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Abstract: The tetradentate imino-carboxylate ligand [L]?>~ chelates the equatorial sites of Ni' to give the
complex [Ni(L)(MeOH);] in which a Ni" center is bound in an octahedral coordination environment with
MeOH ligands occupying the axial sites. Lanthanide (Ln) and Group Il metal ions (M) template the
aggregation of six [Ni(L)] fragments into the octahedral cage aggregates { M[Ni(L)]e}** (1: M = Sr'; x= 2,
22 M=Bay x=2,3 M=La"; x=3,4: M=Ce; x=3,5: M=Pr'"; x=3,and 6: M = Nd"; x= 3).
In the presence of Group | cations, however, aggregates composed of the alkali metal-oxide cations template
various cage compounds. Thus, Na™ forms the trigonal bipyramidal [NasO]** core within a tricapped trigonal
prismatic [Ni(L)]s aggregate to give {(NasO)C[Ni(L)]o(MeOH)s} (BF,),OH-CH3OH, 7. Li* and Na™* together
form a mixed Li*/Na* core comprising distorted trigonal bipyramidal [NasLi,O]*" within an approximately
anti-square prismatic [NI(L)]S cage in {(Na3L|ZO)C[N|(L)]3(CH30H)13(BF4)07} (BF4)2,3‘(CH3OH)2A75'(C4H100)0A5,
8, while in the presence of Li*, a tetrahedral [Li,O]?* core within a hexanuclear open cage [Ni(L)]s in
{(LisO)[Ni(L)]6(CH3OH)3} 2ClO4-1.85CH30H, 9, is produced. In the presence of H,0, the Cs™ cation induces
the aggregation of the [Ni(L)(H20)2] monomer to give the cluster Cs,[Ni(L)(H20).]s21-4CH30H-5.25H,0,
10. Analysis by electronic spectroscopy and mass spectrometry indicates that in solution the trend in stability
follows the order 1—6 > 7 > 8 ~ 9. Magnetic susceptibility data indicate that there is net antiferromagnetic
exchange between magnetic centers within the cages.

Introduction has afforded discrete clusters of a variety of sizes, stoichiom-

rational design of larger, more complex molecules has led to and geometries at metal centers are well established for
considerable progress in supramolecular chemisTiiye chal- particular classes of compounds, and some spectacular nanoscale
lenges of designing and synthesizing new complexes, theStructures such as polymolybddtepoly-nickel? and poly-
complexity of their structures, and their potential physical Mmanganese aggregatgsave been reported, the resulting ag-
properties have continued to attract a great deal of intérest. gregates are still far from predictable.
The limitations of conventional stepwise covalent construction
are recognized, and the utilization of supramolecular methods, (2) (a) stlazg%né 6V75J9u_rés3 ?:A (b\)/eBntlurl Mv Cgmpagna SS SSFrOPI%I‘SeT
alzani ampagna enti uris,
for example hydrogen-bonding, metal-mediated aggregation via A- Serron. 3. ; Venturi, MAcc. Chem. Re4.068 31. 26-34. (c) Slone,
reversible metatligand interactions, and template effects, has 2- Y‘(?Sé‘,'fft‘é'ﬂgﬁ' %éli‘ggggle;isz-:z '14_11512,33-((})-:}(%:6%\:\} :T Rf;:ed!;gold,
resulted in spectacular supramolecular structures. The use of ) y ! 3 P Eord B
the highly directional and well studied metdigand interactions
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Thus far routes to well-controlled structures rely upon
judicious design of ligands and the selective use of other effects

such as hydrogen-bonding and/or template effects. In several
recent reports examples of self-assembly and templates have

been found to control the outcome of the assembly. For example,
ClI~ templates a circular helical framework composed of five
Fe(lll) centers and five tris-2/bipyridine ligands, while S¢3~
templates the formation of a larger circular helicate consisting
of six Fe(lll) centers and six ligandd-alide and oxygen anions
have been reported to template several poly-lanthanide cllsters
and lanthanide ions such as®fand T template aggregation

of Cus moieties® Na™ can template ke Cus and Mn; wheels,
while altering the template to Csaffords Fg wheels? These
examples demonstrate and confirm that metal-directed self-
assembly can be a versatile tool in the construction of these
3-D polymetallic architectures.

Scheme 1. View of [L]?~

Oj/:O' 'OIO

Previous studies in our group have investigated the aggrega-

tion of metal ions via complexation to the tetradentate ligand
[L]% (Scheme 1} [L]?~ occupies the four equatorial sites of
octahedral Ni leaving the two axial sites free for binding, either
by solvent molecules or by the carboxylate oxygen donors of
neighboring [Ni(L)] units. Thus, each [Ni(L)] is ideally predis-
posed for aggregation, having two acceptor sites on the metal
separated by 180and two carboxylate groups which can act
as donor sites orientated at°%@ the acceptor sites (Figure 1).
We report herein how the structural diversity of the resulting
aggregates can be varied and controlled via suitable cationic
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Figure 1. Crystal structure of the monomer tecton [Ni(L)(MeGH)
Chart 1
Src [Ni(L)],-2C10,-CH,0H 1
Bac [Ni(L)],-2C10,-CH,OH 2
Lac [Ni(L)],-3ClO, 3
Cec [Ni(L)],-3CIO, 4
Prc [Ni(L)],-3CIO, 5
Ndc [Ni(L)],-:3CIO, 6
{(Na,0)c[Ni(L)],-3CH,OH}(BF,),-OH-CH,0H 7
{(Na,Li,0)c[Ni(L)],(CH,OH), ,(BF,),,}(BF,), ,-(CH,OH),..- (CH,0),, 8
{(Li,0)c [Ni(L)],(CH,0H),}2CIO,-1.85CH,0H 9
Cs,[Ni(L)(H,0),],-2I-4CH,0H-5.25H,0 10

Infrared spectra were measured as KBr disks on a Nicolet Avatar 360
FT-IR system. Ultravioletvisible (UV—vis) absorption spectra were
recorded on a Perkin-Elmer Lambda 5 UV/Vis spectrophotometer.
X-ray powder diffraction data were recorded on a Philipgext powder
diffractometer. Magnetic susceptibilities were measured using a

templates, and present solution and magnetic studies of theseyuantum Design MPMSSQUID magnetometer at the University of

aggregates.

