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Fe(ClO,), reacts with the segmental ligand 2-{6-[1-(3,5-dimethoxybenzyl)-1 H -benzimidazol-2-yl]pyridin-2-
y1}-1,1’-dimethyl-5,5 -methylene-2’~(5-methylpyridin-2-yl)bis[ | H-benzimidazole] (L?) in MeCN to give the dia-
magnetic deep violet complex [Fe(L?),]*" where the metal is pseudo-octahedrally coordinated by two perpendicular
tridentate binding units. When L? reacts with an equimolar mixture of Ln(ClOy4); (Ln = La, Ce, Pr, Nd, Sm, Eu)
and Fe(ClO,),, electrospray-mass spectrometric, spectrophotometric, and 'H-NMR data in MeCN show the
selective formation of the deep red heterodinuclear Cs-cylindrical complexes [LnFe(L2);]°* where the three ligands
1.2 are wrapped about the metal-metal axis. Fe'! occupies the pseudo-octahedral capping site produced by the three
bidentate units and Ln! lies in the resulting “facial’ pseudo-tricapped trigonal prismatic site defined by the three
remaining tridentate coordinating units. The heterodinuclear complexes [LnFe(L?);’* display spin-state
equilibrium (!A 2 T) and thermochromism in MeCN between 243 and 333 K. Detailed 'H-NMR, UV/VIS, and
magnetic measurements in solution show that the partial spin-crossover behavior of [LnFe(L?);]** occurs for
Ln = La-Eu with similar thermodynamic parameters (4H,, = 20-23 kJ-mol™' and 4S,, = 55-66 J-mol™'-K™!)
indicating that the size of Ln'"! has a negligible influence on the spin-state equilibrium. However, the smaller Ln'!
ions have less affinity for the pseudo-tricapped trigonal prismatic coordination site in the heterodinuclear com-
plexes as demonstrated by the partial decomplexation of [YFe(1?);]°" to give [Fe(I?),]*" and the absence of the
heterodinuclear complex [LuFe(L?);]"" under the same conditions. The crucial role played by the sterically
demanding Fe'' in the assembly processes is discussed together with the use of the efficient combination of
lanthanide probes with magnetic d-block probes for the design and investigation of luminescent and magnetic
materials with controlled structural and physical properties. Photophysical measurements reveal that efficient
ligand —metal and Eu — Fe energy transfers occur in [EuFe(L?);]** which strongly quench both the ligand and the
Eu-centered luminescence.

Introduction. — The development of new molecular and supramolecular devices ex-
hibiting controlled energy [1] and electron [2] transfers is currently a field of active
research. Although trivalent lanthanides Ln™ are particularly suitable as luminescent
probes [3], they are only rarely introduced into supramolecular architectures as a result of
their versatile coordination behavior [4]. Highly preorganized cryptands [5] and po-
dands [6] have been used to control the coordination sphere around Ln™, but it was
recently realized that less constrained ligands may also lead to well-defined lanthanide

complexes. E.g., Ln" ions react with linear heterocyclic oligotridentate ligands such as L’
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and L® to give triple-helical mononuclear [Ln(L%),P’* [7] and dinuclear [Ln,(L*),]** [8]
complexes in which the metal ions occupy well protected pseudo-tricapped trigonal
prismatic coordination sites [9]. Following this strategy, we have shown recently that
related compounds can be produced by the assembly of the segmental ligand L? with Ln™
and Zn" which gives the heterodinuclear C;-symmetrical complexes [LnZn(L?),]** where
Zn" is pseudo-octahedrally coordinated by the three ‘bidentate binding units and Ln"™
nonacoordinated by the three remaining tridentate units [10]. In these complexes, Zn"
controls the coordination sphere around Ln" and prevents fac-mer-isomerization of the
C, pseudo-tricapped trigonal prismatic site. However, structural information relevant to
the heterodinuclear complexes [LnZn(L?),]** mainly comes from the tridentate units bound
to Ln" which behave as luminescent probes in the solid state (Ln = Eu) and NMR shift
reagent in solution (Ln = Ce, Pr, Nd, Sm, Eu) [10]. It appears that the replacement of Zn"
by magnetically and spectroscopically active d-block metal ions would result in a deeper
understanding of the assembly processes and of the structural properties of these hetero-

L' R'=Me,R?=H L*R=H,X=H,Cl,OH
I’ R'=H,R?=Me L R=Me, X=H
L* R = (Me0),CH,CH,, X =H

MeO L’ R = (Me0),CH,CH,, X = 4-R'-C,H,
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dinuclear complexes in solution. Fe" seems to be particularly suitable since its spin-state,
spectroscopic and magnetic properties are very sensitive to the nature of coordinated
aromatic heterocyclic binding units [11-16]. When Fe" is pseudo-octahedrally coordi-
nated by two tridentate units as in [Fe(L"),}’* (n = 5-7), it generally adopts a diamagnetic
d® low-spin electronic configuration [11] [12], but spin-crossover behavior ('A=°T) has
been observed for [Fe(L*),J*" which possesses ligands with unsubstituted 1H-benzimid-
azole side arms whose NH groups are very sensitive to H-bonding [13] [14]. When Fe" is
pseudo-octahedrally coordinated by three bidendate heterocyclic units, a spin-crossover
behavior is often observed both in solution and in the solid state [15], as reported for
[Fe(L¥,]*" [16]. We thus expect Fe" to be a good candidate as a structural magnetic probe
for monitoring the self-assembly of heterodinuclear d—f complexes with L% Moreover,
Fe' may act as a receptor for intramolecular Ln™ — Fe" energy-transfer processes [17].

In this paper, we report the detailed investigation of the assembly processes leading to
the formation of the triple-helical heterodinuclear d-f complexes [LnFe(L?),]** in MeCN
together with their spin-state equilibrium properties in solution. Comparison of [Ln-
Fe(L?).* with the analogous complexes [LnZn(L?),}’* is also considered for the evalua-
tion of Fe" as a magnetic and spectroscopic structural probe.

Results and Discussion. — Preliminary Remarks. As reported for [LnZn(L?),}’* [10] and
other heterodinuclear complexes [12], the detailed understanding of the assembly pro-
cesses between L2, Lo, and Fe" requires the preliminary investigations of the homo-
nuclear precursors. We have previously shown that L? reacts with Ln(ClO,); (Ln = La,
Eu) in MeCN to give C,-cylindrical head-to-tail dinuclear complexes [Ln,(L?),]** (struc-
ture I, Fig. 1) while Lu™ produces complicated mixtures of complexes [10]. To character-
ize the complexes formed between L2, Fe", and Ln'™, we used an efficient combination of
electrospray-mass spectrometric (ES-MS), spectrophotometric, and 'H-NMR titrations
in solution [10] [12], followed by the detailed magnetic studies of the resulting
supramolecular complexes using Evans’ method in MeCN [18].

