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The model-free approach has been extended with the derivation of a novel three-nuclei crystal-field independent
method for investigating isostructurality in nonaxial (i.e., rhombic) complexes along the lanthanide series. Application
of this technique to the heterotrimetallic sandwich complexes [LnLuy(TACI-3H),(H20)s]**, which possess a single
Ca-symmetrical paramagnetic center, unambiguously evidences isostructurality for Ln = Pr=Yb, while the variation
of the second-rank crystal-field parameters Bé and B§ along the series prevents reliable structural analyses with
the classical one-nucleus equation. Extension toward polymetallic magnetically noncoupled rhombic lanthanide
complexes in [Ln,Lu(TACI-3H),(H20)e]** (two paramagnetic centers with Cs microsymmetry) and [Lna(TACI-3H),-
(H20)g]** (three paramagnetic centers with C,, microsymmetry) requires only minor modifications of the original
three-nuclei equation. Isostructurality characterizes [Ln,Lu(TACI-3H),(H,0)¢]** (Ln = Pr=Yb), while [Ln3(TACI-3H),-
(H20)]** exhibit a structural change between Eu and Th which results from the concomitant contraction of the
three metallic centers. Particular attention has been focused on (i) the stepwise increase of contact (i.e., through-
bond) and pseudocontact (i.e., through-space) contributions when the number of paramagnetic centers increases,
(ii) the assignment of 13C resonances in the strongly paramagnetic complexes [Ln(TACI-3H)(H;0)q** (Ln = Th—
Yb) for which reliable T; measurements and { *H-13C} correlation spectra are not accessible, and (iii) the combination
of crystal-field dependent and independent methods for analyzing the paramagnetic NMR spectra of axial and
nonaxial lanthanide complexes.

Introduction noassays, near-infrared emitters, analytical sensans)l
Although the global electronic properties of gaseous Magnetic (smart and responsive MRI contrast agénts)
trivalent lanthanides (Ln(lll), [Xe]4f(n = 0—14)) are not functlpns thus relies on the c_apamty of the coordination
significantly altered upon complexatidrthe weak crystal ~ CNemists to program the splitting of the metal-centered
field produced by the donor atoms in the first coordination electronic levels via the specific organization of the coor-
sphere allows an ultrafine tuning of the electronic levels in  (2) (a) Carnall, W. T. IrHandbook on the Physics and Chemistry of Rare

i ; i ida. Earths Gschneidner, K. A., Jr.; Eyring, L., Eds.; North-Holland
the final compl_exeé.T_he rational de_S|gn of Ignthamde pased Publishing Company: Amsterdam. 1979; pp £208. (b) Goller-
molecular devices with predetermined optical (fluoroimmu- Walrand, C.; Binnémans, K. IHandbook on the Physics and

Chemistry of Rare Earthssschneidner, K. A., Jr., Eyring, L., Eds.;
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Press: Oxford, 1999. (b) Buzli, J.-C. G. InRare EarthsSaez Puche, North-Holland Publishing Company: Amsterdam, 1998; Vol. 25, pp
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dinated ligands around Ln(lll). However, the poor covalency eq 1 into its usual form eq 2 which is well-suited for
of the Ln—ligand bonds limits structural control to weak investigating the solution structures of lanthanide complexes
interstrand interactions, which smoothly vary along the such that (i) the contact and pseudocontact contributions can
lanthanide series with the monotonic contraction of the ionic be separate¥,and (ii) the paramagnetic anisotropies are
radii when going from Ln= La to Ln= Lu.® It is therefore satisfyingly modeled by the high-temperature expansions
crucial to develop efficient analytical and spectroscopic tools proposed by Bleaney in eqs—3 which provide simple

for (i) detecting structural changes induced by interligand correlations with the second-rank crystal-field parameters

constraints along the lanthanide series, (ii) extracting three-

dimensional structures in solution, and (iii) establishing

simple correlations between molecular structures, crystal-

field parameters, and electronic properties in lanthanide gpara_ FSH+
. . ij

complexes. Paramagnetic NMR may contribute to address

B (KT > AEcr, AEcr being the crystal-field splitting of the
lowestJ state)lo-12

S [ R i
ZNA (Xzz 3 Tr 4 )GI + (Xxx ny)Hi (2)

these challenges since the poor delocalization of the electron

spin density from the open-shell Ln(lll) onto the coordinated

ligands provides paramagnetic dots which affect nuclear

relaxations and resonances in a predictable vahe
paramagnetic NMR shiftof™9 of a magnetically active
nucleusi located in the vicinity of a lanthanide cenjefLn

= Ce—YDb) is thus easily modeled by the sum of a through-
bond contact contributionéﬁ) associated with the small
spin delocalization (eq 14 is the Fermi constant® is the
applied magnetic fieldy; is the magnetogyric ratio, ari,[]

is the spin expectation values tabulated for the free ions at
300 K)// and a through-space pseudocontact contribution

p‘) resulting from the average dipolar interaction occur-

rmg between the electron and nuclear magnetic momentac

(eq 1,y are the components of the molecular magnetic
tensor in the prmmpal magnetic axes system with Ln(l11)
located at the origing,, — (1/3)Tr  and ), — X are,

respectively, the axial and rhombic paramagnetlc anisotro-

pies, b, ¢i, andr; are the internal polar coordinates, axgl
is Avogadro’s numben.

A 1 [ i i
s B 3

3cogh —1 sin” 0; cos 2,
r++& )T @

The use of standard definitions for the geometrical factors

= (3 cog 6; — 1)/r’ andH; = (sir? 6; cos 2)/r>, and for
the contact ternfr; = (A/hy;H®), of the nucleus transforms

(3) (a) Sabbatini, N.; Guardigli, M.; Lehn, J.-Moord. Chem. Re 1993
123 201. (b) Sabbatini, N.; Guardigli, M.; Manet, |. Handbook on
the Physics and Chemistry of Rare Earti@schneidner, K. A., Jr.,
Eyring, L., Eds.; Elsevier: Amsterdam, 1996; Vol. 23, pp-@49.

(c) Werts, M. H. V.; Woudenberg, R. H.; Emmerink, P. G.; van Gassel,
R.; Hofstraat, J. W.; Verhoeven, J. \Wngew. Chemlnt. Ed. 2000

39, 4542. (d) Mathis, G. IrRare Earths Saez Puche, R., Caro, P.,
Eds.; Editorial Complutense S. A.: Madrid, 1998; pp 2&98. (e)
Parker, D.Coord. Chem. Re 200Q 205, 109.

(4) (a) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R.@em.
Rev. 1999 99, 2293. (b)The Chemistry of Contrast Agents in Medical
Magnetic Resonance Imagintylerbach, A. E., Toth, E., Eds; John
Wiley: London, 2001. (c) Lowe, M. PAust. J. Chem2002 55, 551.

(d) Aime, S.; Castelli, D. D.; Fedeli, F.; Terreno, E. Am. Chem.
S0c.2002 124, 9364. (e) Parker, D.; Dickins, R. S.; Puschmann, H.;
Crossland, C.; Howard, J. A. KChem. Re. 2002 102, 1977.

(5) (a) Choppin, G. R. IiLanthanide Probes in Life, Chemical and Earth
SciencesBinzli, J.-C. G., Choppin, G. R., Eds.; Elsevier: Amsterdam,
1989; Chapter 1, pp-341. (b) Binzli, J.-C. G.; Piguet, GCChem. Re.
2002 102, 1897.
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Yok = Ay =~ T‘I‘)ZA 2 (4)

Substituting eqs 34 into eq 2 gives the classical e§'5-
The first numerical term€; = — (841 + p’)&1/120KT)?),
often referred to as Bleaney’s factors, only depend on the
electronic 4f configurations (vig&/ and (1+ p!) which are
numerical factors calculated for each d¢bnfiguration,s is
the Bohr magneton’? and their relative values (scaled to
= —100) have been tabulated at 300%K?*?

AL+ p)E!
120(T)?
FS0+ C(B,’G + V6B, H) (5)

para

5ij =FE{- [BOZGi + \/éBzzHi] =

For complexes displaying effective axial symmetry (i.e.,
possessing at least@ axis defined as the principal magnetic
z axis), the rhombic paramagnetic anisotropy vanishes
becausqxx ny (i.e. 82 = 0in eq 4)? and eq 5 reduces to

P = RS0+ CBJG which is usually transformed into
the two equivalent linear forms given in eqs B!