Experimental Section

Caution: Metal perchlorates are potentially explosive! Only small

Edinburgh: the magnetization of polycrystalline samples was recorded
from 1.8 to 300 K in fields of 100 or 1000 G. Data were corrected for
the diamagnetism of the gelatin sample holder and the constituent atoms
using Pascal’s constarits.

amounts of these materials should be prepared and they must be handled Synthesis.The subunit complex [Ni(L)] was synthesized via the

with great care.

All reagents were of commercial origin and were used as received.
The mononuclear compound [Ni(L)(GBH),]-2CH;OH was prepared
according to the literature procedufé£lemental analyses of C, H,
and N were obtained by the Elemental Analysis Service of the School
of Chemistry, University of Nottingham. Alkali metal analyses
employed a Perkin-Elmer 603 atomic absorption spectrophotometer.

(5) (a) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, MNature 1993,
365 141-143. (b) Boskovic, C.; Pink, M.; Huffman, J. C.; Hendrickson,
D. N.; Christou, GJ. Am. Chem. So@001, 123 9914-9915 (c) Pohl, I.

A. M.; Westin, L. G.; Kritikos, M.Chem. Eur. J2001, 7, 3438-3445.

(6) Hasenknopf, B.; Lehn, J.-M.; Boumediene, N.; Dupont-Gervais, A.; Van
Dorsselaer, A.; Kneisel, B.; Fenske, D. Am. Chem. Socl997 119,
10956-10962.

(7) (a) Wang, R.; Selby, H. D.; Liu, H.; Carducci, M. D.; Jin, T.; Zheng, Z,;
Anthis, J. W.; Staples, R. Jnorg. Chem.2002 41, 278-286. (b)Wang,

R.; Zheng, Z.; Jin, T.; Staples, R.Angew. Chem., Int. EA999 38, 1813~
1815.

(8) Liu, Q.-D.; Gao, S.; Li, J.-R.; Zhou, Q.-Z.; Yu, K.-B.; Ma, B.-Q.; Zhang,
S.-W.; Zhang, X.-X.; Jin, T.-ZInorg. Chem.200Q 39, 2488-2492.

(9) (a) Saalfrank, R. W.; Bernt, |.; Uller, E.; Hampel, Angew. Chem., Int.
Ed. 1997 36, 2482-2485. (b) Waldmann, O.; Schuelein, J.; Koch, R.;
Mueller, P.; Bernt, |.; Saalfrank, R. W.; Andres, H. P.; Guedel, H. U;
Allenspach, Plnorg. Chem.1999 38, 5879-5886 (c) Saalfrank, R. W.;
Bernt, I.; Hampel, FAngew. Chem., Int. E®001, 40, 1700-1703.

(10) Doble, D. M. J.; Benison, C. H.; Blake, A. J.; Fenske, D.; Jackson, M. S;

Schiff-base condensation of 1,3-diaminopropane with 2 mol equiv of
sodium pyruvate in the presence of & kmplate Slow diffusion of
Et,O vapor into a methanolic solution of [Ni(L)] results in the growth
of green crystals of [Ni(L)(MeOH]-2MeOH.

Synthesis of -6 (Chart 1), {M[Ni(L)] ¢}*". The preparation of
complex 3 is typical, and an analogous route was used for other
complexes in this series. Excess solid La(§4®0.016 g, 0.03 mmol)
was placed in a vial of 10 cfvolume and carefully covered with
MeOH (2 cn?). A methanolic solution (6 cf containing the
mononuclear Ni complex [Ni(L)(MeOH}]-2MeOH (0.040 g, 0.1
mmol) was then layered carefully on top. The solution was allowed to
stand for 1 day after which time the blue-green color of the solution
was fading and tiny facetted crystals appeared on the wall of the vial
near the interface of the two solutions, with brown precipitate on the
bottom of the vial. After a further 510 days good quality crystals
suitable for single crystalX-ray diffraction were obtained. The
precipitate phase purity and composition were confirmed to be same
as that of the crystalline phase by XRPD and elemental analysis. For
complex5 the aforementioned method produces only a microcrystalline
product, and the single crystals suitable Xeray analysis were grown
by slow codiffusion of methanolic solutions containing Pr(giand
[Ni(L)] in a U-shaped tube.

Kay, R. D.; Li, W.-S.; Schider, M. Angew. Chem., Int. EdL999 38,
1915-1918.

(11) Carlin; R. L.MagnetochemistrySpringer: Berlin, 1986.
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Table 1. Crystal Data and Structure Refinement Details 1—6, M[Ni(L)]s

1 2 3 4 5 6

formula GssH76CloN 12Nl CssH76ClaN12Nig- Cs4H72ClaN12oNig— Cs4H72Cl3N1oNie- Cs4H7:Cl3N1oNie- Cs4H72Cl3N1oNie-

