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The thermodynamics of electrochemical and complexation reactions involving the heterobimetallic triple-stranded
helicates [MA(L5)s]™ (M = Ru(ll), Cr(lll) and A = Ca(ll), Lu(lll)) reveal that solvation processes mask intramolecular
intermetallic repulsions in solution, a phenomenon at the origin of the surprising stabilities of highly charged self-
assembled polymetallic complexes in solution. A judicious combination of Born—Haber cycles and the Born equation
restores the expected electrostatic trend in the gas phase, in which intermetallic interactions can be simply modeled
using a standard Coulombic approach. Semiquantitative estimation and prediction of the contribution of the intermetallic
repulsion to the total free energy of the formation of discrete polymetallic assemblies in solution become thus
accessible. This point is crucial for programming stable metallosupramolecular architectures in solution.

Introduction ation events operating in [GiL1),]®" and in[Ag(L2),]3".4~6
Although the straightforward application of Coulomb eq N 5
. e . . . MM e

1 predicts a significant intermetallic repulsiakE ., = AEM™ =W, = — a21% L/:‘ dr 1)

Welec = 10.4 kJ mot? between two adjacent monocharged 4re,

cations separated bg = 5.8 A in the double-stranded

helicates [Cy(L1)o]*" and [Ag(L2),]*", which disfavors However, the best fit of the thermodynamic data leading

succgs_sive metallic complexation, .Lehn and co-.workers to [Cu(L1)]*" in acetonitrile/chloroform displayed an
surprisingly reported that the formation of these trinuclear CuCu _

. ; » . attractive microscopic intermetallic interactioA&, ",
complexes was driven to completion by positive cooperativity 0, a mathematical solution discarded at that time because it
i ’ 3 -1 5 ’
(Na, is Avogadro s_numbe_lc 6'02?%( 1.02 mol™, 2 are \vas counterintuitive and irrelevant when the expected
the charges of the interacting particles in electrostatic units, repulsive electrostatic interaction operating between two
) 10 .
eis the eIemgpth charge 1.602 x 10 12C’ 60_1'5 t_hze cations was modele¥ Although less striking, the fitted value
vacm;lm p?rmlttl\gtyl constant 8.859 x ]f.(; c '\(lj m -~ AEEUEY = 14 kJ mot? for the intermetallic Eu(ll)-+Eu-
is the relative dielectric permittivity of the medium 23 exp.sol . . . .
e o perm Y . (I interaction, occurring 89 A in the polymetallic helicates
in acetonitrile/chloroform, and is the intermetallic separa- Eu(L3).]% | tches th IUGAEE'EY = 38 KkJ
tion).12 A decade later, the thorough investigation of their [ u|3i(1 )™, pogry_ t:na clgs e value Ca'éf’ I_ )
mechanism of formatidh combined with a careful re- MO~ computed with eq 1 in a continuous die ectrig T
examination of the thermodynamic modeling of self-as-

36.1 for acetonitriley® Moreover, a reliable prediction of
sembly processes eventually reached the opposite conclusioﬁhe Stﬁ?'"ty constant for thg tetrametall|é:u§lna_logue4{Eu
that negative cooperativity indeed dominates the complex- (L4)al™*" could be only obtained whenE = 14 kJ

mol~! is taken into account.This recurrent enigma also
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arises when a trivalent lanthanide, Ln(lll), coordinates to the
inert and facial noncovalent tripods [CH)3]3". An experi-
mental electrostatic work of only 9 kJ mdlis found in
acetonitrile for the two triply charged ions at 9.3 A in [CrLn-
(L5)3]%", while eq 1 predict®Veec= 37 kJ mot? (¢, = 36.1,
dern = 9.3 A, Figure 1b¥To design stable molecular or
supramolecular assemblies including charged components,
this systematic deviation from a simple electrostatic model,
which indeed reduces intramolecular intermetallic repulsion,
should be addressed. Three possible origins for the ratio-
nalization of these phenomena can be envisioned: (i) the
breakdown of the dielectric continuum in molecules, which
would require the concept of local dielectric constdn(is),
specific charge compensation effects in the complexes which

affect the Coulombic model, and (iii) specific solvation . __
effects. This contribution thus aims to reconcile experimental :

intermetallic interactions recorded in solutiodEyy . %“A\\
with a classical Coulombic approachE¥h: ) derived from [M(LS);]™

eq 1. We focus here on two simple chemical processes, in +

which the electrostatic contribution to the total free energy '

change can be easily modeled with eq 1 (Figure 1). First, w

the Ru(ll)/Ru(ll)-centered reduction of the triple-stranded

helicate [RU' A(L5)3]¢™2* (A = nothing, noted @ in the rest
of the text,z= 0; A = Ca(ll), z= 2; A = Lu(lll), z=3) Ac;fomp
will be considered as a probe for the investigation of a simple
charge transfer occurring in the vicinity of a charged but
electrochemically inactive spectator catiorf (AFigure 1a).
Second, the complexation process shown in Figure 1b will
be compared for two different cationic tripods [RG{3]*"

and [Cr(5)3]®", which differ only in their total charge.

Results and Discussions

Syntheses and Characterization of the Complexes [Ru- [MLn(L5), ]
(L5)3](CF3SO3)2, [RUC&(L5)3](CF3803)4, and [RULU(LS) 3]' 3
(CF3S0s)s. For bimetallic double- or triple-helical complexes Eigureb_l- (al)I Schfi‘matic tgeén?]o?}'namiﬁn'f(ul:gf?(tg?f (YAEdUCgO“ of the
. . . . . . eterobimetallic tl’lp e-strande elicates 3 2) =0,Z2=
|n.volvmg. heterotoplc (i.e., unsymmetrlcal). ligands, two 0:A=Ca(ll), z= 2: A = Lu, z = 3). (b) Schematic thermodynamic
different isomers exist, depending on the relative arrangementcomplexation of trivalent lanthanides, Ln(lll), to the facial inert noncovalent
receptors [M(5)3]™ (M = Ru(ll), m= 2; M = Cr(lll), m = 3).

(8) Cantuel, M.; Bernardinelli, G.; Muller, G.; Riehl, J. P.; Piguet|r@@rg.

© ?f;e';n 2hOO§,4§>, 1}?4&&849” Frics. P KEhem. Phve. Let1097 of the strand4® For [RUA(L5)5]®2T (A =@,z=0; A =

a IChardli, J.; Krienke, H.; Fries, P. em. yS. Le f — . — —

273 115-121. (b) Sacco, A.; Belorizky, E.; Jeannin, M.; Gorecki, Ca(ll)' z=2; A=Lu(lll), z= 3), the head-to-head-to-head
W.; Fries, P. HJ. Phys. Il Fr.1997, 7, 1299-1322. isomerHHH-[RUA(L5)3] @™ results when the three strands
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Stabilities of Polymetallic Complexes

Scheme 1. Syntheses of Complexé$HH-[RUA(L5)3](CF3SOs)2+2) (a)
(A=@,z=0; A= Ca,z= 2; A = Lu, z= 3) with Numbering
Scheme forH NMR Experiments
Hll) HB H7 HS
HU i
O L5),1*
Me HQH6 Me?  Ru(DMSO)(CF,S0,), [RUZ(+ )i
H2 )=N N= ——————>  HHH-[RuLu(L5),*
Lu(CE;SO,), +
w Ls N B EtOH, reflux HHT-[Ru(LS); "
HYg 0 H' Me! o
Hlsij s [Ruz(Iﬁ)z](CF3S03)4l« Filtration| U
Me ><H16 ‘l
Me \J
o iltrati HHH-[RuLu(LS),F* T T T T T T T T T T
("By,N),EDTA [HHH—[RuLu(L5)3](CF3503)S i] Filtration . 3
Filtration 2% |cHel, HHTRu(LS)F" (b) o %
Meé? | | &
("Bu,N)[LuEDTAN HHT-[Ru(LS) > Me2 Mel A
€ @]
HHH-[Ru(LS),P* H' \
CH,CL,/THF
81% iPI;I;O HU!
Hl

MeMed

|
Ca(CF;80;) | E
CH,CN/Pr,0 EE: HS
74% e
o | ki HOH | s
adopt a parallel organization leading to a threefold sym- Wy HIO H78, HI6H!
metrical complex, in which Ru(ll) is octahedrally coordinated l l[[l I] | il JJ‘ i ]I

by the three bidentate binding units and*Ais nine-

coordinated by the three tridentate binding units, as exempli-
fied in Figure 1. A reverse arrangement of one strand

z
produces the head-to-head-to-t&ll-symmetrical isomer Meé? % éé
HHT-[RUA(L5)3]?*2*. This rather tedious terminology will (c) 14 g
be used for the discussion of the synthetic strategy to avoid : Me2
any confusion. However, for the rest of the manuscript, the H! Me!
notation [RUA(5)3]@ 2+ strictly refers to the axial isomer s N
HHH-[RUA(L5)3] @2+, Me*