Stralght lines for plots 0B}l versusCi/[$,1] (eq 6)

ndof*C; versuslB[IC; (eq 7) along the lanthanide series

(6) (a) Peters, J. A.; Huskens, J.; Raber, Prdg. NMR Spectrosd.996
28, 283. (b) Forsberg, J. H. IHandbook on the Physics and Chemistry
of Rare Earths Gschneidner, K. A., Eyring, L., Eds.; Elsevier:
Amsterdam, 1996; Vol. 23, Chapter 153, p 1. (c) Geraldes, C. F. G.
C. In NMR in Supramolecular Chemistrypons, M., Ed.; Kluwer
Academic: Amsterdam, 1999; pp 13354.

(7) Golding, R. M.; Halton, M. PAust. J. Chem1972 25, 2577.

(8) (a) Kemple, M. D.; Ray, B. D.; Lipkowitz, K. B.; Prendergast, F. G.;
Rao, B. D. N.J. Am. Chem. Sod988 110, 8275. (b) Bertini, |.;
Luchinat, C.Coord. Chem. Re 1996 150, 1. (c) Bertini, I.; Luchinat,
C.; Parigi, G.Prog. Nucl. Magn. Reson. Spectro2602 40, 249.

(9) (a) Reilley, C. N.; Good, B. W.; Desreux, J.Anal. Chem1975 47,
2110. (b) Desreux, J. F.; Reilley, C. M. Am. Chem. Sod.976 98,
2105. (c) Reilley, C. N.; Good, B. W.; Allendoerfer, R. Bnal. Chem.
1976 48, 1446.

(10) (a) Bleaney, BJ. Magn. Resorl972 8, 91. (b) Bleaney, B.; Dobson,
C. M.; Levine, B. A.; Martin, R. B.; Williams, R. J. P.; Xavier, A. V.
J. Chem. Soc., Chem. Commu®72 791.

(11) Piguet, C.; Geraldes, C. F. G. C. Handbook on the Physics and
Chemistry of Rare EarthsGschneidner, K. A., Jr., Buli, J.-C. G.,
Pecharsky, V. K., Eds.; Elsevier Science: Amsterd2093 Vol. 33,
Chapter 215, p 353.

(12) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transitions lonsClarendon Press: Oxford, 1970; p 874.
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LN (6)
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!

imply the invariance ofG;, B, andF;, and this has been
used as a criteria for isostructuralfi§/!* Although corrections
for the minor effects of the smooth lanthanide contraction
affecting G; have been proposed by Pet&rghe major [LnLuy(TACI-3H),(H,0)e]**
limitation of this one-nucleus crystal-field dependent method Point group: C,,
results from the variations <B§ with the contraction of the

4f orbital$-*#which prevent linear correlations according to
eqs 6-7 within an isostructural serié8This limitation has
been removed for axial systems with the simultaneous
consideration of the NMR signals for two nucleandk in

the same lanthanide complex. The combination of two one-
nucleus equations similar to eq 6, but expressed for the nuclei
i and k, respectively, allows the removal (BS. Simple
algebraic transformations eventually provide the linear
crystal-field independent ef8 which allows the detection

of reliable structural changes along the lanthanide series since [Ln,Lu (TACI-3H),(H,0)¢]*
plots of of* S/ versus oy (5[] deviate from linearity Point group: C,,
when the ratio of the geometrical paramet&ks, variest®

b)

5para Gi Gi 6E_ara
(i— )+ z (8)

i
—_ F JE— -
54 ‘G G B}
The recent combination of the one-nucleus crystal-field
dependent eqs-67 with the two-nuclei crystal-field inde-
pendent eq 8 for analyzing the paramagnetic NMR spectra
of C4- andCs-symmetrical lanthanide complexes has allowed
a safe re-evaluation of the specific structural and electronic
effects occurring along the lanthanide series (geometrical
changes, variation of crystal-field parameters, variation of Fioure 1. Schematic stuct T number A for the trimetall
H 15-17 H H H igure 1. chematic structures with numbering schemes Tor the trimetallic
t.he' Fermi cqnstanté}. Howeyerthls approach is ;trlct!y sandwich complexes (a) [LnkTACI-3H)(H:0)g>, (b) [LnoLu(TACI-
limited to axial systems for which the paramagnetic aniso- 3H),(H,0)¢3*, and (c) [Lr(TACI-3H)2(H-0)]3+. Each metallic site in these
tropy is characterized by a single second-rank crystal field complexes is further coordinated by two equatorial water molecules which
2 : : . - have been omitted for clarifyp-1°
parameter By). For nonaxial (i.e. rhombic) lanthanide
complexes possessing at mostalor S) axis, the rhombic

[Ln; (TACI-3H),(H,0)4]**
Point group: Dy,

. : b | q field dependent and independent equations adapted to the
paramagnetic anisostropy cannot be negledid-(0 an model-free analysis of the paramagnetic NMR data provided

j i : ;
Y™ XyyIn €0 4) and eqs68 are inadequate. We reportin o rhompic Janthanide complexes. Its application to the
this paper on the development of an analogous set of crystalotarotrimetallic sandwich complexes [LR(GACI-3H),-

(H20)6]®" possessing a single paramagné&tigsymmetrical
(13) Peters, J. AJ. Magn. Resonl986 68, 240. ; : I : :
(14) (a) Freeman, A. J.; Watson, R. Bhys. Re. B. 1962 127, 2058. (b) center is descnbed_together with its extension for the analysis
Hopkins, T. A.; Bolender, J. P.; Metcalf, D. H.; Richardson, F. S. 0f NMR data obtained for the related complexes JLun

Inorg. Chem.1996 35, 5356. (c) Hopkins, T. A.; Metcalf, D. H.; _ 3+ _ 3+ _

Richardson, F. Slnorg. Chem.1998 37, 1401. (d) Ishikawa, N. J. (TACI-3H)2(H20)e]*" and [Ls(TACI-3H)2(H,0)¢]>" pos .

Phys. Chem. 2003 107, 5831. sessing two and three, respectively, uncoupled paramagnetic
(15) (a) Reuben, JJ. Magn. Reson1982 50, 233. (b) Spiliadis, S.; centers (Figure 131°

Pinkerton, A. A.J. Chem. Sag¢Dalton Trans.1982 1815. (c) Ren,

J.; Sherry, A. D.J. Magn. Reson1996 B111 178. (d) Platas, C.;

Avecilla, F.; de Blas, A.; Geraldes, C. F. G. C.; Rodriguez-Blas, T.; (18) Chapon, D.; Delangle, P.; Lebrun, &.Chem. Soc., Dalton Trans.

Adams, H.; Mahia, Jinorg. Chem.1999 38, 3190. (e) Rigault, S.; 2002 68.

Piguet, C.J. Am. Chem. So200Q 122, 9304. (19) (a) Hedinger, R.; Ghisletta, M.; Hegetschweiler, K.; Toth, E.; Merbach,
(16) (a) Ren, J.; Zhang, S.; Sherry, A. D.; Geraldes, C. F. Gn@xg. A. E.; Sessoli, R.; Gatteschi, D.; Gramlich, Yhorg. Chem.1998

Chim. Acta2002 339 273. (b) Geraldes, C. F. G. C.; Zhang, S.; 37, 6698. (b) Toth, E.; Helm, L.; Merbach, A. E.; Hedinger, R.;

Sherry, A. D.Bioinorg. Chem. Appl2003 1, 1. Hegetschweiler, K.; Janossy, Anorg. Chem.1998 37, 4104. (c)
(17) Quali, N.; Bocquet, B.; Rigault, S.; Morgantini, P.-Y.; Weber, J.; Chapon, D.; Husson, C.; Delangle, P.; Lebrun, C.; \tott®. J. AJ.

Piguet, C.Inorg. Chem.2002 41, 1436. Alloys Compd2001, 323—-324, 128.
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Results and Discussion tively, and (ii) significant deviations of paramagnetic anisotro-
pies from theoretical Bleaney’s factoiS;) for isostructural
complexes along the lanthanide series can be assigned to
variations of the crystal-field parametétdn this context,
an efficient tool for testing isostructurality in rhombic
complexes requires a novel equation which does not depend
on B3 and B5. This can be obtained by the simultaneous
observation of the NMR signals of three different nuglei
k, andl in a rhombic complex of a paramagnetic lanthanide
gPara— gexp _ sdia ©) j- Three equations similar to eq 5 (fiok, andl, respectively)
! ! ' can be combined in order to remove the two paramdgrs
Equation 5 then holds for modeling the paramagnetic a}nd Bﬁ, thus leading, af_ter tediou.s allgebraic transforma-
NMR shifts in rhombic complexes according to Bleaney’'s tions; to the novel rhombic crysta}l-flelq independent ecjflz.
theory (i.e., high-temperature expansion), and it can be The factorsBi, Cii, andDiy are given in eqgs 1316, and it
transformed into two equivalent linear forms given in egs IS Worth noting that an analogous mathematical treatment
10—11, which are strictly similar to eqs-& except for the ~ Nas been previously reported for the derivation of a crystal-
introduction of a more complicated pseudocontact t&m field independent method in axial homotrimetallic complexes

= (B%G: + v/6 B2H) which includes two crystal field POSsessing two different metallic sités.

