Ct
F, 0.110(1) 0.14(1) 8.0t 1) —0.26(%) 0.9(4) 2495(1y —0.82(2) 1.1{4) —0.212} —0.267(4) 0.19(6) 1.30(4)
G, ~0.054(1) —0.044(4) —0.003(4) —001(3) —0.14(9) —0.034(1) —0.072(1) —04(1)  —0.0454) —0014(1)  0.03(2) 0.09(1)
AF, 0.00 0.02 033 0.20 0.13 0.00 0.01 0.08 0.06 0.01 0.24 0.13

between Tb and Er in solution, in agreement with the solid-state
investigation. We cannot distinguish whether this change is
gradual or abrupt for a particular ionic radius since the in-
creased nuclear relaxation induced by Dy™ and Ho"™>%! pre-
vents a complete and reliable assignment of the various signals
in the NMR spectra of [Ln(L%);]** (Ln = Dy, Ho), and these
metal ions have been excluded from the fitting process. The
complete paramagnetic data of Table 7 can be fitted to Equa-
tion (7) based on two different isostructural series (Ln =
La-Tb and Er—Yb), and the resulting F, G, terms and agree-
ment factors 4F1?%27 are collected in Table 8 (the computed
corrected contact and dipolar contributions are given as Sup-
porting Information, Table S2). The diastereotopic methylenc
protons H* % and H™-7" have been omitted from the fitting
process since no reliable assignment is possible for the separated
signals of the ABX, spin system.[*3!

The agreement factors AF, are large (0.01 < AF, <0.49) com-
pared to those obtained for [Ln(L'® — 2H),]* ™ (0.04< AF,<
0.27),127 but still satisfactory for both isostructural series when
we exclude H® (0.01 < AF,<0.31), which has negligible in-
duced paramagnetic shifts (Table 7). The sizable F, values of H?
(0.13, 0.11) and H? (0.11, 0.14) demonstrate a significant spin
delocalization onto the coordinated pyridine rings, which can be
compared to those found for [Ln(L'® — 2H),]*~ (0.009 and
0.013, respectively)!?”), [LnZn(L7),]3* (0.22 and 0.17, respec-
tively)!2*1 and [LnZn(L%),]°* (0.34 and 0.18, respectively).!??!
The N,N'-diethylcarbamoyl groups bound to the 2,6-positions
of the coordinated pyridine ring in L? thus induce a delocaliza-
tion of the spin density onto the central aromatic ring that is
intermediate between the negatively charged carboxylate groups
of [L1° — 2H]*" and the aromatic benzimidazole side arms in
L®. In contrast, the F, values found for C* (1.12 for both series)
are similar to those found for [Ln(L'® — 2 H),]3~ (1.28);!2" this
indicates that the delocalization onto the carbonyl groups is
comparable for coordinated carboxylate and carboxamide side
arms. The G, values are difficult to correlate to the atomic posi-
tion of the nucleus i since they depend on the two axial coordi-
nates 6; and r;. However, the particular angular position of C3
and H? (0, = n/2) can be used as NMR structural probes for
both series. The G, values of H? and C? in [Ln(L%),]** are
negative (Table 8) and are significantly reduced for the second
series (Ln = Er—Yb). These results can tentatively be explained
in terms of an increase in the Ln—C3 (or Ln—H?) distances r,,
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implying a flattening of the triple-helical structure along the C,
axis in solution. This statement is confirmed by the variation of
the G, values of C* which are positive for Ln = Ce—Thb
(G,=016, 0,<54.7°) and negative for Ln=Er-Yb
(G, = —0.42, 0,>54.7°).

We conclude from the NMR studies that both isostructural
series adopt a triple-helical structure in solution. For the large
cations (La—Tb), an average pseudo-cylindrical D, -symmetri-
cal structure is observed at room temperature on the NMR
timescale, which results from fast helical interconversion. For
the small ions (Er—Lu), a more compact and dynamically
blocked D,-symmetrical structure flattened along the C, axis is
observed on the NMR timescale. An improved method for the
separation of contact and pseudo-contact shift in paramagnetic
Ln™ complexes has been developed by Kemple et al.1*%! Starting
from known axial coordinates 0, and r; for each nucleus (taken
from molecular mechanics or X-ray crystal structures), a multi-
linear least-squares fitting of Equation (12) allows the simulta-