Inspired by a previously published procediéten im- ’

proved method has been developed for the syntheses of Ru- 3

T

H! Me

§ H7-8.15,16
containing d-f triple-stranded helicates (Scheme HHH- H'2} ' Hyyo HS H!7.18
[RuLu(L5)3]%" is thus obtained in a 25% yield by the reaction I | i \ ﬁll 1 \ L Nl l. l \
of RUDMSO)}(CRSG;), (1 equiv),L5 (3 equiv), and Lu-
(CRSOy); (1 equiv) in refluxing ethanol, followed by a T ' ' ' ' ' ' ' ' '
careful purification process, which aims to remove the large

z
amount of the undesirabl&lHT-[Ru(L5)3]?>" and [Ruy- (d) Me? Me2 % 2
(L5),]** side products (Scheme 1 and Figure 2a and b). Upon Mel 8"
further treatment oHHH-[RuLu(L5)3]>" with EDTA*" in e\‘

acetonitrile, the insoluble lanthanide s&BN)LU(EDTA)

is separated by filtration, and the resulting noncovalent tripod
HHH-[Ru(L5)3]?" is crystallized as its trifluoromethane- HI3 :
sulfonate salt in an 81% yield (Scheme 1 and Figure?2g). b
Finally, the recombination oHHH-[Ru(L5)3]?" with Ca- Do

. e . , , H H H .
(CRSGs), in acetonitrile providesHHH-[RuCa(.5)3]*" in A HSHI0 W 'MeS
a 74% yield (Scheme 1). It is worth noting th#itiH-[RuCa- 1 I \ J " J\_L_MMM_

(L5)3]** cannot be obtained directly by the reaction of Ru-

T
(DMSO)(CFSGs), (1 equiv), L5 (3 equiv), and Ca(C§ 9 8 7 6 5 4 3 2 1 0
ppm
(10) Piguet, C.; Bernardinelli, G.; Hopfgartner, Ghem. Re. 1997, 97, Figure 2. 'H NMR spectra of (a) crudelHH-[RuLu(L5)s]* andHHT-
) 205,27 AL Chen. e 2001 101 3857 3467 [RULS)®, () HHHIRULULE)E afer purcaton, (O
’ ] ’ o ’ ] ’ ] ’ . 2+ - 4+ i i
Chem-—Eur. J. 2004 10, 3503-3516. (Sl_fh);]mé 1a)nd (d) HHH-[RuCa(5)3]*" (CDsCN, 293 K, numbering in
(12) (a) Rigault, S.; Piguet, C.; Bernardinelli, G.; Hopfgartner ABgew. '
Chem., Int. Ed.1998 37, 169-172. (b) Rigault, S.; Piguet, C,; . - :
Bernardinelli, G.; Hopfgartner, G. Chem. Soc., Dalton Tran00Q SOy, (1 _eqU|V), which suggest; that, despite the .modest
4587-4600. overall yield (25%), the templating effect of Lu(lll) in the
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Table 1. 'H NMR Chemical Shifts (with Respect to TMS) for Ligahd and Its Complexe$iHH-[RuLu(L5)3]°", HHH-[Ru(L5)3]%", and
HHH-[RuCa(5)3]*" in CDsCN at 293 K (Numbering in Scheme 1)

bidentate binding site

Me! Me? He H? He H# HS He H78
L52 2.42 4.23 8.51 7.64 8.26 7.33 7.20 7.71 4.29
[RuLu(L5)4]5* 2.10 4.43 7.35 7.82 8.28 7.71 7.22 4.87 3.55
3.61
[Ru(L5)3)%2" 2.18 4.11 7.49 7.75 8.27 7.53 7.33 5.71 3.54
[RuCa(5)s)** 2.10 4.33 7.34 7.70 8.25 7.53 7.10 4.98 3.48
3.55
tridentate binding site
Me3 HB HlO Hll H12 H13 H14 H15,16 H17,18 Me4 Me5
L52 4.21 7.69 7.23 7.34 8.38 7.93 7.57 3.61 3.35 1.30 1.13
[RuLu(L5)3]>* 4.35 5.44 6.99 7.53 8.65 8.28 7.63 3.42, 3.42, 1.05 0.67
2.79 2.63
[Ru(L5)4)2* 413 6.91 6.61 7.20 8.44 8.04 7.53 3.54 3.31 1.23 1.05
[RuCa(5)s]*t 4.31 5.89 6.86 7.35 8.28 8.05 7.49 3.17, 3.00, 1.05 0.67
2.80 2.57

aRecorded in CDGI

preparation ofHHH-[RuLu(L5)3]>" is not negligible. This Elemental analyses confirm the isolation l8eHH-[Ru-
synthetic process can be followed By NMR spectroscopy  (L5)3](CFsS0s)2°2.5H,0 (1), HHH-[RuCa(l5)3](CFsSGs)4*

for the soluble intermediates and products (Figure 2 and 7H,O (2), and HHH-[RuLu(L5)3](CF3S0s)s:3.5H0 (3) in
Table 1). Figure 2a shows the crude mixture after the initial the solid state, while the previously reported crystal structure
assembly step. The upfield shifted signals of the aromatic of 3 unambigously established the triple helical character of
protons H (4.87 ppm) and Fi(5.44 ppm) are diagnostic for these complexes, in which the metallic sites are separated
the formation of theCs-symmetrical triple-stranded helicate by ~9.0 A (dry.u = 9.08 A in 3, see Figure 1a}
HHH-[RuLu(L5)3]*" because the wrapping of the three Ru-Centered Redox Processes Occurring in [Ru(L3)-
strands puts these protons in the aromatic shielding region(CFsSQO;),, [RuCa(L5)3](CF3S0O;s),, and [RuLu(L5)3]-

of the neighboring ligands in the same complé’ The (CF3S03)s. The electrochemical Ru(ll)/Ru(ll) reduction
remaining large number of small peaks can be assigned toprocess described in eq 2 and schematically illustrated
the low-symmetrical isomeHHT-[Ru(L5)3]?t, while the in Figure la has been investigated by cyclic voltam-
insoluble part which was filtered prior to the NMR spectrum metry (Figure 3 and Table 2). The scan-rate independent
being recorded, is tentatively attributed to polymetallic 60—80 mV separation between the anodic and cathodic
oligomers summarized by the generic label {5),](CFs- peaks implies the existence of reversible electron-transfer
SGs)4, in analogy with some closely related observations processes, for which the electrochemical potentials
leading to [Zn(L5),](CFsS0y)4.** The decrease in polarity  EX,qparua Can be estimated using standard methods
produced by the addition of CHELo the soluble crude @)

mixture containing HHH-[RuLu(L5)3]°" and HHT-[Ru-

(L5)s]?" induces selective precipitation of the most-charged [Ru(L5); 1
species, and puddHH-[RuLu(L5)3](CFs;S0Os)s can be sepa-

rated by filtration. Its redissolution in acetonitrile confirms

the existence of th€;-symmetricaHHH-[RuLu(L5)3]°" as

the single species in solution (Figure 2b). The standard

decomplexation of Lu(lll) with EDTA™ provides the mono-

metallic noncovalent tripoliHH-[Ru(L5)3]2* (Figure 2c)212 Ysua

in which only H* (5.71 ppm) is still affected by the wrapping (b)
of the strands about Ru(ll), wherea$ (6.91 ppm) appears

in the standard domain for an aromatic proton in a diamag-
netic complex because the tridentate binding units are non-
coordinated (see Figure 1b for a structural scheme). Finally,
recombination with C# restores the closely packed and rigid (c)
Cs-symmetrical triple-stranded organization of the strands
in HHH-[RuCa(5)3]*", as measured by the low-field
resonances of H(4.98 ppm) and M (5.89 ppm) and the
diastereotopic methylene protons’ 31 H'516 and H718

[RuCa(L5),]*

[RuLu(L5),]%*

(Figure 2d)t+-13 2 15 1 05 0 -05 -1 -15 =2
E /Vvs SCE
(13) Piguet, C.; Bozli, J.-C. G.; Bernardinelli, G.; Hopfgartner, G.; Petoud, ~ Figure 3. Cyclic voltamograms of (a) [RU6)s]?", (b) [RuCa(5)s]*",
S.; Schaad, QJ. Am. Chem. S0d.996 118 6681-6697. and (c) [RuLu(5)3]°" (0.5 mM, CHCN + 0.1 mM BwNPFR;, 298 K).
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Stabilities of Polymetallic Complexes

