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Syntheses, structures, and magnetic properties of one mononuclear inclusion compound [Cu'"L*c(H,0)] (1) and
three tetrametal systems of the composition [{ Cu"L} ,{ Cu"L*M"(H,0)3}](ClO4), (M = Cu (2), M = Co (3), M = Mn
(4)) derived from the hexadentate Schiff base compartmental ligand N, N'-ethylenebis(3-ethoxysalicylaldimine) (H,LY)
have been described. Compounds 1 and 2 crystallize in orthorhombic Pbcn and monoclinic P2;/c systems,
respectively, and the space group of the isomorphous compounds 3 and 4 is monoclinic C2/c. The water molecule
in 1 is encapsulated in the vacant O4 compartment because of the hydrogen bonding interactions with the ether
and phenolate oxygens, resulting in the formation of an inclusion product. The structures of 2—4 consist of the
[CU"L*M"(H,0)3]?* cation and two mononuclear [Cu'L!] moieties. In the dinuclear [Cu"L*M"(H,O)s]** cation, the
metal centers are doubly bridged by the two phenolate oxygens. The second metal center, M" (Cu in 2, Co in 3,
and Mn in 4), in the [Cu"L*M"(H,0)s]?* cation is pentacoordinated by the two phenoxo oxygens and three water
molecules. Two of these three coordinated water molecules interact, similar to that in 1, with two mononuclear
[Cu"L'] moieties, resulting in the formation of the tetrametal [{ Cu'"L},{ Cu"L*M"(H,O)3} ]** system that consists of
the cocrystallized dinuclear (one) and mononuclear (two) moieties. Evidently, the cocrystallization observed in 2—4
is related to the tendency of a water molecule to be encapsulated in the vacant O, compartment of the mononuclear
[CuL'] species. In the case of 2, there are two independent [Cu"L*Cu"(H,0)s]** units. The 7 ((8 — a)/60, where
B and a are the largest and second largest bond angles, respectively) values in the pentacoordinated environment
of the two copper(ll) centers in 2 are 0.04 and 0.37, indicating almost ideal and appreciably distorted square
pyramidal geometry, respectively. In contrast, the 7 values (0.54 for 3 and 0.49 for 4) indicate that the coordination
geometry around the cobalt(ll) and manganese(ll) centers in 3 and 4 is intermediate between square pyramidal
and trigonal bipyramidal. The variable-temperature (2-300 K) magnetic susceptibilities of compounds 2—4 have
been measured. The magnetic data have been analyzed in the model of one exchange-coupled dinuclear Cu'"M"
moiety and two noninteracting Cu" centers. In all three cases, the metal ions in the dinuclear core are coupled by
a weak antiferromagnetic interaction (J = —17.4 cm~%, =8 cm™%, and =14 cm~ for 2, 3, and 4, respectively). The
observation of a weak interaction has been explained in terms of the structural parameters and symmetry of the
magnetic orbitals.

Introduction izating intermolecular interactions in the context of crystal
The successful development of crystal engineering strate-packing, followed by the subsequent utilization and exploita-

gies relies first on developing, understanding, and rational- tion of this understanding in the design of new solids with
. - predictable structural properti€3intermolecular interactions

T o S b s, ol Sm-o4 1M @hetween the same molecules result in the generation of di-

23519755 (S.M.), 886-2-26209924 (H.-H.W.). and oligomers as well as extended netwdrksSimilarly,
t?g%’ﬁ;ﬂgg;ﬁ::gﬁga the attractive forces between different moieties may result
§ Universita Paderborn. in the formation of multicomponent crystals, which are

10764 Inorganic Chemistry, Vol. 45, No. 26, 2006 10.1021/ic061049u CCC: $33.50  © 2006 American Chemical Society

Published on Web 11/17/2006
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known as cocrystals, of varying dimensionafty!3-6

Definitely, cocrystallization of two different molecules is a
possible way of intentionally influencing the position of
molecules in a crystal lattice and allows for the investigation

explored in terms of the noncovalent interactions, not only
is the cocrystallization of the metal compounds accidental
but also the governing factors of this structural phenomenon
therein are difficult to understand. Clearly, the design of

of newly generated macroscopic properties. Designed syn-metal compounds that can exhibit inherent cocrystallization
theses of cocrystals have attracted much attention in recenbehavior remains a challenging task.