y .. 1—3cos?0, .
05" =&ui’ e 29 (12)

i i

neous calculation of 1) the experimental axial anisotropic sus-
ceptibility parameter £xi* and 2) the contact contributions
85,1231 Using the C, average internal axial coordinates 0; and r,
calculated from the crystal structure of [Eu(L?),J(TfO),-2THF
(9) (the Eu atom is placed at the origin, and the z axis corre-
sponds to the pseudo-C, axis),[?) the experimental paramag-
netic isotropic shifts (8};°) are fitted to Equation (12) with nine
parameters for each lanthanide j (10 x 9 fits; {57, 5.1-5°, 8.7°,
3,2—3°; Table S3 in the Supporting Information).l>3! Contact
contributions are neglected for the methyl groups C® and C8,
which are sufficiently remote from Ln™. As expected from the
increase of adjustable parameters used in this method, the agree-
ment factors AF, are improved (0.00 < AF, <0.07 except for C?),
but the average calculated £ and G, terms [Egs. (7-9),
Table S4]2%1 are very similar to those obtained directly from
Equation (7) for the large cations (Ln = Ce-Tb); this indicates
that the crystal structure of [Eu(L*);]°* is a good model for the
structure of [Ln(L®),]** (Ln = La~Tb) in solution. For the
heavier Ln™ ions (Ln = Er, Yb), significant discrepancies be-
tween the G, terms calculated with the two methods confirm that
1) a structural change occurs between Tb and Er and
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2) [Ln(L®),]** (Ln = Er-Yb) adopts a more compact struc-
ture in solution than the model compound [Eu(L?),]**.
Finally, we have applied a simplified form of the Solomon-—
Bloembergen —Morgan equation!®% 37} for the estimation of
Ln-C’ and Ln-H’ distances in [Ln(L?);]**. Assuming a pure
paramagnetic dipolar relaxation mechanism Equation (13)

Tic 1j6
Fi = Vrer (Tlx}ef> (13)

holds,!57 where r, is the Ln-nucleus, distance, r,,, is a reference
distance (taken as the C; average distance of the nucleus with
the largest distance from the Ln" center),®*”" and T/ and 77
are the longitudinal relaxation times corrected for diamagnetic
relaxation [Eq. (14)]; T}, are the relaxation times measured

1 1 1

T o T (14)
Tlc Tl Tldia

for the diamagnetic complexes [Ln(L®),]*" (Ln = La, Lu)).

Table 9 reports the r, distances calculated with the Ln—C® and

Table 9. Estimated Ln—X' distances for [Ln(L.*);]** in CD,CN at 298 K from T,
measurements and Equation (13).

Ln c! C? c? c* (o Co(ref) C7 c® H? H3(ref)

Ce 361 428 475 345 5358 6.6 484 529 550 6.26
Eu 368 492 449 341 489 676 452 628 556 6.26
Yb 365 496 568 350 639 6.76 529 573 547 626
9] 341 472 524 327 562 676 49 519 553 626

[a] 5 average distances calculated from the X-ray crystal structure of 9.

Ln-H? distances taken from the X-ray crystal structure of 9 as
references. For [Eu(L®),]**, we observe large discrepancies be-
tween distances found in the crystal structure of 9 and those
estimated from Equation (13) in solution, since Eu™ induces a
large contact contribution as a result of its large <S,)> coeffi-
cient,’®3 and Equation (13) is thus no longer suitable. In con-
trast, Ce and Yb maximize the dipolar contributions!*®! leading
to estimated distances that are qualitatively in good agreement
with those found in the crystal structure of 9. Of particular
interest is the variation of the ratio Ln~C!/Ln—C?, which re-
flects the average tilt of the pyridine ring on the NMR timescale.
It amounts to 1.56 for [Yb(L®),]*" and only 1.32 for
[Ce(L),]* in acetonitrile, strongly suggesting that the pyridine
ring is more tilted (on average) for large Ln" cations, in qualita-
tive agreement with the crystal structure of [La(L®),]*>".