SrOs3 BaOss LaOss CeQss PrOse NdOse
FW 1944.06 1993.78 2062.76 ~2063.97 ~ 2064.76 ~2068.09
space group P3 P3 P3 P3 P3 P3
Z 1 1 1 1 1 1
a, A 12.469(2) 12.504(1) 12.455(1) 12.479(1) 12.428(1) 12.475(1)
c A 12.778(2) 12.852(1) 12.736(2) 12.743(1) 12.753(2) 12.726(1)
v, As 1720.4(7) 1740.3(2) 1711.03) 1718.6(4) 1705.8(4) 1715.1(3)
Dcaica g/Cn? 1.876 1.902 2.002 1.994 2.010 2.002
w, mmt 2.555 2.322 2.450 2.480 2.550 2.579
R: (WRy) 0.0397 (0.0952) 0.0277(0.0699) 0.0748 (0.226) 0.0358 (0.107) 0.0450 (0.137) 0.0339 (0.0991)
GOF 0.91 0.96 1.07 1.02 1.03 1.07

1: Yield: 0.0287 g (88%) Selected IR(KBry = 1639, 1612, 1397, of C and H from microanalytical data for these compounds (particularly

1219, 1088 cm'. Anal. Calcd (Found) for &H7z¢CloN1NigSrOss: C for compound?) are lower than expected values.
33.98 (33.75), H 3.94 (4.08), N 8.65 (8.21). Transformation of Complexes 710 to Complexes +6. Com-

2: Yield: 0.0310 g (93%) Selected IR(KBry: = 1639, 1609, 1392, plexes7—10 can be readily transformed to complexiesé by mixing
1218, 1090 cm. Anal. Calcd (Found) for &H76CloN12NigBaOss: C any of complexe§—10 methanolic solution and corresponding Group
33.13 (33.01), H 3.84 (3.76), N 8.43 (8.41). 2 or lanthanum perchlorate. The same experimental procedures in

3: Yield: 0.0292 g (85%) Selected IR(KBry = 1640, 1609, 1393, synthesis complexek—6 as described above were employed to make
1217, 1095 cmt. Anal. Calcd (Found) for §&H7,ClsNioNiglaOzs: C the transformation, i.e., the methanolic solution of compieXx 0 was
31.44 (31.10), H 3.52 (3.47), N 8.15 (7.84). layered upon perchlorate salt solid. The compositions of resultant

4: Yield: 0.0257 g (75%) Selected IR(KBry = 1640, 1609, 1392, products were confirmed by X-ray single-crystal diffraction and mass
1217, 1096 cmt. Anal. Calcd (Found) for &H7:ClsN1:NisCeQs C spectrometry.
31.43 (29.82), H 3.52 (3.73), N 8.14 (7.94). Crystal Structure Determinations. Single crystals of complexes

5: Yield: 0.0302 g (88%) Selected IR(KBry = 1638, 1609, 1395, 1-10 were coated in a film of RS3000 perfluoropolyether, mounted
1217, 1098 cmt. Anal. Calcd (Found) for §H7,ClaN1NigPrOzs: C on a dual-stage glass fiber, and placed in the nitrogen gas stream of an
31.41 (31.02), H 3.51 (3.38), N 8.14 (8.10). Oxford Cryosystems open-flow cryostdtExcept for3, where data

6: Yield: 0.0246 g (71%) Selected IR(KBr): = 1640, 1610, 1392, were collected at 150 K on a Stoe Stadi-4 four-circle diffractometer,
1216, 1098 cmt. Anal. Calcd (Found) for €H7,ClsN1:NigNdOss: C all data were collected at 150 K on a Bruker SMART1000 CCD area

31.36 (31.21), H 3.51 (3.66), N 8.13 (7.79). detector diffractometer, with multi-scan absorption corrections applied
Synthesis of 7{(NasO)C[Ni(C gH12N204)]e-3CH3OH} 2BF,4-OH- using SADABS%3' The structures were solved by direct metHdds

CH30OH. Excess NaBF(0.011 g, 0.1 mmol) and [Ni(L)(MeOH)- followed by Fourier syntheses, and refined agafst*

2MeOH (0.040 g, 0.1 mmol) were dissolved in MeOH (33nEtLO Hydrogen atoms on cationic clusters were placed in calculated

vapor was allowed to diffuse slowly into the mixture during which Positions, constrained to ride on the atom to which they were bonded
time the solution changed in color from pale green to pale purple. and given displacement parameters equal to 1.2 fos aidl 1.5 for

Irregular blocky purple crystals formed in two weeks and were separated CHs timesUeq for that parent atom. Hydrogen atoms in the disordered
by filtration. Yield: 0.0217 g (68%) IR(KBr):» = 1639, 1609, 1403, solvent molecules could not be located and are not included in the

1218, 1108 cmt. Anal. Calcd (Found) for G§H12682N1504FsNasNig: refir_1ement model. For compleX, charge balancing required the
C 35.35 (32.48), H 4.36 (4.11), N 8.73 (9.00). assignment of an oxygen atom as a hydroxo group.
Synthesis of & (NagLi 0)C[Ni(C gH12N204)]s(CH3OH) 1 {BF )0 7} - Rotational disorder of CIQ/BF,~ anions was observed for all

(BF4)2.5(CH3OH)2 75 (C4H100)05. This complex was obtained as large ~ Structures. This disorder was modeled as partially occupied tetrahedral
purple blocky crystals up to 2 mm in their largest dimension, using a figid bodies pivoting about the central Cl or B atom, and/or the
method similar to that fof, with LiBF4 (0.009 g, 0.1 mmol) and NagF ~ disordered groups were restrained to have the same geometry as an
(0.011 g, 0.1 mmol) as substrates. Yield: 0.0241 g (72%) IR(KBr): ordered anion in the same structure. In comple8eand 9, the
=1639, 1616, 1403, 1219, 1083 ci Anal. Calcd (Found) for occupancies of those partial occupied anions were restrained to sum to
CreH11B3F12Li N1gNagNigOs756 C 34.87 (34.05), H 4.20 (3.86), N 8.34  the integral number (three for compoud two for compound9)
(8.67), Na (atomic absorption): 2.57 (2.66), Li (atomic absorption): required for balancing the cage cation charge, and their individual

