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Abstract: Deviations from statistical
binding, that is cooperativity, in self-as-
sembled polynuclear complexes partly
result from intermetallic interactions
AEMM whose magnitudes in solution
depend on a balance between electro-
static repulsion and solvation energies.
These two factors have been reconciled
in a simple point-charge model, which
suggests severe and counter-intuitive

To demonstrate this intriguing behav-
iour, the ten microscopic interactions
that define the thermodynamic forma-
tion constants of some twenty-nine ho-
mometallic and heterometallic poly-
nuclear triple-stranded helicates ob-
tained from the coordination of the
segmental ligands L1-L11 with Zn?* (a
spherical d-block cation) and Lu** (a
spherical 4f-block cation), have been

extracted by using the site binding
model. As predicted, but in contrast
with the simplistic coulombic approach,
the apparent intramolecular interme-
tallic interactions in solution are found
to be i) more repulsive at long distance
(AET > AE!™), ii) of larger magni-
tude when Zn** replaces Lu’*t
(AE/ > AEY™) and iii) attractive
between two triply charged cations
held at some distance

deviations from predictions based
solely on the Coulomb law when con-
sidering the variation of AEMM with
metallic charge and intermetallic sepa-
ration in linear polynuclear helicates.
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specific
(AE™1* <0). The consequences of
these trends are discussed for the
design of polynuclear complexes in so-
lution.

Introduction and Theory

In both living™ and inanimate® macroscopic systems, the
multi-component assembly of basic subunits plays a crucial
role in the design of intelligent organisations and functions.
The replication of this approach at the molecular level is at
the origin of supramolecular chemistry,®! an aspect of
chemistry which focuses on the combination of molecular
building blocks (sometimes called synthons in organic syn-
thesis, tectons in solid-state synthesis, ligands and metal ions
in coordination chemistry etc.) to give complex and func-
tional nanoscopic architectures.! However, the manipula-
tion and cohesion of molecular units implies changes in both
entropic and enthalpic contributions that are much less in-
tuitive than the related purely enthalpic changes accompa-
nying mechanical processes at the macroscopic level. Conse-
quently, the use of thermodynamic equilibria minimizing the
Gibbs free energy in solution has become a very popular
strategy for controlling the self-assembly process.”! In 2003,
Ercolani! elegantly showed that the free energy change ac-
companying the two-component assembly of pm A mole-
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cules with pn B molecules, having n and m binding sites, re-
spectively, to give the saturated assembly A, B, [equilibri-
um (1)] is simply given by Equation (2) (m and n are the
stoichiometric coefficients and p is the complexity!” of the
assembly).

A B AG'AB —

pm-2pn pm.pn

pmA +pl’lB RTln(ﬂpAmen) (1)

AG;irI:[]?n = —RTlIl( pmpn) (pn +pm - 1)RT1n(ﬁntcr>

2

—(pmn - (pl’l +pm - 1))RT1n(f;mra) ( )
The first term corresponds to the symmetry factor of the
self-assembly equilibrium and it accounts for the pure en-
tropic driving forces which result primarily from statistics. It
can be easily calculated on the basis of symmetry numbers
or by a direct counting method providing that the structures
and geometries of A, B and A,,B,, are at hand.””! Following
the well-accepted principle of maximum site occupancy,”
pm molecules of A possessing n binding sites and pn mole-
cules of B possessing m binding sites are joined by pmn
bonds in the final assembly A,,B,,. Amongst these, pm+
pn—1 are intermolecular, while the remaining pmn—
(pm+pn—1) are intramolecular bonds.”! The assignment of
absolute affinities of fA® and fA® to each specific connect-
ing mode leads to the last two terms of Equation (2). Since
only the stability constants ﬁﬁ,fpn of the assembly processes
are easily accessible in chemistry, Equation (2) transforms
into Equation (3) by using the standard vant’Hoff isotherm

(AG"=—RTInp)."
-1 —pn—, 1
,/;\’;']?p" _ ;Arfpn (f;ﬁl‘g)prﬁqzm (f;/:t}}z)pmn -pn—pm-+ (3)

Subsequent introduction of the so-called concept of effec-
tive concentration ¢ = ¢~ (M- AMLL)/RT o(ASLL-ASLE) /R fop
correcting the difference in enthalpic and entropic contribu-
tions when the intermolecular connection is replaced by its
intramolecular counterpart (fin = ¢*'fnb)."!! eventually

gives Equation (4), which applies to any two-component as-
sembly process.]

—pn—pm+1
ﬁpA,fpn — prn‘?pn (f;ﬁﬁ)pﬂﬂl (Ceff)p)‘nn pn pm+ (4)

Since the statistical factors wnm . are not amenable to
chemical manipulation, it is obvious that the maximum sta-
bility of a given A, B, assembly results from the simultane-
ous optimization of i) fmer via the stereoelectronic matching
of the complementary binding units in A and B,'? and ii) ¢*"
via structural preorganisation favoring intra- over intermo-
lecular connections.'”) When both f42 and ¢*" parameters
are constant for all connections in A, B,,, the self-assembly
process is said to be statistical or non-cooperative.’! Any
variation of ¢*" is assigned to changes in preorganisation oc-
curring within the self-assembly process, while related
changes of far are assigned to cooperativity, which can be
either positive (fA" increases) or negative (fo- decreases).

inter
The ‘sign’ (i.e. positive or negative) of cooperativity for
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purely intermolecular assembly processes (m=1 or n=1)
can be easily deduced from evaluation of the classical Lang-
muir isotherm™ or from the construction of well-known
Scatchard or Hill plots,'” whilst Hamacek plots are required
when both inter- and intramolecular processes operate con-
currently.'"! According to the Ising model,!'”’ the apparent
variation of " in cooperative processes can be attributed
to the neglect of the homo-component interactions AE*#*
and AEP® operating in the final assembly. Their introduction
as correcting Boltzmann factors in Equation (4) leads to the
extended site binding model [Eq. (5)].'"") in which deviations
from statistics can be explicitly assigned to specific homo-

component interactions.*?

A,B AB AB\pmn ( _eff\ pmn—pn—pm+1 —AEM/RT —AEPB/RT
— o™ (f ) (CC)P pn—pi ”e ey ||e i/
pm.pn pm.pn \J inter
i j

For sterically unencumbered and neutral A and B compo-
nents, we predict that the additional homo-component interac-
tions are much weaker than the targeted intercomponent con-
nections (i.e. |AE™|~|AEPP|<|AE*®| = |-RTIn(fal)]),
which explains the rarity of strongly cooperative processes
in synthetic supramolecular assemblies."**”) However, chem-
ical intuition also suggests that the situation could be rather
different when charged components are involved, and the
complexation of metallic cations with neutral ligands thus
represents an ideal target process for rationalizing and ex-
ploiting cooperativity [Eq. (6)].

mMz+ +I’lL — [M Ln]mz+ AGOML

mn

—RTIn(B,)) (6)

The original analysis of the self-assembly of Lehn’s
famous double-stranded helicates [Cuy(L12);]** (Fig-
ure 12)®! with Equations (3) and (4) by Ercolani indeed
showed negligible deviations from statistics.! Later though,
thorough treatment of all available thermodynamic data for
this system with Equation (5) concluded that a modest but
average negative cooperativity characterised the successive
fixation of both ligands (AE“"*"?=4(2) kJmol™") and Cu'
ions in solution (AESS™ =5(3) kImol~!, the subscripted 1-2
index indicating a geminal intermetallic interaction between
two cations in neighboring sites).”¥ If the interligand inter-
action is rather difficult to rationalize because of the contri-
butions from steric crowding and metal polarization effects,
the intermetallic interaction should rely on electrostatic in-
teractions, which can be roughly modeled with Coulomb
Equation (7) assuming that the metal ions are considered as
non-polarizable point charges (N, is Avogadro’s number=
6.023 x 10” mol !, z; are the charges of the interacting parti-
cles in electrostatic units, e is the elemental charge =1.602 x
107 C, ¢, is the dielectric constant of vacuum ==8.859x
1072 C?N'm™2, ¢, is the relative dielectric permittivity of
the medium and d is the intermetallic separation). Assuming
that the dominant local dielectric constant operating at
short distance in the final supramolecular complex is close

to that of vacuum (g~1),*"* we calculate AE “zcctlcd
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Figure 1. Self-assembly of cationic a) double-stranded [Cuy(L12),]*" (X=
CO,Et)? and (b) triple-stranded [Eus(L10);]°* helicates.*”)

239 kJmol ™' for two Cu' ions separated by 5.8 A in [Cus-
(L12)]**.

d
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The discrepancy is even more striking for the related as-
sembly processes leading to the triple-stranded lanthanide
helicate [Euy(L10),]°* (Figure 1b), for which the experimen-
tal value measured in acetonitrile AE™™ =8(4) kI mol~' P!
has no relationship whatsoever —with AE")s =
1389 kJmol~!, obtained with Equation (7) for two triply
charged cations held at about 9.0 A. The origin of the dras-
tic reduction in intermetallic interactions in solution, which
ensures a reasonable stability for these highly charged heli-
cates, has been tentatively assigned to a compensation of
the electrostatic repulsion by the increase in solvation
energy associated with the accumulation of charge in the
final complex.?? If we roughly model the solvation energies
of the charged complexes with Born Equation (8) (R is the
pseudo-spherical radius of the charged ion in a non-con-
strained phase, i.e. solution or gas-phase),” it becomes ap-
parent that the magnitudes of the intermetallic interactions,
which operate during the assembly of charged complexes in
solution, deviate from the intuitive z, z,/d dependence antici-
pated from sole consideration of the Coulomb law.