years for the understanding and exploitation of intermolecular It is well-known that the excellent hydrogen bonding
interactions as well as for their importance as pharmaceu-ability of water plays a crucial role in stabilizing the solid-

ticals, nonlinear optical materials, and charge-transfer state structure of numerous crystal hydrates. In some of the

solids29-3a4a5c

The reported cocrystals are dominated by organic sys-

tems2e 34 the majority of which, in turn, are aciebase
compoundge M4 There are also several examples of inor-
ganic—organic cocrystals.However, cocrystals containing
only the metal complexes are very rdrégain, although

host-guest compounds or inclusion compounds, water can
be encapsulated and behaves as a guest by forming hydrogen
bonds with the electron donor centers of the host molecules
such as crown ethefsmolecular tweezers,and metal
compounds containing a vacant compartnigibwever, the

role of water for potential cocrystallization of metal com-

the design of the components as well as the understandingoounds or any other type of system is not well-known.

of the reason of cocrystallization in organic cocrystals is well
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118 6315.
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Chem. Soc200Q 122 10073. (d) Ara, I.; Fornies, J.; Gomez, J.;
Lalinde, E.; Moreno, M. T.Organometallics200Q 19, 3137. (e)
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A number of mono- and dinuclear compounds have been
derived previously from the compartmental Schiff base
ligands obtained on condensation of 3-methoxy/ethoxysali-
cylaldehyde with diamine%.!* In the mononuclear com-
pounds, a 3d metal ion occupies theQX cavity. In some
of the mononuclear compounds of nickel(ll) and oxovana-
dium(IlV), one water molecule is encapsulated in thge O
compartment, resulting in the formation of an inclusion
product? Again, there are also a few nonhydrated compounds
of the same metal ions derived from the similar ligaH¥s
There is only one structurally characterized mononuclear
copper(ll) compound, [CYL)(H,O)] (H.L = N,N'-ethyl-
enebis(3-methoxysalicylaldimine), derived from this class of
compartmental ligand$? In this compound, the water
molecule is coordinated to the square pyramidal metal center.
Clearly, the encapsulation of a water molecule in the vacant
O, cavity is not a general phenomenon of this type of
mononuclear compound but depends on the subtle effect
characteristic of a particular compound. The dinuclear

(7) (a) Atwood, J. L., Devies, J. E. D., MacNicol, D. D., Edisclusion
Compounds Academic Press: London, 1984. (b) Atwood, J. L.,
Devies, J. E. D., MacNicol, D. D., Vogtle, F., Lehn, J. M., Gokel, G.
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Press: Exeter, U.K., 1996; Vol. 1. (c) Schneider, H. J.; Guetters, D.;
Schneider, UJ. Am Chem Soc 1988 110, 6449. (d) Newkome, G.
R.; Taylor, H. C. R.; Fronczek, F. R.; Delord, T. J.; Kohli, D. K;
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1995 14, 2411.
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Bashirpoor, M.; Rehder, 0. Chem. Sog Dalton Trans 1996 3865.

(11) (a) Winpenny, R. E. PChem Soc Rev. 1998 447. (b) Sakamoto,
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S.Eur. J. Inorg. Chem 2005 1500. (e) Mohanta, S.; Lin, H.-H.; Lee,
C.-J.; Wei, H.-H.Inorg. Chem Commun 2002 5, 585. (f) Novitchi,

G.; Shova, S.; Caneschi, A.; Costes, J.-P.; Gdaniec, M.; Stanida, N.
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compounds derived from the above-mentioned compartmen-
tal ligands are dominated by the-3df systems! However,

the homo- and heterodinuclear-38d compounds derived
from this type of ligand system are not well-known. In the
3d—4f compounds, due to the oxophilicity of the lanthanide
ions, all four oxygen atoms coordinate to the 4f centers. In

Nayak et al.

in the mononuclear copper(ll) compound as well as in
exploring the 3eé-3d compounds in this ligand environment.
Interestingly, the reaction df with M(CIlQO4),-6H,0 results

in the formation of the self-assembled tetranuclear systems,
[{CU'LY A{ CU'LIM"(H20)3}(ClO4)2 (M = Cu (2), M = Co

(3), M = Mn (4)), consisting of the cocrystal of the dinuclear
[CU'LIM"(H.0)3]?" cation and two mononuclear [CuY]
species. The syntheses, characterization, structures, and
magnetic properties ol—4 are described in the present
study.