Photophysical properties of [Ln(L%),]** (Ln = La, Gd, Eu, Th)
in acetonitrile solution: The absorption spectra of [Ln(L?),]*>*
are similar for all studied Ln™ ions (Table 3) and show broad
and intense bands in the UV region (35000-47000 cm™!). The
ligand-centered emission, observed as a faint signal in the solid
state at 77 K, cannot be detected for [Ln(L?),]** (Ln = La, Gd)
in acetonitrile at room temperature, but [Ln(L?),]** (Ln = Eu,
Tb) display significant metal-centered luminescence upon irra-
diation into the ligand excited states, confirming the efficient
L% - Ln" energy transfers previously exemplified in the solid
state. The excitation spectra of [Ln(L?),]** (Ln = Eu, Tb) dis-
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play only a weak and broad peak centered at 32150 cm ™ ! for Eu
and 31050 cm ~' Tb. This peak is located on the low-energy tail
of the absorption spectra; this indicates that L® is a poor sensi-
tizer of Eu and Tb luminescence. The emission spectrum of
[Ew(L?),]** obtained upon direct irradiation of the Eu(’L,)
level (25188 cm™ ') is similar to that measured for the solid-state
sample: the overall shape and the relative intensities of the
Dy — ’F; transitions match those of complex 5 (Figure9,
Table S5 in the Supporting Information). Although the widths
of the emission bands prevent site-symmetry analysis in solu-
tion, there is no doubt that the pseudo-trigonal triple-helical
structure is maintained for [Eu(L®),]** in acetonitrile (10~ 3m)
in agreement with NMR studies.

700 680 660 640 620 600 nm

Figure 9. Emission spectra of complex 5 in the solid state: 10 K (top), 295K
(middle), and in acetonitrile solution (107 3m, 295 K ; bottom).

The Eu(®D,) lifetime is longer than in the solid state pointing
to negligible interactions of the solvent molecules in the first
coordination sphere (Table 10). However, the quantum yield of
[Eu(L?),]** (1073 M in acetonitrile) relative to [Eu(terpy),]® " is
small (@, = 6.6 107>; Table 10) and is intermediate between
those reported for [Ew(LM),]’* (&,, = 6.3x107%)!8 and
[EuZn(L7),}** (@,, = 0.13).125 The extremely low quantum
yield of [Eu(L");]** results from interstrand stacking interac-
tions between the benzimidazole side arms,*7- 38! which are re-
moved in the 1:1 complex [Eu(L')(NO,),] leading to strongly
luminescent stains (@, = 2.16).5°® Despite similar triple-helical
structure in [Eu(L*),]** the carboxamide side arms do not ex-
hibit significant interstrand interactions, and the 1:1 complex
[Ew(L*)(NO,);] (10) is only slightly more luminescent in ace-
tonitrile (Table 10). We thus conclude that the weak emission
properties of [Eu(L.®),]*>* are associated with the limited anten-
na effect produced by the coordinated ligands L°. However,
carboxamide groups are not alone responsible for this defect,
since identical N,N’-diethylcarbamoyl groups coordinated to
nonacoordinate Eu™in [EuZn(L7),]> " produce strong lumines-
cence.[?31 Addition of water to a 10~ *M solution of [Eu(L?);]**
in anhydrous acetonitrile results in the simultaneous decrease of
the quantum yield and Eu(®D,) lifetime; this result points to
inner sphere interactions of water molecules with Eu', probably
associated with partial decomplexation of the ligand strands.

The quantum yield of [Tb(L®),]*>" relative to [Tb(terpy),]>*
is more promising. Addition of water produces similar, but less
pronounced effects than those observed for [Eu(L®),]**, on the
relative quantum yield and lifetime of the Tb(*D,) level, in
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Table 10. Quantum yields (&,,) Relative to [Eu(terpy);]** and [Tb(terpy);]** (terpy =
2,2":6",2"-terpyridine) and lifetimes (z) of the Eu(*D,) and Tb(°D,) levels for [Ln(L®),]**
{Ln = Eu, Tb) in anhydrous acetonitrile at 298 K [a].

