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Metallacrowns are cyclic metal-organic compounds bearing
donor atoms oriented towards their central cavity."? They
resemble crown ethers in their ability to bind an additional
metal ion at their center, and a nomenclature based on that
used for crown ethers has been adopted for them.!!! Many
metallacrowns are constructed using polydentate hydroxa-
mate-containing ligands,!'! although examples derived from
hydrazido,®* pyridonate® and poly(ethanol)amine®® deriv-
atives are also known. The central donor atoms in these
compounds are part of the organic ligand, and metallacrown
(MC) ring sizes ranging from [9]MC-3!! to [36]MC-12" have
been reported, either in the presence or absence of a central
metal ion. A related class of compound are molecular wheels,
which generally contain smaller bridging ligands such as
alkoxides,™ hydroxide,”!! and/or fluoride.''¥ The central
cavities in crystalline molecular wheels are often empty,
although there are examples with bound anionic or
inorganic™ or organicl™® cationic guests. As a continuation
of our work in pyrazole inorganic supramolecular chemis-
try,"'! we report three complexes derived from 3{5}-(pyrid-
2-y1)-5{3}-(tert-butyl)pyrazole (HL) and CuF,. The common
motif in these compounds is [{Cu(p-F)(u-L)}¢] (1, Scheme 1),
a molecular wheel that complexes alkali metals through its F~
centers. Hence, 1 can be considered as the first metal fluoro
metallacrown and as a rare example of a metallacrown
isolated both in the presence and the absence of a central
complexed metal ion.”!

Treatment of CuF, with 1equivalent of HL!" and
nBu,NOH in MeOH at room temperature yields a green
solution. Evaporation of the solution to dryness and recrys-
tallization of the solid residue from CH,Cl,/pentane affords
turquoise  crystals, formulated as [{Cu(u-F)(p-L)}e
(H,0),]:8CH,Cl, ([1(H,0),]-8CH,Cl,) from the crystallo-
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Scheme 1. Structure of the metallacrown 1 (R =tert-butyl). The dashed
lines show the longer apical Cu—F bonds at the square-pyramidal Cu**
centers.

graphic analysis described below. Analogous reactions using
NaOH or KOH as base proceeded similarly, affording
[Nac1(CH,Cl,),]HF,-3.2CH,Cl,-0.66 O(C,Hs), and [KcC1-
(CH,CL,),]F,«(HF,),43.5 CH,CL."¥ The different anion con-
tent given for these non-isostructural compounds is based on
their crystallographic formulations, but is also consistent with
their microanalyses (see the Supporting Information). The
compounds lose their crystallinity in vacuo. The resultant
powders give microanalyses consistent with their formulation
as [1(H,0),]-3CH,Cl,, [Nac1(CH,CL),|HF,-CH,Cl,, and
[KC1(CH,CL,),F,(HF,),4 The presence of water in dried
[1(H,0),]-:3CH,Cl, was confirmed by its IR spectrum, in
which a §(H-O-H) vibration at 1650 cm™" is observed.'"! This
vibration is not shown by the other two compounds, while the
'H NMR spectra of all three solids in CD;NO, contain peaks
at 0 = 6.5 ppm, assignable to 2-3 equivalents of CH,Cl,. Some
preparations of [1(H,0),] were contaminated by [Nacl-
(CH,Cl,),]HF,, presumably by leaching of Na* ions from the
glass crystallization vials, and all measurements of [1-
(H,0),]:3CH,CI, were performed using a sample that was
sodium-free as judged by microanalysis.