Model-Free Crystal-Field Dependent and Independent
Methods for Analyzing Monoparamagnetic Rhombic
Lanthanide Complexes.The paramagnetic NMR shifts of
a nucleus (6f™) are obtained from the experimental data
(65 by using eq 9 if the residual signal of the solvent is
taken as an internal referencéid'? is the diamagnetic

contribution of the isostructural La, Y, or Lu complexés).

parameters and two geometrical factors. spara opara opara
2 _—B . .
6Para C [SZ@ BIk| + Clk| [$Z|-;|+ DI|(| ESZI_;J (12)
] J
—=F+S— (10)
S0 S B =F — FiCi — FiDig 13)
65ara [@@ ( G - GR, )
4 =—F =14 (11) Cu=Rdz=s—"F%5 14
Cj ic S ikl le GkRik _ G|Ri| ( )
Plots of 0}*[$[] versus G/[$] (eq 10) andéb*7C, D —_ G — GRy (15)
versusiB[IC; (eq 11) along an isostructural lanthanide series =R GR« — GR,
are expected to give straight Iinest; (g=0, 2) andF; do
not vary. These criteria are identical to those established for _ H, (16)
an axial system, but the probability of a concomitant R H,
invariance of two crystal-field parameters for rhombic . .
systems along an isostructural lanthanide series is Fafnt, Equation 12 corresponds to the equation of a plane

and reliable structural changes are difficult to address. This Perpendicular to the vector (}Ci, —Div) and separated
limitation was previously recognized by Reuben and Elgav- by & @stancgsik. from thErOHQm ina hO”;?QEHQOUSQD space
ist?° who used the experimental solid-state magnetic sus-in which Of*785), (9§ 7(85), and [ 1(S[) define the

ceptibility tensors obtained for [Ln(dipivaloylmethag@) orthogonak, y, andz di_rections. Si_nce the strL_Jctu_raI factors
picoline)] (Ln = Pr—Yb)2! for computing two novel sets  Ciu andDiy are complicated nonlinear combinations of the
of axial Kjaxia' =a iZZ — 1/3 Try}) and rhombid(jfhombicz geometrical factor&s;, Gy, G, Hi, Hy, Hi, any deviation of
Bl — %) factors scaled 3™ = —100 @ andp are  the triplets (077 7S5), (OF 780, (0F08L4)) from the
arbitrary proportionality constants). Interestingi§f>*® val- plane defined by eq 12 along the lanthanide series implies a

agreement with eq 38 is invariant for these complexes), deviation of the doublets &Eara/_[ﬁ@a_ (0" 715)) from the
but significant deviations are observed ﬂéjhombic which straight line defined by eq 8 in axial complexes, which is
suggest that eq 4 is not valid becauseE@values vary diagnostic for a structural changfeThe variation of theBy
along the series and/or (i) high-temperature Bleaney’s factor is more difficult to interpret since the contact terms
expansion is inadequate. The latter assumption is ruled out™» Fko @nd i and the structural factor€iq and Diq are

by the recent experimental determination of the axial and involved. Consequently, a translation of the plane along the
rhombic magnetic anisotropies in well-definédb-sym- lanthanide series cannot be systematically assigned to a
metrical macrocyclic lanthanide complexes which show good structural change because the variation of the Fermi constants
correlations betweehjaxial andC,, and betweerKjrhombic and is sufficient for affectingBiy without changingCiy and D

22 i y i
CJ' Th!S e\{entually Co_nflrms that (I) ?qs—g_l are aqceptable (23) Equations 1216 can be combined and expressed in a simpler
approximations for axial and rhombic anisotropies, respec- mathematical form by using a vectorial producti?{s,5) = (1/
m)(mFi + md + mF —ﬂm(éﬁga/&@ — m(8f*1S0)) in whichm

(20) Reuben, J.; Elgavish, G. A. Magn. Reson198Q 39, 421. = (m, m, m) =G x H (G andH are the vectors associated with the

(21) Horrocks, W. deW., Jr.; Sipe, J. Bciencel972 177, 994. geometrical factorss;, Gy, G| andH;, Hy, H, respectively).

(22) Valencia, L.; Martinez, J.; Macias, A.; Bastida, R.; Carvalho, R. A.; (24) Ouali, N.; Rivera, J.-P.; Morgantini, P.-Y.; Weber, J.; PigueDélton
Geraldes, C. F. G. Anorg. Chem.2002 41, 5300. Trans.2003 1251.
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(related translations of the intercépt— F(Gi/Gy) according
to eq 8 within a series of isostructural monometallic axial
complexes are well-documented)>2° Finally, the strict
analogy between the monodimensional eq 8 characterizing
axial complexes and the two-dimensional eq 12 adapted to
rhombic complexes implies that a minor deviation from
axiality (B§ = 0), or a considerable difference in magnitude
between the two crystal-field parametet$B3 < B2 or v/6
B > Bj), should give triplets @@*S0), (Of S0),
(0] 13,1)) distributed approximately along a straight line
within the plane defined by eq 12 (i.e., one of the pseudo-
contact contribution in eq 5 is negligible).

Application of the Model-Free Methods for Analyzing
Isostructurality in the Monoparamagnetic Rhombic Com-
plexes [LnLuy(TACI-3H) (H20)e]*" (LN = Pr—Yb). Previ-

ous detailed thermodynamic and structural studies show that

the solid-state structures found for B(MACI-3H)(H20)e] 3"
(Ln La, Gd, Lu), in which three equivalent eight-
coordinate Ln(lll) species are sandwiched by two deproto-
nated TACI-3H ligands, are essentially maintained in solution
(Figure 1c)t81926For concentrations used in NMR measure-
ments (102—10-3M, pD = 8), the trimetallic complexes are
quantitatively formed in solution, and the use of Ln/Lu pairs
under stoichiometric conditions (LWTACl = 3:2 and Ly
= Ln + Lu) provides mixtures containing exclusively the
Dar-symmetrical homotrimetallic complexes [K(MACI-
3H)2(H20)6]3+ and [LL@(TAC|-3H)2(HQO)6]3+ and the het-
erotrimetallic Cy,-symmetrical complexes [Lhu(TACI-
3H),(H20)e]3t and [LnLWw(TACI-3H),(H20)s]".18 For the
sake of simplicity, the homotrimetallic complexes will be
designated by Lnand Ly and the heterotrimetallic species
by Lnlus—x (X = 1—2). Since intermolecular chemical
exchange is slow on the NMR time scale at RT, the four
complexes provide well-separated NMR spectra (Figure 2)
which can be investigated with two-dimensional correlation
spectroscopiestfi—*H-COSY, H—'H-NOESY, andH—
13C-HMQC) for Ln = Pr—Eu!®°For Ln = Ce(lll), partial
oxidation into Ce(lV) prevents the assignment of reliable
NMR data, and Ln= Sm(lll) is not considered for the
analysis of the NMR data because of its faint paramagnetism
at 298 K Lus is used as the diamagnetic reference in eq 9,
and the NMR signals of H1 and H2 in this complex are
assigned according to the relative electron-withdrawing
inductive effects produced by the adjacent@ and C-N
bonds (G-O > C—N, Table 1)1819

For the monoparamagnetic complexes Lglwe system-
atically observe foutH NMR signals (H1-H4) in agreement
with C,, symmetry (Figure 1a), and assignment is based on
the nuclear relaxation induced by the electron spin of the
paramagnetic lanthanide metal. For fast-relaxing paramag-
netic lanthanides (Lr= Ce—Yb, except Gd), the increase
of the longitudinal relaxation rate TP*?= 1/T & — 1/T $°
is dominated by dipolar electremucleus interactions mod-

(25) Geraldes, C. F. G. C.; Zhang, S.; Platas, C.; Rodriguez-Blas, T.; de
Blas, A.; Sherry, A. DJ. Alloys Compd2001, 323—-324, 824.