Table 2. Experimental Electrochemical Reduction Potentiﬁ%uf”)A,Ru(”)A), Free Energies of Electron Transfef(sgtso), Hydrodynamic Radiir;,), and
Calculated Free Energies of Solvatiahs§,G% for HHH-[Ru(L5)3]*"/2*, HHH-[RuCa(5)3]54*, and HHH-[RuLu(L5)3]%"/5* (Acetonitrile, 298 K)

ERugiarugns E3— ED® AGYof hRu(na® AsohGayna AsohG2na®
oy (mv)’ (kJ mory) "R (k3 mofs k) mot™
[Ru(L5)s]3+2* 0.97(1) 60(5) —94(2) 7.90(5) —771(4) —342(3)
[RuCa(.5)s]5+4+ 0.96(1) 70(7) —-93(2) 8.10(5) —2091(12) —1338(7)
[RuLu(L5)s]6+/5+ 0.98(1) 80(5) —95(2) 8.10(5) —3012(19) —2091(12)

aReduction potential vs standard calomel electrode (SCE) igGBH+ 0.1 mM "BusNPF; determined by cyclic voltammetry.Separation between the
anodic and cathodic peaksCalculated with eq 39 Experimental hydrodynamic radius determined by NMR DOSY {CB, 298 K).© Solvation energies
calculated with eq 6 for the Ru(lll) and Ru(ll) forms, respectively.

(Tab|e 2, columns 2 and 3; we assume that the diffusion Scheme 2. Thermodynamic BorarHaber Cycle for the Ru(lll)/Ru(ll)
.. Reduction Process Occurring in [RU&)3]C2+ (A =@,z=0; A =
coefficients of the analogous Ru(lll) and Ru(ll) forms are ¢ 7 =2 A = Ly, z= 3)

identical within each redox pait}. 0
et, gas

A
[RUTALS), 12" + & ——=>  [Ru"A(LS),] 2"

[RU"A(L5) %" + &2 —

[RU”A(L5)3](HZ)+ E(F)% (IMARU(INA (2

‘ ’ AsolvGI(iu(III)A Asollegu(II)A
Surprisingly, the Ru(lll)/Ru(ll) potentials measured in the

complexes [RUA(L5)3]®™ 2" (A = @,z=0; A= Ca(ll), z AGY

— 9. — — P i et,sol

=2; A = Lu(lll), z=3) and QbV|ou§Iy tf(}e assomattfj free [RuHIA(LS)3]gi-1i—Z)+ + & t > [Ru"A(L5), g(Z)-li—z)+

energies of electron transfer in solutitG,, ., (eq 3,n=1

is the number of exchanged electrons dhd= 96490 C the solvent effects and to restore predictable electrostatic

mol™*is the Faraday constant), do not depend on the presencerends, the BorrHaber cycle shown in Scheme 2 has been

of the spectator cation located at 9.08 A from the ruthenium used to estimate the free energy of the reduction process

center (Table 2, column 4, and Figure?3). occurring in the gas phasé\GJ ,,).® The latter term is
o _ related to the same experimentally accessible process oc-
AGE o= ~NFER,yavruma ®) curring in solution AGY,,, Table 2, column 4) via the

Model and Interpretation of the Electrostatic Inter- standard free energies of solvation of the complex cations

metallic Communication in [Ru(L5)3](CF3S0s), [RuCa- [RulllAgL5)3](3+Z)+ (_ASO'Ve%u(IH)A) and [RUYA(LS5)s]* 2+
(L5)3](CF4S05)s, and [RULU(L5) 3](CFsS0s)s. Taking into  (AsonGruaya) according to eq 5.

account a continuous relative dielectric permittivity= 36.1 0 _ ARO 0 0

. L . . . AG = AG + A, G - A...G 5

in acetonitrile!s the integration of Coulomb eq 1 gives eq etgas et ot AsonGrugma ~ AsonGrugpa ()

4, in whichWgiis the extra electrostatic work provided by To estimate the free energies of solvation required in eq
the attachment of an additional electran € 1) to Ru(lll) 5, we have used the famous eq 6, proposed by Born in 1920

in the bimetallic complexes [RIA(L5)] " (i.e., theredoX  for a spherical ion in a dielectric continudthThe first term
process shown in Figure la), because of the additionalof eq 6 corresponds to the notional process of charging a
attractive effect of the spectator cation possessimgharge  neutral particule having a radiusof the ion concerned in

located atd = 9.08 A. the gas phase:(= 1), while the second term refers to the
5 same process performed in solvent 36.1 in acetonitrile).
Weta — N, 2, Z,€ @) The difference between these two self-energies is interpreted
elec 4meqe,d as the Gibbs energy of solvation of the ion in the solvent
medium ¢ is the total charge of the ion in electrostatic
In absence of a spectator catian,= 0, and we cal-  pjts)18
culate WS A[RU" (L5)3]3+) = 0. We can similarly predict
that WEI{[RU" Ca(L5)s)5") = —8.5 kd/mol & = 2) o N, Z€ N, 7€
and WeSA[RU"Lu(LS)J]*) = —12.8 k¥mol & = 3), oS = " grey F Breger ©)
which translate, using eq 3, into cathodic shifts of
AESZR(RUM(L5)3]3) = 0 mV, AES([RU" Ca(lL5)s]") = Except for large-sized monatomic ions, the hypothesis of

89 mV, and AESH([RU"Lu(L5)3]5") = 133 mV, respec- & spherical ion in the dielectric continuum required in eq 6
tively. Such large shifts for reversible redox processes cannotis rarely met for real charged systems in chemistgnd a
escape detection by cyclic voltammetry, and we conclude humber of modifications and adaptations have been proposed
that this unavoidable electrostatic effect is probably maskedto obtain satisfying semiquantitative solvation energies for
in our electrochemical experiments by the change in the — — _ _ )
solvation energies occurring upon reduction. To get rid of (16) Eyf;?g '} 'E‘_';’ FE:QZ;%F&YX{?%?Q%&ESSE rl’lg' fdégrfgég B

(17) Born, M.Z. Phys.192Q 1, 45-48.

(14) Bard, A. J.; Faulkner, L. RElectrochemical Methodslohn Wiley & (18) Conway, B. E. InMlodern Aspects of Electrochemist@onway, B.
Sons: New York, 1980; Vol. 6, pp 21236. E., White, R. E., Eds.; Kluwer Academic/Plenum Publishers: New
(15) Geary, W. JCoord. Chem. Re 1971, 7, 81-122. York, 2002; pp 295-323.
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complex iong®?'As far as the solvation of the cations
[RUMA(L5)3]G2* and [RUWA(L5)s] @2 in acetonitrile are

concerned, a series of reasonable assumptions can be mad¥

for the estimation of their solvation energies. (1) It has been
shown by diffusion NMR measurements in polar solutions
(e = 25—30) that the formation of ion pairs can be neglected
for singly charged cations larger than 45.0 A, which thus
diffuse independently in solutio¥.The recent determination
of reliable molecular sizes for the series of double-strande
helicates [Cu(6),]", [Cux(L7)2]?", and [Cu(L8),]3" in
acetonitrile/chloroforme mixtures by diffusion measurements

suggests that these multiply charged cations also diffuse

independently in solution (Chart 2an assumption retained
for our analogous RUA triple-stranded helicates. (2) The
breakdown of the dielectric continuum associated with the

polarization of the solvent molecules close to the cation can

be neglected when> 4.5-5.0 A, a situation encountered
for the RUA helicate$? (3) Small deviations from an ideal
sphere for the ions (ellipse or cylinder) has only minor impact
on their solvation energigsand on their autodiffusion
coefficients?* For elliptic or cylindrical length/width ratios

p < 3, the approximation of a sphere remains vafidy
situation which is encountered for [RA(L5)3]¢2+ and

(19) Stokes, R. HJ. Phys. Cheml1964 86, 979-982.

(20) Abe, T.Bull. Chem. Soc. Jpri99], 64, 3035-3038.

(21) Kumar, A.J. Phys. Soc. Jprl992 61, 4247-4250.

(22) Martinez-Viviente, E.; Pregosin, P. S.; Vial, L.; Herse, C.; Lacour, J.
Chem—Eur. J.2004 10, 2912-2918.

(23) Allouche, L.; Marquis, A.; Lehn, J.-MChem—Eur. J. 200§ 12,
7520-7525.