Experimental Section

Materials and Physical MeasurementsAll the reagents and
solvents were purchased from the commercial sources and used as
received. The Schiff base ligand,H was prepared according to
the reported methotl¢ Elemental (C, H, and N) analyses were
performed on a Perkin-Elmer 2400 II analyzer. IR spectra were
recorded in the region 4664000 cnt?! on a Perkin-Elmer RXIFT

contrast, as the ether oxygens are not a suitable coordinatingspectrophotometer with samples as KBr disks. Magnetic suscep-

center to the 3d metal ion and as the ionic radius of the 3d
metal ion is smaller, it is expected that the ether oxygens
will not coordinate to the second metal center in the-3d
compounds. In that case, there is a possibility that the
remaining coordination positions of the second metal center
will be satisfied by a number of water (or other solvent)
molecules. Therefore, if the 3Bd compounds in this type

of ligand environment can be stabilized, a new type of
dinuclear core will be generated, which, in turn, may shed
light upon the spin exchange properties between the 3d meta
ions*?

tibility measurements df at 300 K were carried out with a magnetic
susceptibility balance, Sherwood Scientific Co., U.K. Variable-
temperature (5300 K) magnetic susceptibility measurements under
a fixed field strength ©1 T were carried out with a Quantum Design
MPMS SQUID magnetometer. Diamagnetic corrections were
estimated from the Pascal constalits.

Syntheses. [CUL1c(H,0)] (1). To a stirred suspension of the
ligand HL! (1.78 g, 5 mmol) in methanol (15 mL) was added
dropwise an aqueous solution (5 mL) of Cu(OAELO (1.0 g, 5
mmol). During the addition, a brown product began to deposit. After
ktirring the mixture for 0.5 h, the brown solid was collected by
filtration. Recrystallization of the product from dimethylformamide

The present investigation concerns the mononuclear cop-yielded diffraction quality crystals. Yield: 1.962 g (90%). Anal.

per(ll) compound, [CUL'c(H,0)] (1); (H.L* = N,N'-
ethylenebis(3-ethoxysalicylaldimine); Chart 1), and the prod-
ucts obtained on reaction dfwith the perchlorate salts of
copper(ll), cobalt(ll), and manganese(ll). We are particularly
interested in checking the possibility of the inclusion of water

(12) (a) Kahn, OMolecular MagnetismVCH Publications: New York,
1993; see also references therein. (b) Willett, R. D., Gatteschi, D.,
Kahn, O., EdsMagneto-Structural Correlations in Exchange Coupled
SystemsKluwer Academic Publishers: Dordrecht, The Netherlands,
1985. (c) Amabilino, D. B.; Veciana, J. Magnetism Molecules to
Materials II; Miller, J. S., Drillon, M., Eds.; Wiley-VCH: Weinheim,
Germany, 2001. (d) Crawford, V. M.; Richardson, M. W.; Wasson, J.
R.; Hodgson, D. J.; Hatfield, W. Hnorg. Chem 1976 15, 2107. (e)
Niemann, A.; Bossek, U.; Wieghardt, K.; Butzlaff, C.; Trautwein, A.
X.; Nuber, B.Angew Chem Int. Ed. Engl. 1992 31, 311. (f) Martin,

D. S.; Bill, E.; Weyhermuller, T.; Bothe, E.; Weighardt, K. Am
Chem Soc 2005 127, 6095. (g) Chlopek, K.; Bill, E.; Weighardt, T.;
Weighardt, K.Inorg. Chem 2005 44, 7087. (h) Chen, P.; Root, D.
E.; Campochiaro, C.; Fujisawa, K.; Solomon, EJ.IAm Chem. Soc.
2003 125, 466. (i) Yoon, J.; Mirica, L. M.; Stack, T. D. P.; Solomon,
E. . J. Am Chem. Soc2005 127, 13680. (j) Brewer, G. A.; Sinn, E.
Inorg. Chem 1987, 26, 1529. (k) Birkelbach, F.; Winter, M.; Ftee,

