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Abstract: The binding of lead(ll) cations to the terpyridine-type subunits of the helical ligand 1 leads to the
self-assembly of different polynuclear metallosupramolecular architectures of nanometric size. Three different
entities are generated and may be interconverted as a function of metal/ligand stoichiometry: a [4 x 4]-
Pbys'" grid-type array 2, a [4 # 4]Pb1," double-cross species 4, and an intermediate complex 3. The structures
of 2 and 4 have been confirmed by X-ray crystallography; that of 3 is based on NMR spectral data. The
interconversion of the three species generates dynamic diversity and represents an expression of
constitutional dynamic chemistry. In the course of ion binding, the helical molecules of ligand 1 unwrap to
yield fully extended strands arranged in perpendicular fashion in the architectures 2—4 generated. This
process amounts to molecular motions in two directions which confer to the present systems characteristics
of two-dimensional nanomechanical devices, capable of performing 2D-contraction/extension motions. The
triple features of self-organization, dynamic interconversion, and potential addressability displayed by the
processes described trace a self-fabrication approach to nanoscience and nanotechnology.

The spontaneous but controlled generation of functional containing six and nine octahedral coordination sités ex-
supramolecular architectures by self-assembly has emerged asended square grid [4 4]Phbd' 7 based on an octahedral bis-
a major development of supramolecular chemistry toward the terpyridine coordination motif was obtained, where' Rtns
design of self-organizing systems of increasing complexity. In

. . . - (2) For a selection of recent reviews on metal ion mediated self-assembly,
particular, the self-assembly of inorganic supramolecular entities see, for example: (a) Baxter, P. N. W.@omprehensie Supramolecular

is based on the implementation of ligands containing specific Chemistry Atwood, J. L., Davies, J. E. D., MacNicol, D. D_,"gtle, .,
Lehn, J.-M., Eds.; Pergamon: Oxford, 1996; Chapter 5, VoI. 9, pp—165

molecular information stored in the arrangement of suitable 211. Constable, E. C. IrComprehensie Supramolecular Chemistry
imdi i i i i _ Atwood, J. L., Davies, J. E. D., MacNicol, D. D.,gtle, F., Lehn, J.-M.,
bmd.mg sites and of mete}l lons re_adlng out t.he strugturgl infor Eds.; Pergamon: Oxford, 1996; Chapter 6, Vol. 9, pp-2282. Fujita,
mation through the algorithm defined by their coordination ge- M. In Comprehensie Supramolecular Chemistratwood, J. L., Davies,
ometry.l'z Of special interest among the great variety of possible J. E. D., MacNicol, D. D., Vgtle, F., Lehn, J.-M., Eds.; Pergamon: Oxford,

. . . i 1996; Chapter 7, Vol. 9, pp 25282. (b) Saalfrank, R. F.; Bernt, Curr.
superstructures are those in which metals ions are arranged in  Opin. Solid State Mater. Scil998 3, 407-413. (c) Olenyuk, B.;
i B ; IR i Fechtenkotter, A.; Stang, P.Jl.Chem. Soc., Dalton Tran998 11, 1707~
a grlc_i type fashlon, which present intriguing features as multisite 1728. (d) Fujita, MAce. Chem. Re4999 32, 53-61. (¢) Caulder, D. L.;
species of interest for nanotechnology as eventual components  Raymond, K. N.J. Chem. Soc., Dalton Tran&999 8, 1185. (f) Piquet

i ; 1 I~ C. J. Inclusion Phenom. Macrocyclic Chermt999 4, 361-391. (g)
of information storage deV|cé§quare [2x 2]M4" grid-type Saalfrank, R. W.; Demleitner, B. Ifiransition Metals in Supramolecular

assemblies (M= transition metal) based on tridentate binding Sﬂemistri/ SaU\;aSQf,(\;{)PL.,_Eq.; Jthn V\glley ankd gonéc,: NewPYC(:)‘[Ik, 1999;
. . . . . apter 1, pp . eininger, S.; Olenyuk, B.; Stang, P.Ghem.
;ubunlts and octahedi‘aio_ordlnatlon have_been ac_:t|vely studied Rev. 2000 100, 853-908. (i) Swiegers, G. .. Malefetse, T.Chem. Re.
in our laboratory, revealing a range of interesting structaral %%OQ 100, '3483—35‘?,7. g%snvgggirs‘ioezgé;_ “élgff?tkieHTif?j'lndgs'%n
H . . : . enom. acrocyclic e : . olliaay, b. J.;
and physicochemical (electrochemié¢aimagnetié) properties. Mirkin, C. A. Angew. Chem., Int. EQ001 40, 2022-2043. () Albrecht,