The single-crystal X-ray structure of [1(H,0),]-8 CH,Cl,
contains a centrosymmetric cyclic hexanuclear complex with
only small deviations from idealized S, symmetry (Figure 1,
Table 1). Each of the three unique Cu®" ions has a square-
pyramidal coordination geometry (z =0.004(3)-0.060(3)™"),
with one chelating L~ ligand that forms a 1,2-bridge to a
neighboring Cu?" ion through its pyrazolido group. The metal
ions are also linked by p-F~ ligands, which bridge between a
basal coordination site of one Cu”*" ion and the apical site of
the other. All Cu—N and Cu—F bond lengths in the molecule
have typical values, and Cu--Cu distances range from
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Figure 1. View of the [{Cu(u-F) (1-L)}¢(H,0),] molecule in the crystal
structure of [1(H,0),]-8 CH,Cl,. Thermal ellipsoids are set at 50%
probability for all atoms except those of the tert-butyl groups, which
have been deemphasized; all H atoms and alternative disorder sites
have been removed for clarity. C gray, Cu green, F cyan, N blue, O red.

3.4948(7)-3.5112(7) A. The L~ ligands project out of the
plane of the {CugF,)®" ring, forming a double-bowl shape

Table 1: Selected metric parameters for the crystal structures of 1 and its alkali-metal complexes.

Figure 2. View of the [K{Cu(us-F) (1-L)}¢(CH,Cl,),]" ion in the crystal
structure of [KC1(CH,Cl,),]Fo6(HF2)0.4:3.5 CH,Cl,. For clarity, all atoms

from the metallacrown have been deemphasized, and all H atoms and

minor disorder sites have been removed from this moiety; thermal
ellipsoids for the other atoms are set at 50% probability. C light gray,
H dark gray, Cl light green, Cu green, F cyan, K orange, N blue.

lacrown ligands show some small
differences between the three com-

[1(H:0)4] [NaCT(CH,CL);JHF,  [KC1(CH;Cl)oJFos(HF2)os  pounds (Table 1), but there is no
Cu—N [A] 1.914(3)-2.060(3) 1.931(3)-2.075(3) 1.940(4)-2.062 (4) obvious trend relating these small
Cu—F, basal [A] 1.934(2)-1.945(2) 1.905(2)-1.922(2) 1.896(2)-1.914(2) variations to the radii of the com-
Cu—F, apical [A] 2.237(2)-2.280(2) 2.193(2)-2.244(2) 2.210(2)-2.273(2) plexed alkali-metal ions. The base
Cu-F-Cu [ 112.10(10)-113.24(11)  111.67(9)-113.13(9)  113.38(11)-115.91(11) of the bowl-shaped cavity is 0.2
Cu--Cu [A] 3.4948(7)-3.5112(7)  3.4232(6)-3.4611(6)  3.4851(8)-3.5191(8) 03A narrower in  [Nacl-
74 0.004(3)-0.060(3) 0.014(3)-0.079(3) 0.016(3)-0.060(3) <
M—F [A]" - 2.420(2)-2.486(2) 2.601(3)-2.630(2) (CH,CL,),]* compared to the other
M—Cl [A]®! _ 3.7243(15) 3.7082(17) two structures, reflecting the short
Cu--M [A]®! - 3.4232(4)-3.4494(4)  3.4941(6)-3.5027(5) Na—F bond lengths in this com-
Cavity: base diameterx  2.1(1)x5.6(6)x6.5(2)  1.9(1)x5.0(4)x6.8(2) 2.2(1)x4.7(2) x6.4(1) pound (Table 1). Differences in the

rim diameter x height [A]

other dimensions of the cavities in

[a] See ref. [20] for the definition of 7. [b] M=Na or K.

above and below the molecule. The base of each bowl is
formed by three of the six F atoms and has a diameter of 2.1 A
measured from their van der Waals surfaces. The diameter at
the rim of the cavity is approximately 5.6 A (defined by the
three inward-facing methyl substituents) and its height is
6.5 A, although these measurements are complicated by tert-
butyl group disorder. Each cavity in 1 contains a disordered
water molecule, which lies within hydrogen-bonding distance
of two (minor disorder site) or all three (major site) F atoms
on the inner face of the bowl (O-F 2.478(4)-2.734(15) A,
Figure 1).