2.2
o ZeNy( 1
AsolvG - STCSOR <1 gr) (8)

Recently, we reported on the structural and thermody-
namic investigations of the first directional triple-stranded
heterometallic helicate HHH-[Lu,Zn(L1);]**, based on seg-
mental pyridyl-benzimidazole ligand L1 (Scheme 1).?* The
mere preparation of this complex is perhaps not overwhelm-
ingly noteworthy in its own right, given the now widespread
appreciation for the importance of stereoelectronic match-
ing between metal ion and ligand binding site in metallosu-
pramolecular design, but its detailed thermodynamic investi-
gation has presented an opportunity to address previously
inaccessible intermetallic interactions in solution. The com-
plex features a linear arrangement of two Lu’* trications
and one Zn?* dication, separated by regular intervals of
about 9 A. Reflected in its cumulative formation constant,
therefore, are not only contributions from the above-men-
tioned geminally interacting lanthanide trications, but also
geminal (1-2) and vicinal (1-3, ca. 18 A) interactions operat-
ing between the Zn’" and Lu’* di- and trications. In this
contribution, we thus combine the thermodynamic data re-
ported for HHH-[Lu,Zn(L1);]**,?¥ with that collected
during the last decade for a series of closely related homo-
and heterometallic complexes based on ligands L2, L3,
L4, L5 L6 ! L7, L8P L9, L10P) and L11P
(Scheme 1), to obtain a reliable set of ten microscopic ther-
modynamic parameters for describing the principal interac-
tions operating during their self-assembly. This detailed
analysis brings to light a number of important considerations
for programming multi-component assemblies, amongst
which are the various contributions to cooperativity. Finally,
focusing exclusively on the cation—cation interactions, we
propose a simple predictive model for estimating AEM™ and
its dependence on both intermetallic separation and metallic
charge in linear self-assembled complexes in solution.

Chem. Eur. J. 2009, 15, 12702-12718
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Scheme 1. Structures of the ligands L1-L11 highlighting tridentate N; (blue), N,O (green) and bidente N, (red) binding sites.

Results and Discussion N,O chelating units and one bidentate N, chelating unit,

and ii) each pair of chelating segment is linked by a diphe-

Extracting microscopic thermodynamic parameters: The nylmethane spacer, which holds two adjacent metals at
segmental ligands L1-L11 strictly match the following crite- 8.86-9.41 (ca. 9) A in the resulting helicates.?"?>?*! More-
ria: i) they contain a repertoire of only three different semi- over, only complexes with the tridentate units bound to
planar aromatic binding units, that is two tridentate N; and Lu’* and the bidentate site bound to Zn’* are considered
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for the global thermodynamic analysis. Within these boun-
dary conditions, the application of the extended site binding
model® to describe the cumulative stability constants of
complexes based on such polytopic ligands requires some
minor adaptations from the simplified form expressed in
Equation (5). The convention adopted from henceforth for
the assembly of generic complex [Lu,, Zn,, (L¢),] """
[Equilibrium (9)] is summarised in Equation (10), where m;
and m, represent the stoichiometric coefficients of the Lu**
and Zn*" ions and 7 is the stoichiometric coefficient of the
ligand L¢. Given that all one-dimensional helicates are of
first-order complexity, the coefficient p is set to 1 and can
thus be neglected.

m, Lu** +m, Zn** + nL¢ = [Lu,, Zn,, (Lg),] > " (9)

LuZnLlo _ , (AG,LW“,ﬁ"j"/RT)
my myn

mn myn (my+my)n—my —my—n+1

= o H (fNZO/Ns) H < §"> 11 (10)

i=1 i=1

(Ceff) H (”bu Lu) H (uf,'; Lu) H (MII;{,IL)

i<j h<k p<q

In this equation, the factor w,*”"** has its usual meaning
and takes into account the statistical entropy changes inher-
ent to the equilibrium in question.! The second term from
Equation (5), fA2, has been separated into three metal spe-
cific terms, fN o N, and fﬁz“, each accounting for the micro-
scopic affinities of Lu’™ and Zn?* for tridentate (N,O/N;)
and bidentate (N,) sites respectively. The term describing
homo-component interactions between charged cations has
likewise been sefarated into two Boltzmann factors,
utt = e (AESTURT) and w20t = o (AEE/RT) each account-
ing for the respective interactions between like (Lu**--Lu’t)
and unlike (Zn®*--Lu**) cation pairs in the bimetallic com-
plexes at various distances (ij=1-2 for a geminal intraction
at 9 A, ijj=1-3 for a vicinal intraction at 18 A and ij=1-4
for a distal 1ntract10n at 27 A) Finally, the second homo-
component term, " = e ~(AE/RT) \which accounts for the
interaction between any two blnding sites complexed to a

common metal ion, is set to include all possible combina-

tions of inter-ligand interaction (i.e. the condition
LL LL LL . .
U in = Ui i = Ui i = =u™" complies). Granting the

two standard assumptions pertinent to helicate assemblies
based on semi-rigid ligands that i) no hairpin or strained
structures are formed and ii) the principle of maximum site-
occupancy prevails,”*¥ application of Equation (10) to, for
example, the Equilibrium (11) leading to the recently report-
ed bimetallic trinuclear complex HHH-[Lu,Zn(L1),]*+?4
gives the corresponding Equation (12).

3L1+2Lu* +Zn*" = [Lu,Zn(L1),]* log By 5™ = 36(1)
(11)
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(12)

The statistical factor wy}5""! =576 has been evaluated by
using the symmetry number method originally proposed by
Benson [Eq. (14) and Figure 2].5¥ It is given by the ratio be-
tween the product of the symmetry numbers of the reactants
and that of the product species, each taken to the power of
their stoichiometric coefficients. Symmetry numbers for the
individual components are in turn given by the product of i)
an external symmetry factor, o, which accounts for the var-
ious different but undistinguishable atomic arrangements in-
curred by rotating the molecule as a whole about first-order
symmetry elements and ii) an internal symmetry factor, o™,
which takes the same definition, but accounts for different
atomic arrangements achieved exclusively by internal rota-
tions about freely rotatable C—C single or metal-ligand co-
ordination bonds. These are further multiplied by a third
factor, ™, if one or more of the participants is chiral and
present at equilibrium as a racemic mixture, since this gives
rise to an equal quantity of two opposite enantiomers with
identical symmetries. The latter equates to o™ ="/, for an
unresolved chiral species, such as the C;-symmetrical heli-
cate HHH-[Lu,Zn(L1);]**, and o®=1 when the species
formed is achiral.’)

Application of these criteria to the evaluation of a statisti-
cal factor wyy5™"" for the formation of the bimetallic heli-
cate HHH-[Lu,Zn(L1);]** in Equation (11) is exemplified
below. To maintain a complete picture of the equilibrium in
question, solvent molecules (MeCN) from the first coordina-
tion sphere have also been included. Equilibrium (11) may
thus be written as Equation (13), which, now that it consid-
ers i) free Lu** as a D, symmetric tricapped trigonal pris-
matic complex [Lu(MeCN),]**? and ii) free Zn>** as an oc-
tahedral complex [Zn(MeCN)(J**, takes into account any

LuZn,L1

Microconstant Structure Point group @,
ol R — —— ¢ 16
B (HHT) —— e — G 48
planly HHH) C 4
BatV'(e-HAT)  ee———— (4 12
Bio3™" (cec-HHH) =l C 4
Biai- (ccc-HHT) ¢ 12
Bl te-HHH) - ——— of 12
Bl (tie-HHT) e R g 12

o™ (tee-HHH) = G 12
Bz (tee-HHT) —_— C 12

roa (HHH) =0 = e 24
Sy (HHH) - C 576

Figure 2. Schematic structures showing tridentate N,O (green), N (blue)
and bidentate N, (red) binding sites, symmetries and statistical factors for
[Lu,, Zn,, (L1)5]®™ ™) (m,;=0-2; m,=0, 1) microspecies. Shaded and

iy
empty <:1rcles represent Lu’* and Zn** ions respectively.
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changes in rotational and translational entropy associated
with the liberation of solvent molecules from the metal ions.