"7 :tridentate binding unit
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Fig.1. Different orientations of the bidentate and tridentate binding units
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Homodinuclear Complexes of L* with Fe". ES-MS$ Titrations of L? with Fe(ClO,),- 6
H,O in MeCN show the exclusive formation of [Fe(L?),}** (m/z 738.8) for Fe/L? ratios in
the range 0.1-0.5. In presence of a large excess of ligand, traces of [Fe(LL?),)** are observed
in the ES-MS (Table 1) as similarly reported for [Zn(L2)3]2+ [10]. In presence of an
excess of metal (Fe/L> > 1.0), [Fe(L?),]*" still dominates the ES-MS, but significant
peaks corresponding to [Fe,(L?),]** (m/z 383.4) and its adduct ions with perchlorate,

Table 1. Molecular Peaks of Complexes of L? and Adduct Ions Observed by ES-MS

Metal Cation mjz") Metal Cation mjz*®)

Fe!! [Fe(L?),** 1094.2 Nd"/Fe!! [NdFe(L?))* 466.2
[Fe(L?),]** 738.8 [NdFe(L2)5(ClIO)** 607.8
[Fey(L?),]** 3834 [NdFe(L?)y(CIO,),I** 8438
[Fez(Li)z(CIO4)]3;+ 544.3 [1~:<1F(§(L23((:104)3]2+ 1315.5
[Fex(L2),(Cl0O,),] 866.2 [Fe(L?),] 738.8
[Fey(LA)x(ClO)s]" 1831.8 Eul'l/Fell [EuFe(L2);]" 468.0

Lal"l/Fe!! [LaFe(L?),>* 465.4 [EuFe(LY),(ClO)*" 610.8
[LaFe(L?),(CIO)I* 606.7 [EuFe(L):(ClO,),)* 846.4
[LaFe(L?),(Cl10,),1** 842.1 [EuFe(L);(ClO > 1318.8
[LaFe(L);(ClO,), 1 1312.8 [Fe(LY),]** 738.8
[Fe(L?),]** 738.8

") m/z Values given for the maximum of the peak.

[Fe(LH{(ClO) ] (i = 1-3, Table 1) [19], indicate the formation of a homodinuclear
complex as reported for [Fe,(L"),]** [12]. Spectrophotometric titrations under the same
experimental conditions confirm these results and lead to a sharp end point for a Fe/L2
ratio of 0.5 (isosbestic point at 30 770 cm™' for Fe/L?in the range 0.1-0.5) and to a second
smooth end point for Fe/L? 1.0. Factor analysis [20] suggests the existence of two
absorbing complexes, and the spectrophotometric data can be satisfactorily fitted to the
equilibria of Egns. I and 2.

Fe** + 2 L2 [Fe(L3),1*" log(B%) = 14.1(4) (1)
2 Fe* + 2 L& [Fey(L),]" log(B3) = 20.0(8) )

These results parallel those obtained with the analogous ligand L' which yields similar
complexes [Fe(L'),]”" (log8 1) = 14.0(7)) and [Fe,(L'"),]*" (estimated log(85) = 17) [12].
The larger stability found for the homodinuclear complex [Fe,(L*),J** probably results
from the shift of the Me group bound to C(6") of the pyridine ring in L' to C(5™) in L?
[10]. The electronic spectrum of [Fe(L?),]*" displays the typical splitting of the 7 —z*
transitions (Table 2, Fig. 2) associated with the coordination of the tridentate binding unit
to Fe" as previously discussed for [Fe(L*),]** (n = 5-7) [11]. A strong metal-to-ligand
charge-transfer (MLCT) band (Fe" — n*) centered at 17270 cm™' (vibronic progression at
18250 and 20880 cin™' [21], Fig.2) is responsible for the deep violet color of the complex
and corresponds to a low-spin Fe" pseudo-octahedrally coordinated by two perpendicu-
lar tridentate units as found in [Fe(L%),]** (17390 cm™) [11] and [Fe(L"),J** (17270 cm™)
[12]. Upon addition of a second equivalent of Fe' to give [Fe,(L?),]**, the # — n* transi-
tions are further affected as similarly observed when going from [Zn(L?),"" to [Zn,(L?),]*"
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Table 2. Electronic Spectral Data for 1? in CHCI, and Iis Complexes in MeCN?*) and Electrochemical Reduction
Potentials in MeCN + 0.1 (Bu4N)PF6b) at 293 K

gmp— 7 *°) non* MLCT E, Ej-E}
L2 35490(28500, sh) 31450(55630)
[Fe(L?),)** 35715(62360, sh) 31750(97500) 20880(3560, sh) 0.82% 70
28090(45340) 18250(7740, sh) -1.06%) 65
26810(53310) 17270(9380) -1.46%) 65
[Fey(LY,* 35715(51910, sh) 31250(84520) 20450(4610, sh)
28490(76480, sh) 18485(5550)
27030(47970) 17330(4800, sh)
[LaFe(L%),)** 35715(60630, sh) 30550(88900) 18800(5070) 0.82% 65
28410(66840, sh) -1.03%) 90
26880(50860) -1.329 60
-1.45%) 75
~1.61° 230
[CeFe(L?),]"* 35460(60050, sh) 30380(87800) 19050(5010)
28650(68060, sh)
27000(49940)
[PrFe(L2),]°* 35430(59140, sh) 30300(87520) 18980(5050)
28650(66290, sh)
27250(50290)
INdFe(L?),]** 35400(58800, sh) 30300(88600) 19010(5030) 0.849 95
28650(66400, sh) -1.00%) 80
26900(49800) -1.28% 70
-1.42% 90
-1.71%) 250
[SmFe(L2),P’* 35340(62640, sh) 30450(87730) 18940(4980)
28820(66200, sh)
26880(49550)
[EuFe(L2),F* 35410(57600, sh) 30270(86100) 18870(5040) 0.83%) 85
28990(66100, sh) -0.36 irrev
27020(48500) -1.01%) 110
—1.43%) 75
-1.69%) irrev

1

and &’s (in parentheses) in M~'-cm™;

Y  Energies are given for the maximum of the band envelope in cm™
sh = shoulder.

%) Electrochemical potentials are given in V vs. SCE and (Ep — Ej) in mV. Estimated error on Eq, is £0.01 V.

©)  Transitions centered on the 3,5-dimethoxyphenyl rings [10].

9 Reduction centered on metal.

¥} Reduction centered on the ligand.

{10}, which is attributed to the coordination of both bidentate and tridentate units of L’ to
the metal ions. The shape of the Fe" »z* MLCT transition is also strongly modified by
the complexation of the second Fe", and the maximum of the band envelope is shifted by
1215 cm™ toward higher energy, while reminiscence of the transition observed for
[Fe(L?),]*" is still observed as a shoulder at 17330 cm™ (Table 2). This behavior suggests
the coordination of both tridentate and bidentate units to Fe" since the MLCT transi-
tions of [Fe(L¥),]** in solution is observed at higher energy (19230 cm ™) {16].

"H-NMR Titrations of L? (total ligand concentration 1.4- 107 M) by Fe(Cl1Q,),-6 H,O
show the exclusive formation of [Fe(L?),** for Fe'/L? 0.5. The 'H-NMR spectrum
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Fig.2. Absorption spectra of [Fe(L?),]°" (——) and [LaFe(1?);]°* (———) in MeCN ar 293 K. Total ligand

concentration 6- 107> M.