In view of both basic interest and potential applications, further M. Chem. Re. 2001 101, 3457-3497. (m) Seidel, S. R.; Stang, PAEc.
) . . Chem. Res2002 35, 972-983.
extension to the self-assembly of higher order grids has been (3) For a comment, see ref 1, pp 19901,

investigated. Thus, grids based on tetrahedral coordination con- (4) (&) Hanan, G. S.; Volkmer, D.; Schubert, U. S.; Lehn, J.-M.; Baum, G ;
| 5a Fenske, DAngew. Chem., Int. Ed. Endl997, 36, 1842-1844. (b) Ruben,
taining arrays of 9 and 20 Ag(l) ions, [8 3]Age' °® and [4 x M.; Breuning, E.; Gisselbrecht, J.-P.; Lehn, J.-Nhgew. Chem., Int. Ed.
| 5a H i 2000 39, 413&4142. (c) Breuning, E.; Ruben, M.; Lehn, J.-M.; Renz,
5]Ag20, were obtained, as well as [2 3] and [3X 3] gnds F.; Garcia, Y.; Ksenofontov, V.; Glich, P.; Wengelius, E.; Rissanen, K.
Angew. Chem., Int. E®200Q 39, 2504-2507.
(5) (a) Baxter, P. N. W.; Lehn, J.-M.; Fischer, J.; Youinou, MAiigew. Chem.,
Int. Ed. Engl.1994 33, 2284-2287. (b) Baxter, P. N. W.; Lehn, J.-M.;

T UniversiteLouis Pasteur.
* Institut Eurogen des Membranes.

$ European Synchrotron Radiation Facility. Baum, G.; Fenske, DChem.-Eur. J200Q 6, 4510-4517.
I'Service Commun de RMN. (6) Breuning, E.; Hanan, G. S.; Romero-Salguero, F. J.; Garcia, A. M.; Baxter,
(1) Lehn, J.-M.Supramolecular Chemistry-Concepts and PerspestVCH: P. N. W.; Lehn, J.-M.; Wegelius, E.; Rissanen, K.; Nierengarten, H.; van
Weinheim, 1995; Chapter 9. Dorsselaer, AChem.-Eur. J2002 8, 3458-3466.
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were selected as assembly sites because these large ions were
expected to cause less ligand curvature than the small transition
metal ions, which induce significant pinching of the coordination
subunits? The formation structure and stability of such large
coordination networks gives access to a variety of supramo-
lecular architectures, incorporating different arrays of metal ions,

of precisely defined position and nuclearity, which may be
expected to exhibit a wide variety of physicochemical proper-
ties.

Furthermore, a given ligand may generate different inorganic
architectures depending on internal parameters (such as the na-
ture of the binding subunit, the coordination geometry of the
metal ion used, the ion/ligand stoichiometry) or on external fac-
tors (such as the nature of the medium, the presence of specific
molecules or anions, etc). Thus, coordination equilibria allow
the generation of dynamic libraries of metal complexes present-
ing features such as self-selection (as in helicate form3tion
solid-state selection of a constituent of an equilibrating collection
of complexes? and reversible switching between different co-
ordination arrays (as in the formation of different arrays of
silver(l) ions in the course of the assembly of¥33]'! and [4
x 5] grids)12 The adaptive generation of a chloride ion receptor
in the reversible interconversion of circular helicdtemve entry
into dynamic combinatorial chemisty.

Adaptive self-assembly was also found to occur in the med-
ium-controlled reversible switching between a square and a hex-
agonal metallocyclophane architectd?dn view of the lability
of the coordination bond, these and numerous recently described
coordination process¥sfall into the realm of dynamic chem-
istry’” and may present a number of novel features such as coop-
erativity 112 diversity, selection, and adaptation.

(7) Garcia, A. M.; Romero-Salguero, F. J.; Bassani, D. M.; Lehn, J.-M.; Baum,
G.; Fenske, DChem.-Eur. J1999 6, 1803-1808.
(8) Hannan, G. S.; Arana, C. R,; Lehn, J.-M.; Baum, G.; FenskeCtzm.-
Eur. J 1996 2, 1292-1302.
(9) Kramer, R.; Lehn, J.-M.; Marquis-Rigault, Rroc. Natl. Acad. Sci. U.S.A.
1993 90, 5394-5398.
(10) Baxter, P. N. W.; Lehn, J.-M.; Rissanen,8hem. Commurl.997, 1323~

We describe here a study of the equilibrium binding of lead-

1324. . L .

(11) (a) Marquis, A.; Kintzinger, J.-P.; Graff, R.; Baxter, P.N. W.; Lehn, J.-M. (I1) ions to the tetratopic ligand (Scheme 1},leading to the
Angew. Chem., Int. EQ003, 41, 2760-2764. (b) Hiraoka, S.; Yi, T.; Shiro, identification of2—4 of the possible coordination entities that
M.; Shionoya, M.J. Am. Chem. So@002 124, 14510-14511.

(12) Baxter, P. N. W.; Lehn, J.-M.; Baum, G.; Fenske hem.-Eur. J200Q may form.

6, 4510-4517.
(13) (a) Hasenknopf, B.; Lehn, J.-M.; Kneisel, B.; FenskeAbgew. Chem.,

The self-assembly of the [4 4]Pbyg" grid-type complex2

Int. Ed. Engl. 1996 35, 1838-1841. (b) Hassenknopf, B.; Lehn, J-M,;  from ligand1 and PB ions was reported earliéWe now de-
Boumediene, N.; DupontGervais, A.; Van Dorsselaer, A Kneisel, B.; gcribe the crystal structures of two comples8eand4 and the

Fenske, DJ. Am. Chem. Sod 997 119 10956-10962.