3L1 + 2 [Lu(MeCN)yJ*" + [Zn(MeCN)¢]**

13
= [Lu,Zn(L1);]*" 4- 24 MeCN a3
Symmetry C; D3, O, C; G,

o™ 1 6 24 3 3
o™ 1 3 3 1 1
chi 1
oy 1 1 1 15 1 (14)

LuZnLl _ (OLumecn), )? (Oznmecn),) (ou1)’
213 =

(oLuZZn(L1)3)(OMeCN)24
(6‘3"-1)2‘(24~36-1)-(1‘1-1)3_576
(3-1-1/2)-(3-1-1)* B

As is often the case for this type of system, a number of
other (homometallic) species were also identified as key in-
termediates in the self-assembly of HHH-[Lu,Zn(L1);]**.2¥
Within the precincts of the criteria discussed above, similar
treatment for these Equilibria (15), (17) and (19) thus gives
a corresponding set of Equations (16), (18) and (20)
(Figure 2). Note that apart from the stoichiometries inferred
from ESI-MS and UV/Vis titrations, very little structural in-
formation is available for the intermediate species
[Zn(L1),** and [Lu(L1),]**," and their cumulative macro-
scopic stability constants are modelled by the sum of the mi-
croscopic formation constants characterising the different
conceivable structural isomers (or microspecies) present at
equilibrium (Figure 2 and Appendix I in the Supporting In-
formation).”*¥ Indeed, only for the saturated complexes
HHH-[Luy(L1);]°* and HHH-[Lu,Zn(L1);** do the cumu-
lative formation constants equate to a single microconstant
since these complexes are the only species present in signifi-
cant quantity at equilibrium for their corresponding stoi-
chiometries.[*

3L1+ Zn*" = [Zn(L1),]*" log B 15™" =22.3(5) (15)

oism = pors ™ (HHH) + Boys™ (HHT)
= 64(f2) (utty’

3L1+Lu*" = [Lu(L1);]*" logBiss™ =16.7(2) (17)

LZnll _ gluzoll(y . HHH) + 42 (1t — HHT)
+Bros™ (ccc — HHH) + B35 (ccc — HHT)

+BINE (tte — HHH) + riy™ (tte — HHT)

+B1GE" (tec — HHH) + Brii™ (tec — HHT)

=16 (16 () () 2 () () ()

w24 (fi) (R) ey
(18)
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3L1+2Lu*" = HHH-[Lu,(L1);]*" logB5ss™ = 24.2(3)
(19)

Lu,Zn,L1__ pLu,Zn L1
2,03 — F203 (HHH)

20

=24t ) (1) () ) o
Equations (12), (16), (18) and (20) constitute a rigorous
mathematical description of the formation constants leading
to the homo- (Lu** or Zn?*) and bimetallic (Lu** and Zn**)
complexes of L1. It is clear, however, that the four experi-
mental logB“"1 yalues associated with Equilibria (11),

my.my.n

(15), (17) and (19) are insufficient to reliably fit the eight

microscopic thermodynamic parameters (fi's, fi's fi"s ¢,

LLw™ u™™ ) u") included as variables. We have
therefore combined the thermodynamic data recently ob-
tained for the above equilibria®! with that previously re-
ported for i) the mononuclear complexes of bidentate L2
and tridentate ligands L3,?*! L4,?" L5 and L8,"" ii) the bi-
nuclear complexes of L5,% L6 and L7,5 iii) the binuclear
bimetallic complexes of L8 and L9, and iv) the tri- and
tetranuclear Lu** complexes of L10"* and L11% (see Ap-
pendix 1 and Figure S1-S3 for statistical factors and sche-
matic structures, Supporting Information). This now pro-
vides 25 supplementary logf,"»"' values and their corre-
sponding equations (Egs. S1-S25 in Appendix 2 in the Sup-
porting Information) at the expense of the introduction of
only two more variables; namely, the long-distance vicinal

(1-3) and distal (1-4) intermetallic interactions, u{";" and

ur", operating between two Lu’* trications separated by
three (ca. 18 A) and four (ca. 27 A) binding sites, respective-
ly, in the tri- and tetranuclear helicates based on L10%* and
L11.2" Furthermore, the data/parameter ratio of 29/10=2.9
is now sufficiently high to justify an attempt at adjusting all
ten parameters without imposing constraints on any of the
intermetallic interactions, as has previously been required in
related investigations.”®-?!l Indeed, only for the term c* is
it necessary to constrain the dependence on distance so that
the condition ¢ = ¢, /(x — 1)* is satisfied, where a takes
one of two limiting values, 1.5 or 3, which apply, respective-
ly, if the chain connecting two sites involved in an intramo-
lecular cyclisation is long and highly flexible or of optimised
length (both cases are considered herein).'Yl It is worth
noting here that the theoretical concept of effective concen-
tration is often replaced by the closely related terminology
of effective molarity (EM), when it is determined experi-
mentally.">) For the sake of clarity in this contribution, we
will use effective concentration for both the theoretical con-
cept and its experimental value for the rest of the discus-
sion.

The simultaneous non-linear least-squares fits of Equa-
tions (12), (16), (18), (20) and S1-S25 modelling the forma-
tion of complexes [Lu,, Zn,, (L#),]*" ™" (p=1-11; m,=
0-4; m,=0-1; n=1-3) now converge to give the ten micro-
scopic parameters collected in Table 1. Agreement factors
(AF) lying in the range 0.0003 (¢ =3)—0.0004 (a=1.5) indi-
cate that the data has been excellently modelled, and the re-

u

— 12707

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

T. Riis-Johannessen, C. Piguet et al.

A EUROPEAN JOURNAL

Table 1. Fitted microscopic thermodynamic parameters for
[Lu,, Zn,, (L)) ™M+ (m;=0-3; m,=0, 1; n=1-3; ¢=1-11; simulta-
neous multi non-linear least-squares fits of Equations (12), (16), (18),
(20) and S1-S25 in the Supporting Information; MeCN, 298 K).1!

a=15 a=3

5.4(2)/—31(1) 5.5(2)/-31(1)
5.2(2)/—30(1) 5.3(2)/—30(1)
6.9(3)/—40(1) 7.0(3)/—40(1)

Microscopic parameters

log(file”)/Agkis? [kImol™]

log( Lulo)/AgLuIm [kJ mol ]

log( Zn Lo)/AanLm [kJmol 1]
(e

log (c*)/A¥L? [kI mol '] —4.1(4)123(2) —3.9(4)/23(2)
log (u™")/AE"" [kImol™'] —0.1(3)/0(2) —-0.1(3)1(2)
Solution-phase Gas-phasel”!

log (u*y")/AET" " [kKImol™] —02(3)/1(2)  —0.6(3)/4(1) 1389

log (u{™™)/AE?" [kImol™'] —2.8(3)/16(2) —3.1(3)/18(2) 926

log (u*s")/AE"" [kImol~ l] 1.1(7)/-6(3)  1.4(7)/—8(3) 695
log(ulzsz“)/AEZ“L“ [kImol~'] 0.6(6)/—4(3) 0.8(6)/—4(2) 463!
log (u*y")/AET" " [kKImol™]  —3.0(8)/17(5) —3.2(8)/18(4) 463M
AF®! 0.0004 0.0003

[a] The uncertainties correspond to those obtained during the multi non-
linear  least-squares  fit  process. [b] Agreement  factor

AF = \/<E (log(B®) — log(Be'e4))? )/(Z (log(B))? ) [c] Calculated

with Coulomb Equation (7) considering the metal ions as non-polarizable
point charges and using [d] z;=2,=3; d=9 A, [e] z,=3; z,=2; d=9 A,
] k4 =z,=3;d=18 A, [g] z,=3; z,=2; d=18 A and [h] z,=2,=3; d=
27 A.

constituted macroscopic cumulative stability constants close-
ly match their experimental counterparts (Table 2, Figure 3).
Since the choice of a=1.5 or 3 has only minor effect on the
resulting parameters (Table 1), further discussions systemati-
cally refer to a=3.

The microscopic affinities Agy's”=-31(1) and Agy’=
—30(1) kImol™" describing the intermolecular connections

Table 2. Experimental and calculated® cumulative formation constants
for complexes [Lu,, Zn,,, (Lg),]®" "% (¢=1-11; m;=0-4; my;=0-1; n=
1-3).

a] Calculated by using Equations (12), (16), (18), (20), and S1-S25.
b] Ref. [24]. [c] Spectrophotometric titration, MeCN, 298 K. [d] We have
repeated the titration under conditions used for L1 and L2 and observe a
similar value for [Lu(L3),]** to that determined by potentiometry in ref-
erence [26]  (logBhi"*=18.1(8); MeCN, 298K). [e] Ref.[27].
[f] Ref. [28]. [g] Ref. [29]; value for Eu’* complex used. [h] Ref. [30];
value for Eu** complex used. [i] Ref. [31]; value for Eu’* complex used.
[i]Ref. [22]. [K] Ref. [32]; value for La** complex used. [I] Ref.[33].
[m] Ref. [21].

Complex log B¢ log ™  Complex log g™ log P

[Lu(L1))** 17.6 16.7(2)" [Lu,(L5),]°*  18.8 19.3(4)le
[Luy(L1),]°F 241 242(3) [Luy(L6)s°+ 242 24.3(4)lesl
[Lu,Zn(L1);]** 35.8 36(1)"  [Luy(L7)s* 247 23.9(5)'"
[Zn(L1);]** 22.4 22.3(5)1 [LuZn(L8);]’* 27.4 28.6(6)1
[Zn(L2)]** 8.4 7.92)*<  [LuRu(L8);’* 5.7 52(2)kl
[Zn(L2),]** 15.8 156(3)" [Zn(L8):I* 224 22(1)ked

[Zn(L2);]** 22.4 22.7(4)1 [LuZn(L9);]** 26.9 26.2(3)H
[Lu(L3)P*+ 6.1 7.43)Y [Luy(L10);)** 25.9 26(1)l!

[Lu(L3),)** 11.6 1314 [Luy(L10);]°+ 343 33.9(3)!
[Lu(L3),)** 16.7 172(7)Y [Luy(L10),°+ 271 27.4(5)k!
[Lu(L4)]*+ 6.2 722)l  [Luy(L11);)°*  34.6 35(1)lem!
[Lu(L4),)** 11.9 11.5(4)Y  [Lu,(L11),]?* 401 41(1)tem!
[Lu(L4),)** 17.2 17.3(4)Y  [Lu,(L11),]** 31.8 31(1)tem!
[Lu(L5),)** 17.5 17.1(5) 0 [Luy(L11),]+ 272 28(1)lem!
[Luy(L5);*t 253 25.4(5)ll

[

[
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Figure 3. Correlation between experimental and calculated log
(¢=1-11) values (error bars on experimetal values correspond to 30).