U.; Haupt, H.-J.; Butzlaff, C.; Lengen, M.; Bill, E.; Trautwein, A. X;
Wieghardt, K.; Chaudhuri, Pnorg. Chem 1994 33, 3990. () kawa,
H.; Nishio, J. J.; Ohba, M.; Tadokoro, M.; Matsumoto, N.; Koikawa,
M.; Kida, S.; Fanton, D. Bnorg. Chem 1993 32, 2949. (m) Mohanta,
S.; Nanda, K. K.; Thompson, L. K.; Flke, U.; Nag, K.Inorg. Chem
1998 37, 1465. (n) Chou, Y.-C.; Huang, S.-F.; Koner, R.; Lee, G.-
H.; Wang, Y.; Mohanta, S.; Wei, H.-Hnorg. Chem 2004 43, 2759.
(o) Mohanta, S.; Nanda, K. K.; Werner, R.; Haase, W.; Mukherjee,
A.; Nag, K. Inorg. Chem 1997, 36, 4656. (p) Mohanta, S.; Baitalik,
S.; Dutta, S. K.; Adhikary, B.Polyhedron1998 17, 2669. (q)
O’Connor, C. J.; Freyberg, D. P.; Sinn, Borg. Chem 1979 18,
1077. (r) Leslie, K. A.; Drago, R. S.; Stucky, G. D.; Kitko, D. J,;
Breese, J. Alnorg. Chem 1979 18, 1885.
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Calcd for GgH24N,OsCu: C, 55.10; H, 5.55; N, 6.43. Found: C,
55.20; H, 5.47; N, 6.48. IR (cm, KBr): va.d{H;0), 3568m;
v4(H20), 3518m;»(C=N), 1620vs;d(H,0), 1545w;v(C—OEt),
1246m.uer = 1.78 BM (bohr magneton).

[{Cu"L}{Cu"LICu" (H,O)3}](ClO4), (2). To a suspension of
1 (0.218 g, 0.5 mmol) in methanol (15 mL) was added dropwise
with stirring a methanol solution (5 mL) of copper(ll) perchlorate
hexahydrate (0.186 g, 0.5 mmol). Immediately, a green solution
formed, which was filtered after 0.5 h to remove any suspended
particles. The filtrate was then kept at room temperature for slow
evaporation. After a few days, diffraction quality brown crystals
that deposited were collected and washed with cold methanol.
Yield: 0.209 g (80%). Anal. Calcd for ggH7:NgO23Cl.Cuy: C,
45.89; H, 4.62; N, 5.35. Found: C, 45.67; H, 4.63; N, 5.27. IR
(cm1, KBr): v(H0), 3339w;v(C=N), 1625s;1(ClO,4), 1088vs,
620w.

[{Cu"LT,{Cu"LIM"(H20)3}](ClO4)2 (M = Co (3), M= Mn
(4)). These two compounds were prepared in the same way as
described below fod using the appropriate M(CUp-6H,0.

To a stirred suspension df (0.218 g, 0.5 mmol) in methanol
(15 mL) was added a methanol solution (5 mL) of Mn(@QK
6H,O (0.127 g, 0.5 mmol). After a few minutes, the brown
suspension changed to a red precipitate. This was dissolved by
adding a requisite amount of acetonitrile. Afteh of stirring, the
solution was filtered and the filtrate was kept for slow evaporation.
The diffraction quality red crystals that deposited over a period of
few days were collected by filtration and washed with methanol.

(13) Konig, E. Magnetic Properties of Transition Metal Compounds
Springer-Verlag: Berlin, 1966.
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Table 1. Crystallographic Data of—4

1 2 3 4
empirical formula QoH24N205CU C60H72N6C|2023CU4 CaoH72NeC|2023CLt3CO C@oH72NaC|2023CLk;Mn
fw 435.95 1570.30 1565.69 1561.70
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pbcn P2i/c C2lc C2lc
a, 12.800(2) 22.1371(7) 15.4775(14) 15.551(10)
b, A 19.804(4) 26.0705(8) 22.468(5) 22.630(9)
c, A 7.660(3) 23.6500(7) 18.776(2) 18.964(4)
o, deg 90.00 90.00 90.00 90.00
p, deg 90.00 107.1423(8) 95.680(10) 95.55(5)
y, deg 90.00 90.00 90.00 90.00
vV, A3 1941.7(8) 13042.7(7) 6497.3(17) 6643(5)

z 4 4 4 4

T, K 293(2) 295(2) 293(2) 293(2)
A(Mo Ka), A 0.71073 0.71073 0.71073 0.71073
Pealeds  CNT 3 1.491 1.599 1.601 1.562

u, mmt 1.159 1.452 1.386 1.296
reflections collected 1714 117134 11754 6104
independent reflections 1713 29962 5695 5872
Rint 0.0258 0.0668 0.0067 0.0166
R12 (1 > 20(1)) 0.0424 0.0538 0.0854 0.0570
WR2° (all data) 0.1180 0.1696 0.2106 0.1577

ARL = [J|IFol = IFll/ZIFoll. "WR2 = [FW(Fo* — FAF3W(F?)7"

Yield: 0.213 g (82%). Anal. Calcd for ggH72NgO.3Cl,CusMn: C,

center, which remains in a square planar environment. The

46.14; H, 4.65; N, 5.38. Found: C, 46.04; H, 4.74; N, 5.28. IR water molecule is hydrogen bonded to the phenolate oxygens

(cm™L, KBr): v»(H0), 3403m;»(C=N), 1623s;v(ClO,4), 1085vs,

618w.

and also to the oxygen atoms of the ethoxy side chains,

resulting in the formation of an inclusion product.