0.52 (0.47). occupancy factors were included in the refinement. The MeOH
Synthesis of 9, {(LisO)C [Ni(CoH12N204)]6(CHsOH)3} 2CIO,: molecules in the structures were also disordered and partial occupancy
1.85CHOH. This complex was obtained as purple column or plate factors were assigned to them. The {NaOF*" template core in
crystals using a method similar to that farwith LiClO4 (0.0106 g, compound 8 was modeled in two orientations whose individual
0.1 mmol) as substrate. Yield: 0.0182 g (55%) IR(KB¥):= 1639, occupancies refined to 0.6 and 0.4. To distinguish &hd Na in
1616, 1403, 1219, 1106 cth Anal. Calcd (Found) for G gdHe1 40Cla- compound3, we considered both the electron density present and their
LisN12NigOs765 C 34.93 (34.32), H 4.55 (3.92), N 8.31 (8.54), Li bond lengths to oxygen. Furthermore, both microanalysis and mass
(atomic absorption): 1.37 (1.29). spectrometric data are consistent with the coexistencefofihd Na
Synthesis of 10, C4Ni(C oH 12N204)(H20)2]s*21-4CH3OH-5.25H:0. in compound8 in a 2:3 ratio. More extensive comments on specific

This complex was obtained as pale green plate crystals following the refinem_ent_ models used, t_ogether with ot_her details Qf the structural
above procedure, using Csl (0.026 g, 0.1 mmol) as substrate and MeoH/d€terminations, are deposited as Supporting Information. _
H.0 (3 mL, 9:1 v/v) as solvent. Yield: 0.027 g (63%) IR (KBry:= A summary of crystallographic data and structure refinement is
1635, 1616, 1429, 1395, 1217, 762. Anal. Calcd (Found) feHGx presented in Tables 1 and 2.
CslN1oNigOs525 C 26.99 (26.22), H 4.81 (4.74), N 6.52 (6.60). X _

Samples of7, 8, 9, and10 rapidly lose solvent on exposure to air, E}%g gg%iréé'_'S{?;:rrAQS'YUM:c?iEEn(,:%/vsit.anogr'lg% 19105
as evidenced by the loss of surface luster: accordingly, the percentagg14) Sheldrick, G. M.SHELX97. University of Gdtingen (Germany), 1997.

9478 J. AM. CHEM. SOC. = VOL. 125, NO. 31, 2003
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Table 2. Crystal Data and Structure Refinement Details for Alkali Metal Templated Complexes 7—10
7 8 9 10

formula GgsH125B2N18042FgNasNig CrgH11B3F12Li 2N16NagNigOs7.50 Csg.gd91.40CI2LiaN12Ni6O037.85 CsgH124C 2l 2N12NigOs5.25

FW 2887.99 2686.80 2023.56 2584.56

space group P31c P1 P2:/n C2lc

z 2 2 4 4

a A 16.961(1) 16.742(2) 13.222(2) 15.821(4)

b, A 16.961(1) 20.095(2) 32.678(5) 20.344(5)

c A 24.759(1) 20.617(2) 20.272(3) 30.792(7)

o,deg 90 81.121(2) 90 90

B, deg 90 66.353(2) 96.125(3) 95.492(5)

y, deg 120 67.274(2) 90 90

v, A3 6168.2(10) 5868.2(11) 8709(3) 9865(7)

Decalca g/cn® 1.555 1.521 1.543 1.740

u, mmt 1.456 1.365 1.423 2.566

R1 (WR2) 0.0731 (0.206) 0.0573 (0.178) 0.0982 (0.277) 0.0534 (0.128)

GOF 1.23 1.08 1.07 1.02

Scheme 2. Syntheses of a Series of Nickel Aggregate Complexes
0, O

() .
NH, NH, " Na > (_

(A) 1) Ni(BF4), l 2) Sephadex LH-20

Results and Discussion

The six compounds of M[Ni(L)] ¢ (1—6) can be obtained
by mixing the tecton [Ni(L)] with the corresponding Group I
or lanthanoid perchlorate under mild conditions in MeOH to
give a microcrystalline precipitate (Scheme 2). The products
are insoluble in water and common organic solvents. Alterna- m B
tively, other metal salts such as chlorides also template the same INI(L)] IN\N,/NI L M [Ni(L)]s
aggregate reaction to give rise to compounds with chloride as N '\0 ° Complexes 1-6
counteranion: while these are soluble in MeOH they can be
precipitated as chlorides by addition of;8tor as complexes (C)l ‘ ®)
1-6 by addition of LiCIQ, or NaClQ,. Because of their higher
solubility in MeOH, the chloride analogues 86 were used
to obtain electronic spectra to investigate the cation stabilities.
In the presence of excess lanthanum nitrate as substrate, a
complex with [La(NQ)e]3~ as counteranion was obtained.