(14) Lehn, J.-M.Chem.-Eur. J1999 5, 2455-2463. nature of the species which are progressively and reversibly gen-

(15) Baxter, P. N. W.; Khoury, R. G.; Lehn, J.-M.; Baum, G.; FenskeCBem.-
Eur. J.2000Q 6, 4140-4148.

erated as increasing amounts of Pb(Il) metal ions are added to

(16) Seidel, S. R.; Stang, P Acc. Chem. Re002 35, 972-983. a solution of ligandL.
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Figure 1. Crystal structure of the [4 4] grid complex2: 1gPhig' (a) top view, (b) side view in stick representation; alhe' Tf16-8H,0 (c) stick
representation, (d) space-filling representation. The lead(ll) ions are shown as gray spheres.

Result and Discussion are warped, displaying a distorted octahedral coordination of

. . 0 the lead(ll) ions and are in a cisoid conformation around all
_Solid-State Structurelzl of Multinuclear Pb" Complexes of jtarheterocyclic €C bonds. The average Phl distances are
Ligand 1. [4 x 4]Pby¢" Grid-type Architecture 2. It was 257 A (pyridine-N) and 2.70 A (pyrimidine-N): they are

shown_e_arli_er that a_so_lution of Iigar!ti and lead tr_iflate in . similar to those found in the [& 2]Pky'" grid structure described
acetonitrile in 1/2 stoichiometry contained only a single entity o jiar?

identified as the grid-type complex by 'H and 2°’Pb NMR - . . .
. ; S The eight ligand4 in 2 are arranged into two perpendicularly
spectroscopy. Layering such a b(CRSQy), solution in disposed sets of four outer and four inner ligadgdsesulting

facetonltrlle W'th benzeniisopropyl ether.(5/1, V/V.) resqlted in a set of four [2x 2] subgrids rather than a regular {4 4]
in the formation of pale-yellow crystals which were investigated grid (Figure 1a,b)

by X-ray crystallography. Only very poor crystals could be . . .
obtained, and tractable data could only be collected using a high- 1€ four inner ligands allow considerable overlap between
intensity synchroton X-ray source. Structure solution and the aromatic groups situated in a face-to-face stacking arrange-

refinement required accumulation of data from several crystals ment,swith an average—x stacking centroietcentroid dis-

and very extensive treatment. After much effort, a crystal tancé® of 3.62 A corresponding to van der Waals contact. The
_ : e .

structure could be obtained which showed the complex to PP' ions form a saddle arrangement with an average fb

possess indeed a [4 4] grid-type structure and to be composed distance of 6.3 A and average inner angles of 89%he
of 8 molecules of ligandl, 16 lead cations, 16 triflate coordination polyhedron around the lead ions reveals a hemi-

counterions, and 8 water moleculégPbyd Tf16-8H,0 (Tf = directed structuré® and all PH ions present a distorted seven-,

CR:S0;) (Figure 1); 16 other triflate counterions and 1 eight-, or nine-coordinate geometry. The open faces of the metal
: INte _ ) ! L t

molecule of water are located in close proximity. All ligands 10nS are oriented toward the interior of the four {22]Phy

are fully coordinated through all of their nitrogen sites: they 9"id subsets and are occupied each by one or two of the 16
internally coordinated triflate counterions (average—Eb

(17) (a) Lehn, J.-M. IfSupramolecular Science: Where It Is and Where It Is
Going Ungaro, R., Dalcanale, E., Eds.; Kluwer Academic Publishers: (18) Janiak, CJ. Chem. Soc., Dalton Tran200Q 3885-3896.
Norwell, MA, 1999; pp 287304. (b) Lehn, J.-MProc. Natl. Acad. Sci. (19) Shimoni-Livny, L.; Glusker, J. P.; Bock, C. Whorg. Chem.1998 37,
U.S.A.2002 99, 4763-4768. 1853-1867.
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Figure 2. Crystal structure of the double-cross complex 1,Phbi,! (a) top view, (b) side view in stick representation; ah@h ;' Tf12-8H,0 (c) stick
representation, (d) space-filling representation. The lead(ll) ions are shown as gray spheres.