Table 3. ' H-NMR Shifts (rel. to SiMe,) for Ligand L? in CDCl; and Its Complexes in CD;CN at 294 K

Bidentate binding unit

Me-C(5") Me-N(1) H-C(6”) H-C@4") H-C(3") H-C(7) H-C(6) H-C@) CH-C(®)
L2 2.39 421 8.49 7.61 8.22 7.30 7.18 7.66 4.26
[Fe(LY),)*+ 2.46 4.36 8.61 7.79 8.34 7.42 6.85 721 3.76, 3.91
[YFe(LD)," 1.74 6.24 14.80 7.10 15.90 10.13 6.52 2.60 3.01, 3.60
[LaFe(L?),t 1.69 6.39 15.45 7.02 16.82 10.42 6.44 3.70 2.93, 3.69
[CeFe(L3):P*  1.50 5.95 14.70 6.84 16.20 9.89 6.22 -0.77 2.78, 3.29
[PrEe(L?),]>" 125 6.06 15.00 6.52 16.30 8.81 7.00 0.60 2.63, 2.85
[NdFe(L?)yP* 143 5.96 15.00 6.72 16.24 9.92 6.13 -2.20 268, 3.14
[SmFe(L?) " 1.71 6.00 14.20 7.08 15.40 9.85 6.47 3.10 3.00, 3.58
[EuFe(L);]’* 2.03 6.52 15.30 7.43 16.40 10.42 6.89 5.10 3.43, 4.18
Tridentate binding unit
Me N(1) H-C(4) H-C(6) H-C(7) H-C(3") H-C(4") H-C(5") CH,-N(1"") H-C(7") H-C(¢"") H-C(5") H-C(4")
L? 3.66 769 722 722 829 800 842 550 730 740 720 7.85
[Fe(LY),)** 4.12 549 723 731 846 838 857 578,588 734 716 684 5.73
[YFe(L?)]**  3.91 404 720 758  7.62 156  7.05 494,562 735 718  6.60 6.60
[LaFe(L?)P* 3.78 421 718 759 762 769 711 462,538 736 716  6.59 6.95
[CeFe(L%);r  4.82 132 710 813 914 901 858 609,668 812 734 630 3.09
[PrEe(LY)]* 576 643 592 975 1126 1038 10.68 7.85828 903 750 588  -1.50
[NdFe(L),]’* 5.22 060 7.04 869 1061 963 1003 6.66,747 870 733 614 1.80
[SmFe(L):)>" 4.13 262 715 7.64 733 780  7.89 520,578 7.47 7.21 6.55 5.87
[EuFe(L?);]*  2.58 1016 7.32 587 341 519 285 3.00,316 549 710 719 11.92
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displays 26 signals (CH,—C(5") and CH,—N(1") are diastereotopic [22]) compatible with
a C, point group for the complex as found for [Zn(L?),]* [10] and [Fe(L"),* [12]. The
signals of the protons of the bidentate units are only weakly altered by the coordination of
Fe" to L?, while the signals arising from the tridentate units are significantly modified
(Table 3). The pyridine protons H—C(3"), H—-C(4”), and H—C(5") are shifted toward
lower field (49 = 0.2-0.3 ppm), which is typical for N-coordination of the pyridine ring
[23], and H—C(4) and H—~C(4") are strongly shielded (45 = 2.20 and 2.12 ppm, resp.)
demonstrating the perpendicular arrangement of the tridentate units which brings
H—C(4) and H—-C(4") of one ligand above the planes of the aromatic rings of the second
ligand [10-12]. NOE’s observed for Me—N(1)/H—C(3") and CH,—N(1")/H—C(5") con-
firm the s-cis-,s-cis-conformation (N(1”) cis to N(3) and N(3")) of the tridentate units
required by their coordination to Fe" [10] [12], while the significant NOE for H—C(6™)/
Me—N(1") implies a s-frans-arrangement of the benzimidazole and pyridine rings (N(1"")
trans to N(3")) of the uncoordinated bidentate units. We conclude that [Fe(L?),*" adopts
the C, head-to-head structure II (Fig./) in solution as reported for the analogous
complexes [Fe(L'),]**, [Zn(L"),]"* [12], and [Zn(L?),]*" [10] and resulting from the stronger
chelate effect of the tridentate binding unit.

Susceptibility measurements using Evans’ method [18] in MeCN between 243 and 333
K reveal that the weak molar paramagnetic susceptibility of Fe" in [Fe(L?),]** is tempera-
ture-independent and amounts to y (Fe) = 2(1)- 10~ cm’-mol™. The small effective mag-
netic moment . = 0.2(1) BM at 293 K corresponds to a d® low-spin electronic configura-
tion [24] with second-order Zeeman contributions [24] [25]. The large uncertainty on
x (Fe) arises from the small value of the paramagnetic susceptiblity as compared to the
diamagnetic contribution of the ligands [14] used to correct the experimental data.
[Fe(L?),]** may thus be considered as essentially diamagnetic in solution, in agreement
with 'TH-NMR and UV/VIS data.

Upon addition of Fe(ClO,),-6 H,O to a solution of [Fe(L?),]** in MeCN, the 'H-NMR
signals become very broad and are of no more use. Magnetic measurements for Fe/
L?=1.0 (total ligand concentration 1.4-107? M) confirm that the [Fe,(L?),]*" complex
evidenced by ES-MS and spectrophotometric data is paramagnetic in MeCN between
243 and 333 K. The corrected molar magnetic susceptibilities found for Fe" are tempera-
ture-dependent: u . varies from 1.8(1) BM per Fe-atom at 243 K to 2.60(8) at 333 K and
lies between the expected values for low-spin (i, = 0-0.5) and high-spin (u; = 5.0-5.5)
pseudo-octahedral or pseudo-tetrahedral Fe" complexes with heterocyclic ligands [15]
[16] [26]. However, a fit of the susceptibility data to a simple model taking into account
the low-spin and high-spin species only failed, which leads us to suspect the presence of
many structural isomers in solution.

Heterodinuclear Complexes of L* with Fe" and Ln™. ES-MS Titrations of L? by an
equimolar mixture of Fe(ClO,),-6 H,0O and Ln(ClO,),-nH,0 (Ln = La, Nd, Eu) in
MeCN reveal that only one heterodinuclear complex [LnFe(L?),]** (and its adducts with
perchlorate [19]) forms in solution for a Fe"/Ln"/L? ratio of 1:1:3, together with signifi-
cant quantities of [Fe(LL?),]** (Table 1). This suggests the existence of thermodynamic
equilibria between mononuclear precursors and heterodinuclear complexes very similar
to those reported for the assembly of [LnZn(L?),]** [10] (Fig. 3b). Since the homodinuclear
complexes [Ln,(L?),]** give weak ES-MS signals under these experimental conditions [10],
one cannot rule out the presence of significant quantities of these complexes on the basis



1658 HELVETICA CHIMICA ACTA — V01.78 (1995)

of the ES-MS data. Spectrophotometric titrations of L? by an equimolar mixture of
Fe(ClO,),-6 H,0O and Ln(ClO,);-nH,0 (Ln = La, Eu) in MeCN (metal/L? ratios in the
range 0.1-2.0; [metal} = [Ln"™] = [Fe"}) show an intricate variation of the molar extinc-
tion with a sharp end point for metal/L? 0.3 followed by a monotonic evolution up to
metal/L? 1.0-1.2 (Fig. 3a). During these titrations, 10- to 15-min delays are necessary to
reach thermodynamic equilibrium after each addition of metal, which contrasts with the
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Fig. 3. a) Variation of observed molar extinctions at 10 different wavelengths and b) corresponding calculated
speciation of the ligand for the spectrophotometric titrations of L? with an equimolar mixture of La(ClO,);-7 H,0
and Fe(Cl0,),-6 H;0 in MeCN ai 293 K. Total ligand concentration 10~%M; [metal} = [La™] = [Fe!l].
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almost instantaneous formation of the corresponding Zn" complexes [10]. This rather
slow kinetics is expected, if inert d° low-spin Fe'" complexes are involved in the various
equilibria [27]. The spectrophotometric data are fitted to the equilibria of Eqns. 1-4
(Ln = La, Eu) with root-mean-square differences between calculated and observed molar
extinctions of 0.003.