In contrast to the cage complexds-6, the aggregation (A) Nickel monomer complex via Schiff base condensation
induced by Group I cations gave diverse results. Crystallization (gy Group 2 metal ion (Sr?*, Ba?*) or Ln>* (La, Ce, Pr, Nd) template reaction
of [Ni(L)] from MeOH/Et,0 in the presence of excess NaGlO  (c) NaBF,, NaBF, and LiBF,, LiCIO,, Csl
gave rise to the formation of a nine-member aggregate cage
with a [NasOJ** core, compound, while a suitably lower Na
concentration results in the compounds with the same nona-
nuclear cage but with a ‘defected’ [Ma]?" core in compounds
11 and12 (see Supporting Information). Under similar crystal-
lization conditions, a mixture of sodium and lithium ions as
substrate afforded the octanuclear cage aggregate, compound
8, whereas lithium cations alone template a hexanuclear cage,
compound. In our experiments larger cations such asaad
Cs' did not afford aggregates under these conditions. Interest-
ingly, in the presence of water, the [Ni(L)] hydrate complex
can act as building unit, and in the presence of @ave a
hexanuclear cluster, compoud@. The compound§—10 can
be transformed to compounds-6 by the addition of the
corresponding Group 2 metal or lanthanide salts. (Scheme 2).
Structural Studies. Structures of 16, { M[Ni(L)] ¢}**. The [Ni(L)] unit is joined to four other [Ni(L)] moieties such that
six compounds are isomorphic in their cation structure and the six Ni centers lie at the vertices of a near-perfect octahedron
crystallize in the same space gro®3. As shown in Figure 2, with the template ion at its center. All 12 carboxylate oxygen
the single crystalX-ray structure determination reveals a atoms are directed toward the center of this hexanuclear cage,
heptanuclear{[Ni(L) }sM] cluster in which a template atom is  conferring a negatively charged environment suitable for a metal
located at the center of an octahedral cage formed by six [Ni- cation. This environment is similar to the structure of crown
(L)] moieties. The template metal lies on a site of(Gs) ethers, where the host molecule defines a rigid coordination
symmetry around which six equivalent [Ni(L)] units form an geometry for the guest. For all six compounds, the central
octahedral hexanuclear cage, each unit being connected througkemplate cations have the same coordination geometry, defined
axial Ni—O(carboxyl) bonds to two neighboring units. The by the hexanuclear [Ni(L)] cage: this results in an unprec-
octahedral Ni centers are bound equatorially By;lthus, each edented dodecee-ordinate St ion in compoundl. Yakawa

(NasO)[Ni(L)]g Compound 7
(Na3Li,O)[Ni(L)]s Compound 8
(Li4O)[Ni(L)Ils Compound 9
Csy[Ni(L)(H20)2]e Compound 10

Figure 2. Views of the{Mc[Ni(L)] e}*" (x = 2 or 3) cationic cage in
1-6. Green: Ni. Brown: M= Sr, Ba, La, Ce, Pr, or Nd. The other colors
differentiate the six [Ni(L)] units.
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] ) ) . o ) Figure 5. Views of the{(NagLi>O)C[Ni(L)] s(CHzOH). 3 cationic cage
Figure 3. Views of the{ (NagO)C[Ni(L)] o(MeOH)s}3* cationic cage ir¥. in 8. Green: Ni. Yellow: Na. Purple: Li. Red ball: O
Green: Ni. Yellow: Na. Red: O.

Figure 4. Different sodium aggregation templatessfaNaO, and NaO

within the same [Ni(L)} cage in7, 11, and 12, respectively. . ) ) ) o )
Figure 6. Views of the{(LisO)c [Ni(L)] ¢(CH3OH)s}2" cationic cage in

et al. have reported the aggregation of six [N)]lunits (L' = 9. Green balls: Ni. Purple balls: Li. Red ball: O

L-prolinate) around an icosahedral Sm(lll) cat%nin our . .
ex%erimen'zs, much greater variation of tfem)plate substrate hasandg’ respectlvely._ The Oscompounq[lOwas also crystalll_z ed,
been tested with both bivalent and trivalent hard metal cations but only after adding a small quantity of,8 to the solution.
inducing aggregation to form hexanuclear cages. Structure of 8, {(Na,Li20)C[Ni(L)] s(CH30H)15(BF4)o.7}-
Structure of 7, {(NasO)C[Ni(L)] o(MeOH)3} (BF)o:OH- (BF4)2.3(CH30H)2.75(C4H100)0.5. When a LiBR/NaBF, mix-
CH3OH. Compound? contains & NasOC[Ni(L)] ¢}3* cluster ture was used as the templating reagent with [Ni(L)], an
in which five sodium cations and one oxide are encapsulated octanuclear cage was identified 8n(Figure 5). This cage has
within a nine-membered [Ni(L)]cage. The cage is made up of &N approximate, noncrystallographic, 4-fold axis with the outer
neutral [Ni(L)] and a trivalent [NéO]** template unit related shell comprising eight [Ni(L)] units in an anti-square prismatic
by 3m (Dag) symmetry (Figure 3). All the Nicenters in7 are arrangement. The aggregate thus shows two square faces and
octahedral, with the equatorial sites bound By knd the axial ~ €ight triangular faces and is templated by a hybrigLi# core
sites by carboxylate oxygen atoms of neighboring units. The which has a distorted trigonal bipyramidal structure, similar to
Ni" centers are arranged as a tricapped trigonal prism, althoughthe template core of. All eight [Ni(L)] units are bound to each
connections to the metal centers of adjoining [Ni(L)] moieties Other by bonding between Niand neighboring carboxylate
gives a polyhedron with three square faces and eight triangular©Xygen atoms. As in the compounds described above, no solvent
faces, with each Ni(L) moiety connected to four other [Ni(L)] binding to Ni is observed and all the carboxylates bridge two
fragments. Interestingly, three MeOH molecules protrude through Ni centers. This connectivity can therefore be regarded as a
the square faces of the [Ni(lgFage to bind to the [N®]3+ closed shell with all [Ni(L)] units interlocked. Within the [Ni-
core which is trigonal bipyramidal, with two Ndying on the (L)]s cage two N4 cations lie on the approximate 4-fold axis
3-fold axis and three in the equatorial plane. All the carboxylate @nd bind two BE~ anions or MeOH (Figure 5). The BFand
oxygen atoms are oriented inward toward this inner cluster. MEOH molecules are disordered with occupancies refining to
Within the [N&OJ3* core the central oxide anion is surrounded 9ive @ MeOH/BR™ ratio of 1.3/0.7, and these protrude through
by five sodium cations. In our experiments, two other nona- tWo [Ni(L)]4 squares of the cluster to bind Naln addition,
nuclear nickel species, both with the same tricapped trigonal ©he N& and two Li" ions are disordered in the equatorial plane.
prismatic [Ni(L)]o cage and a “defected” N@ template (Figure As in compound?, the template alkali metal ions are held
4), were also identifie® (see attached CIF in Supporting together by a central oxide anion. In battand8, a common
Information for compound41 and12). This suggests that the feature is that solvent molecules or anions can access the
Nis cage can maintain its integrity even with variation in the template core via the square windows of the cage.
template core. Attempts to grow crystals of aggregates of [Ni-  Structure of 9, {(Li4O)C[Ni(L)] s(CH30H)3}2Cl04:1.85-
(L)] complexes using larger alkali metal cations such dsoK CH3OH. The smallest alkali metal cation, Litemplates a
Cs" were generally unsuccessful, and where bothakd Na different type of hexanuclear cluster shell {iiLi O)C[Ni-
were present, crystals of the nonanuclear compotiodn be (L)]e} 2™, 9, which lies on an approximate, noncrystallographic,
separated and identified by X-ray single crystal diffraction. 3-fold axis (Figure 6). As with the other cages, the siX Ni
However, crystals suitable for X-ray diffraction were success- centers are octahedral and bound By in the equatorial plane,