Data for 3 follows. Yield: 0.201 g (77%). Anal. Calcd for
C60H72N50230|2CU3C0: C, 46.03; H, 4.64; N, 5.37. Found: C,

46.16; H, 4.72; N, 5.28. IR (cm, KBr): 1(H,0), 3389w;»(C=N),
1630s;v(ClO,4),1088vs, 619w.
Crystal Structure Determination of 1—4. The crystallographic

Complex 1, on reaction with copper(ll) perchlorate,
produces the tetranuclear copper(ll) complex of the composi-

tion [{CU'LY o{ CU'LICU'(H,0)3}](CIO.)> (2). Similarly, 1

smoothly reacts with the perchlorate salts of cobalt(ll) and

data of these compounds are summarized in Table 1. Diffraction manganese(ll) to produce the heterotetranuclear complexes

data for1 and4 were collected on a Siemens P4 diffractometer, of the composition{CU'L%} A CU'LIM" (H,0)s} ](CIO.), (M"
and a Bruker SMART charge-coupled device (CCD) diffractometer — @), M = Mn (4)). The variation in the ratio of the

was used for2. In the case o8, data collection was made on a
Bruker-Nonius FR-590 (MATH-3) diffractometer. All the data were
collected in thev — 20 scan mode using graphite-monochromated
Mo Ka radiation having. = 0.71073 A. Three standard reflections

reactantsl and M(CIQ),:6H,O (M = Cu, Co, or Mn) has
no effect on the above-stated composition of the products.
Surprisingly, it has not been possible to isolate an analogous

were periodically monitored and showed no significant variation Nickel(ll) complex. Nickel(ll) perchlorate readily reacts with
over data collection. The accurate unit cells were obtained by meansl, and from the resulting green solution, a product of the
of least-squares fits of 25 centered reflections. The intensity dataapparent compositiod Cu'L1} o{ Cu'LINi"(H,O)3}](ClO4)2

were corrected for Lorentz and polarization effects, and semiem- has been obtained. However, as yet, we have not been able

pirical absorption corrections were made frognscans. The

structures were solved by direct and Fourier methods and refined

by full-matrix least-squares methods basedr8with the programs
SHELXS-97 and SHELXL-974 Neutral atom scattering factors
were taken from a standard sout€&ll non-hydrogen atoms were

to obtain diffraction quality crystals to verify the composition.
The IR spectrum of the free ligand,H exhibits two

strong absorptions at 1627 and 1249 ¢érdue tove—y and

vc—ogt Vibrations, respectively. In complel the vibrations

readily located and refined by anisotropic thermal parameters. The due tove—y (1620 cn1?) andvc-o: (1246 cn) are slightly

final least-squares refinemenRl() based on > 2¢(l) converged
to 0.0424, 0.0538, 0.0854, and 0.0570 fbr 2, 3, and 4,

respectively.

Results and Discussion

Syntheses and CharacterizationThe mononuclear cop-
per(ll) complex [CULc(H0)] (1) is readily obtained by
reacting the ligand kL* with copper(ll) acetate. As will be
seen, the water molecule Inis not coordinated to the metal

lowered in energies relative to the free ligand. Importantly,
the IR spectrum of compouridexhibits two sharp bands at

3568 and 3518 cnt (Figure 1) in the region of water
stretching. As will be seen, the water molecule in this
compound is encapsulated in the @mpartment because

(14) (a) Sheldrick, G. MSHELXS-97 A Program for Crystal Structure
Solution University of Gdtingen: Gidtingen, Germany, 1997. (b)
Sheldrick, G. M. SHELXL-97 A Program for Crystal Structure
RefinementUniversity of Gdtingen: Gitingen, Germany, 1993.

(15) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, U.K., 1974; Vol. IV.