ﬁLu ,Zn, Lo
mymy.n

between Lu*" and the tridentate N,O and Nj sites (includ-
ing desolvation) are almost identical to the values Agﬁj&“’:
—32(1) and Agy*"*=-30(1) kI mol ™" established from earli-
er fits based exclusively on the mono- and polynuclear Eu**
complexes of ligands L5, L6, L10 and L11.%" The affinity of
Zn?>* for the bidentate N, site appears marginally higher by
about 10kJmol™" (Ag&™"*=-40(1)kJmol™") than Ln’*
(Ln=Lu, Eu) for the tridentate sites. This could be a result
of stronger metal-ligand orbital interaction between the bi-
dentate N, unit and the more expansive 3d, 4s and 4p orbi-
tals on Zn>*. It must be pointed out, however, that the term
Agz" 19— _40(1) reflects a balance between the free energies
of bond making (with the entering ligand) and bond break-
ing (with the liberated solvent molecules) and, as such, an
absolute correlation with the nature of the metal-ligand
connection is not appropriate.

The global value of AgM=23(2) kJmol™" is, however

corr

significantly greater than previous estimates of Ag. . *=
5(1) kI mol~L.PY According to the present results, the micro-
scopic affinity of for example the Lu’T ion for the tridentate
N,O and Nj sites decreases from Aghit’=-31(2) to

inter
Agmt? = Agivt - AgMe — _8(2) kJmol ™' on replacing the
intermolecular connection with its intramolecular counter-
part, indicating an aversion for (macro)cyclisation compara-
ble to that observed for the covalent lanthanide receptor re-
cently  reported by  Canard etal. (Agt=
—8.5(4) kJmol™1).B This effect can be illustrated qualita-
tively by simple ESI-MS titrations. Addition of three equiva-
lents of the tridentate ligand L4 to a solution containing
[Luy(L5);]°+ (MeCN, |L4|,,=1.5x10"*m; L5 contains two
L4 units connected by a methylene spacer) indeed leads to
the quantitative destruction of the binuclear helicate to give
peaks corresponding to  mononuclear homoleptic
[Lu(Lo),]’™ (¢=4, 5; n=1-3) and heteroleptic
[Lu(L4),(L5),_,]** (n=1, 2) complexes, in which only inter-
molecular connections operate. This exposes a severe lack
of structural preorganisation in the intermediate species
leading to the final polynuclear assemblies. The effective
concentrations c*"~107*m for the present system and c°"
~107'm for the aforementioned covalent receptor,”® are
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both orders of magnitude lower than the value of ¢
~107*m predicted for the interaction between two sites sep-
arated by 18 AP and connected by an ideal freely jointed
chain (excluded volume effects are neglected)."'! Clearly,
the organic linkers which connect adjacent binding sites in
the segmental ligands considered herein are far from meet-
ing this criteria. Such a large energy cost of AgMl¢=
23(2) kImol ' is thus likely a result of unfavourable enthalp-
ic factors, the most pertinent of which are the conformation-
al ring strains exerted upon both the ligand scaffold and the
metal-ligand bonds when a pendant binding site is fixed to
an unsaturated metal ion during an intramolecular binding

event (i.e. AHMYLAHM? and thus the common approxi-

inter intra
eff

ASMLO_ A gMLo

mation ¢ = (A5 ~A55E)/R s no longer valid).

Quantifying cooperativity and preorganisation: According
to the Ising and site binding models [Eq. (5)],!""'¥ any devi-
ations from statistical binding in a [Lu,, Zn,, (Lg),]%" )"
complex can be assigned to homo-component interactions,
which are defined as AE“" (interligand) and AEM™™ and
AE™™ (intermetallic, with x=2 for geminal, x=3 for vici-
nal and x=4 for distal) in the present context. The fitted
average value of AE“'=1(2)kImol™' indicates that no
severe stereoelectronic effects accompany the coordination
of several binding units to the same metal. It can be com-
pared with the mildly repulsive aromatic stacking interac-
tions observed between overlapping phenyl rings in, for ex-
ample, the hydrogen-bonded zipper complexes reported by
Cockroft et al.*®! The five solution-phase intermetallic inter-
actions AE™™™ and AE™™ acting between charged cations
separated by about 9 A (x=2), 18 A (x=3) and 27 A (x=4)
in the bi-, tri- and tetranuclear complexes of segmental li-
gands L1 and L5-11 constitute the most striking features of
this investigation. Not only do they deviate by several
orders of magnitude from the analogous gas-phase values
predicted using the simple Coulomb equation 7, the adjust-
ed AEY™ parameters in solution even defy any trends an-
ticipated by sole consideration of the latter model (Table 1,
the metals are considered as non-polarizable point charges,
a rough assumption but compatible with our level of approx-
imation because charge delocalization is limited for 4f block
ions and for closed-shell Zn** with N-donor ligands).””
Firstly, the geminal interaction AE}")' between two metals
located about 9 A apart in adjacent binding sites increases
on decreasing the charge of one of the metals (AE;"y" =
4(1) kImol ' < AE?"* =18(2) kImol ™). Secondly, the distal
AE™!" interaction between two Lu’* cations separated by
ca. 27 A is more repulsive than the short-range geminal
AE™™ interaction (AEI“;'=18(4) kimol™'> AE" " =
4(1) kJmol™!). And finally, the vicinal interactions AE!";"
and AE™" acting between both Lu**-Lu** and Zn**
~Lu** pairs separated by about 18 A appear to be attractive
(AEY";" =—8(3) kITmol ! and AE?"}" = —4(2) kImol™), and
thus constitute a source of stabilisation for the tri- and tetra-
nuclear helicates. Indeed, these interactions have a signifi-
cant impact on the overall stabilities of all the polynuclear
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complexes considered in the present study, as illustrated by
the global cooperativity indices®™ listed in Table 3 (column
3). The cooperativity index I'** is simply the product of the
various microscopic homo-component interactions (u™",
u}"™) acting in a given complex [Eq.(21)], and it allows
global deviations from statistical binding to be quantified.

I ) e

i<j

ot — JLLMM _ 7 (uL,L>

p<q \ Pd

The cooperativity indices I'* computed for the mononu-
clear complexes [M(L¢),]** (¢=1-5; M=Zn*", Lu’**, n=2,
3, Table 3) are sufficiently close to zero to suggest statistical
binding. The associated energy contributions of
AE® = —RTIn(I") <2 kJmol ' originate from the mildly
repulsive interligand interaction AE~"=1(2) kJmol™', but
they hold little significance within the margin of experimen-
tal error. In contrast, I'** values computed for the polynuc-
lear complexes [Lu,, Zn,,, (Lg),]®™ ™% (¢=1-11; m;=0-4;
m,=0-1; n=2, 3, Table 3), which include intermetallic inter-
actions, clearly invoke negative cooperativity as a prevailing
feature in the present assemblies, in accord with earlier in-
vestigations.d

Focusing now on preorganisation effects, it is clear that
the adjusted value of log(c*™)~ —4.0(4) reflects both entrop-
ic (statistical) and enthalpic (ring strain) contributions, that
s ot i — (VA M) R (A (yige
supra). If the former enthalpic component is expressed as

el = cM/cet it indeed corresponds to an additional index
L = 1;)I<”q’ '(¢*" /c&,) measuring the degree of structural pre-
organisation for intramolecular (macro)cyclisation. Its com-
bination with the cooperativity index in Equation (21) then
gives an expression for the total deviation from statistical
binding [Eq. (22)] for complexes in which intramolecular in-
teractions occur.
Jot — I(IT‘LILI‘VLMI;train _ Illq/ (u’%qL) 11/]// (MD/IM) Him/ (ccft'/c;f;t)

ct+p

(22)

Taking Gargano’s values!'™! for the effective concentra-
tion at optimal polymer length between two interacting sites
separated by 18 A (¢, = ~1072m)P" and by 36 A (¢,
~107*M) as rough estimates for the pure statistical contribu-
tions, we can then compute preorganisation indices I;‘mi"
(Table 3, column 5) and the total indices for deviations from
statistics Ij‘j;i“ (Table 3, column 7). From these values, it is
clear that the negative cooperativity operating in the present
polynuclear systems is further aggravated by unfavourable
preorganisation, eventually causing global deviations from
statistics in excess of AE(,~20-100 kJmol™' depending on

the number of interacting components.