Compd Conce.[b] Added i, (hm) &, (M 'em™) D[] 7 (ms)
H,O (M)

[Eu(terpy),]**  107°? 0 371 549 1.0 -
[Eu(L®).)** 103 0 312 569 6.6x107%  242(4)
[Eu(L®),]** 1073 05 309 887 33x1073  1.64(6)
[Eu(L®),]? * 10-3 1.0 310 708 41x10°%  1.01(3)
[Eu(L®),* 1074 0 301 2904 1.0x107%  2.36(6)
[EwL®}NO,), 107° 0 309 369 27%1072  1.73(3)
[Thiterpy);?* 1077 0 364 685 1.0 -
[To(LS).]** 103 0 3 185 0.74 1.85(3)
[Th(L®),]** 103 0.5 320 m 0.55 175(3)
[THL), ' 10°3 1.0 319 235 0.47 1.62(3)
[TBL®) " 107+ 0 298 626 0.1 1.85(3)
[THLYNO,),] 1073 0 310 341 0.14 1.91(7)

[a] The quanium yields of [Ln(terpy),]>* relative to an aerated water solution of
[Ru(bipy),]** are 0.47 for Ln = Eu and 1.7 for Ln = Tb; these values allow the calculation
of absolute quantum yields [59]. [b] Quantum yields arc determined for 10 ~3 M solution to
avoid decomplexation; values at 10 *M are given for comparison. [c] Relative errors on &,
are typically 10-15%.

rel

agreement with the expected reduced quenching effect of water
molecules for T4 Ag previously observed for Eu, the 1:1
complex [Tb(L*)(NO,);] (11) displays a comparable quantum
yield in acetonitrile confirming that the triple helical structure of
[Ln(L%),]** is not responsible for exira nonradiative quenching
processes.

Conclusions

Ligands L? and [L.'°® — 2H)?*~ possess common structural fea-
tures and binding abilities which have led to the erroneous con-
clusion that carboxylate and carboxamide side arms bound to
the central pyridine ring provide triple-helical complexes
[Ln(L®),]** with similar properties.®?! The molecular struc-
tures of [Ln(L®),]** (Ln = La, Eu) together with photophysical
data suggest that the simultaneous coordination of the N atom
of the pyridine ring and the two O atoms of the carboxamide
side arms of L? is straightforward for heavy Ln!! ions, but
induces some steric constraints for larger cations. Based on
the significant tilts of the weakly bound pyridine rings in
[La(L®),]*>", we conclude that the optimization of the six strong
Ln-O bonds is associated with a weakening of the Ln—N bonds
to accommodate the larger Ln" ions. Such secondary weak, but
significant effects are crucial for the thermodynamic recognition
of Ln™ ions according to their size, if these interactions are
maintained in solution.'* 4% For [Ln(L%),]* ", the detailed
NMR investigation reported here confirms that related triple-
helical structures are found in solution. For small cations
(Ln = Er-Lu), the expected D,-symmetrical structure is ob-
served at room temperature, while a relaxed average D,,-sym-
metrical structure is exhibited for the larger ones (Ln = La-Tb)
as a result of fast P==M helical interconversion on the NMR
timescale. The analysis of variable-temperature NMR spectra
suggest that the energy barriers of helical interconversion in
{Ln(L®),]** are correlated with the magnitude of the interaction
between Ln™ and the coordinated pyridine ring. The thermody-
namic study in acetonitrile demonstrates that there is a
monotonous increase in the stability of [Ln(L®),]** with de-

creasing Ln' ionic radii, but the rather large uncertainties asso-

ciated with the spectrophotometric determination of log(8,)
prevent smaller effects from being detected.

As far as luminescence is concerned, [La(L?),]** (Ln = Eu,
Tb) building blocks are of only limited interest compared to
[Lo(L'® — 2H),]* . Despite efficient L® —» Ln™ energy trans-
fers in the complexes, the coordinated ligand L? displays only
poor light-harvesting properties, which are not suitable for the
development of efficient luminescent probes. We conclude that
the “magic” luminescent enhancement associated with the in-
troduction of carboxamide side arms in Th-containing calixare-
nes'??!and in noncovalent lanthanide podates [EuZn(L"),]** is
not a general process, but depends on subtle electronic and
structural properties. In [EuZn(L"),]° ", the large luminescence
increase probably results from the removal of low-cnergy ex-
cimer states associated with the wrapped bis(benzimida-
zolepyridine) strands in [EuZn(L®),]°*.1'**%! The design of
mononuclear lanthanide triple-helical building blocks derived
from tridentate disubstituted 2,6-pyridine receptors possessing
optimized thermodynamic, structural, and electronic properties
will thus require the combination of carboxamide and extended
aromatic side arms leading to unsymmetrical tridentate binding
units. A close control of the expected fac—mer isomerization in
the final triple-helical complex must be addressed with the use of
tripods to organize the strands for their coordination to Ln™
ions.