distance~2.75 A). The internal triflate counterions located as and is composed of 4 ligands 12 lead cations, 12 triflate
coordinating bridges between two adjacent lead atoms and thecounterions, and 10 water molecules (Figure 2). An additional
internally bound water molecules (averagefH, distance 11 triflate counterions, 2 isopropyl ether, and 5 water molecules
~2.64 A) fill the interstices between the cations, so that all are situated in close proximity to the cationic complex; due to
available void space between the inner and the outer ligands isthe poor quality of the crystals, one triflate counterion for charge
filled (Figure 1c,d). Each square of four 'Plons is linked on neutrality could not be located. All ligands are warped and in
three sides by bridging triflate counterions, with additional a cisoid conformation around all interheterocyclie-C bonds.
coordination sites filled by nonbridging triflate counterions or The average PbN distances are 2.50 A (pyridine N) and 2.60
water molecules. The average centre@é@ntroid distance A (pyrimidine N); they are similar to those in the }4 4]Pbyg'
between inner and the outer ligands is 7.44 A. In the crystal grid-type structure. The four ligands 4fare arranged into two
lattice, the complex cations pack into parallel layers which are perpendicular sets (Figure 2a,b). Thé Rims are disposed along
alternately stratified above each other in a ABAB arrangement a planar double-cross with an average-#Pb distance of 6.75
such that the outer edges of the squares of each layer are inA and average inner angles of 90.1 A. The 12 hemidirected
van der Waals contact. These layers are connected by additionalead ions of4 are arranged into two sets, consisting of four
interaction between the"Br moieties of each alternate layer. fully coordinated interior ions and eight exterior ones coordinat-
External triflate anions, water, anidisopropyl ether solvent ing each one terpyridine unit (Figure 2c,d). The open faces of
molecules fill the interstices between the cations so that all the four interior leads ions are oriented into the interior of the
available space is filled. internal [2x 2]Phy" grid, defined by the double-cross geometry,
[4 # 4]Pbyy" Double-Cross-type Architecture 4.Layering and are occupied by two coordinated triflate counterions located
a solution of a 1:4 molar ratio df/Pb(CFSGs), in acetonitrile as coordinating bridges between two adjacent lead atoms
with benzenefisopropyl ether (5/1, v/v) resulted in the develop- (average PbO distance~2.65 A) with one water molecule
ment of pale-yellow crystals which were investigated by X-ray bound to each lead ion (average-RbH, distance is~2.65
crystallography. It revealed that this compound is a complex A). The eight terpy-coordinated exterior lead ions are coordi-
having al4Phy,"-Tf110H,0 [4 # 4] double-cross-type structure  nated to the eight external terpy-type sites of the four ligands

10260 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003
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and bind 12 triflate counterions located either two-by-two as nuclearity. As a step toward this goal, we decided to investigate
coordinating bridges between each two adjacent lead ionsthe formation, the domain of existence, and the interconversion
(average PbO distance is~2.7 A) or singularly coordinated  of the polynuclear complexes that may result from the binding
to the exterior. Water molecules are also bonded to some leadPb' of cations to ligand. in various stoichiometric ratios. Such
ions (average PbOH, distance is~2.49 A). systems might form by self-assembly under mild conditions and
In the crystal lattice, the cations pack into parallel layers be readily amenable to solution studies'syand?Pb NMR.

which are alternately stratified above each other in a ABAB  Initial complexation studies revealed that addition of PR(CF
arrangement. The outer pyridines edges of each cross-grid aré5(s). to an acetonitrile suspension df caused a rapid
stacked two-by-two with an average-s stacking centroiet dissolution of the ligand over &#PH' molar ratio from 1:1 to
centroid distance of 3.70 A corresponding to the van der Waals 1:5.5.*H and?°’Pb NMR spectroscopy was used to follow the
contact. These layers are connected by an additional interactiortitration of a 0.02 mol dm? solution of2 by a solution of Pb-

between the ®r moieties of each alternate layer. (CRSGs), in [D3lacetonitrile to obtain information about the
The X-ray crystallographic results allow the following coordination behavior ot toward PH ions?° Below a1/Pb'
conclusions to be made: molar ratio of 1:1.5, a very complex and broad spectrum was

(1) The [4x 4]Pby" grid 2 and [4 # 4]Pky" double-crosg obtained, indicative of the presence of several exchanging
architectures represent attractive arrays of lead ions, sets of ions’P€CIES IN foluuon. Ata 1/1BPH' ratio, a dramatic simplifica-
dots’S of well-defined arrangement and accessible in a single tion of the’H NMR spectrum was observed, yielding a series
operational step by correct self-assembly of, respectively, 24 Of peaks in approximately a 1:1 ratio, consistent with the
and 16 components through the formation of 96 and 48 Presence of the [4 4]Pbi¢' grid-type complex2 (75%) in slow
coordinative bonds between the ligands and the lead(ll) ions. €Xchange with other species presenting exchange-broadened

(2) The [4 x 4]Pbid" grid architecture2 results from the signals. Further addition of salt led to the progressive conversion

X . 0 it
appropriate design of the ligand which undergoes efficient self- of these com_pounds into the flna_l [# 4]Pbi’ grid type_
assembly under the principle of “maximum coordination site com;I:)IeX_Z, which was the only species present at the required
occupation'?® The hexadecanuclear coordination array is further Y Ptlil ra?l;) 20f 12 (.F |g(ljJre.3b).| T?e slp ect;urln of t:le_{él 4l
stabilized by strongr— interactions between the inner ligands Pbis' gri contained signals for ligand located in two

resulting in a robust double-cross core substructure composead'fferent magnetic environments ina 11 _ratlo, c_onS|stent with
of two pairs of niner—x stacking subsets. Additional stabiliza- the presence of four outer and four inner ligands in the complex

tion is brought synergetically by internal bridge-type coordina- (Figures 3, 4). . .
tion of the lead cations by the triflate counterions which also 1€ COSY and the ROESY spectra further reinforced this