Model and interpretation of the intermetallic interactions:
The alarmingly low cation—cation repulsions of AE™"=
8(4)-14(5) kITmol " reported in previous studies®! have al-
ready provoked efforts towards understanding the role of
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Table 3. Cooperativity (/.) and preorganisation (/,) indices for the formation of complexes [Lu,, Zn

(L)) 2% (p=1-11; m,=0-4; my=0-1; n=2,

my

3).
Microspecies log (IICLIL) log ({/[CMMM) log(7°)! Cooperativity log(£y™™") Preorganisation log (I3 Total deviation
(AEH)M (AESE (AE)M (AEy™M (AEZ)"
[Lu(L1);P* —0.4 (2) - —-0.4 (2) ~none - - —0.4 (2) ~none
[Luy(L1),]** -09 (5 -0.6 (4) -1.509) negative —4.3 (25) negative -5.8 (33) negative
[Lu,Zn(L1),)*+ -13() -3.0(17) —4.3 (24) negative —8.6 (49) negative —12.9 (73) negative
[Zn(L1);*+ -0.4 (2) - —-0.4(2) ~none - - —0.4 (2) ~none
[Zn(L2)]* - - - - - - - -
[Zn(L2),]** -01(1) - —0.1 (1) ~ none - - —0.1 (1) ~ none
[Zn(L2),)*+ -04 (2) - -04 (2) ~none - - -04(2) ~none
[Lu(L3);* -04(2) - -0.4 (2) ~none - - —0.4 (2) ~none
[Lu(L4)]* - - - - - - - -
[Lu(L4),]** -0.1(1) - -0.1 (1) ~none - - -0.1(1) ~none
[Lu(L4);* -04(2) - -04 (2) A none - - -04 (2) A none
[Lu(L5);P* -04 () - —-0.4(2) ~none - - —0.4 (2) ~none
[Lu,(L5);]* -0.9 (5) -0.6 (4) -1.59) negative —4.3 (25) negative —5.8 (33) negative
[Lu,(L5),]** -0.3(2) —0.6 (4) —0.9 (6) negative -2.1(12) negative —3.1 (18) negative
[Luy(L6),]°* -0.9 (5) —0.6 (4) -1.59) negative —4.3 (25) negative —5.8 (33) negative
[Luy(L7);]* -0.9 (5) -0.6 (4) -1.509) negative —4.3 (25) negative —5.8 (33) negative
[LuZn(L8);]** -0.9 (5) —3.1(18) —4.0 (23) negative —4.3 (25) negative —8.3 (47) negative
[LuRu(L8);]’* -04(2) —3.1(18) —3.6 (20) negative —4.3 (25) negative —7.9 (45) negative
[Zn(L8),]** -04(2) - -04 (2) A~ none - - -04 (2) ~ none
[LuZn(L9);]**+ -0.9 (5) —3.1(18) —4.0 (23) negative —4.3 (25) negative —8.3 (47) negative
[Luy(L10)s]°*
w1t —0.9 (5) 1.3 (-8) 0.5(-3) positive —4.3 (25) negative -3.8(22) negative
trt,cce —0.9 (5) —0.6 (4) -1.59) negative —4.3 (25) negative —5.8 (33) negative
ctttce -0.9 (5) —0.6 (4) -1.59) negative —4.3 (25) negative —5.8 (33) negative
[Lus(L10),)°+ -1.3(7) 0.1 (-1) -1.2 (6) negative —8.6 (49) negative —9.8 (56) negative
[Lu;(LlO)Z]Z+ -0.4 (2) 0.1 (-1) -0.3(2) negative —4.3 (25) negative —4.6 (26) negative
[Luy(L11);"*
tt,cee,ttt -1.3(7) —2.4 (14) -3.7(21) negative —8.6 (49) negative —12.3 (70) negative
tt,cce,cec -1.3(7) 0.1 (-1) -1.2 (6) negative —8.6 (49) negative —9.8 (56) negative
ttc,cce,cct -13(7) 0.1 (-1) —1.2 (6) negative —8.6 (49) negative —9.8 (56) negative
[Lu,(L11),])">* —1.7 (10) —2.3(13) —4.1 (23) negative —12.9 (74) negative —17.0 (97) negative
[Luz,(Lll)z]')ZJr —0.6 (3) -2.3(13) 2.9 (17) negative —6.4 (37) negative —9.4 (53) negative
[Luy(L11),]"*
t,cctt —-0.4 (2) —2.4 (14) -2.9 (16) negative —4.3 (25) negative —7.2 (41) negative
tt,cc,cc —-0.4 (2) 0.1 (-1) —-0.3(2) negative —4.3 (25) negative —4.6 (26) negative
ctycete —-0.4 (2) 0.1 (-1) —-0.3(2) negative —4.3 (25) negative —4.6 (26) negative

a] Calculated by using Equation (21),°Y from the fitted parameters listed in Table 1. [b] Values in kJmol ' are given in parentheses. [c] Calculated b
y g EBq p g p y

using Equation (22).

charge interaction in self-assembly processes. To date, they
have been modeled semi-quantitatively in terms of the sol-
vation changes which accompany the accumulation of
charge when one-dimensional multi-component assemblies
undergo a sequential increase in nuclearity.”?! Owing to in-
sufficient data redundancy, however, the previous estimates
of AEF"F" were obtained from fits in which intermetallic in-
teractions were constrained to obey the Coulomb law
[Eq. (7)], an approach which is now considered inappropri-
ate. Moreover, such limitations prevented access to informa-
tion concerning the evolution of the intermetallic interac-
tions as a function of separation along a polynuclear array.
The complete set of AE)"™ values obtained from the current
study not only enable us to address this latter point, they
further present an opportunity to globally model the appar-
ent interactions occurring in solution between pairs of differ-
ently charged cations (3+,3+ and 2+,3+) separated by
any one of the three intermetallic distances, 9, 18 or 27 A
characteristic of the present linear polymetallic helicates. In
attempt to first understand the somewhat counter-intuitive
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relationship between the solution-phase intermetallic inter-
actions AEY™ (x=1-4) and charge separation (d), the fol-
lowing section will consider selected microspecies in the
self-assembly pathways leading to the trinuclear helicate
[Lus(L10);]°* (for M=Lu** and x=2, 3) and the tetranu-
clear helicate [Lu,(L11);]"*" (for M=Lu** and x=4). The
effects of cation charge will then be similarly assessed by
further taking into consideration the bimetallic helicate
HHH-[Lu,Zn(L1);]**, in which the presence of both a Zn**
dication and two Lu** trications gives rise to the two addi-
tional interaction terms AE?"" and AE™".

Dependence of AEY"™ on charge separation d: For those
who are not familiar with extended modelling of metal-
ligand assembly processes, they can skip the forthcoming
derivation and directly consider the final Equations (47)-
(49). However, our approach to modelling intermetallic in-
teractions in solution combines appropriate Born-Haber
cycles with the Born Equation (7), and it is a crucial aspect
of this contribution. As a demonstration, therefore, we will

Chem. Eur. J. 2009, 15, 12702-12718
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derive expressions for the geminal (1-2) and vicinal (1-3) in-
teractions acting between two Lu** trications in the follow-
ing section, whilst derivations for the remaining AEYM
terms can be found in the Supporting Information. Let us
now consider the formation of the three selected microspe-
cies t-[Lu(L10);]>*, fc-[Lu,(L10);]°* and [Lu,(L10);]°* (equi-
libria (23)-(25), Figure 4), for which the corresponding mi-
croscopic stability constants 73" (m,=1-3) are ex-
pressed in Equations (26)—(28), respectively (the statistical
factors are given in Table S1 in the Supporting Informa-
tion).[*"!

3L10 + Lu*" = r-[Lu(L10),]** g™ (23)
3L10 + 2Lu*" = tc-[Lu, (L10),]°" gy (24)
3110 + 3Lu™ = [Luy(L10),]% pLazntto (25)
et = 32(f,) () (26)
20a =192 ( 15?0) 3 (fﬁ,l*) () (e () (27)

6 3
L — 576 (A ) () (W) () () (1)
(28)

The associated successive stability constants K;—Kj;
[Eq. (23), (29) and (30)] corresponding to the fixation of i) a
first Lu’*™ ion to three co-aligned strands of L10 (K,=

1551, ii) a second Lu’* ion to the now pre-assembled ¢-
[Lu(L10);]** receptor (K,) and iii) a third Lu*>* ion to the
now pre-assembled fc-[Lu,(L10);]°* receptor (K;), are given
by Equations (31)-(33) (see Figure 4 for schematic struc-

tures of the complexes).

-[Lu(L10):] + Lu™ = re-[Lu, (L10);]** (29)
te-[Luy(L10);]°" + Lu’* = [Lus(L10);]"* (30)
Ky = At = 32(pi,) ()’ G1)

ﬂgg,gn,uo 192< 15?0) 3 ( I\Lhu> 3 (uL.L) 6 (ceff)z (M]LEZLu)

K,= =
2 Iljlalgn,Llo 32( &‘;0)3(1/!]‘"]“) (32)
= 6() (@) () )
sz STO(R)"(R) (-t (e) ()" )
o e ‘
T T 1027 ) e e ()

=3 () () () ) ()
(33)

Since the microscopic affinities of Lu’* for the tridentate
N; and N,O sites are similar, that is f, ~ fy', the differ-

Chem. Eur. J. 2009, 15, 1270212718

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

ence in Gibbs free energy between the assembly of a tripo-
dal receptor t-[Lu(L10);]** and the successive complexation
of a second, geminal Lu*" ion, can be reasonably expressed
as Equation (34). The same treatment employing K,
[Eq. (32)] and K; [Eq. (33)] provides an equivalent expres-
sion for the free energy difference between successive com-
plexations of the second (geminal) and third (vicinal) Lu**
ions to +-[Lu(L10);]** [Eq. (35)].