The metallacrown rings in [MC1(CH,CL,),]" (M =Na, K)
have the same connectivity as metal-free [1(H,O),] (Figures 2
and 3). The alkali-metal cations lie on crystallographic
inversion centers, being complexed by the six F donors of
the metallacrown and by two axial M---Cl interactions of 3.7 A
to the CH,Cl, molecules lying within the bowl-shaped cavities
of the crown. The bond lengths and angles in the metal-
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[1(H,0),] and [MC1(CH,Cl,),]" are

greater, but these mostly reflect

differing fert-butyl group positions
and disorder in the molecules. In addition to the M--Cl
contact, each of the complexed CH,Cl, molecules forms a
hydrogen bond to an F atom of the host cavitand, with C---F
3.044(5)-3.064(6) A (dashed red lines in Figure 2).

The variable-temperature magnetic behavior of the three
dried solids is very similar. For each material, yu7=
2.2 cm*mol 'K at 300 K, slightly below the value expected
for six independent Cu*' spins (ca. 2.5 cm’mol 'K). The
value of yyT decreases upon cooling, becoming essentially
zero below 15 K (Figure 4). The data were modeled by the
van Vleck equation from matrix diagonalization of a six-fold
symmetric Hamiltonian [Eq. (1), S;—Ss="4]. This analysis

H = —2J(S, 8+ 8,85 + S Sy + 8, S5 + S5 Sg + S S1) (1)
gives g=2.11(1)-2.12(1) and —15.0(1)<J < —-13.5(1) cm™!
for the three compounds (Figure 4). These J values are

typical for Cu*' ions linked by one bridging pyrazolido
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Figure 3. Space-filling models: top views of a) the molecule 1 in [1(H,0),],
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at g=2.13 that slowly resolves below 100 K into a
rhombic pattern, with g, =2.20, g, =2.12, and g; =2.06
at 30 K and a weak half-field signal as before. Further
cooling leads to weakening of this signal, as the
diamagnetic ground state of the compound is increas-
ingly populated, without affording additional resolu-
tion.

In conclusion, 1is a metallacrown with only a small
degree of conformational flexibility and is pre-organ-
ized to bind Na' and K" ions. This conclusion is
reinforced by the observation that attempted synthe-
ses of [Lic1(CH,CL),]* and [Csc1(CH,CL,),]* using
the appropriate alkali-metal hydroxides gave low
yields of [Nacl(CH,CL),]* as the only isolable
product, which arises either from a sodium impurity
in the bases used,”! or by leaching from pyrex
glassware (as above). All the compounds of 1 isolated
in this study contain water or CH,Cl, complexed in the
cavities on either side of the crown. Compound 1 can
therefore also be considered as a new bowl-shaped
host, with a cavity about 50 % deeper than that of the
similarly-shaped receptor cyclotriveratrylene.”” Stud-
ies of the affinity of 1 and its complexes towards other
inorganic and organic guests are in progress.

b) the [KC1]* cation, and c) the [KCT1(CH,Cl,),]" cation, showing one of the

included CH,Cl, molecules; d) side-on view of the [KC1(CH,Cl,),]" cation.
C light gray, H dark gray, Cl light green, Cu green, F cyan, K orange, N blue.
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Figure 4. Variable-temperature magnetic data for powdered
[1(H,0),]-3CH,Cl, (0) and their best fit to the van Vleck equation
derived from Equation (1) (—). The equivalent data from [NaC1-
(CH,Cly),]HF,-CH,Cl, and [KC1(CH,CL,),]Fo6(HF,)04 are almost super-
imposable on those shown here.

ligand®"! (the basal/apical fluoro bridges should make a much
smaller contribution to superexchange in 1), while the g
values are close to those derived by EPR spectroscopy (see
below). Clearly, complexation of 1 by Na* or K* has little
effect on its magnetic behavior. This result is reasonable, since
the geometry of the principal covalent superexchange path-
way in 1, the pyrazolido bridging units, is essentially the same
in all three compounds.