(24) (a) Broersma, Sl. Chem. Physl96Q 32, 1626-1631. (b) Doi, M.;
Edwards, S. FThe Theory of Polymer Dynamid®xford University
Press: Oxford, U.K., 1986; Vol. 73, pp 28303. (c) Galantini, L.;
Pavel, N. V.J. Chem. Phys2003 118 2865-2872. (d) Yamakawa,
H.; Tanaka, GJ. Chem. Phys2006 57, 1537-1546.
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[RU"A(L5)3]@™* because ~ 1.6 in the crystal structure

of [RuLu(L5)3]®" (Figure Sla, Supporting Informatiof)(4)

A simple inspection of eq 6 indicates that, in polar solvents
(er 225—30), the second term can be neglected, ApgG°®
mainly depends om?/r in the gas phas#:? We conclude
that eq 6 can be used for an approximate estimation of the
solvation energies of the cations [R&(L5)s]C2* and
[RU"A(L5)5]@™*. However, if the total chargesborne by
these cations in the gas phase are obvious, the estimation of
their pseudospherical radii is less straightforward. According
to Stokes? the ionic radius of a monatomic ion in the gas-
phase significantly deviates from its value calculated by using
Shannon’s definition in the solid stateA better estimation
considers the radius of the noble gas possessing the same
electronic configuration, to which a quantum scaling factor
is applied for taking into account Slater’s screening effétts.
Following this principle, the size of large cations in the gas-
phase could be approached by consideration of the volume
limited by the Connolly surface constructed around the
molecular structure in the crystalline statekor the pseu-
dospherical cation [Ru(2dipyridine)]?*,?” the Connolly
surface, built from the crystal structure, limits a total volume
Veomoly = 450.4 &, corresponding ta([Ru(bipy)]?" ) =

,3/3VcOnn0||/4n = 4.75 A if we assume a spherical shape for
this cation (Figure S1b, Supporting Information). A related

calculation is more debatable for the less-spherical cations
[RU"A(L5)3]C™* and [RIA(L5)3]@™ (Figure Sla, Sup-
orting Information), and we have thus followed Einstein’s
original suggestion of using a self-diffusion coefficient in
solution for the determination of the real size of molecdfes.
For large solute particlesr/¢sovent = 0.5), the Stokes
Einstein relationship (eq 7) hold%and the auto-diffusion
coefficient, D, is proportional tor—%, wherer is the radius

dof the moving ion in solution ang is the viscosity of the

solvent. Moreover, we assume in our semiquantitative
approach that large cations such as'fR(L5);]¢™* and
[RU'A(L5)3]@2* diffuse in acetonitrile with sufficiently thin
solvation spheres thatmeasured in solution can be taken
as a satisfying approximation for the effective radius of the
gas-phase cations. Finally, the removal of one electron from
a poorly 7-bonding Ru-centered orbital on going from
[RU'A(L5)3]?F to [RU"A(L5)3]®* has a negligible
effect on the ionic radius, and we can safely claim that
r([Ru”A(L5)3](2+Z)+) ~ r([Ru”'A(LS)g](“Z)*).

__RT
D= 67N, 71 ()
The experimental determination of diffusion coefficients
for [RUA(L5)3]@T (A =@,z=0; A= Ca(ll),z=2; A
= Lu(lll), z= 3) using*H diffusional ordered spectroscopy

(25) Shannon, R. DActa Crystallogr.1976 A32 751-767.

(26) (a) Connolly, M. L.Sciencel983 221, 709-713. (b) Connolly, M. I.
J. Appl. Crystallogr.1983 16, 548-553.

(27) Harrowfield, J. M.; Sobolev, A. NAust. J. Chem1994 47, 763~
767.

(28) (a) Einstein, AAnn. Phys1906 19, 289-306. (b) (a) Einstein, A.
Ann. Phys1906 19, 371-381.

(29) Sharma, M.; Yashonath, &.Phys. Chem. B00§ 110, 17207-17211.



Stabilities of Polymetallic Complexes

Table 3. Gibbs Free EnergyAGg, ) for the Ru(ll)/Ru(ll) Reduction (@)
Process Occurring in the Gas Phase and Experimengiij and 120000 1

Calculated Wejrcac) Extra Electrostatic Work for

HHH-[Ru(L5)3]*"2*, HHH-[RuCa(5)3]>"/#*, and
HHH-[RuLu(L5)3]%*/5* (Acetonitrile, 298 K)

80000

e/ Mlem!

A GO a V\FX"% weta ¢

et gas elec,calcd

" |
(kImord  (kImory)  (kJmokY

[RU(L5)3>2" —523 0 0 40000 |
[RuCa(5)3]5+4+ —846 -323 ~306 1
[RULU(LS)3]5+/5+ ~1016 —493 —459

a Calculated with eq 5° Calculated with eq 8 Calculated with eq 4 o_.....m,.,,....,mmu......,w
(er=1,d=908A). 250 300 350 400 450 500 550 600

(DOSY) in CDiCN at 298 K giveD([Ru(bipy)]?*) = 13.6- . . /om
(4) x 109m2 52, D([RU(L5)3]2") = 8.2(1) x 10 0 m2 52, ®) -
andD([RuCa(.5)3]*") = D([RuLu(L5)3]5*) = 8.0(1) x 10710 120000 j‘\% %=320nm
m? s1. The first value can be compared with the value, ] =350 nm
D([Cu(L6),]*) = 12.5 x 1072 m? s7%, reported for a EE ) -
pseudotetrahedral Cu(l) cation with the bulky ligalo@l,?® %
while the autodiffusion coefficients for the triple-stranded w +
ruthenium helicates are similar to th&([Cux(L7),]?") = 40000
8.8 x 1071° m? s1, measured for an analogous binuclear ]
double-stranded helicate in the same experimental condi- ;
tions23 With r([Ru(bipy)]?*) = 4.75 A as a reference, eq 7 0= T T
gives r([Ru(L5)s2") = 7.9 A and r([RuCa(5)4*") = 0.00 1.00 2,00
r((RuLu(L5)s]°") = 8.1 A (Table 2, column 5), in fair La/[Ru(L8),f*
agreement wil valua((Cu{L7)J%) =72 A, calouated  Fue 0 rton ehsopton seecs kst o 1 s
for_the related double-stranded hellcate_ln WhICh the two ?CFgSOg)gGHzO at 298 K[(LL;(/[I)?B']U(_5§3]2+=0.1—2.3). () Con?esponding
cations are only separated by 5.6%The introduction of variation of observed molar extinctions at four different wavelengths.
these cationic radii in eq 6 eventually leads to the solvation
energiesAsqGP collected in Table 2 (columns 6 and 7). predicted data in the gas phase is remarkable according to
The introduction ofAsqG° (Table 2, columns 6 and 7) the rough semiquantitative approach used for the estimation
and AG), ., (Table 2, column 4) into eq 5 allows the of the solvation energies. We thus conclude that the
estimation of the Gibbs energy change accompanying theintermetallic communication in [RUA(L5)s]¢*2* and in
Ru(ll)/Ru(ll) reduction process performed in the gas phase [RU'A(L5)s]?*2* has indeed a simple electrostatic origin in
(Ath’gas Table 3). The latter free energy termth,gas can the gas phase, but it is masked in solution by opposite
be partitioned between (i) the electrostatic work and the solvation effects which favor the stabilization of highly
electronic and structural reorganizations accompanying thecharged ions.
reduction of the Ru(lll)N site, Aruaiyruqy, @ contribution Complexation Processes Occurring in [RuLn(L5)]-
which is reasonably assumed to be identical for the three (CFsSOs)s and [CrLn(L5) 3](CF3sSOs)e. Spectrophotometric
complexes [RU(5)3]3*, [RuCa(5)s]* and [RuLu(5)3]®*, titrations of [Ru(5)3]?" (10~* M, CH3CN, 298 K) with Ln-
and (ii) the extra electrostatic work\Se, generated by the ~ (CRSQOs)s'xH20 (Ln = La, Eu, Gd, Er, Lux = 1—4) show
approach of one electron with respect to the spectator cationd sSmooth evolution of the absorption spectra resulting from
located close to the ruthenium center in [RuCa)g]5" and  the red-shift of the ligand-centered — n* transitions