fully grown with a Li*/Na™ mixture and Li* alone to give8 and aggregate to form a fbuter shell with a [LiOJ?>" template
core. However, unlike the compountls 8 in which each [Ni-
15) (a) Yukawa, Y.; Igarashi, S.; Yamano, A.; SatoChem. Commurl997, e i ;
s §1)1—712. (b) Iga?ashi, S.; Hoshino, Y.; Masuda, Y.; Yukawa,lNorg. (L)] let 1S jome_d to four others throth CarbOXylate b”dges’
Chem.200Q 39, 2509-2515. making each Ni four-connected, there are two types of con-
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Figure 7. Butterfly-shaped cationic cluster itD.

Scheme 3. Two Binding Modes of [Ni(L)(H20)] to Cs* in the
{CSz[Ni(L)(Hzo)zle}zJr Cluster in 10
-I—OHZ

\/ h
Cs \
Bridging [Ni(L)]

Chelating [Ni(L)]

nectivities in compoun@®: three of the six Ni(L) units are four-
connected, as in compountls 8; the other three are each only
joined to only two neighboring units, with one free carboxylate
oxygen arm and one axial site on the Ni centers bound to a
terminal MeOH molecule. Thus, in contrast to compouhsS,

the structure o@ can be described as having an open shell,
tripodal configuration with the four Li cations disposed
tetrahedrally about a central oxide anion.

Structure of 10, Cg[Ni(L)(H 20)]6-21-4CH30H-5.25H,0.
The building block of 10 is different to those described
previously, with two water ligands occupying the axial sites of
the [Ni(L)] unit and preventing these moieties from adopting
an interlocked configuration. There are therefore no Ni-
carboxylate bonds linking [Ni(L)] units. The structure b0

60

NiL monomer

Compounds 3-6

T T 1
700 800 900

wavelength (nm)

Figure 8. Solution
{MINi(L)] 6} 3"

electronic spectra of [Ni(L)] monomer arg+6,
80 -

50
Compound 7

=

£
8 "
o Ni(L) monomer Compound 9

20

T T T 1
600 700 800 900
Wavelength (nm)

Figure 9. Solution electronic spectra of [Ni(L)] and complexes9.

shows that the cationic cluster has an unusual butterfly shape
(Figure 7). The aggregate configuration can be described as sixremain intact in solution. In contrast, complexg$8, and9 are

[Ni(L)(H 20),] units coordinating to two Cscations, and it is
convenient to consider the [Ni(L)@®),] unit as a bidentate
ligand, with four of the six units chelating to €sand two of
them bridging a pair of Cscations (Scheme 3). Crystals suitable
for an X-ray diffraction structure determination could only be
obtained in the presence ot@. This is in contrast to the other
structures, which were all obtained in the absence ££9.H
Cages Solution Stability and UV/vis and Mass Spectros-
copy Studies.The stabilities of the above clusters are dominated

less stable in solution. Thus, a freshly made solution of complex
7 shows different absorptions from the mononuclear complex
[Ni(L)], whereas samples & and9 redissolved in MeOH show
the same absorptions as [Ni(L)] (Figure 9). This suggests that
the [Ni(L)]x cages o8B and9 dissociate into their mononuclear
components in solution. In fact, redissolviBgnd9 in MeOH
gives pale green solutions rather than the purple color of the
solid, whereas the freshly made solution ®fs still purple.
The spectrum of7, however, became similar to that of the

by (i) the interaction between the template ions and the aggregatemononuclear complex after standing for 1 day, suggesting that

units, (i) [Ni(L)]-carboxylate interactions, and (iii) electrostatic
repulsion between carboxylate O-centers of different [Ni(L)]

7 undergoes slow dissociation (see Supporting Information).
Elution of solutions of3—6 through a Sephadex LH-20

moieties within the clusters. We have assessed the stability ofcolumn does not affect the composition of these complexes, as
the cages in MeOH solution using electronic spectroscopy using confirmed by UV-Vis spectroscopy, while the same procedure

the chloride analogues &—6 for reasons of solubility. The
absorption bands of the compounds in the range-Z&0 nm
were used to compare the species in solution. To allow

applied to7—10 afforded the mononuclear complex [Ni(L)].
The fact that Sephadex readily removes, Ila”, and C$ from
their solutions but is unable to remove the templated cation of

comparison between their spectra, we used a constant conceni—6 from a solution of M[Ni(L)] ¢} *" supports the contention

tration of NE™(1.2 x 1072 M in MeOH) rather than a constant
molecular molarity. Significantly, complex&s-6 exhibit virtu-

ally identical spectra, which are substantially different from that
of the mononuclear complex (Figure 8) implying that the clusters

that the{ M[Ni(L)] ¢}*" octahedral cages remain intact and that
the [Ni(L)]x and alkali metal aggregates dissociate in MeOH
solution. This is consistent with the observation that re-
crystallization of complexeg, 8, and 9 from MeOH/EtO
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5.19 - cavity as in the case of smaller cations such a& Can?*, or