The X-band EPR spectra of solid [1(H,0),]-3 CH,Cl, and
its complexes between 115-293 K are essentially identical.
Each of them show an isotropic line at g=2.13 and a weak
half-field resonance near 1590 G. The compound [NacCl-
(CH,C1,),]HF,-CH,CI, was examined more thoroughly with a
Q-band EPR spectrum, which also shows an isotropic signal

Angew. Chem. Int. Ed. 2007, 46, 4073—4076

Received: February 8, 2007
Published online: April 25, 2007

Keywords: copper - host—guest systems -
magnetic properties - metallacrown compounds -
supramolecular chemistry

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] a) V. L. Pecoraro, A. J. Stemmler, B. R. Gibney, J. J. Bodwin, H.
Wang, J. W. Kampf, A. Barwinski, Prog. Inorg. Chem. 1996, 45,
83-177; b) J.J. Bodwin, A.D. Cutland, R. G. Malkani, V. L.
Pecoraro, Coord. Chem. Rev. 2001, 216-217, 489-512.

[2] K. Severin, Chem. Commun. 2006, 3859 -3867.

[3] B. Kwak, H. Rhee, S. Park, M. S. Lah, Inorg. Chem. 1998, 37,
3599-3602.

[4] S.-X.Liu,S.Lin, B.-Z. Lin, C.-C. Lin, J.-Q. Huang, Angew. Chem.
2002, 7714, 1118-1121; Angew. Chem. Int. Ed. 2002, 41, 1084 —
1087.

[5] A.J. Blake, R. O. Gould, C. M. Grant, P. E. Y. Milne, D. Reed,
R. E. P. Winpenny, Angew. Chem. 1994, 106, 208-210; Angew.
Chem. Int. Ed. Engl. 1994, 33, 195-197.

[6] a) R. W. Saalfrank, I. Bernt, E. Uller, F. Hampel, Angew. Chem.
1997, 109, 2596-2599; Angew. Chem. Int. Ed. Engl. 1997, 36,
2482-2485; b) R. W. Saalfrank, B. Bernt, F. Hampel, Angew.
Chem. 2001, 113, 1745-1748; Angew. Chem. Int. Ed. 2001, 40,
1700-1703; c) R. W. Saalfrank, C. Deutscher, H. Maid, A. M.
Ako, S. Sperner, T. Nakajima, W. Bauer, F. Hampel, B. A. Hess,
Chem. Eur. J. 2004, 10, 1899-1905; d) R. W. Saalfrank, R.
Prakash, H. Maid, F. Hampel, F. W. Heinemann, A. X. Traut-
wein, L. H. Bottger, Chem. Eur. J. 2006, 12, 2428 —2433.

[7] Y. Bai, D.-B. Dang, C.-Y. Duan, Y. Song, Q.-J. Meng, Inorg.

Chem. 2005, 44, 5972 -5974.

a) K. L. Taft, C. D. Delfs, G. C. Papaefthymiou, S. Foner, D.

Gatteschi, S. J. Lippard, J. Am. Chem. Soc. 1994, 116, 823 -832;

b) R. H. Laye, M. Murrie, S. Ochsenbein, A. R. Bell, S. J. Teat, J.

Raftery, H.-U. Giidel, E. J. L. Mclnnes, Chem. Eur. J. 2003, 9,

6215-6220; c) D. M. Low, G. Rajaraman, M. Helliwell, G. A.

Timco, J. van Slageren, R. Sessoli, S. T. Ochsenbein, R. Bircher,

8

[

www.angewandte.org

Chemie

4075


http://www.angewandte.org

Communications

4076

C. Dobe, O. Waldmann, H.-U. Giidel, M. A. Adams, E. Ruiz, S.
Alvarez, E. J. L. Mclnnes, Chem. Eur. J. 2006, 12, 1385-1396;
d) P. King, T. C. Stamatatos, K. A. Abboud, G. Christou, Angew.
Chem. 2006, 118, 7539-7543; Angew. Chem. Int. Ed. 2006, 45,
7379-7383.

[9] P. Christian, G. Rajaraman, A. Harrison, J. W. McDouall, J. T.
Raftery, R. E. P. Winpenny, Dalton Trans. 2004, 1511 -1512.

[10] G. Mezei, P. Baran, R. G. Raptis, Angew. Chem. 2004, 116, 584 —
587; Angew. Chem. Int. Ed. 2004, 43, 574-577.