(26) Chapon, D.; Morel, J.-P.; Delangle, P.; Gateau, CcaBe Dalton
Trans.2003 2745.

a)

¥ Tm,
V¥ Tm,Lu
V TmLu,
vy
b)
\
vy
v v vV v N2

D
0 -50 -100 -150 ppm

Figure 2. Part of the 400 MHZH NMR spectra obtained for mixtures of
complexes [TrLus—x(TACI-3H)2(H20)g]3" with (a) Tm/Lu/TACI = 3:0:
2, (b) Tm/LU/TACI= 2:1:2, and (c) Tm/LUu/TACE= 1:2:2 (TACke: 1072
M, D20, pD = 8, 298 K, S= solvent).

eled with eq 17 for a single paramagnetic ceAfei!!
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Since both transient and static (i.e., Curie spin) dipolar

contributions depend on’e, we expect a linear correlation
between 1T P*?andr; ® for H1—H4 in each complex LnlL
(eq 17). Plots of W andr,® obtained by using the

experimental longitudinal relaxation rates (Table S1, Sup-

porting Information) and the,,, distances measured in
the crystal structure of [LITACI-3H),(H,O)e] 3t 26 lead to
the unambiguous assignment of HHi4 since a single

permutation produces a straight line with a positive slope

for each LnLy complex (Table 1, Figure 3).

Plots of of*[8] versus C/[S[j] (eq 10) andof™C;
versus [ELIC; (eq 11) show significant deviations from
linearity between Eu and Th, and two straight lines for Ln
= Pr—Eu and Ln= Th—Yb are required to satisfyingly fit

the 'TH NMR data although some residual dispersion char-

acterizes plots according to eq 11 (Figure 4). Multilinear
least-squares fits using eq 5 (1.6} vs [, and C;) for
H1—H4 in the two series provide contadf and pseudo-

contact termsg) associated with satisfying Wilcott agree-

ment factors 0.1 AF; < 0.22 (eq 18, Table 2, which

can be compared with similar mathematical treatments

(27) Wilcott, M. R.; Lenkinski, R. E.; Davis, R. B. Am. Chem. So&972
94, 1742.
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Table 1. Experimental and Computeti NMR Shifts (in ppm with Respect to DSS) with the Crystal-Field Dependent One-Nucleus Methods (egs 5,
21) for [LnkLuz x(TACI-3H)2(H20)6]®t (x = 0—3, Ln = Pr—Yb) in D,O at 298 K (pD= 8.0}

compd H1 H2 H3 H4 compd H1 H2 H3 H4
[Lus(TACI-3H)]3+ 3.91 2.93 2.93 3.91  [Rru(TACI-3H),]3" 17.35 17.35 9.81 13.78
[PrLuy(TACI-3H),]3" 9.63 12.21 4.95 4.29  [Rru(TACI-3H)y]3b 18.05 18.12 10.19 14.20
[PrLuy(TACI-3H)Z]3*+ b 9.94 12.74 5.13 4.42  [NHu(TACI-3H)z]3" 16.01 17.18 8.52 11.63
[NdLUx(TACI-3H),]3* 9.45 13.52 5.09 4.63  [NHu(TACI-3H)y]3 P 13.28 14.15 7.05 9.96
[NdLUx(TACI-3H);]3* b 8.23 11.43 4.37 4.15  [RUU(TACI-3H),]3" —11.63 —17.03 —3.06 —5.33
[EuLux(TACI-3H),]3" —3.61 —13.51 0.67 3.77  [ELU(TACI-3H);)3*P —12.59 —18.09 —3.57 —5.91
[EuLux(TACI-3H),]3" P —4.04 —14.24 0.42 3.60  [THU(TACI-3H),]3" 275.87 152.58 56.20 114.90
[TbLux(TACI-3H),]3" 137.24 119.98 24.81 —32.04  [TBLu(TACI-3H)Z]3"P 241.91 133.61 54.57 107.45
[TbLux(TACI-3H),]3* b 124.17 106.50 24.13 —24.30  [DyLU(TACI-3H),]3" 241.18 137.99 58.37 111.94
[DyLux(TACI-3H),]3" 126.19 111.94 25.03 —23.24  [Dy,Lu(TACI-3H),]3*P 292.57 171.33 64.75 126.62
[DyLux(TACI-3H),]3 b 149.33 138.84 28.75 —31.53  [HoLu(TACI-3H),[3" 125.07 67.48 32.17 59.66
[HoLux(TACI-3H),] 3" 67.48 54.36 16.02 —6.65 [HoLU(TACI-3H),]3"b 100.28 46.24 24.63 48.61
[HoLux(TACI-3H),]3* b 53.03 34.88 1140 —6.32  [EpLU(TACI-3H);]3" —122.46 —99.58 —23.29 —43.27
[ErLuy(TACI-3H)Z]3" —58.07 —84.75 —8.89 22.45  [EsLu(TACI-3H)Z]3+P —126.30 —100.86 —22.68 —43.39
[ErLuy(TACI-3H)Z]3+ P —60.46 —87.33 —9.04 23.37  [TmLu(TACI-3H)]%" —218.21 —154.11 —39.40 -—78.97
[TmLuy(TACI-3H)]3* —106.87 —132.31 —17.02 35.06  [TroLu(TACI-3H)J3*P  —181.99 —131.72 —34.74 —67.53
[TmLug (TACI-3H);]3* P —88.59 —111.86 —14.01 30.00  [YBLU(TACI-3H)z]3" —47.47 —39.10 —9.66 —16.16
[YbLUx(TACI-3H),]%" —21.97 -32.91 —3.03 10.51  [YBLU(TACI-3H);]3+P —72.10 —-51.37 —1253 —2552
[YbLux(TACI-3H);]3* b —33.95 —43.22 -3.99 14.48
H1 H2 C1 Cc2
[Lus(TACI-3H),]3* 3.91 2.93 75.50 57.00
[Pr3(TACI-3H)]3+ 24.55 24.72 52.11 78.94
[Prs(TACI-3H)Z]3" b 25.35 25.75 50.77 79.43
[Nd3(TACI-3H),] 3" 19.30 21.80 30.34 69.70
[Nd3(TACI-3H);]3* b 16.17 17.77 35.60 67.78
[Eus(TACI-3H)2]3* —14.46 —21.50 169.78 43.18
[Eus(TACI-3H),]3t P —15.55 —22.91 171.62 42.51
[Tbs(TACI-3H),]3* 264.00 193.00 652.00 452.00
[Tha(TACI-3H)Z]3+ P 236.39 169.64 591.44 407.17
[Dys(TACI-3H),]3* 241.00 176.00 567.00 411.00
[Dys(TACI-3H),3" b 282.14 213.62 640.15 477.78
[Hos(TACI-3H)2] 3+ 122.00 84.00 360.00 238.00
[Hos(TACI-3H);]3*P 101.66 62.19 343.70 202.59
[Ers(TACI-3H)Z]3" —111.00 —117.00 —6.80 —127.00
[Ers(TACI-3H)7]3+ —111.12 —115.99 -7.35 —121.78
[Tm3(TACI-3H),]3" —193.00 —178.00 —147.00 —250.00
[Tm3(TACI-3H),]3+ P —165.40 —155.24 —126.33 —203.60
[Ybs(TACI-3H),]3" —42.30 —45.80 —29.60 4.20
[Yb3(TACI-3H);]3* b —65.61 —61.10 —11.69 —49.86

asm(lll) is not considered because of its faint paramagneti<hemical shifts calculated with egs 5, 21 aﬁ‘f’f and S"‘ collected in Table 2.

previously reported for [Ln(dipicolinatgf~ (0.05< AF; <
0.22}7 and for homotrimetallic helicates (0.0&4 AF; <
0.18)%

z(éijexp_ 6i<J;aI 2
J

Jz(éijex 2

AF,

(18)

and Ln= Tbh—Yb) which implies no topological change
along the lanthanide series. The interpretation of the pseudo-
contactS terms is limited by their complicated dependence
on geometrical and crystal-field parameters (iSe= (BSGi

+ x/éBﬁHi)). However, we expect larg§ for the protons
located close to the paramagnetic center bec@ysad H;
depend orr;~3, and we indeed observe the largest absolute
values f0r|S-|1| (anle = 3.79 A) and|S_|2| (ansz = 4.07

A), while |S-|3| (anng =515 A) and|S-|4| (an7H4 =534

A)28 display weaker pseudocontact contributions. The abrupt

The absolute values of the contact terms decrease in thedreak ofS occurring near the middle of the lanthanide series

order|Fuz| > |Fuil > |Fual & |Fual (Table 2) in agreement
with increasing topologic LrH; separations in the Lnlu