1 Ba Eudt, the{M[Ni(L) ¢]}*" aggregates are not obtained. Thus, the
1] radius of 1.249 A for N&" may be the threshold value for the
517 induction of the aggregation. Among the template cationd} Ca
] appears to be an exception: although it has an ionic radius (1.26
5.16 - A) slightly greater than that of Nidt (1.249 A), it does not act
as a template for aggregation. This may be explained by the
] fact that the charge of the cation, and not only its size, can effect
5.14 the aggregation, a higher charge on the cation naturally favoring
La St aggregation. To extend this rule to alkali metal cations, we found

] c . . . :
o /Ef that a Group 1 cation can never induce the formation {d¥la
Pr
Nd

5.15 4

Average Ni-Ni distance (A)

[Ni(L)] 6} ** aggregate, despite the radius of'Na.32 A) being

5'12__ comparable to that of 13 (1.30 A). With an alkali metal

511

— template, a common feature is a negative spherical charge
Nd{1.249) Pr(1.266) Ce(1.283) La(1.30) Sr(1.40) Ba(1.55) density (oxide) occupying the center of the resulting complex.
Template cation radius (A) It seems likely that the oxide templates the aggregation of alkali
Figure 10. Variation of the intra-cluster polyhedral NiNi distance in metal cations, and the positively charged alkali metal oxide
complexesl—6, as a function of the ionic radius of the cation template. entity then templates the second sphere aggregation of the outer

always results in the growth of green crystals, identified by [Ni(L)]x cage in a similar way to that ii—6. To the best of
single-crystal X-ray diffraction as the mononuclear complex [Ni- our _knowledge, there is no precedent for this induction by
L. multicentered aggregates.

FAB mass spectral studies on these complexes also support The shape, charge, and size of the positively charged
the retention of thé M[Ni(L)] ¢}** octahedral cage: for example, templates [NeOJ**, [NasLiOJ**, [Li4O]?*, or M?*/3* define
in the case of La[Ni(L)] 6} 3" the mass spectrum of the chloride the degree of aggregation of [Ni(L)linits. Thus, the spherical
salt of3 shows several groups of peaks at 1762, 1799, and 1832M?"** centers template the formation of the highest-symmetry
corresponding to [La[Ni(L}] — 2H]*, [La[Ni(L)] s + CI — H]* (noncrystallographion3m (Oy), octahedral cage) as seeriin;
and [La[Ni(L)]s + 2CI]*, respectively, and a peak at 881 the bipyramidal [NgOJ** and [NaLi-O]*" clusters template
corresponding to [[La[Ni(L)j — H]2*. Also very interestingly, ~ two cages with lower symmetryn8(Cs,) for complex7, and
other cluster fragments occur in considerable abundance at 149doncrystallographic 4220) for complex8; the tetrahedral
assigned to [La[Ni(L)}] — Ni(L) — 2H]*, 1218 assigned to [La- [Li 400?* core templates the tripodal structure, com@exwith
[Ni(L)] s — 2Ni(L) — 2H]*, and 948 assigned to [La[Ni(L)}- noncrystallographic 3Gs) symmetry.

3Ni(L) — 2H], reflecting the effective binding of 124 to the It is well-known that carboxylates interact more weakly and
[Ni(L)] units. In the case of NgD*" templated?, only very weak less covalently with alkali metal cations than with either alkaline
groups of peaks at 2879 assigned to{Qa[Ni(L)] ¢ +2BF4] " earth metals or lanthanides. In these complexes, the strength of

and 2792 assigned to [Nac[Ni(L)]s + BFs~ — H]* are the interaction defines the aggregate mode and the stability of
observed. The strongest peak fbis observed at 563 and is  the resulting compounds. Hence, compleke$ show greater
assigned to [2Ni(L+ Na]™. The mass spectrum of (Q)c- solution stability than complexés-10. On the other hand, the
[Ni(L)] &, 9, and (NaLi»O)C[Ni(L)] s, 8, show no distinguishable = weak templation by alkali metal cations means that the overall
molecular ion peaks. 18, the peak at 545 can be assigned to structure is less dependent on the template species, so the [Ni-
[2[Ni(L)] + Li]*, while in 8 the features at 277, 293, 547, and (L)] subunits can adopt more flexible structural motifs than if
563 can be assigned to [[Ni(L)f Li] T, [[Ni(L)] + Na]*, [2[Ni- strong templation were present. Accordingly, a weaker-host
(L)] + LiJ™ and [2[Ni(L)] + Na]*, respectively. These data guestinteraction may result, as in this case, in a greater variety
support the same conclusion as the electronic spectroscopicof resultant structures.
study, namely that the stability of the cage compounds decreases Although the cage compounds templated by alkali metal
in the orderl—6 > 7> 8 ~ 9. cations are not very stable in solution, and their cage formation
Cation Template Effects.It has long been recognized that processes are quite sensitive to templates species, there seems
the presence of a “central spherical charge density” is the driving to be no dependence on the counteranions present. The anions
force for product formation via a template mechanism. In BF,~, ClO;~, PR, |-, and Br all yield crystalline products
complexesl—6, the central, positively charged cation plays a amenable to single crystXtray structure analysis.
pivotal role whereby the metabxygen bonds link together six Magnetic Properties. These compounds display similar
nickel units. Even if the central cation radius varies, the [Ni- magnetic behavior and the results foare selected as typical.
(L)]e cage can “breathe” over a small range to accommodate the temperature dependence of magnetic susceptibility and
this. Thus, the cationic raditiranges from 1.56 A (Ba) 10 1.249  gffective magnetic moment are shown in Figure 11. All magnetic
A (Nd) while retaining the same aggregation mode. The a4 are supplied as Supporting Information. The valuggpf
rglatlohshlp between the temp!ate. cation and |nFra clugter per mol of Ni were calculated using the relationshig: =
Ni---Ni distances are presented in Figure 10. If the interaction 2.828(mT)V2 In all cases the effective moment decreases on
between the oxygen and the central metal is too weak, or if the ¢qjing, suggesting net antiferromagnetic exchange between
size of the cation is not appropriate for the size of the [NiL)] magnetic centers. No sample showed any evidence of long-