decrease the total charge of the complex cation and the2SSignment as previously reporte@ihe 2°/Pb NMR spectrum
Coulombic repulsion between the 'Peations. of 2 (Flgurfes 3, 4) showe_d thrge signals in a 1:2:1 ra_tlo,
(3) The [4 # 4]Ph," double-cross architecturkrepresents corr_espondlng to Ieadl cat;&ns in three d|ffefent chemical
the best compromise, maximizing the number of-Rh Pb— enwronment§: '!'he .ZD H_. Pb NMR cprrela’uon spect!ra
CRsSG;, and Pb-OH; interactions so that all available void proylded decisive qurmanop .and conﬂrmed thgz previous
space between the ligands is filled. The average centroid assignments of the Plions, giving a precise localization of

centroid distance between the ligands is now about 9.74 A, thethe lons corre_spondl_ng t(.) the d'ﬁefem lead S|_g_nals: four in the
. ) . e corners, four in the interior, and eight at positions 2 and 3 on
central square having dimensions similar to those of the [2

2] subgrids in2 the edges (Figure 4).
4) Th ' Il ext | di : f the 14 41Pb, ! 2 When thel/PH' ratio was increased from 1/2 to 1/3, a more
gri(d )andeofo :ﬁéa[df ix :]rFr)\a” dgﬁi?:_lgrnoss; ar e(? é{é g\ (tl)ilgan d complex spectrum was obtained indicative of the presence of

. o . two slowly exchanging species in solution. The grid complex
length) and 10.2 A (height) (considering exact CC distances . .
o ; 2 I 2%
and omitting the ¥Pr grafted groups), while the total volumes was progressively converted into a new compoBifé2% at

X PH' ratio of 1/3). Further i li i !
areV ~ 8.6 nn? for 2 and 6.9 nm for 4. These geometric a /Py ratio of 1/3). Further incremental increase in 29

foat | th tit ithin th ructural d . ratio caused a rapid nonlinear conversion of com3énto a
eatures place these (_an ities within the nanps ructural domain. compoundé4: 55% of 4 at a 1/PY' ratio 1/3.25 and
Controlled Generation and Interconversion of the PU

X . , exclusively4 at a 1/Pb' ratio of 1/4, respectively (Figure 5).
Arrays Formed by Ligand 1. The ability of a ligand such 8 gpecies3 and 4 were in slow exchange over the coexistence

1 to form different metal complexes gives access to a diverse 4o main The proton spectrum 8shows broadened signals that
set of arrays of metal ions. The ability to control the generation may be due to some kind of unidentified exchange process(es).
and the interconversion of these entities provides, in principle, 5yaor a1/PY' ratio range from 1/4 to 1/5.5, only minor changes
means for t.akin.g fullladvantage of the dynamic constitutiongl/ in chemical shift positions were observed and not a further
combinatorial diversity that they offer. Such was the case in apparent alteration in the species distribution (Figure 5).

the interconversion of arrays of silver(l) ions in the course of Important support for the formulation of complex@and4

the formation of a [3x 3] grid'* and in the equilibrium between |\ < -+ ded by analysis of tHél and2%Pb NMR and of the

a [4 x 5] grid with a quadrupole hel? as well as in the 2D IH—207Ph NMR correlation spectra. While tHéi NMR

medium-induced adaptive exchange between a square and %pectrum of3 was composed of two different sets of peaks

hexagonal arrangement of copper(ll) idfisturthermore, to iy icating that ligandL was located in two different magnetic
control the generation of such supramolecular architectures, it
is necessary to develop methods for their self-assembly as well(20) As the grid comple® forms and is stable in acetonitrile, but is destroyed

as to determine the domains of stability of the Corresponding in less coordinating solvents such as nitromethane, the titrations were

N X X " performed in acetonitrile. The presence of small amounts of water does
extended arrays of nanometric dimension presenting a high metal  not significantly affect the formation of the complex.

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10261
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Figure 3. 83 MHz2°7Pb (a) and 500 MH2H (b) NMR spectra of the complex&s 3, and4 in CDsCN at 0.02 M concentration; the ligand/Pions molar

ratios are indicated on the left.
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Figure 4. H—29"Pb heteronuclear 2D-NMR correlation spectrum of the
[4 x 4] grid complex2 at 500 MHz {H) and 104 MHz {°Pb); o, i: outer
and inner ligands, respectively.

environments, that oft presented only one set of peaks for
ligand 1 in a single magnetic environment (Figure 3b). On the
other hand, thé°"Pb NMR spectra of botB and4 (Figure 3a)

Phiertex (1, pyo, pym), PRage(2, pys, pyme); the peak of intensity
1 atd = 1578 ppm corresponds to lead ions coordinated at
central pyrimidine moieties: Rlior (2, py, pym); the coor-
dination environment of the lead(ll) ions in the vertex and
interior positions probably contains also two triflate anions and
a molecule of acetonitrile, by analogy to that found in the crystal
structure of complex.

For compound4, the signals may be assigned as follows.
The lead ions giving the peak of intensity 2éat= 1651 ppm
are coordinated at terminal pyridine moieties:Rlha (1, py,
pym, 2TfO,, CH3CN); the peak of intensity 1 @ = 1138 ppm
corresponds to lead ions coordinated at central pyrimidine
moieties: Phierior (4, PY2, PYMY).