(Table 2) cannot be a priori assigned to a structural change
affecting G; and H; without carefully evaluating possible

complexes (three bonds for H1, H2; four and five bonds for changes in the crystal-field paramet&gand B3.1115

H3 and H4, respectively, Figure 1a). Interestingh,| >

Isostructurality has been investigated with the three-nuclei

|Fr1| points to a more efficient three-bond spin delocalization crystal-field independent eq 12. Since the structural factors
from the paramagnetic center through the softer nitrogen Ci« (eq 14) andDis (eq 15) are complicated nonlinear

atom (Ln—N—C—H2) compared with the deprotonated

oxygen atom in LrRO—C—H1. This supports previous

(28) Rigault, S.; Piguet, C.; Bernardinelli, G.; Hopfgartner,JGChem.
Soc., Dalton Trans200Q 4587.

reports highlighting the unusually large spin delocalization (29) (a) Petoud, S.; Buli, J.-C. G.; Renaud, F.; Piguet, C.; Schenk, K. J.;

in coordinated pyridine rings:282°Finally, theF; values do
not significantly vary between the two series (EnPr—Eu

1522 Inorganic Chemistry, Vol. 43, No. 4, 2004

Hopfgartner, Glnorg. Chem1997 36, 5750. (b) Renaud, F.; Piguet,
C.; Bernardinelli, G.; Bazli, J.-C. G.; Hopfgartner, GChem. Eur. J.
1997, 3, 1646.
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factors ARy defined in eq 19|(a®>s — a@q| is the distance

3.0E-05 1.3E-04 2.3E-04 3.3E-04 . . .
o) a6 separating the experimental poings™ = ((6j*7(S),
W)/ (0780, (Of*18L)) from the related calculated points
Figure 3. Plots of 1P vs r;® according to eq 17 for HtH4 in acdcin the best plane¥

[LnLuz(TACI-3H)2(H20)]3" (D20, pD = 8, 298 K, r; is taken from the
crystal structure of [Ly(TACI-3H)2(H20)6]3"):26 (a) Ln = Pr—Sm, (b) Ln

= Tb=Yb. “aobs_ acalc| |2
functions of the geometrical paramet&s Gy, G, Hi, H, Z
Hi, there is no straightforward transformation for obtaining AF,, = - : (19)

Cik andDy factors with a specifikl ordering from the other ZHaobs”Z
five permutations. There are 24 orderedHiHI triplets (and ;

24 associated planes according to eq 12) thus required for

exhaustively characterizing the solution structure of LnLu The small AR values (1.1x 103 < AFy < 6.1 x 1073,

for which theH NMR signals of the four protons HiH4 Table 3) can be compared with those previously reported
are available. However, the structural information contained for an isostructural series in homotrimetallic helicates (0.02
in the four ordered combinationsiHkHI with i < k <1 is < AFi =< 0.17)?* and we conclude that Lnluadopts a

sufficient to address isostructuralfy.Three-dimensional  single C,-symmetrical structure in solution along the
plots of OF*7(85) versus §78,5) and O /SL) for complete lanthanide series. The valuesCaf and Dy are

the selected triplets H1IH2H3, H1H2H4, H1H3H4, and difficult to interpret and are mainly useful for comparisons
H2H3H4 along the complete lanthanide series &rPr— with a structural model in which the principal magnetic axes
Yb) show the experimental points to be aligned in a plane, are unambiguously determined. For axial systems such as
in agreement with the existence of a sinGlg-symmetrical the Dsz-symmetrical homotrimetallic helicates previously
structure for LnLuy in solution (Figure 5a). The best least- studied with eq 12¢ the magnetiz axis coincides with the
squares planes characterizedByy, Ciy, andDyq (Table 3) 3-fold molecular axid} and the required axial geometrical
are obtained by minimizing the sum of the square of the G;factors are easily obtained from gas-phase models or from

orthogonal distances of the experimental pointsf{¥ solid-state crystal structurésFor rhombic complexes, there
, (ORI, (0P to the plane along the lan-
t[f%i?;id(e I(Slerli:(;,‘ag?ﬂge”qu;%t?)of the fitpfor a HHngI triplet (30) We have used the method with Lagrangian multipliers described in

. . . ref 36 for calculating the least-squares planes (see Experimental
along the series can be estimated with the average agreement  Section).
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Table 2. Computed Values for ContacEf' = 3 F" and Pseudocontadl™ = (BX(F~G") + +/6BX(F~H™) Terms and Agreement Factors (AFor
Protons and Carbons in the ComplexesJu_(TACI-3H),(H,0)e]3" (x = 1-3, Lh = Pr—Yb) in D,O at 298 K pD = 8.0

Ln=Pr-Eu
[LnLuz(TACI-3H)2(H20)6 3+ [anLU(TAC|-3H)2(H20)6 3+ [Lng(TAC|-3H)2(H20)G 3+
H1 H2 H3 H4 H1 H2 H3 H4 H1l H2 C1l Cc2

F  —0.6(1) -—14(3) -—0.18@8) -0.01(6) -12(3) -16(4) —04(2) -06(2) -12(4) —18(5 9.1(6) —0.6(2)
S -04(1) -05(2) —0.15@8) —0.04(5) -1.0(3) -10(3) -0.6(2) -0.8(2) -16(4) -16(5) —02(6) —1.9(2)

Ln=Tb-Yb
[LnLU2(TAC|-3H)2(H20)5]3+ [Ln2LU(TAC|-3H)2(HQO)5]3+ [Lﬂ3(TAC|-3H)2(H20)6]3+
H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 C1l Cc2
FO  —07(5) —18(6) —0.14(9 0.3(2) -14(11) -20(7) —0.2(2) —03(3) —0.9(9) -—2.0(8)  4.2(1.4) —16(15)
S -16(2) -1.9(2) -030(3) 044(6) -33(4) -22(2) -068(5) -13(1) -31(3) -27(3) -45(5) —4.7(5)
AFP 0.16 0.18 0.16 0.22 0.17 0.18 0.12 0.13 0.15 0.16 0.12 0.17

aF* and §* are obtained by multi-linear least-squares fitso§f® vs [%,0 and Cj (egs 5, 21), and Sm(lll) is not considered because of its faint
paramagnetisn® Calculated according to eq £8.

Table 3. Structural ParametefGiy andDiy, InterceptsBiy = Fi —
FCii — FiDiw, and Agreement Factors (Aff Obtained from
Least-Squares Planes fop§t'¥5,), (0F 0SL5), (0f*184)) According
to Equation 12 in the Complexes [lrus—(TACI-3H)2(H20)g]3t (x =
1-3, Ln = Pr=Yb, D;O, pD = 8.0, 298K}

[LnLux(TACI-3H)2(H20)]3"

HiHKkHI Biki Cixi Dixi AFjP

H1H2H3 1.03 1.09 —1.49 3.96x 1073
H1H2H4 0.63 0.66 —-0.81 6.02x 1073
H1H3H4 0.05 2.27 —2.08 4.81x 1073
H2H3H4 —0.86 3.39 -1.97 1.13x 1073

[LI'\2L|J(TAC|-3H)2(H20)e]3Jr

H1H2H3 1.91 2.16 —2.46 3.71x 1073
H1H2H4 9.58 9.82 —15.20 6.61x 1073
H1H3H4 -0.21 —-3.37 4.44 3.98< 1073
H2H3H4 -0.91 —0.76 2.28 8.35¢ 1073

[Lng(TACI-3H)2z(Hz0)g]** (Ln = Pr—Eu)

H/Cix Bixi Cixi Diki AFjP
H1H2C1 0.97 1.03 —0.03 3.75x 104
H1H2C2 2.00 1.78 —0.57 4,19% 104
H1C1C2 0.67 —-0.16 0.85 1.14< 1073
H2C1C2 0.09 -0.23 0.69 7.39%< 10°¢

[Ln3(TACI-3H)2(H20)6]3+ (Ln =Tb—Yb)
H1H2C1 —0.96 1.00 0.17 1.1% 104
H1H2C2 1.00 1.17 —0.09 9.85x 1073
H1C1C2 1.03 —0.26 0.71 471 1075
H2C1C2 —-2.33 0.22 0.36 5.5& 10°°

aThe errors orBo"™", C32M™" andD{S""" are typically between 1 and
5%, and Sm(lll) is exceptionally considered in order to substantiate the
first isostructural series in [LyTACI-3H),(H20)6]3*. P AFy values are
calculated with eq 19.