Experimental Section

Solvents and starting materials: These were purchased from Fluka AG (Buchs,
Switzerland) and used without further purification unless otherwise stated.
Acetonitrile was distilled twice from CaH, and thionyl chloride from elemen-
tal sulfur; N,N-dimethylformamide (DMF) and N,N-diethylamine were dis-
tilled from CaH,. The perchlorate salts Ln(ClO,),-#H,0 and trifluoro-
methanesulfonate salts Ln(TfO),-#H,O (Ln = La to Lu) were prepared from
the corresponding oxides (Glucydur, 99.99%) according to literaturc proce-
dures.'*%

Preparation of N,N,N’,N’-tetraethylpyridine-2,6-dicarboxamide (L%): 2,6-
Pyrididinedicarboxylic acid (L'®, 10.0 g, 0.060 mol) was refluxed in freshly
distilled thiony} chloride (100 mL, 1.37 mol) with dry DMF (1 mL) for 1 h.
Excess thionyl chloride was evaporated, and the crude residue co-evaporated
with dichloromethane (50 mL). The solid residue was dissolved in
dichloromethane (250 mL) at 0°C, and dry N,N-diethylamine (22.2 g,
0.60 mol) was added dropwise under an inert N, atmospherc. The resulting
solution was refluxed for 1 h and evaporated. The yellow residue was parti-
tioned between dichloromethane (200 mL) and half-saturated aqueous
NH,C! solution (150mL). The aqueous phase was extracted with
dichloromethane (2 x 100 mL), the combined organic phase dried (Na,SO,)
and cvaporated, and the rcsulting solid filtered (Alox Activity [II;
CH,Cl,:MeOH = 98:2), then crystallized from hexane to give 153 ¢g
(0.055 mol, yield = 92%) of L® as white crystals, mp =74-76°C (litt.
75°C).B2 EI-MS: m/z = 277 (M *].

Preparation of [La(L®),](C10,), (1): La(ClO,); - 5.4H,0 (20 mg, 0.04 mmol)
and L? (41.6 mg, 0.15 mmol) werc dissolved in propionitrile (5 mL). Diethy!
ether was slowly diffused into the solution for 24h to give 60 mg
(0.039 mmol, yield = 98%) of [La(L®),](C10,), (1) as a white powder after
isolation and drying.

Preparation of [Ln(L%),|(TfO),-H,0 (La = Y, 2; Sm, 4; Eu, 5; Gd, 6; Tb, 7;
Lu, 3): Ln(TfO),-nH,0 (0.08 mmol; Ln = Sm, Eu, Gd, Tb, Lu, Y) and L°
(67.2 mg, 0.24 mmol) were dissolved in a minimum of hot THF (ca. 5-8 mL)
and slowly cooled to room temperature. Crystallization took place at —20°C
over 8h. After filtration and drying, complexes [Lun(L®),}(T{O),-H,0
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(Ln =Y, 2; Sm. 4; Eu, 5: Gd, 6; Tb, 7; Lu. 3) were obtained as white
microcrystalline powders in 80-92% yields.

X-ray quality crystals of [La(L®),[(ClO,);2.5C,H,CN (8) and |Eu(L®),}-
(TfO),-2 THF (9) were obtained by the same procedures, but the prisms were
not separated from the mother liquor. When separated, the prisms are readily
transformed into a microcrystalline powder whose elemental analysis and IR
spectrum are compatible with the formulation of 5§ and 1, respectively.

Preparation of [La(L*)(NO,);] (Ln= Eu, 10; Tb, 11): Ln(NO;);-nH,0
(0.225 mmol) and L* (62.5mg, 0.225 mmol) were dissoived in acetonitrile
(Ln = Tb, 2 mL) or propionitrile (Ln = Eu, 2 mL}. Slow diffusion of diethyl
ether into the solution gave white microcrystalline complexes [Eu(L®)-
(NOJ)LHC,H,CN), (CH 40)y 55 (10) and [THL?)NO))(CH;CN)q ,5-
(C4H [ 0)g s (11) in 82% yield.