A =300 nm

A=470nm

[RuLu(L5)3]%" (d = 9.08 A, eq 8)1! occurring upon complexation of the tridentate binding unit
to Ln(lll), as previously established for the same complex-
AGet’gag = Aruanyruqry T WEra (8) ation reaction performed with [Qr6)s]*" instead of [Ru-
(L5)3]?" (Figure 4)8 A single end point is systematically
For [Rul5)s*, Wese = 0 and thusArugiyruay = observed for Ln/[RU(5)s]>" = 1.0, together with two
Ath‘gaé[Ru(L5)3]3+) = —523 kJ mot?, from which isosbestic points at 273 and 328 nm, implying the existence
WESRuCa)= —323 kJ mot! andWESARuLuy= —493 kJ of only two species [RW5)3]?" and [RuLn{5)3]°>* absorb-
mol~ can be easily calculated with eq 8 and mggt’gas ing in the near UV (Figure 1b). The spectrophotometric data
values collected in Table 3. Interestingly, the expected can be satisfyingly fitted with nonlinear least-squares tech-
electrostatic trendWEr(RuCa) < WEARuLu)| is quali- nique to equilibrium g9

tatively restored in the gas phase, and these values can be The formation constants, lggf*") = 5.2-5.4, do not
satisfactorially compared witl\Zr® | (RuCay= —306 kJ vary significantly along the lanthanide series within experi-

mol! and W fRuLuy= —459 kJ mol! calculated
. (30) (a) Gampp, H.; Maeder, M.; Meyer, C. J.; Zubdrlam, A. Talanta

with Cqulomb eq .4 in the gas phase €& 1, Table 3). 1986 33, 943 951. (b) Gampp, H.: Maeder, M.: Meyer, C. J.:
The minor 8% discrepancy between experimental and Zuberbinler, A. Talanta1985 23, 1133-1139.
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RU(L5).J%" + Ln®" = [RuLn(L5).1°" log (BRY™™ (9 Table 4. Formation Constants log}") for the Complexes
[Ru(LS)dl [ (L5)l 9 By ") ©) [MLN(L5)3]™3*+ According to Equilibrium 9 (M= Ru,m=2; M =
Cr,m= 3; Ln = La, Nd, Eu, Gd, Er, Lu; Acetonitrile, 298 K)

mental errors and point to negligible size-discriminating 5 5
AG‘comp,so(RuI-n) AGcomp,su(Can)a

effects (Table 4). Moreover, the IGii"") values are  |nuiy iogs®ty — (Imor)  logBSye  (ehmord

similar to the logg<;™") values previously reported for the

v La 5.4(2) —-31(1) 5.9(3) —-34(2)
same complexation processes recorded under the same Nd 5.4(3) —31(2)
conditions, but in which the doubly charged tripod [Ru- (E;lé gig; :gggg 5.4(3) a1
(L5)3]#* is replaced with the triply charged analogue [Cr- 5.4(2) ~31(1) 5.3(3) ~30(2)
(L5)3]®" (Table 4)8 Lu 5.2(2) —-30(1) 5.3(3) —-30(2)

Model and Interpretation of the Electrostatic Inter-
metallic Communication in [RuLn(L5) 3](CF3SO;s)s and
[CrLn(L5) 3J(CF3S0Os)s. The experimental formation con- ) )

. - . Scheme 3. Thermodynamic BoraHaber Cycle for the Complexation
stants determined for the above-mentioned complexation o' nii) 1o [M(L5)5™ to Give [MLN(L5)3™3* (M = Ru,m = 2; M
processes again suggest that the expected increased elee=Cr,m= 3; Ln = La—Lu)

a2 Formation constants taken from ref 8.

trostatic repulsion operating in [CrLb%)3]®" is over- . . AG 1y gas (MLn) P
come in solution by the reorganization of the solvent MLS)le  + Ly ————>  [MLa(LS);]y
around the cation. This can be modeled by the Bdtlaber A GO lA 6(Ln) lA G*(MLn)
cycle depicted in Scheme 3, whereby the free energy of solv o o

AG? (MLn)

complexation in the gas phasA(ESomp’gagMLn)) is related
to that in solution AG. (MLn)) by the balance of the

X i comp_,so
various solvation energies (eqs 10 and 11). Moreover,

AGY_ _(MLn) can be partitioned between (i) the sum of = AsonG*([RULU(LS))]*") = —3012 kJ mot?), together

comp,ga . .
the free energies of binding and of reorganization of With the free energy of complexation for Lr= Lu

[M(L5)s]™ required to accommodate Ln(Idingss @  (ACcompsofMLU) = —30 kJ mol™, Table 4) into eq 12

comp, sol

[ML5)J57  + Lnj 5 [MLn(L5))™"

contribution which is reasonably assumed to be identical for gives Weee iy — Woiee ruu = 492 kJ mof. This experi-
the two noncovalent tridodal receptors [RE§3]?* and [Cr- mental value can be fairly compared with the difference of
(L5)3]%", and (ii) the extra electrostatic wor eigf‘,\,,m the electrostatic works, each being calculated with Coulomb

generated by the approach of the tricationic lanthanide Ln eq 4 @ = z = 3 for [CrLu(L5)3]®"; z = 2 andz, = 3 for
from the M™ cations in [RuLn(5)3]°" (m= 2,d = 9.08 [RuLu(L5)3]°"), and eventually combined in eq 13 to give
A) and [CrLn(5)3]¢" (m= 3,d = 9.35 A)3! xra Wexra ~ 419 kJ mot? (dryLy = 9.08

elec,CrLu,caled elec,RuLu,calc

. . . Al anddc,, = 9.35 A)31
AG (RuLn)= AG (RuLn)+ A, G (Ru)+

'comp,ga 'comp,so!

ASOlVGO(Ln) - ASOlVGO(RULn) = 6Ln + \Ngi(et?RULn (10) el)g::?Can,calcd_ elxet(r:?RuLn,calcd:
3e’N
AGgomp o CTLN) = AGgym 5 CTLN) + Agy, G(CF) + -3 af 5 z d3 (13)
A GO Ln) = A GO CrLn) = o +Vvaxtra 11 ﬂfol RuLn CrLn,
solv ( n) solv ( r n) Ln elec,CrLn ( )

The difference between eqs 11 and 10 leads to eq 12, in  The slightly larger discrepancy (15%) between the Cou-
which the variation of the free energy of complexation in lomb prediction in the gas phase (419 kJ mpland the

the gas phaseA(Ggomp,gaQCan) - AGgomp,gaéRULn)) in- experimental _data.extracted from the complexatioq pro-
deed corresponds to the difference of the electrostatic workscesses described in eq 9 (492 kJ mpl compared with
required for bringing LA close to C¥ and to Rd@", the only 8% discrepancy obtained when modeling the
respectively, in [MLNL5)3] M3+ ( ei((;(r:éCan_ V\/‘;X;E‘Ruu)_ reduction process described in eq 5 may have two origins.
(1) Four approximate solvation energies (semiquantitative
AG10.alCTLN) = AGY 1o alRULN) = WESE  — apporoach) are r_equire% to transforGyy,, «fCrLn) —
efg:‘RuLn: AGgomp,so(crl-n) - AGgomp,so(RULn) + Aecomp’SO(RULn) Into AGcomp’ga§Can) -~ Aecomp’gagRULn)

(eq 12), while only two are necessary for correlating
AGY o and AGY, s (€q 5). (2) Some polarization of the
A, GYCrLn) (12) coordination bonds involving the d-block ions Ru(ll) and,
especially, Cr(lll) may reduce their effective charge in the
The introduction of the solvation energies collected in bimetallic complexes [MLA(5)s]™2+* and thus affects the

Ay GACT) — Ay, ,GY(RU) + Ay, GY(RuLn) —

solv

Table 2 (we assumésG2([Cr(L5)3]*") = AsonGP([RU- predictions obtained with eq 13. This limitation is removed
(L5)3]3") = =771 kJ mof?! and AsonGO([CrLu(L5)3]%") when the extra electrostatic work associated with the
oD | FSTRr—— o f reduction process occurring in [Rullr)s] ¢+ is consid-
1) Cantuel, M.; Bernardinelli, G.; Imbert, D.; Bali, J.-C. G.; Hopf- ;
gartner, G.: Piguet, CJ. Chem. Soc., Dalfon Trang002 1929- ered becaus_,e the hard 4s- or 4f-block spectator cations are
1940. poorly polarizable.
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(@ AGY
(—[Eu(L3),T;;, + B,

2 gas
— "5 cr-[Buy(L3),)%,

laso.ﬁ“(ﬁu(m)a) lasohe"asu) Ay, GO (Buy(L3);)
AGY

K250l

Euf,  —————> cr—[Bu,(13) L

t-[Eu(L3), 1, +

50l

AGR3 gas

ct—[Bu,(L3),)5, + Euj, —————> [Buy(L3)]
A, G (Buy(L3),) [A,,,G(En) A, G"(Buy(L3);)
Gt 34 lﬁGEA‘Ui”_’u,gcrl
ef-[Buy(L3);f + Buly ————3  [Euy(L3)T5

Figure 5. Thermodynamic BornHaber cycles for the successive com-

plexation of Eu(lll) to (a)t-[Eu(L3)s]3" to give ct-[Eux(L3)3]®" and (b)
Ct[Eux(L3)3]%* to give [Ew(L3)s]%".