for LnLu; in solution requires the prior complete determi-
nation of the magnetic tensor in Lnk.by using the method
proposed by Kemplé followed by matrix diagonalization
and determination of Euler’'s angles tranforming the original
g;gg/r[;f-f T:;eel;‘jzimﬁg‘s_ionl_a'LD'O;SAS?E?%@O"S 3?%;3/8'51@;2(’8( frame into that of the principal magnetic axes systéh#23t
4 K)@(:)r View of th e'”b[egt L;I(a et m)zé r;ﬁ%"] Shngi . épth o planar TS sophisticated technique is well beyond the attractive
arrangement of the points (rhombs are used to highlight planes orthogonalm0d9|'free methods accessible to common coordination

}0 the beSftﬁlane)- (b) .\ﬂewhperliendi(crl:lalr_ to the lIDest pl%ne](sh?]wing the chemists, and it will not be further considered in this paper.
ocation of the points within the plane (the line is only a guide for the eyes, . exp .
and rhombs are used to highlight the best plane). However, the experimentd,;" parameters obtained from

is no obvious correlation between the arbitrary axes fixed (31) (a) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran,
in the molecule and the location of the principal magnetic 5- I'aorg- Crtl_enll(9395R34, ?;70%@2 Be(r:tir?i, I.;gagilébgfl.lgé:;léie,

. . .-IVl.; Luchinat, C.; Rosato, . AM. em. S0 .
axesi**' Therefore, any compan;on with the CryStaI structure (c) Di Bari, L.; Lelli, M.; Pintacuda, G.; Pescitelli, G.; Marchetti, F.;
of [Lny(TACI-3H),(H.0)s)3* considered as a structural model Salvadori, P.J. Am. Chem. So@003 125 5549.
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B A By =1.0018B5°-0.0155 the contact and pseudocontact contributions given in eq 20
3.0 1 R=0.9849 such that each Ln(lll) is located at the origin of a specific
A frame!®.24
o n n
.0 4 o — 2 2
107 A o= (Y FSH+G S (86 + JeBZ"HM  (20)
: A B — ™
3.0 -1‘2);;”' 1.0 3.0 Since the paramagnetic centers are equivalent ipL{ln
S I (TACI-3H)2(H,0)¢]** (Cz, symmetry) and [L(TACI-3H).-
FBi =101438,7 ~0.1215 (H20)]®" (Dan symmetry), a single set of crystal-field
A k=0.9958 parameters is requiréd?*and eq 20 reduces to eq 21 with

-3.0 - n = 2 for Ln,Lu andn = 3 for Lng. The comparison of eq
Figure 6. Plots of experimentaB;” (eq 12) for HHKkHI triplets as a 21 with eq 5 demonstrates their strict mathematic equivalence
function of Bii® calculated with eq 13 by using;, F, andF taken in such that the origindF;, G;, andH; terms in eq 5 are replaced
gat))f,_iés)fﬁf?xoo:[LnLuz(TAC"sH)Z(HZO)G] anda = [Lns(TACI- with their sum ovem magnetic centers in eq 21. Conse-

quently, the crystal-field independent eqs-1% also hold

the fits of the triplets kHkHI with eq 12 can be compared for polyparamagnetic lanthanide complexes if the original
with those calculate8S;° with eq 13 by takingCiy andDig Fi, Gi, and H; terms are replaced by their sum over
from Table 3 (three-nuclei method) af¢ Fy, andF; from paramagnetic centers.
Table 2 (one-nucleus method). Since the contact terms n n \/_ n
slightly vary along the isostructural series (Table 2), the  gpara_ = +C(BL2S (G™ + vV6B.2S (H!
average value§®®®%= 1/2(F"=C*F + FI"=T07Y0) have ! (WZ\ DI+ GG, n;( g ? WZ\( IN)()Z 1

been used for evaluating. The excellent correlation

observed betweeB{;® and B} (Figure 6) supports isos- Application of the Model-Free Methods for Analyzing
tructurality for LnLw, along the complete series, and it |sostructurality in Biparamagnetic Rhombic Complexes
suggests that the breaks obtained with the one-nucleugln,Lu(TACI-3H) 5(H20))3" (Ln = Pr—Yb). The!H NMR
method (Figure 4) can be assigned to changes in the crystalspectra of the biparamagnetic A complexes show four
field parameters amplified by the abrupt increase of Bleaney'’s signals for H-H4 (Figure 2) compatible witks,, symmetry

C; factors in the second part of the sertég! Finally, it is and the location of each paramagnetic center on a symmetry
worth noting that the points §*7SL), (OIS0, plane Cs microsymmetry, Figure 1b). Extension of eq 17
(0§ 18.5)) only slightly deviate from a straight line within ~ for homopolymetallic paramagnetic lanthanide complexes
the best least-squares planes (Figure 5b), a situation whichprovides eq 224 and the assignment of HH4 given in
strongly contrasts with the large dispersion observed in Table 1 results fronT, measurements for which plots of 1/
isostructural homotrimetallic helicates (EnCe—Yb).24 This o versusy2_,(rM 6 for each LaLu complex display a
can be traced back to the two second-rank crystal-field straight line with a positive slope (Table S1 and Figure S2,
parameters characterizing the magnetic anisotropy of theSupporting Information).

complex which are of comparable magnitude in the homot-

rimetallic helicates B3~ B3*"™"¥ 24 but consequently 1_ E = [1)e 22)
of very different size in the LnLucomplexes (/58% < B} Trara : ,T; pm

or v/6B3 > BY). This translates into a weak distortion from N '

pseudoaxiality for the LnLucomplexes which is confirmed Plots of of*8,j] versus C/[8[j (eq 10) anddf™C;

by plots of of* S versus oy 18 for HiHk pairs versus [SGIC; (eq 11) show significant deviations from
according to eq 8 which poorly deviate from the straight linearity between Eu and Th, and two straight lines for Ln
line characterizing an isostructural series in an axial system= Pr—Eu and Lh= Th—Yb are required to satisfyingly fit
(Figure S1, Supporting Information). theH NMR data as previously described for Lnd(Figure

Extension of the Model-Free Crystal-Field Independent ~ S3, Supporting Information). Multilinear least-squares fits
Methods for Analyzing Magnetically Noncoupled Poly-  Wwith eq 21 ¢° vs [ and C)) for H1—H4 in the two
paramagnetic Rhombic Lanthanide ComplexesThe faint ~ series provide contacE(" = (35_,F) and pseudocontact
magnetic exchange observed between two Gd(lll) insfGd terms §* = (B5 ¥, _,2(GM) + v6B5 ¥ __,2(HM)) associ-
(TACI-3H)2(H20)6]%" (Jex = —0.092 cni)*Pindicates that  ated with satisfying Wilcott agreement factors 042AF;
the magnetic coupling can be neglected for analyZidg < 0.18 (eq 18, Table 2). Interestingly, the introduction of a
NMR data recorded at room temperatétén these condi- second paramagnetic center when going from L(Eigure
tions, the total paramagnetic shift of a nucleusn a 1a) to LnLu (Figure 1b) mainly affectsFy| and |F5l,
multicenter polymetallic lanthanide complex containing  while |F}55| and|F 5| poorly vary. This can be traced back
noncoupled paramagnetic centers corresponds to the sum ofo the operation of two novel three-bond pathways (via the
coordinated oxygen atom) allowing spin delocalization from
(32) Ishikawa, N.; lino, T.; Kaizu, YJ. Am. Chem. So2002 124, 11440. the supplementary paramagnetic lanthanide onto H1 and H4
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(Figure 1b). For H2 and H3, supplementary four-bond a) Tb
pathways become available indlm, but this poorly affects
the contact contribution. According to the sum characterizing Dy ‘A EUF Pr
S%in eq 21, the average global increasesSfY| observed para Ho~ . "Nd
when going from LnLy to Ln,Lu is not surprising since 501/ 0.0 -
several supplementary pseudocontact shifts occurring at short <SZ> , A
distances are operating (Table 2). However, a more detailed "_15.() - Er'.
interpretation of§* is precluded by (i) the complicate
nonlinear variations o6" andH;" with the internal coordi- 230.0 - A
nates and (ii) the absence of the location of the principal ' Tm™~ v}
magnetic axes in Labu. A
Three-dimensional plots foriHkHI triplets according to
eq 12 for HE-H4 in Ln,Lu systematically show planar -5.0 0.0 5.0 10.0
arrangements along the complete series€LRr—Yb) with C_/
good agreement factors (3:7 1072 < AFy < 8.4 x 1073, <Sz>-
Table 3, Figure S4, Supporting Information). This implies !
isostructurality for LaLu as previously established for Lnk.u b) 30.0 -
It is worth noting the large values @iy and Dy found for Eu
the plane containing the H1H2H4 triplets result from its
location almost parallel to thedirection?* Finally, the good 20.0 A
correlation observed betwedj” andB:*° calculated with e Nd
the contact terms collected in Table 2 (Figure S5, Supporting Clj
Information) confirms isostructurality for Lhu along the C/. 10.0 1
complete series. The breaks detected with the one-nucleus ' Pr
method (Figure S3) can be thus safely assigned to changes 0.0 -
in the crystal-field parameters amplified by the abrupt
increase of Bleaney’s; factors as previously discussed for
the LnLw, complexes. -10.0