AGY, - AG),
3 e
6 fLu uL.L 3 CC“ 2 uLE'Lu
:*RTIH(&>=7RTIn (N3) ( )3( ) ( 1-2 )
K, 32(]0][?2\10) (uL,L)3

— —RTIn( 5 ("8 )

(34)
AGY, — AGY,
3 Lu 3 LL\3/ eff\2/ LuLu Lu,Lu
K, (A8 ) ) ()2 (k) (s
= —RTIn & = —RT1 —3 3 YT
2 6(F%") (ul) (e=tt)? (")

Lu,Lu
_ _RT1n<(”‘23 ))

Substituting Boltzmann terms for the intermetallic inter-
. Lu,Lu . .
actions 1™ = ¢ 2E5/RT into Equations (34) and (35), fol-

1-x
lowed by rearrangement, then gives Equations (36) and
(37), which show that the free energy differences
AGy — AGy  depend principally on i) a geminal (1-2) or a
vicinal (1-3) intermetallic interaction AEI™™ (x=2, 3), ii)
the ratio of the statistical factors for the two equilibria con-
cerned, and iii) in the case of AGy — AGYy , the effective

concentration c°™.

(35)

AGY — AGY = AE;" +RTIn (13—6) —2RTIn(c")  (36)

AGY, — AGY = AE[";* + RTIn(2) (37)

Assuming that the standard AEM™ o 1/; dependency

1—x,gas
prevails in the gas-phase according tf) the Coulomb law
[Eq. (7), &,=1], substituting AE"™ in Equations (36) and
(37) by appropriate Coulomb terms gives Equations (38)
and (39), which describe the analogous free energy differen-

ces operating exclusively in the gas-phase.

0 B 0 _ (ZLu)ZezNA E _ eff
AGY, g = AGY, gy =4  + RTIn( 3’ ) —2RTIn ()
(38)

0 gy _ (@)e@Ny 39
AGY e = AGY o = Imepd RTIn(2) (39)
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Several points are worth noting here. Firstly, the regular
geminal separations of d~9 A, systematically observed in
all related polynuclear triple-stranded helicates reported to
date, allow for the assumption that two metals separated by
two binding sites (i.e. the 1-3 vicinal interaction as required
in the Coulomb term for AE"}%) lie ca. 2d~18 A apart.
Secondly, although the gas-phase statistical factors wg, g, for
Equilibria (23), (29) and (30) are not necessarily the same as
their solution-phase counterparts (see Table S1 in the Sup-
porting Information), the ratio wg, g / Wk, s €quate to
Wk, sol / wg,  so and consequently no further modifications
are required when expressing the Gibbs free energy differ-
ences (AG‘,’Q — AG(,)(H) in the gas-phase.

According to the Born—Haber cycles depicted in Figure 4,
the quantities AGK aas AG° Lgs formulated in Equa-
tions (38) (n=2) and (39) (n= 3) can be alternatively ap-
proached as simple additive contributions of i) the solution-
phase free energy differences AGOKW — AG(1)<,,,1 [previously de-
fined in Equations (34) and (35)] and ii) the solvation ener-
gies A,,,G° of the participating species. This leads to Equa-
tions (40) and (41), where the solvation energies of complex
cations  t-[Lu(L10),]** (AEOIVGgu(Llﬂ ),  te-[Luy(L10),]°+
(AsolvGLuz L10)3 ) and [Lu3(L10)3] (AsolvGLu; L10); ) may be esti-
mated using the Born equation [Eq. (8)], prov1ded that the
pseudo-spherical or effective radius (r=R;™ (119 \where x=
1-3) of each species is accessible.

AG(I)G ,gas AG(}(, ,gas = AG(I)(Z sol AG(;( ,sol + ZASOIV G%u(LlO);
solv G(I)‘uz (L10)5 -3 Asolv G%lo
(40)
AG(I)( ,gas AG(I)(Z gas = AG(I)Q sol AG(I]Q.SOI + 2A501V G(Iiuz(LIO)3
_Asolv G(I)‘u; (L10); Asolv Ggu L10);
(41)

Since metals are sequentially added in one dimension
along the helical axis in going from z-[Lu(L10);]** to tc-[Lu,-
(L10);]°" and finally [Lusy(L10);]°*, we reasonably assume
that the resulting stepwise rigidification produces a linear in-
crease of the effective radius. R™+™": (x=2, 3) are thus
given by RUW=M0s — RLMOs (1 4 gd(x — 1)), where R™: 10
is the effective radius of the initial tripodal receptor z-[Lu-
(L10);]**, d is the geminal intermetallic separation (ca.
9 A), x is the total number of metal ions in the complex and
o is an expansion coefficient. The product od is set to
amount to an expansion of 0-15%, as previously observed
by diffusion ordered spectroscopy (DOSY) on complexation
of Lu** to the tripodal receptor HHH-[Ru(L8);]>*.*? With
this in mind, the solvation energies of t[Lu(L10);]**
te-[Luy(L10)5]°* and [Lus(L10);]°* take the form given in
Equations (42)—(44):

(ZLu) € NA 1
bolvG(I)‘u L10); — W 1= €, (42)
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0
Asolv GLuq L10);

(2z14)°€¢’Na 1
Lu L10); 1
83‘[6( (1 + ad)

(3ZLu) € NA ( 1>
1—— 44
* 8re, R M (1 + 2ad) (“4)

0
Asorv GLu3 (L10); =

Inserting the relevant terms for AGY , —AGy
[Egs. (36), (37)], AGy. s - AGy e [EGS. (38) (39)] and
AyG° [Egs. (42)-(44)] into Equations (40) and (41), fol-

lowed by rearrangement, then gives:

+RTIn (%) —2RTIn (c;;)

_ AGO (ZLu)zezNA

0
AG Kigs = dgig,d

K, ,gas
=AE/"," + RTIn (13—6>

262N 1\ (1-ad
—2RTIn(c) + “(ZL“)# (1 - —> ( ¢ ) — 300 Gl

sol J'ESOR(I;u(Lw); e, 1 + ad
(45)
and
0 0 (ZLu)zezNA
AGK; gas AGK7 gas — W + RTln(2)
= AE";" + RT1n(2) (46)

(@)'éNy (| 1\(__ (ad-1)
i 43'[8[)13(%‘@10)3 i (1+ ad)(1+2ad)

From which, the solution-phase intermetallic interaction
AE™!™ can be easily estimated in the final formulation as
Equations (47) and (48) [the assumption that ¢*" remains un-
changed on passing from solution to the gas-phase, that is
¢~ ¢ has been made for Eq. (47)]:

gas sol

2,2
wre  (Zru) €Ny (1 1 1 1—ad
AElllgl ( L ) Al - — 1— ( )
4me, d R (L10); g ) \(1+ad)

+3 Asolv G(I]J()

(47)
Lulu _ (ZLu)zezNA
AT e
48
1 1 11 (ad —1)? (48)
2d - gm0 " e, )\ (1+ ad)(1+ 2ad)

A similar derivation based on selected microspecies lead-
ing to the formation of the tetranuclear helicate [Lu,-
(L11);]"** (see Supporting Information, Appendix 3), allows
eventual access to the distal 1-4 interaction term AE™"" op-
erating between two Lu' cations separated by about 3d
~27 A [Eq. (49)], R;"™ is the effective radius of the ini-
tial tripodal receptor t-[Lu(L11);]**.

Chem. Eur. J. 2009, 15, 12702-12718


www.chemeurj.org

Cooperativity in Self-Assembled Polynuclear Complexes in Solution

AGY e
3L10,, + Lu,
a) B Gy A,.G,
AGY
3L10,, & Lu,,
3 . AGY s
[ Lu(L10), [}, + Lu,
b) A Fiaoy, A G,
3+ AG;\]'!—*"'
t-[Lu(L10), ]w b Lu,,
- @
GU
te{Lu,(L10), J%, + Lul, R— L
c) Amh-G::..u 10); A,.G,
» AGy,
fe-[Lu, (L10), % + Lu

Figure 4. Born-Haber cycles for the successive complexation of Lu** to a) three strands of L10, (b) t-

[Lu(L10),]** and (c) tc-[Lu,(L10);]°* to give [Lus(L10);]°F.

LuLu _ (ZLu)zezNA
AR e
11 L (ad — 1)
3d  RLtn: &)\ (14 ad)(1 +2ad)(1 + 3ad)
(49)

We are now equipped to model the three apparent solu-
tion-phase interactions AE;“™ (x=2-4) extracted from the
multiple non-linear regression analysis presented in the pre-
vious section. We do, however, first require estimates for the
effective radii R{" L) and RLLl (L10: *taken as the pseudo-
spherical hydrodynamic radn of the large cations in solu-
tion,™"! and for the expansion coefficient ad in solution. We
have thus resorted to measuring auto-diffusion coefficients
D, by DOSY,*"! which transform into pseudo-spherical hy-
drodynamic radii (r};) using the Stokes—Einstein Equa-

Chem. Eur. J. 2009, 15, 1270212718
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tion (50)"?" modified for the
HLuw(L10),T, size of the diffusing molecules
(Table 4, k is Boltzmann’s con-
stant, 7 is the temperature and
7=3.65x10"kgm's™ is the
viscosity of acetonitrile at
293K, ry/ry=D,/Dgy,, is the
ratio of the experimental diffu-
sion coefficients of the complex
and solvent molecules).*!