Application of the Solvation Model for Unravelling
Electrostatic Intermetallic Communication in Solution.
The incomprehensible small valueEg, s, = 14 kJ mot?
characterizing the intermetallic Eu(HBEu(lll) interaction
occurring 49 A in the self-assembly of the trinuclear triple-

stranded polymetallic helicate [E{lL3)3]°" in acetonitrile3?

which significantly contributes to its surprising stability, can

be now re-examined in light of the combination of electro- A
static and solvation effects previously developed for the
rationalization of redox and complexation processes occur-
ring for d—f bimetallic helicates in solution. Let us consider

the formation of the three microspeciefEu(L3)s]3", ct-
[Eux(L3)3]%", and [Ew(L3)s]®" characterized by equilibria
14—-16 (c = central andt = terminal correspond to the
location of the europium atoms in the centraldwhd terminal

The solvation energies of each microspetifEu(L3)s)3t,
ct-[Eup(L3)3]¢", and [Ewy(L3)3]°" can be estimated using
Born eq 6, thus leading to eqs 1921, wheree, = 36.1 for
acetonitrile and = r(t-[Eu(L3)3]®*") = 1.25([Ru(L5)3]?")
= 10 A because the trinuclear triple-stranded helicate{Eu
(L3)3]°" possesses three equally spaced metals, while the
bimetallic analogue [RuLh6)3]°" displays only two metals
separated by the same distance. The 1.25 ratio corresponds
to the average value established by NMR diffusion measure-
ments recorded on going from the binuclear double-stranded
helicate [Cu(L7),]?" to the trinuclear analogue [G(lL8),]3"
(Chart 2) and for closely related systefagrinally, the
stepwise rigidification of the triple helix associated with the
successive reaction of Eu(lll) with[Eu(L3)3]3" to givect-
[Eux(L3)3]" and finally [Ew(L3)3s]°" (Figure 5) produces a
stepwise increase 0f10% in the ionic radii (egs 1921)
as observed when Ln(lll) cooordinates to [Rbi)5]%" to give
[RuLn(L5)3]5".

A's.oIvGO(Eu0-3)3) == P

N[, 1) _
8ol ( _) -

r,

—607 kd mol* (19)
—a"ez 1— 1 =
8mey(1.1r) €,
—2208 kJ mol* (20)

A GU(Euy(L3)y) = —

solv

BINE (1 —
8me(1.2r) €,
—4554 kJ mol* (21)

GU(E(L3)s)=—

solv

According to the thermodynamic BofiHaber cycles
depicted in Figure 5, the Gibbs free energy for the successive
complexation of Eu(lll) tat-[Eu(L3)3]®" (equilibria 17 and
18) in the gas phase can be estimated with eqs 22 and 23.

NeO; binding sites, respectively, provided by the virtually - gjnce the affinity of Eu(lil) for the Nand NOs coordination
preorganized receptoL8)s, see Figure 5 for the schematic  gjies is known to be very simil@®The gas-phase free

structures of the complexe®).

3L3 + EV" =t[Eu(L3)]*" log() =16.2  (14)
3L3 + 2EUP" = ct[Eu,(L3),]°" log(hsy) = 26.1 (15)
3L3 + 3EWP" =[Euy(L3)4°" log(fs) =34.8 (16)

The associated successive constdftsand Ks, corre-

energies of successive complexation can be partitioned
between (i) the intermolecular free energy of connection of
the entering Eu(lll) in the nine-coordinate siteomp a
contribution which is reasonably assumed to be identical for
the two successive coordination processes, (i) the extra
electrostatic WorkWei, e fOr the approach of two
adjacent E® in ct-[Eux(L3)3]®" and in [Ew(L3)3]%" (d=9

R)32 and (jii) the extra electrostatic WOME S e fOr the

sponding to equilibria 17 and 18, allow the calculation of approach of two distal Eti in [Eus(L3):]*" (d = 18 A, egs
the free energies for the successive complexation of Eu(lll) 22 and 23)

to t-[Eu(L3)3]3t (AGk2,s0= —56.5 kJ mot?) and toct-[Eu,-
(L3)3]®" (AGkz soi= —49.6 kJ mot?) in solution (Figure 5¥°

t-[Eu(L3)y*" 4+ EU*" = ct-[Euy(L3)4]*"
log(K,) = log(835) — l0g(B15) = 9.9 (17)

Ct[EuL(L3),]°" + EU" = [Euy(L3)4°"
log(Ky) = log(839) — log(B3,) = 8.7 (18)

The difference in free energy of these two successive
complexation processes is given in eq 24.

(32) (a) Floguet, S.; Ouali, N.; Bocquet, B.; Bernardinelli, G.; Imbert, D.;
Bunzli, J.-C. G.; Hopfgartner, G.; Piguet, Chem—Eur. J.2003 9,
1860-1875. (b) Floquet, S.; Borkovec, M.; Bernardinelli, G.; Pinto,
A.; Leuthold, L.-A.; Hopfgartner, G.; Imbert, D.; Buli, J.-C. G.;
Piguet, C.Chem—Eur. J.2004 10, 1091-1105.

(33) (a) Piguet, C.; Borkovec, M.; Hamacek, J.; ZeckertCi§ord. Chem.
Rev. 2005 249, 705-726. (b) Hamacek, J.; Borkovec, M.; Piguet, C.
Dalton Trans.2006 1473-1490.
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GYEu) —

solv

AGﬁz,gasz AG&2,30|+ AsoIvGO(EL‘I(I-3)3) +A

AsoIvGo(El'IZ(L?’)EI) = 5comp+ \Nzl)g::?adjacent(zz)
AG&B,gasz AG&B,sol + AsoIvGo(Euz(I-?’)3) + AsoIvGO(Eu) -
AsoIvGO(EuB(I-?’)3) = (Scomp+ el)g[:z,iadjacent—i_ elxet::a,‘distal (23)
AGﬁ&gas_ AG&Z,gas: AG&S,sol - AG&Z,SOl—i_
284G (EU(L3)) — Ay G (EU(L3),) —
AsoIvGo(El‘IS(I-S)a) = \NZI)SLE,IdistaI (24)

The introduction of eqs 1921, together with the experi-

mental valuesAG = —56.5 kJ mot! and AG =
- K2,sol 0 53,sol

—49.6 kJ mot?, into eq 24 leads tAGy; gos — AGyy gas=
752 kJ mot?, a value which can be compared with the

Fedistas= 694 kJ motf* value calculated with the simple
Coulombeq4inthegasphase € z=3,¢,=1,d=18
A).32 Again, the straightforward electrostatic model is

satisfying within 10% for the rationalization of intermetallic

Canard and Piguet

Experimental Section

Solvents and Starting Materials. These were purchased from
Fluka AG (Buchs, Switzerland) and Aldrich and were used without
further purification unless otherwise stated. The ligdrid was
prepared according to a literature procedidr¢'BusN),EDTA:
6.4H,0 was prepared by metathesis"BuU,;NOH and HEDTA in
water. The trifluoromethanesulfonate salts Ln{E6;)3xH,0 (Ln
= La—Lu; x = 1—4) were prepared from the corresponding oxides
(Rhodia, 99.99%3* The Ln content of the solid salts was
determined by complexometric titrations with Titriplex Il (Merck)
in the presence of urotropine and xylene oraftg&cetonitrile and
dichloromethane were distilled over calcium hydride 8Bid;NPF;
was recrystallized from hot ethanol.