Additional support for the formulation of complex8sind4
was afforded by examining the competitive complexation of
PH' by the terpyridines and the pympypyné ligands (Scheme
1). The'H NMR spectra of solutions of a 2:2:1 mixture &%/
PB' showed an exclusive formation of the terpyridisgb'
complex, which appears to be the most stable of the three
possible complexes because it contains the highest number of
the more basic py coordination sites. Further addition of 1 equiv
of PH' gave a 1:1 mixture of th&,PH' and6,Pb' complexes
and no mixed ligand complex.

Furthermore, on addition of lead triflate to a diluted sample
of 2 (0.004 M), direct conversion intd apparently occurred

showed two signals in a 1:2 ratio, corresponding to lead cations (Figure 5b). That3 was not observed could be due to the

in two different chemical environments.

presence of only a small amount together with exchange

Crucial information about the nature of the species present broadening, because such broadening is seen for some peaks

was obtained from the 2EH—2"Pb NMR correlation spectra
of 3 and4:

For compound3, the 297PW' signals may be assigned as
follows. The peak of intensity 2 @ = 1629 ppm corresponds

in the proton spectrum & To reconcile théH and?°’Pb NMR
spectra of3, one might suggest that the central coordination
sites are not fully occupied and that lead ions undergo exchange
between these sites, causing a broadening of the pyrimidine

to lead ions coordinated at terminal pyridine moieties and results proton signals without broadening of the lead signals.

from the superposition of two lead signals [Bion (number
of vicinal Pb ions, type and number of coordination atoms)]:

10262 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003

The structural data above and the NMR spectroscopic results
allow the following conclusions to be drawn:
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Figure 5. Distribution curves of the species formed on titration of a solution
of ligand 1 in CDsCN by a solution of lead triflate in C#ZN at 25°C (at

an initial ligand1 concentration of 0.02 M): (a) distribution of the complexes
2, 3, and 4; (b) formation curves of comple® at two different initial
concentrations of ligand, the curves foR are omitted; n@ was observable.
The data points were obtained from the integration of characteristic proton
NMR signals.

(1) The concentrated solution ®fPH' 1:3 contains complex
3, composed of two outer and two inner ligariddeading to a
disymmetric rectangular geometry. On the other handi/Rit'
> 1:3.25, it contains comple# composed of four ligand&
disposed symmetrically like a double cross, in agreement with
the crystal structure.

(2) No conversion into the streched out “sticklike” complex,
similar to that generated from extended analogues of liga#id
is observed, even atl#Ph' ratio as high as 1/5.5. This indicates
that the [4 # 4] double-cross structudeis a very robust
arrangement, stabilized by binding of triflate counterions into
the central [2x 2] grid substructure.

(3) In terms of inducing molecular shape changes resulting
in molecular motion, the binding of Plions to the helical strand
1 causes its unwrapping to give fully extended strands incor-
porated in the [4x 4] grid structure2 or the [4 # 4] double-

(21) Barboiu, M.; Lehn, J.-MProc. Natl. Acad. Sci. U.S.2002 99, 5201~
5206.

Scheme 2. (a) One-Dimensional and (b) Two-Dimensional
Molecular Motions Induced by lon Binding to a Helical Ligand
Strand, Generating Respectively a Stretched-Out “Sticklike”
Entity2!

gy 2 .
-~

\@‘=‘

cross4. Whereas the conversion of helical strands into extended
“stick” complexes reported earlier represents a one-dimensional
molecular motior?! the formation of the grid2 and double-
cross4 arrangements may be considered as generating two-
dimensional molecular motion, the molecular helices leading
to linear strands stretched out into two perpendicular directions
(Scheme 2). One may surmise that it should be possible to
induce sequential 2D-contraction/extension motions through pH
modulation of reversible binding of the Plons in a manner
similar to that described in previous wotk.

(4) The distribution curves of complex@s-4 generated in
the course of the titration of ligaridwith lead triflate are shown
in Figure 5. The [4x 4] grid 2 is formed exclusively but requires
correct stoichiometry. On the other hand, the [4 # 4] double-
cross4 is quite robust, remaining imperturbed on addition of
metal ions beyond the required stoichiometry.

(5) In terms of programmed self-assembipe formation of
the different metalloarchitectur@s3, and4 underlines the fact
that, despite the role of the strength of the coordination
interactions and of maximal site occupation, other factors such
as stacking, preferential pyridine coordination, and binding of
anions (triflate ions stabilizing the highly charged network of
lead cations) and of solvent molecules may interfere and
influence the nature of the favored output species.

Conclusion

The above results describe the controlled formation and the
interconversion of multiple metallosupramolecular architectures
derived from the same ligand. Such dynamic diversity generation
presents the features of constitutional dynamic chemistijhe
formation of the complexes leads to the change in shape of the
ligands from a helical strand to a fully extended form and
involves molecular motions in two perpendicular directions,
which confer to these systems the features of two-dimensional
nanomechanical dynamic devicgg}23

The entities obtained are of nanometric size and display well-
defined arrays of “ion dot$’generated by programmed self-
assembly, which bear relation to arrays of nanofabricated
quantum dot@# The three differenf®Pb NMR signals of the
[4 x 4] grid 2 offer a means to address these ions by

(22) Barboiu, M.; Vaughan, G.; Kyritsakas, N.; Lehn, J.-®hem.-Eur. J2003
9, 763-769.