Using the Three-Nuclei Crystal-Field Independent -1.0 0.0 1.0 2.0 3.0
Method for the Assignment of3C NMR Spectra and for <S >
the Structural Analysis of the Triparamagnetic Rhombic z/j
Complexes [Lny(TACI-3H) 2(H20)¢]®" (Ln = Pr—Yb). The C.
N i :
H NMR spectra of theDy-symmetrical La complexes o o2 b of (a) 00S,) vs (G/IS) (eq 10) and (b)) vs
(Figure 1c) exhibit only two signals corresponding to H1 (6 (eq 11) for C1 in [La(TACI-3H)(H,0)5]** (D;O, pD = 8, 298
and H2 which have been safely assigned through K). Solid lines represent least-squares linear correlations obtained for the
measurements according to eq 22 (i.e., the larger paramag%gr:‘tth;ﬁi’:jtzsrz'ﬂfTg—fjb)zrr;'fsugbw'-r:“ﬁﬁ{] ggtrtree(;altl'r‘]’gss for the heavy
netic contribution I7°2"?is ascribed to H1 for whicty_,(
r")~%is maximum, Table S1¥ Plots oféi‘j’ar_"’/@zmvgrsuscj/ versusCj/[($j] (eq 10) andyf*1C; versusS,(IC; (eq 11) for
[(8/j](eq 10) for H1 and H2 have been originally interpreted C1 and C2 are linear for Ls Pr—Eu (Figure 7, full lines),
as arising from a single isostructural series despite somewe have computed with eq 21 a set of conlla‘@tz (zfrFl
minor dispersion of the points from the least-squares straightem and pseudocontact ternsl' = (B2 32 _ (G™) + v/6B2
lines (Figure S6a, Supporting Informatiof).The situation zi‘:l(Him)) for the light Ln(l1l) (Ln = Pr—Eu, Table 2)13C
1 ar . .
is less clear foroj™7C; versus[BLIC (eq 11) which is  NMR spectra have been then predicted for eachdomplex
significantly better modeled with two different series £n (Ln = Th—Yb) by considering an adapted set &L and
Pr-Eu and Ln= Tb—Yb in contrast with the original  c10 factors and assuming that plots &' 7(S,(j versusGy/
interpretation (_Flgure S6b, Suppor_tlng Ir!formatlé?f)Slnce (S0 (eq 10) andéﬁaralcj versus[$5IG; (eq 11) are linear
only two nuclei Hl gnd H2 are ayallable inireql2 cann_ot ~along the complete lanthanide serié&*33 Comparisons
b_e use(_:i for test_lng isostructurality around each metallic site papyeen predicted and experimental data are only satisfying
displayingC,, microsymmetry*C NMR spectra have been o | n = Th, thus leading to the assignment of C1 and C2
thus recorded for Ln= Pr—Yb, and the observed signals o thjs specific lanthanide which is known to act as a pivot
have been assigned to C1 and C2 (Table 1) by ulihg between light and heavy Ln(lll) in the model-free analyses
13C-HMQC correlation spectra for the light lanthanides Ln ¢ paramagnetic specttalse33However, predictions based

= Pr—Eu for which the nuclear relaxation times are long o the one-nucleus method fail to reproduce experimental
enough to allow magnetization transféror Ln = Th—

Yb, two broad signals are detected which cannot be assigned33) Floquet, S.; Ouali, N.; Bocquet, B.; Bernardinelli, G.; Imbert, D;

because of the lack of reliable measurementd( < 1 ms) Bunzll, J.-C. G.; Hopfgartner, G.; Piguet, Chem. Eur. J2003 9,

and of *H—3C-HMQC correlations. Since plot]* S, (34) Glasoe, P. K.; Long, F. Al. Phys. Cheml196Q 64, 188.

Dy YD,
Ho‘- & Er
ARTHTm
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Table 4. Experimental and ComputédC NMR Shifts (in ppm with Respect to DSS) with the Crystal-Field Independent Three-Nuclei Method (eq 12)

for [Lna(TACI-3H)2(H20)3* (Ln = Tb—Yb, D;O, pD = 8.0, 298 K)

one isostructural series

two isostructural series

compd oct; 0cs; oqse ogs8 oqse oFsh
[Tha(TACI-3H)7]3+ 652 452 -1135 306 654 444
[Dys(TACI-3H)]3+ 567 411 —1051 282 593 413
[Hos(TACI-3H)]3* 360 238 -382 183 435 213
[Ers(TACI-3H)]3* -7 -127 291 —62 -8 121
[Tma(TACI-3H)]3* —147 —250 733 -134 —149 —252
[Yba(TACI-3H)]3* -30 4 16 -5 -30 4

a Calculated with eq 12 according to a single isostructural series defined by Pr-Yb. b Calculated with eq 12 according to two isostructural series

Ln = Pr—Eu and Ln= Tb—Yb.

data for the heavier lanthanides (l=a Th—Yb), which
implies that a break in the crystal-field dependent egs 10

11 occurs for C1 and C2 near the middle of the series (Figure F'% =

7).

We have then resorted to the novel three-nuclei crystal-
field independent method (eq 12) for predicting tf& NMR
spectra of the Lyxcomplexes with Ln= Th—Yb. First, we
have considered a single isostructural series foLRr—

Yb and a preliminary set 0By, Ci, and Dy is obtained
from the fit of the two H1H2C triplets according to eq 12
for Ln = Pr—Eu. Taking the accessibi(Table 1) and
[$[Jfor each heavy lanthanide (L:n Th—Yb),” 6% “can be
calculated with eq 12, but predictions do not agree with

reported for H1 and H2 calculated according to a single
isostructural series (0.18 AF; < 0.19)!* The contact terms

m = (CvaFr) and B, = (X54Fi) in Lns are very
similar to contact terms computed in 4lru for the topologi-
cally related protons H1 and H2 (Table 2) because the
introduction of the third paramagnetic center inslbwings
only one supplementary four-bond pathway for spin delo-
calization onto H2 (Figure 1c). On the other hand, the
pseudocontact term§” = (B2y3_,(G™ + V6Biy3: .
(H™) are maximum for Lg because of the existence of
three paramagnetic centers. Three-dimensional plots of
(05"I8L) versus ¢y 105[) and Of*7(SL) according to

ij
eq 12 for the triplets HIH2C1, H1H2C2, H1C1C2, and

experimental data (Table 4). We therefore conclude that atyoc1c2 along the lanthanide series (EnPr—Yb) show
least two isostructural series should be considered fgy Ln deviations from a single plane (Figure 8a) pointing to a

and we select four strongly paramagnetic lanthanides in the

second series L= Th, Er, Tm, Yb for defining a second
isostructural series. Although the assignment of C1 and C2
for Ln = Tb is known from prediction using the one-nucleus
method, there is no a priori available attribution of tRé
NMR signals in Es, Tms, and Yk, and we have computed
Bivi, Ciki, Dini, and ARy for each HIH2Cand HC1C2 triplet
(four planes) corresponding to each permutation of'fe
signals observed for Ln= Tm, Er, Yb (eight possible

structural change between Eu and Tb in agreement with the
previous need for two different isostructural series for
assigning*C NMR spectra. The use of two different planes
Ln = Pr—Eu and Ln= Th—Yb gives satisfying Ak factors
together with two sets dy, Ci, andDjy collected in Table

3 (Figure 8b)BS3" calculated with eq 13 andDyq taken
from Table 3 andF”, F', andF|* from Table 2) for the

two isostructural series in Lrperfectly matctB;,” obtained

permutations). For each permutation corresponding to affom the fitting of the triplets kHkCl and HCKCI (Figure

specific 13C assignment, we obtain an average agreement

factor considering the four tripletsAF = 1/4y iy AFi. A
single permutation provides a satisfying agreement factor
with AF = 6.0 x 10~* comparable with those found for
LnLu; and LnpLu, while the other permutations providd-
> 1.2 x 1073 The specific sets oBy, Ci, and Dy
parameters associated with this permutation for HIH2C
= 1,2) have been used for predicting tH€ NMR spectra
of Dys and Ha with eq 12 ¢® are taken from Table 1)
which indeed fit the experimental data (Table 4), and allow
the complete assignment &iC resonances for the heavy
Lns complexes (Table 1).