Preparation of RuCl,(DMSQO),. RuCk (600 mg, 2.9 mmol) was
dissolved in DMSO (5 mL) and water (16Q.). The mixture was
stirred and refluxed for 5 min, and then it was concentrated to half
of its original volume. Acetone (50 mL) was added, and the
resulting pale yellow solid was filtered, washed with diethyl ether,
and dried overnight. The solid was recrystallized from DMSO (2
mL), filtered, washed with diethyl ether, and dried under vacuum
to yield RuCh(DMSO), (700 mg, 50%) as pale green-yellow

mteragﬂons in molecules, E.lC.COI’dIng that semlquantltgtlye crystals. Calcd for GHo4CLOMRUS, (484.5 g mot?): C, 19.83: H,
solvation energies are explicitely considered. Finally, it is 4 99 Found: C. 19.76' H. 4.96.

interesting to estimate the standard intermetallic parameter Preparation of Ru(DMSO)s(CFsSOs),-H50. RUCKL(DMSO)
AEG . reflecting the adjacent interactions between two (720 mg, 1.49 mmol) and Ag(GBOs) (840 mg, 3.27 mmol, 2.2

exp,gas . : i i
Eu(lll) cations in the gas-phase complex, to compare it with equiv) were suspended in toluene (30 mL) and DMSO (420

its apparent small values found in solutiaf="=Y = 14 kJ 5.94 mmol, 4 equiv). The light-protected mixture was refluxed for

exp,sol

mol~*. Application of the site binding mod®&F*3to equilibria
14-16 in the gas phase gives eqs—2% 22 from which the
successive constarits (eq 28) and; (eq 29), corresponding

1 h. The precipitate containing both AgCl and the insoluble Ru(ll)
salt was filtered, washed with toluene, and then extracted with
methanol at 50°C for 24 h. The resulting yellow solution was

to equilibria 17 and 18 in the gas phase, can be Calculatedﬁltered’ and the clear filtrate was evaporated to dryness to afford

(k is the specific affinity of Eu(lll) for a nine-coordinate
binding site andifEY = g AF58RT 5 the Boltzmann factor
containing the intermetallic interaction paramepdt- ="

oxpgal-
Bra= 2k (25)

o = 2kPuFUE (26)

5= KUy (27)

Ko = B3Pt = k™™ (28)
Ky = B35 = (W2) (™)™ (29)

a pale yellow oil. The oil was dissolved in a mixture of acetone
and diethyl ether and stored at room temperature. After 24 h, pale
yellow crystals of Ru(DMSQJCF;S0;),-H,0 (644 mg, 49%) were
separated by filtration and dried under vacuum. Calcd for
Cl4H35F5012RUSB'H20 (8860 g mofl): C, 18.97; H, 4.32.
Found: C, 18.88; H, 4.30.

Preparation of HHH -[RuLu(L5) 3](CF3S0Os)s5:3.5H,0 (3). L5
(300 mg, 0.552 mmol, 3 equiv) and Lu(€30;)3:4.6H,0 (130 mg,
0.184 mmol, 1 equiv) were suspended in ethanol (24 mL). The
mixture was stirred at 50C for 30 min until complete dissolution
of the solid. Ru(DMSQ)CF:SG;),°H,0 (163 mg, 0.184 mmol, 1
equiv) was added, and the mixture was stirred and refluxed for 24
h. The red mixture was stored at room temperature without stirring
for 24 h. The red precipitate was separated by filtration and washed
with ethanol. The resulting solution was evaporated to dryness to
give a red solid. Recrystallization from CHg&thanol afforded
HHH-[RULu(L5)3](CF3S0s)5:3.5H,0 (122 mg, 24%) as a red solid.

The ulimate transformation of the successive stability ;i for GodHegNaF1el UO1RUS3.5H,0 (2715.4 g molY): C
constants into Gibbs free energy in eq 30 allows the 460 H, 3.93, N, 10.83. Found: C, 45.94; H, 3.56; N, 10.65. ESI-

calculation of AEGo..= 1500 kJ mot?, a value in line

with the predicted electrostatic interactioV s «, .= 1388

kJ mol?, operating between two triply charged Eu(lll)
cations separatedyb9 A in the gasphase (eq 4), but

MS: m/z 514.4 ([RuLu{5)3(CFS0s)]*"). '"H NMR (CDsCN): &
0.67 (t,3J = 7.1 Hz, 9H, Mé), 1.05 (t,3) = 7.1 Hz, 9H, Mé),
2.10 (s, 9H, M), 2.63 (m, 3H, H8), 2.79 (m, 3H, H9), 3.42 (m,
6H, H719, 3.61 (dd,2) = 16.4 Hz, 6H, H9), 4.35 (s, 9H, M8),

completely different from the apparent parameter of 4-43 (s, 9H, Mé), 4.87 (s, 3H, H), 5.44 (s, 3H, K), 6.99 (dd,*)

AEgt o= 14 kJ mot* found in solution.
EUEl
AGg gas— AGR gus= — RTIN(KK,) = — %-In(u 5 u) ~

EuEu

RTIN(2) + %E 752 kJ mol* (30)
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= 8.4 Hz,4J = 1.4 Hz, 3H, H9), 7.22 (dd3] = 8.5 Hz,4) = 1.3
Hz, 3H, H), 7.35 (d,4J = 1.5 Hz, 3H, H), 7.53 (d,3) = 8.4 Hz,

(34) Desreux, J.-F. IrLanthanide Probes in Life, Chemical and Earth
SciencesBunzli, J.-C. G., Choppin, G. R., Eds.; Elsevier Publishing
Co: Amsterdam, 1989; Chapter 2, p 43.

(35) Schwarzenbach, GComplexometric TitrationsChapman & Hall:
London, 1957; p 8.
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3H, HY), 7.63 (d,3J = 8.5 Hz, 3H, H%), 7.71 (dd2J = 8.4 Hz,*4J
= 1.3 Hz, 3H, H), 7.82 (d,3J = 8.0 Hz, 3H, H), 8.28 (m, 6H,
H319), 8.65 ppm (d3J = 8.1 Hz, 3H, H).

Preparation of HHH -[Ru(L5) 3](CF3S0;),:2.5H,0 (1). A solu-
tion of 45umol of ("BusN),EDTA-6.4H,0 in acetonitrile (1.2 mL)
was added dropwise to a solutiontdHH-[RuLu(L5)3]CFsS0;)s:
3.5H,0 (122 mg, 45mol) in acetonitrile (7.5 mL). The mixture

vessel and connected to the spectrometer. Mathematical treatment
of the spectrophotometric data was performed with factor an&ysis
and with the SPECFIT prografi.'H NMR spectra were recorded

at 25°C on a Bruker Avance 400 MHz. Chemical shifts are given

in parts per million with respect to TMS. Diffusion experiments
were recorded at 400 MHz proteiharmor frequency at room
temperature. The sequence corresponds to Bruker pulse program

was evaporated to dryness. The resulting red solid was dissolvedledbpgp2¥ using stimulated echo, bipolar gradients, and longitu-
in chloroform, and the pale red precipitate 88(;N)[LUEDTA] dinal eddy current delay as thefilter. The four 2 ms gradient
was removed by centrifugation. The remaining clear red solution pulses have sine-bell shapes and amplitudes ranging linearly from
was filtered and concentrated. Precipitation was induced by 2.5to 50 G cm?in 16 steps. The diffusion delay was 100 ms, and
diffusion of diethyl ether. The precipitate was filtered off and the number of scans was 16. The processing was done using a line
washed with diethyl ether. This procedure was repeated three timesbroadening of 5 Hz, and the diffusion rates were calculated using

to quantitatively remove the excess"®usN(CFRSGs). The final
solid was dissolved in dichloromethane/tetrahydrofuran and then
precipitated by the addition of diisopropyl ether. Filtration, followed
by washing with diethyl ether and drying under vacuum at@0
yields HHH-[RuL3](CF3S0;),:2.5H,0 (76 mg, 81%) as an orange
powder. Calcd for GiHggN21FsS,00RU-2.5H,0 (2075.24 g molY):

C, 58.46; H, 5.05; N, 14.17. Found: C, 58.47; H, 5.04; N, 14.13.
ESI-MS: mVz 866.8 ([Ru(5)3]?"). 'H NMR (CDsCN): 6 1.05 (t,
3) = 7.1 Hz, 9H, Mé), 1.23 (t,3] = 7.1 Hz, 9H, Mé), 2.18 (s,
9H, Meh), 3.31 (m, 6H, H"19, 3.54 (m, 12H, H8151§ 411 (s,
9H, M¢e?), 4.13 (s, 9H, M@), 5.71 (s, 3H, H), 6.61 (dd,2) = 8.4
Hz, 4 = 1.5 Hz, 3H, H9, 6.91 (s, 3H, H), 7.20 (d,2J = 8.4 Hz,
3H, HY), 7.33 (dd,3] = 8.6 Hz,*J = 1.5 Hz, 3H, H), 7.49 (s, 3H,
HY), 7.53 (m, 6H, K14, 7.75 (dd,3) = 8.4 Hz,%J = 1.3 Hz, 3H,
H?), 8.04 (t,3) = 8.0 Hz, 3H, H9), 8.27 (d,3) = 8.4 Hz, 3H, H),
8.44 (dd,%) = 8.0 Hz,4J = 1.0 Hz, 3H, H?).