2Ln* 4+ 3L22[LnLY)]"  log(B%) = 22.3(3) [10] 3)
log(8 %) = 23.5(8) [10]
Ln* 4+ Fe** 4 3 L’ [LaFe(L),"*  log( &) = 25.2(5) @)

log(875*) = 24.3(8)

The stability constants for [LnFe(L*),]** (Ln = La, Eu) parallel those found for the
analogous Zn" complexes (log(fi1#) = 26.2(3) (Ln = La) and 25.3(4) (Ln = Eu)) [10].
However, the great similarity observed between the UV spectra of the complexes studied
mean that the calculated f,,;’s can only be considered as being mere estimations. The
absorption spectra of [LnFe(L?);]"" (Ln = La, Ce, Pr, Nd, Sm, Eu; total ligand concentra-
tion 6-107° M, > 80% of [LnFe(L?),]*" according to Egns. I-4) display a splitting of the
7 —x* transitions similar to that found for [LnZn(L?),]** [10] and typical of the coordina-
tion of both bidentate and tridentate units onto the metal ions [9-11]. A large and poorly
structured MLCT transition (Fe"—z*) [11] [14] [15] centered around 19000 cm™
(Table 2, Fig.2) is responsible for the deep red color of the Fe" complexes. Compared to
[Fe(L*),J**, the MLCT band of [LnFe(L*),)*" is significantly shifted toward higher energy
(ca. 1700 ecm™', Fig.2) as found when going from [Fe(terpy),]*" (terpy = 2,2':6",2"-ter-
pyridine; 18120 cm™ [28]) to [Fe(bipy);]** (bipy = 2,2’-bipyridine; 19160 cm™' [21]) or
[Fe(L?),]** (19230 cm™ [16]). This suggests that Fe! is pseudo-octahedrally coordinated
by the three bidentate binding units in [LnFe(L?),]**, and that the color change from violet
to red observed when going from [Fe(LL?),]** to [LnFe(LL?),]** is associated with the transfer
of the Fe" ion from the tridentate units (structure I, Fig. /) to the bidentate coordinating
units. The intensity of the MLCT transitions of [LnFe(L?),]** is strongly temperature-
dependent (Fig.4), leading to thermochromism and pointing to the presence of low-
spin=2high spin ('A=°T) equilibria in MeCN solution [14] [15] [29], as reported for
[Fe(L*),]** [16] and other [Fe(diimine),]** chromophores [15] [30]. The significant decrease
of the molar extinction between 243 and 333 K corresponds to a decrease in the popula-
tion of the low-spin state associated with the intense MLCT transition and is typical of
partial spin-crossover behavior [15] [24] [30]. A quantitative analysis of the observed
thermochromism will be discussed later. Unfortunately, the intense MLCT bands ob-
scure any d-d transitions expected in this spectral range, preventing the determination of
the ligand-field strength [15] [29].

For a total ligand concentration similar to the one used for '"H-NMR titrations
(= 107 M), Egns. 14 predict that [LnFe(L?),]*" (Ln = La, Eu) is ten times more concen-
trated than any other species in solution. This is confirmed by the NMR spectra which
reflect the formation of only one C,-symmetrical complex with 26 signals (CH,—C(5’) and
CH,—N(1") are diastereotopic) corresponding to [LnFe(L?),]** (Ln = La, Ce, Pr, Nd, Sm,
Eu; Fig.5) as reported for [LnZn(L*),]** (Ln = La-Lu) [10]. The short electronic relax-
ation times of lanthanides La-Eu [31] produce little line broadening of the 'H-NMR
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Fig.4. VIS Specira of [NdFe(L?);]°" in MeCN at stepwise decreasing temperatures (AT = 10 K) between 333 K (a)
and 243 K (j). Total ligand concentration 6- 1073 m.

signals and allow reliable NOEDIF, 2D-COSY, and 2D-NOESY measurements leading
to the assignments given in Table 3. Intra- and interstrand NOE’s observed for
[LnFe(L?),]** (Ln = La—Eu) strictly parallel those found for [LnZn(L?),]"" [10] demon-
strating that the Fe" complexes adopt a triple-helical structure in solution with the three
ligands I? wrapped around the C, axis defined by the metal ions. E.g., intrastrand NOE’s
for H—C(3")/Me—N(1"), H—C(3")/Me—N(1), and H-C(5")/CH,—N(1") imply s-cis-ar-
rangements of the pyridine and benzimidazole rings within each coordinating unit
resulting from its complexation to the metal ions while the particular NOE map of the
protons of the ‘diphenylmethane’ spacer (observed NOE’s: CH,—C(5)/H—-C(4),
CH,—C(5)/H—-C(6"), CH,—C(5)/H—C(4"), CH,—C(5)/H--C(6), and H—C(4")/H—C(4))
corresponds to the helical wrapping of the ligand [10] [12]. Weaker interstrand NOE’s
(Me—N(1)/CH,—N(1"), Me—N(1)/H—C(6"), and Me~N(1")/H—C(6)) demonstrate that
the three ligands L? are closely packed along the C, axis in agreement with the proposed
triple-helical structure. For a given lanthanide, the 6 (H)’s of the tridentate binding units
are comparable for the two series of complexes [LnFe(L?),]*" and [LnZn(L?),]** (Ln = La-
Eu) (Table 3 and [10]), i.e., similar paramagnetic induced shifts are experienced by these
protons. H—C(4) and H—C(4") are of particular interest, since they point toward the
lanthanide in [LnZn(L?),)** leading to strong paramagnetic dipolar contributions to the
observed chemical shifts [10]. Bleaney’s dipolar coefficients of the Ln"' ions point to a
similar behavior for [LnFe(L?),]**: H—C(4) and H—C(4") are strongly shielded for
Ln = Ce, Pr, Nd, Sm (negative coefficients) and deshielded for Ln = Eu (positive coeffi-
cient, ¢f. Table 3) [32]. We conclude that the heterodinuclear complexes [LnFe(L?),]™*
adopt the triple-helical structure III in solution (Fig. ?) as previously established for the
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analogous Zn" complexes [10], where the lanthanide ion occupies the pseudo-tricapped
trigonal prismatic coordination site produced by the three wrapped tridentate binding
units of L? while Fe" lies in the pseudo-octahedral site defined by the three bidentate units.