(23) (a) Lehn, J.-M.Supramolecular Chemistry-Concepts and Perspesti
VCH: Weinheim, 1995; Chapter 8. (b) Balzani, V.; Credi, A.; Raymo, F.
M.; Stoddart, J. FAngew. Chem., Int. EQ00Q 39, 3348-3391.

(24) Reed, M. ASci. Am.1993 268 98.
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Scheme 3. Reaction Sequence for the Preparation of Ligand 62 rate of 4/3/10. Processing data was done using a factor 3 sine bell shifted
SnPr window function in both dimensions and a factor 4 zero-fill in the first
0 o  smpr X dimension. The processing of data was done in the power mode.
C'M C'\Ws cl N | P N The dipolar proton correlation was done using a ROESY¢off
N|\¢N 3) Nl N o) N adiabatic experiment with 2K data and 512 increments. The relaxation
~ o NN NN ] o
rate was of 2 s. The spin lock was of 300 ms and 25 kHz adiabatic
7 8 6 pulse at 3750 MHz off resonance, allowing a°=pin lock. The
a(a) NaH, CS, "Prl, DMSO, room temperature; (FBuOK, THF; (c) processing of data was done using a factor 2 sine bell squared shifted
ACOH/NH,OAc, reflux. window function with 2K real data in the acquisition dimension and a

factor 4 zero-fill in the first dimension.

electromagnetic radiation. If local changes at a given type of  The heteronuclear shift correlatiéH—2°"Pb NMR was done at 104
ionic site could be introduced, access to both information storage MHz (2°Pb frequency) on a Avance 500 MHz Bruker spectrometer
and retrieval might, in principle, be consider&d. using an HMQC experiment with z gradient selection, the gradient

The combined features of controlled generation and inter- intensity rates being 40/40/16.67. A total of 256 increments of 2K data
conversion by self-organization, dynamic constitutional diver- PCInts were acquired wit2 s interpulse delay and-8i0 transients per
sity, and potential addressability make processes and Specieéncremgnt dgpend!ng on the solutlon.con.centratlon.The spectral width
such as those presented here of interest for the development of” the first dimension of-84 000 Hz is fairly compatible with an 11

ramol lar ht . d technol gs 90 pulse, in the?®Pb dimension, the HMQC experiment being not
a supramoiecuiar approach {o nanoscience and nanotechnolog ery sensitive to the 9Qulse intensity. Processing data was done using