[11] a) N. V. Gerbeleu, Yu. T. Struchkov, G. A. Timko, A. S. Batsa-
nov, K. M. Indrichan, G. A. Popovich, Dokl. Akad. Nauk SSSR
1990, 313, 1459-1462; b) J. van Slageren, R. Sessoli, D. Gatte-
schi, A. A. Smith, M. Helliwell, R. E. P. Winpenny, A. Cornia,
A.-L.Barra, A. G. M. Jansen, E. Rentschler, G. A. Timco, Chem.
Eur. J. 2002, 8, 277-285; c)R.H. Laye, F K. Larsen, J.
Overgaard, C. A. Muryn, E.J. L. Mclnnes, E. Rentschler, V.
Sanchez, S.J. Teat, H. U. Giidel, O. Waldmann, G. A. Timco,
R. E. P. Winpenny, Chem. Commun. 2005, 1125-1127.

[12] a) J. Overgaard, B.B. Iversen, S.P. Palii, G. A. Timco, N. V.
Gerbeleu, F. K. Larsen, Chem. Eur. J. 2002, 8, 2775-2786;
b) G. A. Timco, A.S. Batsanov, F. K. Larsen, C. A. Muryn, J.
Opvergaard, S. J. Teat, R. E. P. Winpenny, Chem. Commun. 20085,
3649-3651.

[13] A. Caneschi, A. Cornia, S.J. Lippard, Angew. Chem. 1995, 107,
511-513; Angew. Chem. Int. Ed. Engl. 1995, 34, 467 —469.

[14] X. Liu, J. A. McAllister, M. P. de Miranda, E.J. L. Mclnnes,
C. A. Kilner, M. A. Halcrow, Chem. Eur. J. 2004, 10, 1827 -1837,
and references therein.

[15] S.L. Renard, I. Sylvestre, S. A. Barrett, C. A. Kilner, M. A.
Halcrow, Inorg. Chem. 2006, 45, 8711-8718, and references
therein.

[16] L. F. Jones, K. D. Camm, C. A. Kilner, M. A. Halcrow, Crys-
tEngComm 2006, 8, 719-728, and references therein.

[17] W.-S. Yu, C.-C. Cheng, Y.-M. Cheng, P.-C. Wu, Y.-H. Song, Y.
Chi, P.-T. Chou, J. Am. Chem. Soc. 2003, 125, 10800-10801.

[18] CCDC-632655 ([Nac1(CH,CL,),]HF,-3.2 CH,Cl,-0.66 O-
(CHj),), CCDC-632657 ([KC1(CH,CL),]Fs(HF, )4
3.5CH,Cl,), and CCDC-632657 ([1(H,0),]-8CH,Cl,) contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

[19] K. Nakamoto, Infrared and Raman Spectra of Inorganic and
Coordination Compounds, Part B, 5th ed., Wiley Interscience,
New York, 1997, p. 54.

[20] A.W. Addison, T.N. Rao, J. Reedijk, J. vanRijn, G.C.
Verschoor, J. Chem. Soc. Dalton Trans. 1984, 1349 —1356.

[21] a) H. Zhang, D. Fu, F. Ji, G. Wang, K. Yu, T. Yao, J. Chem. Soc.
Dalton Trans. 1996, 3799 -3803; b) E. Spodine, A. M. Atria, J.
Valenzuela, J. Jalocha, J. Manzur, A. M. Garcia, M. T. Garland,
O. Peiia, J.-Y. Saillard, J. Chem. Soc. Dalton Trans. 1999, 3029 —
3034; c¢) T.-L. Hu, J.-R. Li, C.-S. Liu, X.-S. Shi, J.-N. Zhou, X.-H.
Bu, J. Ribas, Inorg. Chem. 2006, 45, 162—-173.

[22] M.J. Hardie, R. Ahmad, C.J. Sumby, New J. Chem. 2005, 29,
1231-1240, and references therein.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2007, 46, 4073 -4076


http://www.angewandte.org