However, the 'H-NMR signals of the bidentate units are completely different for
[LnFe(L*),]** compared to [LnZn(L?),**: H-C(6™), H—C(3"), and Me—N(1") give broad
and highly temperature-dependent signals at surprisingly low field (Table 3, Fig.5). At
243 K, the 'H-NMR spectra of the [LnFe(L?),)”* complexes are very similar to those
found for the analogous Zn" complexes [10], in agreement with the conclusion that Fe' is
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Fig.5. "H-NMR Spectra of [CeFe(L?);]°" at a) 253 K, b) 273 K, ¢) 293 K, and d) 303 K in CD;CN. Total ligand
concentration 2.25-1072m.

Table 4.  H-Longitudinal Relaxation Times (T,[s]) for L? in CDCl; and Selected Complexes in CD;CN at 294 K

Bidentate binding unit

Me-C(5") Me-N(1') H-C(6"”) H-C@™) H-C3") H-CT) H-C(6) H-C@4) CHyC(5)

L? 0.78 1.09 3.03 1.60 2.11 1.05 1.38 2.10 0.36
[Fe(L?),1** 0.71 0.68 2.02 1.23 1.16 0.87 0.79 1.08 0.30, 0.32
[LaZn(L?)5)*F 0.71 0.56 1.35 1.20 0.80 0.84 0.61 1.67 0.21, 0.30
{LaFe(L?),)* 0.16 0.31 0.33 0.30 0.20 0.50 0.35 0.52 0.18, 0.18

Tridentate binding unit

Me-N(1) H-C(4) H-C(6) H-C(7) H-C(3") H-C(4") H-C(5") CH,-N(1") H -C(7”") H-C(6™) H-C(5") H-C(4")
12 078 183 131 106 178 1.00 182 03] 1.07 103 106  1.99
[Fe(L?),** 047 045 073 078 055 070 047 020,024 074 079 079  0.39
[LaZn(L?:** 046 162 076 082 075 078 073 021,021 083 087 088 140

[LaFe(L?);]"*

0.40 050 050 055 0.68 0.65 0.51 0.20,0.30 0.67 0.80 0.79 1.04
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mainly diamagnetic at low temperature. As the temperature is increased, the appearance
of an average paramagnetism is expected, if Fe" displays a fast spin-state equilibrium
'A2°T on the NMR time scale [15] [29]. This is confirmed by the significant decrease of
the longitudinal relaxation times 7, (Ln = La, Table 4) resulting from the coupling
between the 'H nuclear magnetic moments and the electronic magnetic moments of
high-spin Fe" [33]. Detailed analyses of the temperature-dependent 'H-NMR spectra of
{LnFe(L?,P" and [LnZn(L?),]’* (Ln = La—Eu) in the range 243-333 K show that these
complexes are the only species observed in solution and that the C; triple-helical structure
11X (Fig. 1) is maintained at all temperatures. No significant decomplexation nor the
formation of other species is detected for total ligand concentrations in the range 1.4
2.5-107> M. The addition of an excess of ligand induces the expected shift in the distribu-
tion of the various complexes (Fig.3b); the well resolved spectrum found for free L?
indicates that potential ligand exchanges are slow on the NMR time scale.

For Ln = Y™, a complicated '"H-NMR spectrum is observed for a Y/Fe/L*ratio 1:1:3
and corresponds to a ca. 55:45 mixture of [Fe(L?),)*" and [YFe(L?),)**, as estimated by
integration of the "TH-NMR signals. Other weak signals probably arise from diamagnetic
Y™ complexes [10]. When L? is titrated by Lu™ and Fe", the 'H-NMR spectra contain
sharp signals from [Fe(L*),]** and poorly defined signals from diamagnetic Lu™ com-
plexes [10], but no trace of [LuFe(L?),)*" is detected. The quantitative formation of the
C;-heterodinuclear complexes [LnFe(L?),]*" in solution is thus limited to the larger lan-
thanide ions (Ln = La—FEu) while the analogous Zn" complexes are obtained with the
complete lanthanide series [10]. This points out the sensitivity of the self-assembly pro-
cesses to minor structural changes, since Jow-spin Fe" (ionic radius: 0.61 A [34]) is 18%
smaller than Zn" (0.74 A [34]), and Y" is only 4% smaller than Eu" [4].

Slow diffusion of Et,O into concentrated MeCN solutions of [LnFe(L?),]** allows the
almost quantitative isolation of deep red powders whose elemental analyses correspond
to [LnFe(L?),)(C10,);-8 H,O (Ln = La, 1; Ln = Nd, 2; Ln = Eu, 3). These compounds are
readily soluble in MeCN and give spectra (UV/VIS, ES-MS, 'H-NMR) identical to those
obtained for [LnFe(L?),]*" formed insitu, but we were unable to obtain crystals suitable for
X-ray diffraction studies. Complexes 1-3 are oxidized on a Pt-disk electrode in a quasi-
reversible monoelectronic wave at £, , = 0.82-0.84 V vs. SCE in MeCN + 0.1M (Bu,N)PF,
(Fe"/Fe", E:~E: ~ 80 mV, Table 2). This behavior parallels that of [Fe(bipy),J(ClO,),
(E,=0.79V, E:-E: =70 mV) [35], but is not typical of [Fe(diimine),]** chromophores
since [Fe(triimine),]** complexes such as [Fe(LL'),}* (E,, = 0.83 V, E2-F¢ =70 mV [12])
and [Fe(L?),J* (E,,=0.82V, Ei:-E: = 65 mV) display similar oxidation waves. In addi-
tion, the cyclic voltammograms of [Fe(L?),]** and [LnFe(L?),)> (Ln = La, Nd), display
several other waves (Table 2) corresponding to the successive reduction of each coordi-
nated unit [36], but a precise interpretation is not possible. For Ln = Eu, another cathodic
behavior is observed which is probably associated with the reduction of Eu" into Eu" [4].

Spin-State Equilibria of the Heterodinuclear Complexes [ LnFe(1?),]°* (Ln = La—Eu)
in MeCN. The [Fe(diimine),]'" chromophores often display low-spin e high-spin equi-
libria (Egn. 5) resulting from a ligand-field strength comparable to the mean spin-pairing
energy [15] [29] [30]. This leads to thermal spin-crossover transitions, as reported for
[Fe(L¥,J*" and other analogous a,« ’-diimine ligands [16] [30].

A =0=2T(S=2) log(KJ) &)
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The temperature-dependent Fe' —»n* MLCT transition and 'H-NMR spectra of
[LnFe(L),** (Ln = La-Eu) are typical of such equilibria [15] [29] and confirm the
existence of a partial spin-crossover behavior in MeCN, which is not surprising, since Fe"
is pseudo-octahedrally coordinated by three bidentate units analogous to L® [16]. A
detailed investigation of Equilibrium 5 requires the direct determination of magnetic
moments over a sufficient temperature range using Evans’ method [18] adapted to
superconducting NMR magnets [37]. Moreover, a reliable value for the diamagnetic
contribution of the ligands and counter anions is needed, since this contribution is of the
same order of magnitude as the paramagnetic susceptibility in large molecules [38].
Finally, a detailed knowledge of the paramagnetism associated with Ln"™ ions is also
required to interpret the magnetic data of the heterodinuclear complexes [LnFe(L?),]*
(Ln = Ce-Eu).