Complexes 1-7 and 10—11 were characterized by their IR spectra and gave
satisfactory elemental analyscs (Table S 6 in the Supporting information). For
the purpose of the photophysical study, Eu-doped La (1a), Gd (6a) and Lu
(3a) complexes were prepared by replacing the pure lanthanide compound
with an Eu(2%) -Ln (98 %) mixture.

Preparation of [Ln(L?),|(TfO), (Ln = Ce, Pr, Nd, Er, Tm, Yb): These com-
plexes were prepared in situ for 'THNMR studies. Ln(TfO),-nH,O
(0.036 mmol; Ln = Ce, Pr, Nd, Er, Tm, Yb; n =0.5-2.2) and L° (30 mg,
0.108 mmol) were dissolved in degassed CD;CN (0.7 mL) to give a 0.05m
solution of [Ln(L*);}TfO),, the purity of which was checked by '"H NMR
SPCCtroscopy.

Cantion! Perchlorate salts with organic ligands are potentially explosive and
should be handled with the necessary precautions.'®!!

Crystal structure determination of [La(L®);|(C10,),-2.5C,H,CN (8): A
fragile crystal was mounted from the mother liquor on a quartz fiber with
perfluoropolyether oil RS3000".

Crystal data: LaCg, ;Hg, N, ;O,Cly, M, =1407, triclinic, P1, a=
12.930(1), b =13.531(1), ¢ =18.877(3) A, o = 90.209(5), f = 90.459(6),
7 =90.130(3)°, U = 3302.5(6) A3 (by lcast-squares refinement of 22 reflec-
tions, 41<20<56"), Z =2, pueq =1.42 gem ™3, F(000) =1458. Colorless
prisms. Crystal dimensions 0.06 x 0.24 x 0.25 mm, u(Cuy,) = 6.74 mm ™.

Data collection and processing: Nonius CAD4 diffractometer, T =170 K,
@ 20 scan, scan width =1.5 +0.14tan, scan speed 0.092°s ™!, Cu,, radia-
tion (4 =1.5418 A); 7666 reflections measured (4 <20 <106°, —13 <h<13,
—ld<k<14,0</<19), 6534 were observable (| £,| >4 a(£,)). Two reference
reflections were measured every 100 reflections and showed a total decrease
in intensity of 5%. All intensitics were corrected for this drift.

Structure analysis and refinement: Data were corrected for Lorentz, polariza-
tion and absorption effects!®? (4%, =1494, 4% = 4.205). The structure
was solved by direct methods using multan 87;1°* all other calculations used
XTAL* gystem and ORTEP I1B% programs. Full-matrix least-squares re-
fincments (on F) using weights of w =1/¢*(F,) gave final values R = 0.062,
R, = 0.048, for 796 variables and 6524 contributing reflections. The ethyl
residue C9¢~C10c and perchlorate [ are disordered and were refined with
restraints on bond length and bond angles with various population parame-
ters. Two solvent molecules were located in general positions and refined with
no restraints while the third propionitrile is disordered and located about an
inversion center (0, ‘,’2, '7,). The disordered non-H atoms of solvent mole-
cules and perchloratc anions were refined with isotropic displacement
parameters, and all the other atoms (86) with anisotropic displacement
parameters. H atoms were placed in calculated positions and contributed to
F, calculations. The final Fournier difference synthesis showed a maximum of
+0.98 and a minimum of —1.49 ¢ A3

Crystal structure determination of [Eu(L®),[(TfO),-2THF (9): A fragile crys-
tal was mounted from the mother liquor on a quartz fiber with perfluoro-
polyether oil RS3000®.

Crystal  duta: BuC Hg NoO F,S;, M =1575.5, monoclinic, C2/c,
a=13.5619(4), b =123.097(1), ¢=22438(1)A, p=91323(2°, U=
7026.5(5) A3 (by least-squares refinement of 25 reflections, 46 <20<58"),
Z =4, p g =149 gem 3, F(000) = 3248. Colorless prisms. Crystal dimen-
sions 0.15 % 0.20 x 0.22 mm, p(Cuy,) =7.75 mm 1.
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Data collection and processing: Nonius CAD4 diffractometer, T = 200 K.
@-20 scan, scan width =1.5 +0.14tanf, scan speed 0.092°s™*, Cu, radia-
tion (2 =1.5418 A); 4531 reflections measured (4<20<110°, —14<h<14,
0<k<24, 0</<23), 4402 unique reflections (R,, for equivalent recflec-
tions = 0.039) of which 3898 were observable (|F,| >4a(F,)). Two reference
reflections were measured every 100 reflections and showed a variation in
intensity <2.9a([).