~0
A-:nll (J] u(L10)

t{Lu(L10),T,

D, =

kT x\2.
(5m) (10095 /)™

(50)

te-[Lu, (L10), ]L

A, G,

Starting from the hydrody-
namic radii obtained for the

IL'-[Luz (LIU}\]::I

mononuclear complexes
[Lu(L4),]*+ (r™ =5.84(2) A)
and HHH-[Lu(L5),]**

r9s —786(5) A, Table 4), we
deduce that the connection of
each additional non-coordinat-
ed tridentate binding unit in-
creases the effective radius by
about 36%. Since L10 is con-

[LuE(Llﬂ);]z;‘_

A Gl ceptually obtained from L5 via
the connection of an additional
‘ tridentate binding unit, we com-
[Lu,(L10), 7, &

pute RE*MO  pLo@5): (1 4036) =
10.7 A. The same approach ap-
plies on going from L10 to L11
(i.e. the connection of one
additional tridentate binding
unit) and  R5UM s
(142x0.36)=13.4 A for r[Lu-
(L11);**. The incremental ex-
pansion (ad) caused by the suc-
cessive complexation of Lu’*

Table 4. Experimental auto-diffusion coefficients (D,), calculated hydro-
dynamic radii [y, Eq. (50)] and estimated effective radii (R}) for selected

[Lu,, Zn,, (Lg)s])*™ 2™+ complexes.

Complex D, [x107° m?s~']®™ m [A] R:[A]
[Zn(L2),]* 12.38(1) 533(2) _
[Lu(Ld)sJ* 11.12(2) 5.84(2) -
HHH-[Lu(L5);]"* 7.92(2) 7.86(5) -
[Luy(L5),]* 7.23(3) 8.56(6) -
HHH-[Lu,(L1)** 6.26(3) 9.80(6) -
HHH-[Zn(L1),** - - 9.0
HHH-[Lu,Zn(L1),* 5.86(5) 10.4(1) -
t-[Lu(L10)]** - - 107
[Lus(L10);]"* 5.5(3) 11.2(6) -
t-[Lu(L11),]** - - 13.4
[Lu,(L11),]2* 3.9(4) 15.6(7) -

[a] Measured by DOSY at 293 K, |complex |,,,=5x107>m in CD;CN.
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ions can likewise be placed in the range 5-10% according to
the respective increases in hydrodynamic radii observed on
going from HHH-[Lu(L5);P* ('™ =7.86(5)A) to
[Luy(L5),]°F (12" =8.56(5) A, 9% increase, Table 4), or
from HHH-[Lu,(L1);]°* (/5™ =9.80(5) A) to HHH-
[Lu,Zn(L1);3* (52> =10.4(1), 6% increase, Table 4).
This leaves only the solvation energy of L10, Ay, G!,,
which appears as a dispersive term in Equation (47) for
modelling the intermetallic geminal (1-2) interaction. Lack-
ing a straightforward experimental procedure for measuring
this quantity, we momentarily focus on modelling only the
1-3 and 1-4 interactions. Inserting values of R{“™"~
rRt0 —107 A for  [Lu(L10),]+, R a0 =
13.4 A for r-[Lu(L11);]** and an upper limit of ad=9%
into egs 48 and 49 gives AE"1"=—7 kJmol ! and AE}"}" =
66 kJmol™'. These values do not only fall within the
same orders of magnitudes as their experimental counter-
parts (AEM™1"=—8(3) kImol™
and  AE/""=18(4) kJmol ',
Table 1), they also show the
same trends as the latter:
AEP}"<0 and  |AED}|>
|AE";"|. By varying the input
parameters within the defined
ranges of 9.7<Ry"™M" ~10.7<
11L.7A, 12 4<RL“ M 134 <
144 A and 5<ad<10%, the
experimental values of
AEM™M=—-8(3) kImol™ and
AEY " =18(4) kI mol ! are
then matched perfectly when
R[I;u 10 _ 1117 A, ROLu(Ln)3 _
12.97 A and ad=8.23%, values
which lie well within the margin
of experimental error associat-
ed with the initial estimates. In-
serting these parameters into
Equation (47) further allows
the solvation energy of L10 to
be calculated at Ay,Gi, =~
—150 kJmol™'. Density func-
tional theory (DFT) calcula-
tions were performed to esti-
mate the solvation energies of
L10 and L1 (details are given in
the experimental section). It is

a)

HHH {Zn(L1), ]

gas

b) A.Go

solv ™~ Zn(L

HHH-[Zn(L1),]%,

3dsol

noteworthy that Ay, Gl =~ c) N .

—150kImol™" falls remark-

ably «close to that of 5

A G ~ALGY 200 to ct-HHH-[LuZn(L1),T,
solv ' L10 ™ Ssolv L1 ™

—270kJmol™! estimated from

DFT calculations, despite the
simplicity of the purely electro-
static approach used to access
the former value. It is also in-
teresting to compare the
pseudo-spherical radii of the

[Zn(L1);]*,
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ion-saturated complexes [Lus(L10);]°* and [Lu,(L11);]"*",
extrapolated from Ry “% by implementing the appropriate
size-increases, with those determined experimentally by
DOSY for these saturated species. Radii of R-2M%—

calc

R (1424d)=13.0 A for [Luy(L10);]** and RL:MD:—
R (143 ad)=16.2 A for [Lu,(L11);]'** are obtained by

applymg the 8.23% increase twice to the value RLu 110

11.17 A and thrice to the value Ry"™"* =12.97 A, whilst the

experimental values determined from measuring the diffu-

sion coefficients of [Lus(L10);]’" and [Lu,(L11);]"*" are
st —112(6) A and ™Y =15.6(7) A respectively
(Table 4).

Dependence of AEY" on cation charge: Expressions for the
geminal (1-2) and vicinal (1-3) interactions operating be-
tween differently charged cations, that is AE?™ and
AE™", can be obtained by applying a similar analysis to

AG®
n’, i HHHA{Zn(L1), I,
Asnl\ Gl?]n Au:l\'G:).nd.ll:
AG®
Zn* — HHH[Zn(L1),T;
AG,..,
+ Lul, — et-HHH [ LuZn(L1), ]},
Aw]\ G:.lu A.»\:I\ G’LJMZn(L 1);
5
+ Lu®, — ct-HHH{LuZn(L1),15,
AGY.
+  Lul - HHHA{Lu,Zn(L1), 5,
A .G, A Cluzian,
AGY,
Ky sol
+ L HHH{Lu,Zn(L1),1%,

Figure 5. Born-Haber cycles for the successive complexation of a) Zn** to three strands of L1 to give HHH-
(b) Lu** to HHH-[Zn(L1);** to give ct-HHH-[LuZn(L1);]’* and (c) Lu** to c-HHH-
[LuZn(L1);]°* to give HHH-[Lu,Zn(L1),]**.
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that used for Equations (47)-(49) to the three successive
complexation reactions leading to the trinuclear bimetallic
helicate HHH-[Lw,Zn(L1);]** [Egs. (51)-(53), Figure 5].

3L1+ Zn** = HHH-[Zn(L1);** K/ (51)

HHH-[Zn(L1);]*" + Lu** = c--HHH-[LuZn(L1);)*" K}
(52)

ct-HHH-[LuZn(L1);]** 4+ Lu** = HHH-[Lu,Zn(L1),]** K/
(53)

A full derivation (see the Supporting Information, Appen-
dix 4) considers the various phase-transfer and complexation
processes outlined in the Born-Haber cycles depicted in
Figure 5. The final expressions for estimating the intermetal-
lic interactions AE"y" and AE{";" in solution are given in
Equations (54) and (55).

Ly 2(z2,)
AE™ = Z

(ZZn + ZLu)2

FULL PAPER

RZMM o p22025(142%0.36) =9.0 A, which may likewise be
permitted to vary within the range 8.0<R."™)x9.0<

10.0A. If we then fix the values of R,"™""=11.17A,
R =12.97 A and ad=8.23% obtained above and allow
R§"<“ and A, GY, to vary, exact fits of all five Equations

(47)-(49), (55) and (56) to the five intermetallic interactions
AEP™M™ (x=2-4) and AE™M™ (x=2, 3) listed in Table 1 are

obtained  when RZn (0 =890A and AG! ~
—490 kJmol™". The optlmlsed effective radius of HHH-
[Zn(L1);**, RP™> =890 A, lies well within the error

margin assomated with its initial estimate of 9.0+1.0 A.
Likewise, applying the ca. 2x8.23 % size increase associated
with the successive complexation of two Lu’* trications
gives an extrapolated effective radius of R

rfM3(142%0.083)=10.3 A for the ion-saturated complex
HHH-[Lu,Zn(L1);]**, which is essentially identical to its ex-
perimental value of r1;2”"™* =10.4(1) (Table 4). The adjust-
ed value of ASDIVGL1 —490 kJmol ™! is less satisfactory, al-
though it does lie within the same order of magnitude as the

ENA ZZnZLuil 171 .
47e, d 2 &,

+3A4n Gy — RT In(4)

Rgn(u)3

(54)

ezNA
431:80

A= AEPR - AE 4

2(z + ZZn)Z

ZnLl (1+ad)

RL® AwyGY~ =200 to —270 kImol ™.
It is also worth noting that, whilst
the solvation energy of L10 was
underestimated by ca. 100 kJ mol™’
with respect to DFT methods, that
of L1 is over estimated by about
250 kJmol™'. This discrepancy re-
flects the limitation of our approxi-

(ZLu)z . (ZZn)2>> DFT estimates of AsolnglorNV
Rin

(ZZLu + ZZn)

(ZLu)2 _ (ZLuZZn) _ 1 1— l _
d 2d 2R§“(L1)3 &,

If we assume that the difference in solvation energy be-
tween the Zn** and Lu’*t cations in acetonitrile,
Aoy Gy, — Aoy GY , is Teasonably approximated by the differ-
ence between the corresponding Gibbs free energies of hy-
dration A Gy, —AuaGY, ~—2040+3750~1710 kJ mol ",*¥
then the expression Ay GY — AsolvGiu—

o2 2 2 . . .
=g <(1 — }) ((25) - (ZR%) )) which describes this energy
difference in terms of the Born equation can be factored out

of Equation (54) and replaced with the former experimental
value to give:

(14 ad)
(55)

Z(ZZH)Z

(220 + ZLu)2

2
+ (ZZn)2)> mate electrostatic model, com-
bined with the assumption that the
non-constrained effective radii re-
quired by the Born equation are
assigned to the hydrodynamic radii measured in acetonitrile
solution.