Fhroth “Self-fabrlcatlon”, toward systems of increasing behav- 5 real data with a factor 2 sine bell squared shifted window function
ioral complexity. in the second dimension and a factor 4 zero-fill and a facte 6ine
bell shifted window function in the first dimension.
X-ray Crystallographic Data for Complex 2 and Complex 4.
General Methods. All reagents were obtained from commercial ~ X-ray diffraction data measurements fdrand 4 were carried out at
suppliers and used without further purification. THF was distilled over beamline ID11 at the European Synchrotron Facility (ESRF) at
benzophenone/Na. All organic solutions were routinely dried by using Grenoble. A wavelength of 0.32826 A was selected using a double
sodium sulfate (Ng&8Qy). Column chromatography was carried out on  crystal Si (111) monochromator.
Merck alumina activity II-11l. The ligandl was first isolated as a side Single crystals 0 (CigsdH1584N 2560420 33:5384”ks4) Were grown from
product in the synthesis of more extended ligat¥dand its direct acetonitrile with benzeneisopropyl ether (5/1, V/V). Crystals were
synthesis was recently report&dPb(OTf), was prepared from PbO placed in oil, and a single yellow crystal of dimension 0:0®.06 x
and CRSGsH as previously reportetiThe microanalyses were carried  0.04 mm was selected, mounted on a glass fiber, and placed in a low-
out at Service de Microanalyses, Institut Charles Sadron, Strasbourg.temperature MNstream. Data were collected using a Bruker “Smart”
Compound 6: To a refluxing solution of7 (50 mg, 0.32 mmol) CDD camera system at fixeddZand reduced using the Bruker SAINT
and ‘BuOK (72 mg, 0.64 mmol) in dry THF (20 mL) was added a software.
solution of8 (100.1 mg, 0.32 mmol) (prepared frorraccording to ref The unit cell was monoclinic with space group BRi/c. Cell
26) in dry THF (15 mL) under argon over a periofizoh (Scheme 3). dimensions wera = 31.050(2) Ab = 52.013(4) Ac = 37.379(4) A,
The solution was stirred overnight at room temperature, and acetic acid = 107.013(5), V = 57725(8) &, and Z = 4. Of the 104 725
(1 mL) and NHOACc (1 g) were added to the reaction. The mixture reflections collected from 1.87< 6 < 7.54, 30 561 were unique with
was refluxed for 90 min, cooled, poured into water (100 mL), extracted 18 083 havingd > 20(l). The lead atom locations were determined by
with chloroform (3x 100 mL), washed with saturated aqueous NaklCO  Patterson methods using ShetkStructure refinement was carried out
(100 mL), and dried with N&5Q. After evaporation, the crude material ~ with Shelx|?® Because of the poor quality of the crystal (rocking curves
was purified by flash chromatography (alumina/chloroform) to give ~ ~2°; no appreciable scattering beyond..25 A), it was necessary to
(85 mg, 85%)H NMR (CDCl): ¢ = 9.09 (s, 2H), 8.64 (d, 2H = place initially the ligands in theoretical positions with respect to the
1.2 Hz), 8.53 (s, 2H), 3.24 (1 = 7.9, 2H), 1.88 (sext]) = 7.9, 2H), lead atoms. In further refinements-C and C-N bonds and angles
1.21 (t,J = 7.9, 3H).13C NMR (CDCk): 6 = 13.85, 22.24, 33.24, were restrained such that the ligands were pseudosymmetric. Ligand
114.16, 119.74, 122.07, 158.32, 158.34, 162.44, 162.72, 162.81. Anal.positions, settings, and torsion angles were refined freely, and the triflate
Calcd for GgH13NsSCh (378.3 g/mol): C, 50.80; H, 3.46; N, 18.51.  counterions and water molecules were located by subsequent Fourier
Found: C, 52.49; H, 3.36; N, 17.10. recycling. Because of the poor data/parameter ratio, only the lead, sulfur,
NMR Spectroscopy. One-dimensionaf’’Pb NMR spectra were and triflate ions (as rigid bodies) were refined anisotropically. The final
recorded at 83 MHz on an Avance 400 MHz Bruker spectrometer at numbers of parameters and restraints were 4932 and 26 726, respec-
25°C. We used a s pulse enabling a correct spectral coverage, the tively. Hydrogen atoms were included at calculated positions by using
spectral width being of 133 333 Hz. The repetition rate was in the range a riding model. FinaR factors wereR; = 0.1248 (based on observed
of 15 ms due to the fast relaxation rate on the lead nuclei (line width data), wR, = 0.3209 ( > 40(1)), and minimum and maximal residual
of 200-300 Hz). An average of 200 000 scans was generally sufficient electron densities were1.8 and 1.9 e A3.
to get good qualitative spectra. The data were processed after 40 Hz ~ Single crystals o#t (CogsHo12N10:0276F2165136Pkug) were grown from
line broadening and a factor of 4 times zero-fill. The chemical shifts acetonitrile with benzenieisopropyl ether (5/1, V/V). Crystals were
were referenced using Pb(€30;), versus PbMgin [Dglacetonitrile placed in oil, and a pale yellow crystal of dimension 0:4@®.04 x
as the absolute lead chemical shift reference. 0.03 mm was selected, mounted on a glass fiber, and placed in a low-
The H NMR, COSY, and ROESY spectra were recorded on an temperature Nstream. The unit cell was orthorhombic with a space
Avance 500 MHz Bruker spectrometer, using a broad band inverse group ofPnma Cell dimensions:a = 29.582(4) A b = 38.279(6) A,
probe¢ 5 mm, equipped Wit a z gradient coil. The chemical shift ¢ = 36.713(5) A,V = 41573(11) &, andZ = 4. Reflections were
correlation was a magnitude detected mode COSY/GRASP with 2K

i i ; it i i 27) Desvaux, H.; Berthault, P.; Birlirakis, N.; Goldeman, ®1.R. Acad. Sci
data sets and 512 increments. The gradient intensities ratio was in thel 1993 307 (I}, 19-25.

(28) Sheldrick, G. MSHLXS97-A Program for Automatic Solution of Crystal

Experimental Section

(25) For quantum-dot cellular automata, see, for instance: Lent, C. S.; Isaksen, Structures University of Gdtingen, Germany, 1997.
B.; Lieberman, M J. Am. Chem. So003 125 1056-1063. (29) Sheldrick, G. MSHLXL97-A Program for Automatic Refinement of Crystal
(26) Bassani, D. M.; Lehn, J.-MBull. Soc. Chim. Fr1997 134, 897—906. Structures University of Gdtingen, Germany, 1997.
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collected from 1.56 < 6 < 7.21° for a total of 35 552, of which 9309 Acknowledgment. We thank Dr. A. M. Garcia for a first set
were Unique with 5286 haVi”g> 20(') The best CI’yStaI of Compound Of Crystals Of Comple)e M.B. thanks the Conge de France
4 which could be located was of even lower quality than that used for .

2, with average rocking curves greater tha&na®d much of the data for a postdoctoral fellowship.
corrupted by split domains. The same methods described above were

used to solve and refine the structure, although for compduaitiof Supporting Information Available: Crystallographic infor-
the triflate counterions could not be located. The final number of mation (CIF). This material is available free of charge via the
parameters was 1414 with 2262 restraints. FR#&hctors wereR; = Internet at http://pubs.acs.org.

0.132, WR, = 0.3247 ( > 40(l)), and minimum and maximal residual

electron densities were1.8 and 1.9 e A3, JA0301929
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