Preparation of HHH -[RuCa(L5)3](CF3S0s)4: 7H,0 (2). HHH-

[Ru(L5)3](CF3S0s),-2.5H,0 (15 mg, 7.2umol) and Ca(CESGs);
(2.44 mg, 7.2umol) were dissolved in dry acetonitrile (7 mL). The
mixture was stirred at room temperature for 20 min and then
evaporated to dryness. The resulting solid was dissolved in aceto-
nitrile (2 mL), and diisopropylether (7 mL) was added to the solu-
tion. The orange powder was filtered, washed with diethyl ether,
and dried under vacuum to yieldHH-[RuCa(.5)3](CF;S0;)4- 7H,0O
(13.3 mg, 74%) as an orange powder. Calcd faadooN21F12540:5
RuCa7H,O (2494.5 g molY): C, 49.59; H, 4.56; N, 11.79.
Found: C, 49.54; H, 4.41; N, 11.66. ESI-M&vYz 443.3 ([RuCa-
(L5)3]*"), 640.6 ([(RUCEA(5)3)(CR:SOy)]*Y), 1035.4 ([(RuCd(5)s)-
(CRSOy)]*), 2219.3 ([(RUCA(5)s)(CRSOy)3] ). *H NMR (CDs-
CN): 0 0.62 (t,3J = 5.7 Hz, 9H, Mé), 0.72 (t,3] = 5.8 Hz, 9H,
Me#), 2.10 (s, 9H, M&), 2.54-2.61 (m, 3H, H°), 2.77-2.83 (m,
3H, HY), 2.97-3.03 (m, 3H, H7), 3.14-3.20 (m, 3H, H8), 3.50
(dd,2J = 16.3 Hz, 6H, H?8), 4.31 (s, 9H, M#&), 4.33 (s, 9H, M@),
4.98 (s, 3H, M), 5.89 (s, 3H, H), 6.86 (dd,2J=8.5Hz,41=1.5
Hz, 3H, H9), 7.10 (dd3) = 8.4 Hz,"J = 1.3 Hz, 3H, H), 7.34 (s,
3H, HY), 7.36 (d,%J = 8.5 Hz, 3H, HY), 7.49 (d,3) = 7.5 Hz, 3H,
H4), 7.53 (d,3) = 8.4 Hz, 3H, H), 7.70 (dd,2J = 8.5 Hz,4J =
1.1 Hz, 3H, H), 8.04 (t,3J = 8.0 Hz, 3H, H9), 8.25 (d,3) = 8.5
Hz, 3H, H), 8.27 (d,%J = 8.2 Hz, 3H, H?).

Spectroscopic and Analytical MeasurementsElectronic spec-
tra in the UV~vis region were recorded at 2C from solutions in
CH3CN with a Perkin-Elmer Layfda 900 spectrometer using quartz
cells of 0.1 and 1 mm path lengths. Spectrophotometric titrations
were performed wit a J & M diode array spectrometer (Tidas
series) connected to an external computer. In a typical experiment,
20 mL of [Ru(5)3]?" in CH3CN (10~* mol-dm~3) was titrated at
25 °C with a solution of Ln(CECO;)3-xH,0 (1073 mol dnv3) in
the same solvent under an inert atmosphere. After each addition of
0.10 mL, the absorbance was recorded using Hellma optrodes
(optical path length 0.1 cm) immersed in the thermostated titration

the Bruker processing package. Pneumatically assisted electrospray
(ESI-MS) mass spectra were recorded from*r@ol dn2 solutions

on Finnigan SSQ7000 and Applied Biosystems: MDX SCIEX:
API 150 EX instruments. Cyclic voltammograms were recorded
using a BAS CV-50W potentiostat connected to a personal
computer. A three-electrode system consisting in a stationary Pt
disk working electrode, a Pt counter electrode, and a nonaqueous
Ag/AgCl reference electrode was usetBif);NPF; (0.1 mol dnt3

in MeCN) served as an inert electrolyte. The reference potential
(E° = —0.16 V vs SCE) was standardized against [Ru(kipy)
(ClO4)2 (bipy = 2,2-bipyridyl).}* The standard scan speed was
100 mV s, and voltammograms were analyzed according to
established proceduré&sElemental analyses were performed by
Dr. H. Eder from the Microchemical Laboratory of the University

of Geneva, Switzerland.

Conclusion

The reorganization of solvent molecules around the
cationic complexes occurring upon Ru(lll)/Ru(ll)-centered
reduction in [RuLnl5)3]©™@* or upon complexation of L1
to [M(L5)3]™ (M = Cr, Ru) is mainly responsible for the
apparent lack of considerable intermetallic electrostatic
communication in solution and for the surprising stabilities
of highly charged self-assembled polymetallic complexes in
solution. However, BorrHaber cycles combined with
reasonable semiquantitative approximations for estimation
of the solvation energies for large cationic complexes restore
standard electrostatic trends in the gas phase which can be
captured by a simple Coulombic model (i.e., monopole
monopole intermetallic interactions). These results bring
some insight into the interpretation of the intermetallic
parameters\ELy fitted by thermodynamic models in solu-
tion, which can be now estimated thanks to simple electro-
static calculations in the gas phases “corrected” by solvation
energies. It is thus not necessary to invoke either some
breakdown of the dielectric continuum (i.e., local dielectric
constant$)or some drastic polarization of the metallic centers
for the rationalization of intercomponent interactions occur-
ring in solution. We are now in a position to eventually
reconsider the debatable intermetallic interaction accompany-
ing the successive fixation of Cu(l) in famous Lehn’s double-
stranded helicates [G{L8)2]"" (n = 1-3), in which the
monovalent cation are separated by 5.8 Ahe use of

(36) Malinowski, E. R.; Howery, D. GFactor Analysis in Chemistry
Wiley: New York, 1980.
Wu, D.; Chen, A.; Johnson, C. S. Jr.Magn. Reson. A995 115

260—-264.
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Coulomb eq 4 in the gas phase prediaB, "= 239 kJ latter estimation is in good agreement witlEg, <, = 7 kJ
mol~t (d = 5.8 A, ¢ = 1), which translates intAGﬁS’gas— mol~! extracted from the analysis of the thermodynamic data

AGY, gas= 121 kJ mot* upon application of eq 30 for the ~ collected in solutiol® Finally, it is worth noting that the
successive complexation processes given in equilibria 31 andsame reasoning with a stepwise contraction of only 5% on
32, which strictly mirror those described for [fL3)]3" going fromr([Cus(L8)2]%") = 8.0 A tor(ct-[Cuy(L8);]*") =

in equilibria 17 and 18r(= 1-3). 7.6 A andr(t-[Cu(L8),]*) = 7.2 A would eventually provide
. . . AESS® = —43.4 kJ mot?, which indeed corresponds to an
t-[Cu(L8),] " + Cu" = ct-[Cu,(L8),]*" log(K,) = apparent attraction between Cu(l) cations upon their suc-
log(B5,) — log(By,) (31) cessive fixation within the double-stranded mold in solution.
It is thus not completely absurd to obtain negative interme-
Ct-[Cuy(L8),]*" 4+ Cu" =[Cuy(L8),]*" log(K,) = tallic interaction parameter&EY,) ., < 0 when the multi-
tety ct component assemblies of charged species are analyzed with
log(B3,) — log(Bz,) (32) standard thermodynamic models. We are currently working
Solvation energies oA G°(t-[Cu(L8)2]") = —104 kJ on the concept of cooperativity associated with these
mol=, AsonG°(ct-[Cux(L8),]%") = —369 kJ mot?, and intercomponent parameters because of the dependence on
AsohG°([Cus(L8)]%") = —747 kJ mof! can be easily  solvation energies.

computed with Born eq 6 assuming that )= 23 for
acetonitrile/dichloromethane (1:4fii) r([Cus(L8)2]*") = 8.0

A in agreement with the experimental spherical hydrody-
namic radius in acetonitril& and (iii) the removal of each
Cu(l) on going from [Cy(L8)3]°*" to ct-[Cux(L8)2])?*" and
finally to t-[Cu(L8),]* shrinks the cationic radius by stepwise
10% increments, as applied previously for the related{Eu Supporting Information Available: Figures S1 shows the
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(L3)4]%* system (i.e.r([ct-Cuy(L8),]2H) = 7.2 A andr([t- crystal structures of the cations [Ru(bigly) and [RuLu{5)3]>"
Cu(L8):]") = 6.4 A). The introduction of these data into eq With Connolly surfaces. This material is available free of charge
24 givesAGﬁSYSO, _ Ang,sm = 8 kJ mot?, which eventu- via the Internet at http:/pubs.acs.org.

ally translates intAAESU“! = 12 kJ mot® with eq 30. The  1C0621260

sol
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