The eventual thorough analysis'8€ NMR data according

6), which eventually confirms that the structural change
affects both contact terms and geometrical parameters.
Although a concomitant variation of the crystal-field pa-
rametersB; and B; is expected;}-4 it cannot be safely
addressed with the one-nucleus crystal-field dependent eq
21 because the variations df>_,(G™ and 33_,(H")
already affectS®.

We can safely conclude that [k{TACI-3H)2(H20)s]3"
display a sufficient structural variation along the lanthanide
series for being detected with the rhombic crystal-field
independent eq 12. This contrasts with the original report
based on the one-nucleus method applied to H1 and H2 (eq
10)°° but compensation effects between crystal-field and

to the crystal-field dependent egs 10 and 11 unambiguouslygeometrical parameters in the pseudocontact tegfhare

confirms a break near the middle of the lanthanide series
which contrasts with the original treatment limited to H1
and H2° put which is in line with the existence of a

known to prevent the unambiguous detection of structural
changes with crystal-field dependent meth&dalthough
the model-free methods do not allow straightforward access

structural change along the lanthanide series (Figure 7). Theto the exact nature of the structural chafbe considerable

Wilcott agreement factors for H1, H2, C1, and C2 042
AF; = 0.17 (eq 18, Table 2) are comparable with those
obtained for LyLn and LrpLu, but slightly better than those

geometrical variations induced by the lanthanide contraction
in the crystal structures of [LTACI-3H),(H,0)e]3* (Ln =
La, Gd, Lu}®*?6suggest parallel changes occurring in solution
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the lanthanide series for rhombic complei%gzrevent the
use of crystal-field dependent methods for addressing
structural changes according to the model-free approach.
Since the number of crystal-field parameters required for
modeling the molecular paramagnetic anisotropy according
to Bleaney’s hypothesis increases from onﬁ) (in axial
complexes to two B and B3) in rhombic complexes, the
dimensionality of the crystal-field independent equations
concomitantly increases from one dimension (a straight line
defined by eq 8 for axial complexes) to two dimensions (a
plane defined by eq 12 for rhombic complexes). Except for
this mathematical expansion, the analysis of the paramagnetic
NMR data is similar, and the extension toward magnetically
noncoupled polymetallic lanthanide complexes brings no
drastic complication. Application of the novel rhombic
crystal-field independent method to the sandwich complexes
[LnyLus—«(TACI-3H)2(H20)s]®" exhibitingCy, (x =1, 3) or
Cs (x = 2) microsymmetries for the paramagnetic centers
demonstrates isostructurality for the heterotrimetallic com-
plexes along the complete lanthanide series, while a signifi-
cant structural variation occurs for the homotrimetallic
analogues. Interestingly, the experimental poini*({
B0), (0F 155), (0f*78L5) defining the isostructural
plane according to eq 12 are systematically poorly dispersed
around a straight line for all complexes, thus pointing to
second-rank crystal-field parameters in,Lus—x which
display significantly different magnitudes/6B2 < B2 or
«/(_SB§ > BS). The origin of the large discrepancy between
B5 andB; in LnyLus is difficult to address, but a thorough

Féig;g/e 8. f ThrZE-gilmenlsi_Onal pIT(),;S IOff?_f';’a'a/ESz@ vs (gﬁja'afﬁﬂg_a”d analysis of the crystal structures of J(MACI-3H),(H,0)e] 3+

(29'18 KE%%) ooz il pcroﬁ'lg [Sh%(wing ol Lzévigct)i)(‘)i of(thzeobgms_ & shows that the metallic sites only slightly deviate from 3-fold

single plane (rhombs are used to highlight planes orthogonal to the bestSymmetry since they can be described as bicapped trigonal

plane). (b) View of the two best planes characterizing the two different prismatic sites (the coordinated oxygen atoms define the

isostructural series Las Pr—Eu and Ln= Tb—Yb. An approximate plane . . .

obtained for a single isostructural series£rPr—Yb (black) is shown for trigonal faces of the prism and the nitrogen atoms cap two

comparison (the three arrows on the sphere represents the vectors normatectangular faces, Figure )26 Theoretical PCEM calcula-

to the different planes). tions (PCEM= point charge electrostatic modi@lshow that

(decrease of the separation between the facial planes define¢he removal of one capping atom when going from an ideal

by the alcoholate atoms of each ligand: 2.71_,& (La), 2._54 tricapped trigonal prismi{z, symmetry: Bg = 0if = 45°

A (Gd), 2..45 A (I/&u), and dec}&ease of the g\]termetalllc andB2 = 0210 a bicapped trigonal prismCg, symmetry:

distances: 3.932 A (La), 3.734 A (Gd), 3.607 A (Lu)). The B3 = 0 andB3 = 0) produces (i) only weak distortion from

occupancy of at least one site with a lutetium atom in the axiality and (ii) limited magnetic anisotropiéstwo predic-

heterotr.|metall.|c complexe_s .Lnlguand Lrlu along the tions which match the weak “rhombic” distortion observed
lanthanide series strongly limits structural deformations, and .
by paramagnetic NMR for Lihusz .

this may explain the different behaviors observed for LnLu . o
and LnLu (isostructural along the complete series) ang Ln In conclusion, the combination of the one-nucleus crystal-
(structural change along the series). However, the increasedield dependent (eq 5) with two-nuclei crystal-field inde-
sensitivity of paramagnetic shifts in axial triparamagnetic Pendent (eq 8, axial systems) and three-nuclei crystal-field
helicates has been previously invoked for rationalizing independent (eq 12, rhombic systems) methods provides a
apparent structural changes in crystal-field independentcomplete and efficient tool for safely analyzing paramagnetic
equationg? A similar effect cannot be completely ruled out NMR spectra of lanthanide coordination complexes and for
for [Ln3(TACI-3H)(H,0)e]3* although the variations of the ~ detecting structural changes induced by the lanthanide
structural parameters along the lanthanide series in the solidcontraction without resorting to structural models. This point
state strongly support nonisostructurality. is crucial for the fast screening and evaluation of geometrical
and electronic changes induced by weak intramolecular
interstrand interactions responsible for structural program-

As previously established for axial systems, the systematicming and thermodynamic selectivities in sophisticated su-
variations of the crystal-field parametﬁ and Bg along pramolecular lanthanide complex€s®

Conclusion
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Figure 9. Perspective view of the Lu-coordination sphere in the crystal
structure of [Ly(TACI-3H),(H20)e]3* 26 highlighting the minor distortion
from trigonal symmetry. (a) View along the pseu@g-axis and (b) view
perpendicular to the pseudiy axis.

Experimental Section

Spectroscopic MeasurementsSamples for NMR spectroscopy
were prepared by dissolving the ligand (3@o 102 M) and the
lanthanide triflate salt in 70QL of deuterium oxide (Euriso-top,
99.9 at. % D). The pB= 8 level was then adjusted with sodium
deuteroxide solution (pD= pH + 0.41)3* NMR spectra were
recorded either on AVANCE 400 Bruker or MERCURY 400 Varian
spectrometers. The methyl protons of DSS (3-(trimethylsilyl)-1-
propanesufonic acid) were used as an internal reference fékthe
and!3C spectra recorded inJD. Longitudinal relaxation rates were

measured using a nonselective inversioecovery pulse sequence,

andT; values were obtained from a three-parameter fit of the data

to an exponential recovery functiofd—H-COSY and!H—13C-

HMQC spectra were recorded in magnitude mode using 256

increments and recycle delays optimized for fast-relaxing species.
Calculations and Computational Details. Multilinear least-

squares fits with the one-nucleus method (egs 5, 21) were performed

with Microsoft EXCEL software. The best least-squares planes

according to the three-nuclei method (eq 12) were obtained by

minimizing M whereM is the sum along the lanthanide serips(

1to 9 corresponding to L& Pr, Nd, Eu, Tb, Dy, Ho, Er, Tm, Yb)

of the square of the orthogonal distances to the ptahes.a plane

is defined by its distance to the origin and by its unit nornmal,

we add toM the following condition: ¢ = (fi-n) — 1 = 0 multiplied

by a so-called Lagrangian multipliet.36 After equating all the

partial derivatives with respect g, ny, n,, and4 to zero, a system

of equations is found which can be solved by using a software for

symbolic computatiod’ thus leading to the best least-squares plane.
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