The paramagnetic moments of Ln™ in [LnZn(L?),** and the total paramagnetic
moments of Ln™ and Fe" in [LnFe(L?),]** in MeCN (Ln = La—Fu), calculated from
measured susceptibilities corrected for diamagnetism (see Exper. Part), are given in
Table 5 and Fig.6. The Ln" ions in [LnZn(L?),)’" follow a Curie behavior, within
experimental error. Their effective magnetic moments are close to those expected for the
free ions, u. = 2.53, 3.58, 3.62, 1.80, and 3.35 BM for Ce, Pr, Nd, Sm, and Eu, respec-
tively [24]. Since La'' is diamagnetic, the u . (Fe) values reported for [LaFe(L2),]** point to
a non-Curie behavior. For the other heterodinuclear complexes [LnFe(L?),]** with para-
magnetic Ln'" ions, the determination of the magnetic behavior of Fe' requires the
separation of the contribution of the two metal ions. As a result of the ineffective overlap
of the f-orbitals with the orbitals of the ligands or of the d-block metal ion [39], the
isotropic interaction J between d and f metal ions in heteronuclear complexes is weak
(J <10 em™) [40]. It may be neglected for the complexes [LnFe(L?),]*" in solution, since
there is no short-distance bridging ligand (the Ln-Fe distance estimated from the X-ray
crystal structures of [Eu,(L*),](ClO,), [41] and [Co,(L%),](CIO,), [42] is 8-9 A), and since
kT >> |J| for the temperature range accessible in MeCN (243-333 K). We thus consider
Fe' and Ln"™ as being two independent paramagnetic centers, as recently reported for
heterodinuclear LnCu complexes [43]. The Ln™ paramagnetic moments are taken from

Table 5. Effective Total Magnetic Moments i 4y [BMI") for [ LnFe(L2);](CIO )5 and [ LnZn(L?);](CIO )
at Different Temperatures in MeCN

Metals 243K 253K 263 K 273K 283 K 293K 303K 313K 323K 333K

LaFe 0.98 1.19 1.37 1.59 181 2.04 2.28 2.56 2.82 3.05
CeFe 2.73 2.79 2.87 297 3.08 3.26 3.43 3.64 3.87 4.12
PrFe 3.65 3.68 3.74 3.79 3.89 4.01 4.13 4.30 447 4.66
NdFe 3.45 3.49 3.56 3.63 3.72 3.85 3.97 4.14 432 4.49
SmFe 1.75 1.86 1.95 2.11 2.29 2.45 2.64 2.91 3.17 343
EuFe 3.41 3.46 3.54 3.62 3.72 3.86 3.98 4.16 4.37 4.54
CeZn 2.54 2.54 2.53 2.52 2.51 2.50 2.50 2.47 2.45 2.46
PrZn 3.53 3.52 3.49 3.49 3.47 3.47 3.47 3.46 3.42 3.41
NdZn 3.33 3.31 3.32 3.33 3.33 3.32 3.32 3.32 3.31 3.30
SmZn 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49 1.50 1.51
EuZn 3.30 3.29 3.31 3.32 3.33 3.32 3.34 3.32 3.33 332

%) p.r are corrected for diamagnetic contributions (see text). Estimated error is typically +£0.05 BM.
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the data determined for [LnZn(L?),]*". The magnetic moments of Fe" in [LnFe(L?),]"* are
consequently calculated according to Egn.6.

uly (Fe) = uly (LnFe) —u ' (LnZn) 6

These moments are reported in Table 6 and Fig. 7a and display a non-Curie behavior
similar to that of [LaFe(L?),)**. At all temperatures, the observed magnetic moments of
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Table 6. Effective Magnetic Moments yi 4 [BM] of Fe!l for [LnFe(17?);](CIO,) s and Calculated Mole Fractions Xpe
of High-Spin Fe'l at Different Temperatures in MeCN

Metals 243K 253K 263K 273K 283K 293K 303K 313K 323K 333K

LaFe . 098 1.19 1.37 1.59 1.81 2.04 2.28 2.56 282 3.05
Xps 0.04 0.05 0.07 0.10 0.13 0.16 0.21 0.26 0.32 0.37
CeFe pu.; 098 1.15 1.35 1.58 1.79 2.08 2.35 2.67 2.98 3.28
Xps 0.04 0.05 0.07 0.10 0.13 0.17 0.22 0.28 0.35 0.43
PrFe  pgy 092 1.10 1.32 1.49 1.77 2.01 224 2.55 2.87 3.17
Xps 0.03 0.05 0.07 0.09 0.12 0.16 0.20 0.26 0.33 0.40
NdFe u, 089 1.10 1.29 1.49 1.67 1.99 2.17 247 2.76 3.05
Xps 0.03 0.05 0.06 0.08 0.11 0.16 0.19 0.24 0.30 0.37
SmFe pgp 1.02 1.18 132 1.53 177 1.96 2.18 2.50 2.79 3.08
Xps 0.04 0.05 0.07 0.09 0.12 0.15 0.19 0.25 0.31 0.38
EuFe 4  0.86 1.08 1.24 1.45 1.65 1.97 2.17 2.51 2.83 3.10
Xps 0.03 0.04 0.06 0.08 0.11 0.15 0.19 0.25 0.32 0.38

Fe" fall between the pure low-spin (S = 0, 4. = 0-0.5 BM) and the pure high-spin limit
(S =2, 4= 5.0-5.5 BM) found for hexacoordinated Fe" complexes [15] [30] [44]. The
observed decrease of u., at low temperature is similar to the one found for other
solution-phase Fe" spin-equilibrium processes [15] [24], and this, along with absorption
and 'H-NMR spectra, confirms the existence of the equilibrium of Egn.5 for the Fe"
complexes. Assuming that no intermolecular interaction occurs in solution and taking
into account the mixing entropy [24], the observed magnetic behavior of Fe" allows the
evaluation of the spin-crossover constant K according to Eqn.7 [24], where x,, is the
mole fraction of high-spin Fe" at temperature 7, and u,, and y,, are the effective magnetic
moments for the high- and low-spin forms, 5.0 and 0.3 BM, respectively [44].