(1+2ad)

Conclusions

Application of the site binding model to the cumulative sta-
bility constants of some 29 mono- and polynuclear triple-
helical complexes of Lu** and Zn?* succeeds in the estima-
tion of a minimum set of ten microscopic thermodynamic
descriptors, which satisfyingly re-
produce the global experimental

ZnLu e Ny (Zzaz1a 1 1
ABL 4318(,( d _§<1_E,>(_

—RTIn(4) +1.71. x 10°

Rgn(u)3

(56)

In order to validate Equations (55) and (56), we again re-
quire knowledge of the effective radius RZn s of the tripo-
dal receptor HHH-[Zn(L1);]**, the expansion factor ad and
the solvation energy of L1, A,,GY,. The first of these can
computed in a similar fashion to R;"™"” and R*™"", by di-
rectly applymg a 36 % increase twice to the value rZ"<L2>
533(2) A determined for the complex [Zn(L2)3]2Jr from
DOSY measurements (Table 4). This gives a value of

Chem. Eur. J. 2009, 15, 1270212718

))) + 3A4 G,

ZnLl (1+C€d
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data. As expected, intermolecular
metal-ligand connections (includ-
ing desolvation) provide the favor-
able driving force responsible for
the formation of the final self-assembled complexes. These
are, however, systematically destabilised by i) the mediocre
preorganisation of the ligand strands for intramolecular
(macro)cyclization and ii) some minor short-range interli-
gand and intermetallic interactions (anti-cooperative ef-
fects). Focusing on the anomalously weak intermetallic in-
teractions in solution and on their counter-intuitive depend-
ence on intermetallic separation (AE;™"> AE;™" and
AE™ <0) and cationic charges (AE”")" >AE["y") brings
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to light the competition between familiar electrostatic repul-
sions and often neglected stabilizing solvation effects, which
result from the increase of the total charge of the polynuc-
lear complexes. The main lesson for coordination chemists
concerns the rational design of stable and highly charged
polynuclear complexes in polar solution, which indeed
mainly results from a judicious control of the molecular
shape maximizing favorable solvation energies. By chance,
the empirical design of the semi-rigid segmental ligands L1-
L11 produces a geminal intermetallic separation of about
9 A in the triple-helical complexes, for which the intermetal-
lic Coulomb repulsion is almost exactly overcome by the in-
crease in solvation energy due the larger charge borne by
the helicate. We are, however, now equipped for predicting
and programming (by ligand design) the operation of either
strongly negatively (i.e. anti-cooperative) or positively coop-
erative complexation processes in one-dimensional helicates.
For instance, if all the structural parameters characterizing
the assembly of [Lus(L10);]°* and [Luy(L11);]"** are main-
tained at their fitted values (Ry"™">=11.17 A, R}*™""
12.97 A and A, G?,,=—150 kImol "), whilst the rigidity of
the triple-helical scaffold is slightly increased from od=
8.23% to ad=5% (for example, by limiting the degrees of
freedom of the methylene linkers), we anticipate the opera-
tion of highly cooperative self-assembly processes with
AE™" =58 kJmol !, AE™" = —145 kJmol ! and
AE™M =148 kImol™'. On the contrary, the preservation
of the same moderate rigidity (ad=8.23% ), but modulated
with a reduction in the intermetallic separation from d=9 A
to 7 A, and a concomitant decrease of (1-7/9):100=22% in
the effective radii (R"™">=9 A, R*™™* =10 A), results in
strongly  anti-cooperative  behaviour, with AE""=
178 kImol ™!, AE}"y" =21 kJmol ' and AE";" =18 kJ mol g
The same type of predictive calculation can be performed
upon modification of the charge of the entering cations. We
compute, for instance, that the replacement of Lu’** in
HHH-[Lu,Zn(L1);]**, [Luy(L10);]°* and [Lu,(L11);]"* by
Ca’"* in the related HHH-[Ca,Zn(L1);]°*, [Ca;(L10);]** and
[Ca,(L11);]** complexes, all other parameters being fixed to
their values estimated for the Lu/Zn system, gives rise to a
positively cooperative process with AE*S* = —255 kImol ™!,
AES S =—4kImol™!,  AE{T*=8kImol ™, AE?EZZ":
—90kJmol™' and AE*/"=-74kJmol™'. Although the
simple point charge electrostatic model proposed limits the
accuracy of the absolute values found for the apparent inter-
metallic interactions in solution, it provides coordination
chemists with some valuable clues for the design of related
one-dimensional complexes with predetermined thermody-
namic properties in solution. Obviously, this approach can
also be adapted for two- and three-dimensional complexes
in which perhaps even more counter-intuitive effects are en-
visaged as a result of i) a more elaborate network of
through-space intermetallic interactions and ii) more subtle
changes in molecular size and shape incurred on sequential
increases in nuclearity.
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Experimental Section

DFT calculation of solvation energies: Density functional theory (DFT)
calculations were performed to estimate the solvation energies of ligands
L1 and L10 as well as the difference between the solvation energies of
Zn** and Lu*" in acetonitrile. The TURBOMOLE 5.10 package was em-
ployed.”! The BP86 exchange correlation functional®! was used along
with triple-zeta valence plus polarization (TZVP) basis sets on all
atoms.**! A quasirelativistic pseudopotential was used for the lutetium
atom with 28 core electrons. To speed up the calculations, the Coulomb
part was evaluated by using the MARI-J method®" along with opti-
mised TZVP auxiliary basis sets on all atoms.”!! The conductor-like
screening model (COSMO)F?%! was employed to describe the solvent.
Solvation free energies of the ligands were also obtained using the SM8
solvation model® as implemented in MN-GSM,® a locally modified
version of the Gaussian03 package.* These calculations were performed
with the M06 L functional® in combination with the 6-31G(d) basis
set’™ on all atoms. The difference in the solvation energies of Zn** and
Lu*t (A GY,— Ay GY, 1640 kI mol™") was computed as fOIIOWS' The
formation  energies of the [Zn(MeCN)J'* (A Gy pecn), =
—1717kJmol™") and [Lu(MeCN)oJ'* (A G} yecn), = —2834 kI mol ™)
complexes in the gas-phase (i.e. Zn** + 6MeCNH[Zn(MeCN)6]2+ and
Lu’*t 4+ 9MeCN —[Lu(MeCN)y**, respectively) were determined as an
estimate of the inner-sphere contribution to solvation. The solvation en-
ergies of the solvate complexes (AwyGyppecn), =—325 kJmol™' and
Ava]_u Mecn), = — 1046 kJ mol™ ') were then calculated as for ligands L1
and L10 and added to the complex formation energies as an estimate of
the outer-sphere contribution to solvation. The difference in solvation
energy between Zn’* and Lu** thus corresponds to Ay, Gy, —Aw Gy, ~
(Ang MeCN); +Asnlv GZn MeCN ﬁ) (AG(Ilu MeCN),y +A<01\ GLu MeCN)y )

~1640 kJmol .

Syntheses and spectroscopic measurements: Chemicals were purchased
from Fluka AG and Aldrich, and used without further purification unless
otherwise stated. The ligands L1,% L2, L3, L4, L5 L6, L7,"
L8,”23 19”2 110" and L11,”" and their complexes were prepared ac-
cording to literature procedures. The trifluoromethanesulfonate salt
Lu(CF;S0;);x H,O was prepared from the corresponding oxide (Aldrich,
99.99%).5) The Lu content of solid salt was determined by complexo-
metric titrations with Titriplex III (Merck) in the presence of urotropine
and xylene orange.” Acetonitrile was distilled over calcium hydride.
Pneumatically-assisted electrospray (ESI-MS) mass spectra were record-
ed from 10 *m solutions on a Finnigan SSQ7000 instrument. Diffusion
experiments (DOSY-NMR) were carried out at 400 MHz-Larmor fre-
quency (293 K, |complex |, =5x107*m). The complexes were prepared
in situ and left to equilibrate for 48 h (CD;CN, 293 K, |complex |, =5 x
107m). The pulse sequence used was the Bruker pulse program
ledbpgp2s'® which employs stimulated echo, bipolar gradients and longi-
tudinal eddy current delay as the z filter. The four 2 ms gradient pulses
have sine-bell shapes and amplitudes ranging linearly from 2.5 to
50 Gem™ in 32 steps. The diffusion delay was in the range 60-140 ms de-
pending on the analyte diffusion coefficient, and the no. of scans was 32.
The processing was done using a line broadening of 5 Hz and the diffu-
sion coefficients were calculated with the Bruker processing package.
Least-square fits were performed with Excel, Mathematica and Matlab.
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