(16) All ionic radius data in this paper come from the website: http:// range magnetic Order_ at the lOW?St eXpenmental temperature
www.webelements.com/. so the molar susceptibility was fitted by least-squares to the
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020 —o - . , expressions for even these clusters will have several variables;
— veesscssssssssssssssssses 3 it is, therefore, not possible to calculate them independently
% 0.15¢ using these data sets because there are no particularly distinct
g bF features. At this level it is perhaps best to use the Weiss
5 0.10 % temperature simply as an indication of the strength of the
5 % =z exchange. For the clustefM[Ni(L)] ¢}** this follows the
~005-% "= sequence Ba Sr > Nd > Ce; the Ni--Ni and the M---Ni
°°°°oo%°aomo separations run in the order BaSr > Ce > Nd. The reasons
0.00, o 200 5o 0 for this order are unclear: it is unexpected because exchange
Temperature (K) usually gets stronger as separation distance falls. It could arise
Figure 11. Temperature dependence of magnetic susceptibility and effective D€Cause the angles involved in the ligands providing the
magnetic moment for compouridmeasured in a 1000 G applied field. exchange also vary. In general, the exchange values for all the
Table 3. Optimized Values of Various Magnetic Parameters CIUSt?rS{M[Ni(L)] o} ar? rath,er similar, and all are s_tronger
Derived by Fitting Susceptibility Data for Each Compound to the than in compoundg and9 in which two of the nearest neighbors
Curie—Weiss Law over the Temperature Range 9—300 K# are, on average, significantly further away.
Cl el
sample  emuK=tmol™t  per/BMP g 0IK emu mol~! Conclusions
NigSrl  1.114(22) 2.985(30) 2.111(21)—4.88(9)  0.00009(2)
NigBa2  0.947(20) 2.753(29) 1.947(21)-5.31(12)  0.00006(1) This work confirms the synthesis of a series of polynuclear

NigCe4  1.224(3)  2.952(4) 2.088(3) —4.61(3)  0.00111(21) nickel complexes with hard metal cations as template%:, Sr
NigNd6  1.284(2)  2.844(3) 2.011(2) —4.727(17) 0.00098(15)

+ + ; ;
NigNas7  1.130(31)  3.006(41) 2.126(29)—4.048(42) 0.00021(4) Ba?*, and Lr#* centers template the aggregation of [Nig)]
Niglis9  1.133(19) 3.011(25) 2.130(18)—3.845(43) 0.00030(9) clusters to form octahedral cage complexes. In the case of alkali
metal cationic templates, four novel aggregate products were

aAll values are expressed per mole of Ni, and where a paramagnetic

lanthanide is present, its contribution is subtracted from the data, as described® eparated._ a template containing flvemtlons t_emplatlng
in the text.> Bohr magneton. the formation of a nonanuclear cage; a mixed Ma" cluster

templating gives an octanuclear cage; four tations templat-

Curie—Weiss Law plus a temperature independent paramagneticing the formation of an open-shell hexanuclear aggregate; and
(TIP) term using a nonlinear regression procedure in the programtwo Cs" cations templating a hexanuclear cluster. The products
ORIGIN: ym = C/(T — 0) + x1ip, Where C 0, andyp are the obtained using alkali metal cations as templates are unstable in
Curie constant, Weiss temperature, and TIP terms, respectively. solution, transforming to the much more stable clusters
All of these variables were allowed to vary independently during {M[Ni(L)] &}** by reaction with salts of divalent or trivalent
the fitting process, then used to calculate other magnetic metals. Our studies suggest that the nuclearity of these clusters
parameters as discussed below. Deviations from this Law, is based on the polytopic nature of the building blocks and on
arising from short-range correlations that invalidate the mean the template effect of the cations. Magnetic measurements show
field approximation, are observed below temperatures of ca. net antiferromagnetic exchange between the paramagnetic
9 K, and data in this region were excluded from the fitting centers. We have shown how the careful design of ligands and
process. Relevant values are reported in Table 3. For thosethe exploitation of cationic template effects have produced
samples containing no rare earth ions, th&MNns were taken various new clusters of new toplogy and novel structure.
to behave as spin-oni$ = 1 moments withg values given by _ )
C ~ 0.250 ¢ emu K moll. For those compounds also Acknowledgment. This work was supported by the Univer-
containing rare earth ions, the additional contribution to the Sity of Nottingham and the CVCP (ORS award to X.L.). We
effective moment was calculated to be 2.586for Ce*+ and thank EPSRC for support and the award of a SMART1000 CCD
3.618 ug for Nd*, and the appropriate fraction of this was diffractometer.
subtracted from the moment calculated per mol ¢f'\io that
g values could also be calculated for those ions. In all cages,
values are close to the free-electron value (2.0023), which is
common for this ion when the orbital contribution to the moment
is quenched.

Even the simplest clusters appear to exhibit inequivalent
nearest-neighbor Ni-Ni distances, which means that explicit JA0341438

Supporting Information Available: Crystallographic infor-
mation files (CIFs) for compounds—12; additional structural
illustrations, electronic spectra, XRPD traces, and magnetic
susceptibility data are available free of charge via the Internet
at http://pubs.acs.org.
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