2 2
Ko ()= 7 = B @
— Xns  Hps T Hen

The calculated mole fractions x,, evidence a smooth and incomplete spin transition in the
temperature range 243-333 K (Fig. 7b):Fe" is almost completely low-spin at 243 K, but
ca. 40% high-spin at 333 K. The thermodynamic parameters 4H_ and 4S, (Table 7) are
estimated from plots of In(K,) vs. 1/T which are linear (correlation coefficients between
0.9905 and 0.9986). The values of 4AH_ and A4S, (Egn.5) for [LnFe(L?),}'* are similar to
those found for the 'A2°T spin crossover in [Fe(L),]** (4H_ = 19.7(4) kJ-mol™ and
4S,.=178(2) J-mol™-K™' in acetone and 4H,=21.4(1.6) kJ-mol™' and 4S, = 92(7)
J-mol™-K™! in MeCN/MeOH [16]) and for other [Fe(diimine),]** complexes [15] [30].
AH qualitatively reflects the changes in the metal-ligand bond distances and energies
which occur upon conversion from low-spin to high-spin Fe". The inner-sphere reorgani-
zation energy associated with the elongation of the Fe—N bonds (0.11-0.24 A) when
going from low-spin to high-spin [24] [44] is expected to be 8 to 25 kJ-mol™ [45] and to
provide the dominant enthalpic contribution to these systems. The entropic factor 4S,,
contains a relatively small electronic contribution associated with the degeneracy of the
low- and high-spin states (22.5 J-mol™-K~! for pure O, symmetry, 13.4 J-mol™-K™' for
orbitally nondegenerate complexes [29]). The major contributions to 45, probably arise
from vibrational partition functions since the disorder of the high-spin state is more
pronounced owing to the longer metal—ligand bond length [24] [44]. In solution, outer-
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sphere reorganization of the solvent cage [16] may also significantly contribute to 4S,.
For [LnFe(L?,]**, 4H_ and 4S5, are similar for all the Ln" studied (La—Eu), i.e., the
contraction of the ionic radii of Ln"™ does not strongly affect the coordination sphere
around Fe" and the spin crossover is closely related to the coordination of Fe" by the
three bidentate units since [Fe(L?),]** is diamagnetic.
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Table 7. Thermodynamic Parameter for '4 @’ T Spin-State Equilibria of {LnFe(1.2) 3J(ClOy) 5
in MeCN Obtained from Magnetic Measurements
AH, [kJ-mol™'] 48, [I'mol™ K T,[KP) a®)

[LaFe(L?);** 20.6(6) 57(3) 361 0.9986
[CeFe(L);]** 23.1(8) 66(4) 350 0.9966
[PrEe(L?);]*" 22.2(8) 62(3) 358 0.9960
[NdFe(L%)4]** 21.8(8) 60(3) 363 0.9968
[SmFe(L?)** 20.0(9) 55(4) 364 0.9905
[EuFe(LY) " 23.0(9) 64(3) 359 0.9955

) Critical temperature for which x,; = 0.5 (T, = 4H,/4S,.) [24].
®)  Correlation coefficients for plots of Ln(K) vs. I/ T (see text).
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Fig. 8. Reflectance spectra (293 K) of the ligand L? and its [ Lay( 12);]°* [10] and [LnFe(12);]*" complexes (5%

dispersion in MgQ, reference: MgO)
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Plots of the molar extinction (g,,) measured for the complexes [LnFe(L?),)’* (Ln = La,
Nd, Eu) at different temperatures (Fig. 4) vs. calculated mole fractions x,, given in Table 6
allow the estimation of the molar extinction coefficients for the pure low-spin (¢,) and
high-spin (g,,) complexes:

Efol = 81’; - 'xhs (gl)ﬁ - 8?\5) (8)

Straight lines are observed for the three complexes and molar extinction coefficients
at the maximum of the MLCT band envelope (ca. 19000 cm™, Table 2) around 6000
M'-cm™ are found for the low-spin form (g, = 6000(200), 5800(200), and 5900(180)
M '-cm™ for Ln = La, Nd, and Eu, resp.), while the high-spin Fe" form displays a much
weaker absorption at the same wavelength (g,, = 480(90), 460(100), and 740(180)
M~'-cm™ for Ln = La, Nd, and Eu, resp.), in good agreement with the values reported for
[Fe(L),]*" [16].

In the solid state, SQUID measurements of [LaFe(L?),](Cl1O,);-8 H,0O (1) show that
the molar magnetic susceptibility corrected for paramagnetic impurities (ca. 2-3% Fe™),
and diamagnetism is almost temperature-independent in the range 100-310 K and corre-
sponds to diamagnetic low-spin Fe". Above 310 K, the magnetic susceptibility slightly
increases but the crystals readily decompose around 340 K which prevents the study at
higher temperatures.

Photophysical Properties of [ LnFe(12),](ClO,);8 H,O (Ln = La, 1; Ln =Eu, 3) in
the Solid State. Upon complexation, the splitting of the = — 7 * transitions arising from
the two nucleating parts of L (1000 cm™ ! in the solid state [10]) increases to ca. 3400 cm™
for [LaFe(L?),]’* and to ca. 4200 cm™ for [EuFe(L),]"* (Fig.8), as in the analogous Zn"
compounds, revealing a structural similarity between the two series of compounds.
Excitation of 1in the UV (290, 308, and 340 nm) results in an extremely weak lumines-
cence from the ligand with maxima around 23000 cm™ (‘z * state) and 19000 cm™ Cr *
state). No lifetime could be measured due to the efficient quenching occurring when Zn"
is replaced by Fe". The origin of the quenching most probably lies in the mixing with the
MLCT state whose energy is very close to that of the ligand triplet state; additional
mixing may also occur with the d-orbital states. The Eu-containing complex is still less
luminescent, and no emission from the Eu(*D,) state could be detected. This means that
some ligand-to-europium energy transfer occurs, increasing the ligand quenching, but, in
turn, the Eu luminescence is quenched by the MLCT state, resulting in an essentially
non-luminescent compound.

Conclusion. — Zn" and Fe" display similar structural behaviors and lead to the
selective thermodynamic [46] formation of the heterodinuclear C;-cylindrical complexes
[LnZn(L?),* and [LnFe(L?),)" in solution (Ln = La-Eu), where the d-block metal ion
occupies the pseudo-octahedral capping site defined by the three bidentate units and Ln™
lies in the resulting facial pseudo-tricapped trigonal prismatic site produced by the three
tridentate binding units. Although the formation of the heterodinuclear complexes
[LnZn(L?),}** is observed along the complete lanthanide series (La—Lu) [10], [LnFe(L?),]’*
may be only obtained with the larger Ln™ ions (La-Eu). A similar behavior occurs with
ligands L’ and L for which mononuclear triple-helical [Ln(L"),]** complexes are only
obtained with the larger Ln" ions [7] [9]. Structural factors limiting the rearrangements
required for the coordination of the smaller Ln™ ions have been invoked [7], and the
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origin of this promising size discriminating effect is currently under investigation [47]. For
[LnFe(L?),)*", the sterically more demanding Fe, as compared to Zn", probably distorts
the structure and prevents the contraction required for the complexation of the smaller
Ln"™ ions in the heterodinuclear edifices. If we now consider the spectroscopic and
magnetic properties of the complexes, [LnFe(L?),]** are complementary to [LnZn(L?),]**
for structural investigation. The Zn" complexes allow the study of the lanthanide coordi-
nation sites by using Ln" as luminescent probes and 'H-NMR paramagnetic shift
reagents [10], while the Fe" compounds allow the characterization of the pseudo-octahe-
dral site occupied by the divalent metal ion which acts as a magnetic and spectroscopic
probe. During the assembly process of L? with Ln" and Fe", the transformation of
[Fe(L?),)*" into [LnFe(L*),]** may be monitored by the appearance of a red color and a
spin-state equilibrium resulting from the shift of Fe" from the tridentate to the bidentate
units. The use of Fe¥ as a probe is particularly appropriate for the investigation of the
La™ complexes, since the formation of the spin-crossover complex [LaFe(L?),]’" is easily
characterized, while [LaZn(L?),]** is spectroscopically difficult to distinguish from its
mononuclear precursor [Zn(L?),]’" [10]. Detailed magnetic investigations of the hetero-
dinuclear complexes [LnFe(L?),]’* in MeCN show that the spin-state equilibrium 'A 2°T
corresponds to a general feature of these compounds, since the associated thermody-
namic parameters do not display significant variations with Ln(La—Eu).