Structure analysis and refinement : Data were corrected for Lorentz, polariza-
tion and absorption effects for spherical crystals!®? (A%, = 3.22,
Ak, = 3.93). The structure was solved by direct methods as described for 8.
Full-matrix least-squares refinements (on F) using weights of m =1 gave final
values R = R = 0.058, for 472 variables and 3887 contributing reflections.
The molecule is located about a twofold axis with Eu, N1b. and C3b in
special position 4¢. One triflate is in a general position and displays disor-
dered fluorine atoms, and one lies about an inversion center (4a). The anions
were refined with restraints on bond distances and angles. The two solvent
molecules are located on twofold axis (4e). The non-H atoms were refined
with anisotropic displacement parameters (55 atoms). H atoms were placed
in calculated positions and contributed to F, calculations. The final Fourier
difference synthesis showed a maximum of +1.17 and a minimum of
—1.08eA"3.

Crystallographic data (excluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100252. Copics of the data
can be obtained free of charge on application to The Dircector, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit(@chemerys.cam.ac.uk).

Spectroscopic and analytical measurements: Electronic spectra were recorded
at 20“C from 10~ * moldm ™ solutions in CH,CN with Perkin-Elmer Lamb-
da 2, 5, and 7 spectrometers using quartz cells of 0.1 and 1 cm path length.
Spectrophotometric titrations were performed with a Perkin-Elmer Lamb-
da 5 spectrophotometer connected to an external computer. In a typical
experiment, 50 mL of ligand (L®) in acetonitrile (10~ *M) were titrated at
20°C with a solution of Ln(T{0);-nH,0 107 %M in CH,CN. After each
addition of 0.20 mL, the absorbances at 13 wavelengths (220-310 nm) were
recorded using a 1.0 cm quartz cell and transferred to the computer. Factor
analysis and stability constant determination were carried out as previously
described.?>1 TR spectra were obtained from K Br pellets with a Perkin Elmer
883 spectrometer. 'H NMR spectra were recorded at 25°C on a Broadband
Varian Gemini 300 spectrometer. Chemical shifts are given in ppm with
respect to TMS. EI-MS (70 eV) were recorded with VG-7000E and Finnigan-
4000 instruments. Pneumatically-assisted clectrospray (ES-MS) mass spectra
were recorded from 10~ #u acetonitrile solutions on an AP 300 tandem mass
spectrometers (PE Sciex) by infusion at 4—1¢ pLmin~! as previously de-
scribed.[?3) The experimental procedures for high-resolution. laser-excited
luminescence measurements have been published previously.*3) Emission
spectra in solution were recorded on a Perkin-Elmer LS-50 spectrometer, and
the relative quantum yields were calculated using the formula given in Equa-
tion (15).1*# where subscript r stands for the reference and x for the samples:

0,/Q, = LAY ALY TR <nifn?y (DD, (15)

A is the absorbance at the excitation wavelength, 7 is the intensity of the
excitation light at the same wavelength, » is the refractive index (1.341 for all
solutions in acetonitrile), and D is the measured integrated luminescence
intensity. Cyclic voltammograms were recorded using a BAS CV-50 W poten-
tiostat connected to a personal computer. A three-electrode system consisting
of a stationary Pt disk working electrode, a Pt counter electrode, and a
nonaqueous Ag/AgCl reference electrode was used. NBu,PF, (0.1m in
CH,CN) served as an inert clectrolyte. The reference potential (E° =
— 0.12 V vs. SCE) was standardized against [Ru(bipy),}ClO,}, (bipy = 2,2"-
bipyridyl).[*] The scan speed was 100 mVs ™' and voltammograms were
analyzed according to cstablished procedures.!5®! Elemental analyses were
performed by Dr. H. Eder from the Microchemical Laboratory of the Univer-
sity of Geneva. Metal contents were determined by ICP (Perkin Elmer Plasma
1000) using internal standard techniques after mineralization of the com-
plexes.
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