In conclusion, the divalent d-block metal ions play a crucial structural role in the
C,-heterodinuclear [LnM(L?),)** complexes, leading to controlled C; ‘facial’ tricapped
trigonal prismatic coordination sites suitable for the coordination of lanthanide ions. A
judicious choice of the d-metal ions, henceforth of its spectroscopic and magnetic proper-
ties, contributes to the elucidation of the final structure and to the control of intramolecu-
lar energy-transfer processes between the metal ions. This new efficient combination of
structural magnetic and spectroscopic probes for the control and the investigation of
heterodinuclear d—f complexes offers promising possibilities for the design of new orga-
nized molecular and supramolecular luminescent and magnetic materials containing
lanthanide ions.
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Experimental Part

General. See [10b).

Tris{2-16-[1-(3,5-dimethoxybenzyl)-1H-benzimidazol-2-yl Jpyridin-2-yl}-1,I'-dimethyl-5 5" -methylene-2 - ( 5-
methylpyridin-2-yl)bis{ I H-benzimidazole ] }iron( IT)lanthanide(TI1I) Pentaperchlorate — Water (1/8) ([LnFe(L2);]-
(Cl10,)s-8 H,O (Ln = La, 1; Nd, 2; Ln = Eu, 3). A soln. of 2.34- 10~2 mmol of Ln(ClO));-nH,0 (Ln = La, Nd,
Eu; n = 6-8) and 8.5 mg (2.34- 1072 mmol) of Fe(ClO,), 6 H,O in MeCN (5 ml) was slowly added to 50 mg
(7.04-107* mmol) of 2-{6-[1-(3,5-dimethoxybenzyl) - | H- benzimidazol-2-yl ] pyridin-2-yl} - 1,1’ - dimethyl-5,5" -
methylene-2'-( S-methylpyridin-2-yl ) bis{ | H-benzimidazole ] (L%) 48] in 10 ml of CH,Cly/MeCN 1:1. After stirring
for 2 h at r.t., the soln. was evaporated, the solid residue dissolved in MeCN and Et,O was slowly diffused into the
soln. for 2-3 days. The resulting deep red precipitate was collected by filtration and dried to give 83-94% of 1
(Ln = La), 2 (Ln = Nd), or 3 (Ln = Eu).
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1: Anal. calc. for C;4,H;4ClsFeLaN,,05-8 H,0: C 53.4, H4.4,Fe 1.9, La 4.7, N 11.3; found: C 53.7, H 4.6,
Fe2.1,La48,N11.3.

2: Anal. calc. for Cy5,H | 1 4ClsFeN,yNdO,¢ -8 H,0: C 53.3, H4.4, Fe 1.9, N 11.3, Nd 4.9; found: C 53.7, H 4.3,
Fe2.0,N [1.1,Nd 4.9.

3: Anal. calc. for C3pH;14ClsEuFeN,,056- 8 H,0: C53.2, H4.4, Eu 5.1, Fe 1.9, N 11.3; found: C 53.5,H 4.5,
Eu5.3,Fe22,N11.2.

For IR spectra, elemental analyses (C H,N), and metal content, see [10b].

In situ Preparation of [ LnFe(L?)3](ClO)s(Ln = Ce, Pr, Sm, Y) for | H-NMR and Magnetic Studies. A 1072 m
soln. of Ln(ClO4);-nH,0 and Fe(ClO,),-6 H,0 in MeCN (263 pl, 5.26-10™> mmol) was added to 11.2 mg
(1.58-1072 mmol) of L? dissolved in 5 ml of CH,Cl,/MeCN 1:1. After evaporation of the soln., the solid
residue was dried under vacuum and dissolved in 700 pl of degassed CD,CN to give a 7.5-107> M soln. of
[LnFe(L%);](ClO,)s (Ln = Ce, Pr, Sm) whose purity was checked by "H-NMR spectroscopy.

Caution! Perchlorate salts combined with org. ligands are potentially explosive and should be handled with the
necessary precautions [49].

Spectroscopic Measurements. Reflectance, TR, pneumatically-assisted electrospray (ES) mass, and 'H-NMR
spectra, as well as spectrophotometric titrations were recorded as described in [10].

Magnetic Measurements. Magnetic data for samples in MeCN were obtained by Evans’ method [18] using a
Varian-Gemini-300 spectrometer. The method was modified according to Baker et al. [37)] for application with a
superconducting magnet. Measurements were carried out on degassed solns. containing 7.5- 10° M of complex and
1% (v/v) of SiMe, as an internal reference. All the data were corrected for diamagnetism as follows. The
contributions of the ligand L? and of the perchlorate anions in the heterodinuclear complexes [LnFe(L2),}(Cl0,)s
were obtained from the molar susceptibility measured for [YZn(L?);](C10,)s according to the procedure described
by Linert et al. [14]. The molar susceptibility y4([YZn(L2);)(Cl0,)s) amounts to —1910(60)- 107 cm?-mol™' at
294 K for a total ligand concentration of 0.02Mm. It deviates significantly from that derived from Pascal constants
(ca. —1300-107¢ cm®-mol™") but is consistent with the experimental value found for L2, y4 =-690(50)-10~¢
em?* mol™" using the same method. Molar magnetic susceptibilities of [LnFe(L?);}(ClO,)s were then measured at
10-K intervals between 243 and 333 K, corrected for diamagnetism and converted to effective magnetic moments
e [25] according to Egn. 9 [37] where c is the concentration of the paramagnetic solute (g-ml™"), 4v the
chemical-shift difference (Hz) between the resonances of the refererice compound in the two coaxial tubes [18]
(4v > 0 for paramagnetism, 4v < 0 for diamagnetism), v the operating frequency of the NMR spectrometer (Hz),
%o the mass susceptibility of the solvent (cm?-g™!), x4 the molar diamagnetic susceptibility of the paramagnetic
compound (cm®-mol~!), M the molecular weight of the paramagnetic compound (g-mol™"), T the absolute
temperature, o the effective magnetic moment (BM), and S; the shape factor of the magnet: 4z/3 for a
superconducting magnet (y and y 4 are negative) [37].

T -M [Av S¢-¢
=228 [T (2 scopy - S ) ©

To check for complications associated with possible partial decomplexation [14], the magnetic susceptibilities of
[LnFe(L2);](ClO4)s (Ln = La, Eu) were recorded for total ligand concentrations between 1.5 and 2.5 107> m at each
temp. (243-333 K). No significant variation of y .y was observed within experimental error, which confirms the
'H-NMR data and demonstrates that [LnFe(L?);]** (Ln = La, Eu) are the only species formed in solution. All
subsequent magnetic measurements were obtained from 7.5 107 M solns. with a total ligand concentration equal
t0 2.25-107% m.

Electrochemical Measurements. Cyclic voltammograms were recorded using a BAS-CV-50W potentiostat
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. (Bu,N)PF (0.1M in MeCN) served
as an inert electrolyte. MeCN was distilled from P,Os and then passed through an alumina column (act. I). The
reference potential (E® = —0.12 V vs, SCE) was standardized against [Ru(bipy);](C1O,), [50]. The scan speed used
was 100 mV/s, and voltammograms were analyzed according to established procedures {50].
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