Inorganic Chemistry,

of the formation of strong bifurcated hydrogen bonds with
the phenoxo and ethoxy oxygens. In hydrated crystals, the
asymmetric and symmetrig,—y stretching vibrations spread
over a considerable range of energy and are normally
observed as a broad band. However, because of encapsula-
tion, the motion of the water molecule is so restricted.in
that the asymmetric and symmetric stretchings appear
separately. Similar separation of-® stretching modes of
vibration has been reported in a few oxovanadium(lV)
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Figure 2. Crystal structure of [CLL1c(H0)] ().

Table 2. Selected Bond Lengths (A) di—4

distances distances
compound bond (A)  compound bond A
P Gow rene Y Cltno) Leasa
u— . u .

¢ Cu(7)-0(23) 1.902(3)

| 2 2(unitl) Cu(l)-O(4) 1.972(3) Cu(AN(9) 1.946(4)
OSSR s e ouoes e

1700 1650 1600 1550 1500 1450 Cﬂ&?og 1:961533 cﬂgo((n% 1'_917((3))

-1
v/cm Cu(1)}-0(3) 1.971(4) Cu(8¥N(11) 1.925(4)
(b) Cu(2-N(1) 1.926(4) Cu(8r0(28) 1.903(3)
Cu(2-0(5) 1.907(3
Figure 1. Part of the IR spectrum of #i* and [CULY(H.0)] (1) CE%Z)):N&; 1_914((4))3 Co(1)-0O(1) 2.124(6)
demonstrating (a) stretching and (b) bending vibrations of the encapsulated Cu(2-0(4) 1.917(3) Co(B0(3) 2.047(11)
water molecule irfl. Cu(3-N(3) 1.926(5) Co(1y0(4) 2.059(7)
compounds containing similar types of encapsulated water gﬂg);ﬁg)) i'ggfg’)) 558—})’(\')((:1[)) 1'2(8)%((2))
molecules. The restricted motion of the water molecule is Cu(3-0(8) 1.915(4) Cu@yN(2) 1.929(10)
further evidenced in the occurrence of the bending mode of Cu(4)-N(6) 1.953(4) Cu(2yO(6) 1.892(7)
vibration at 1545 cm! (Figure 1). gﬂgi)):ﬁg)z) 11323((2’)) (C:LT((ZZ;(N)((Q 1'222(3))
In complexe®—4, the position ofve—y remains practically Cu(4)-0(13) 1',897(3) '

unchanged. Additionally, they exhibit the bands of the ionic , 4 Mn(1)-0O(1) 2.198(3)
perchlorate at ca. 1085 and 620 ¢mAs compared tdl, 2 (unit 1) gﬂ%ﬁggg; g:ggigg m&;gg; g:igggg
the band due to water stretching modes is broader in nature Cu(5-0(16) 1.977(3) Cu(ByN(1) 1.919(4)
and observed in the range 3408340 cn1?. It will be seen Cu(5)-0(17) 1.942(3) Cu(1yO(1) 1.893(3)
that in these compounds both encapsulated and nonencap- 83%2)):3(%;3) 11.,99112((2,)) gﬂégg((g 1'_3391((2
sulated water molecules are present; therefore, the separation Cu(6)-0(19) 1.910(3) Cu(@N(@B) 1.927(5)
between asymmetric and symmetric stretching modes of Cu(6)-N(7) 1.902(4) Cu(2y0(5) 1.895(4)

vibration gets vitiated.

Description of the Structures of 1-4. The crystal of the two water hydrogens forms bifurcated hydrogen bonds
structure of [CUL1c(H0)] (1) is shown in Figure 2, and  with one phenoxo and one ethoxy oxygen. The geometries
the selected bond lengths and angles are listed in Tables 2f the hydrogen bonds are summarized in Table 3. The
and S1. The structure df shows that it is a mononuclear donor--acceptor contacts involving the phenoxo and ethoxy
compound having the metal center in the salen-type cavity oxygens are 3.048 and 2.903 A, respectively, indicating that
of [LY]?". As observed in related compounds, the-Gubond the hydrogen bonds can be considered as moderately strong;
length (1.945(3) A) is slightly longer than the €E® bond those involving ethoxy oxygens are slightly stronger.
distance (1.911(2) AY%211The NyO, donors form a perfect The structure of consists of four perchlorate anions and
plane, and the metal center lies exactly on this plane, adoptingtwo independent units of the tetracopper(ll) dication of the
a square planar geometry. Th@ansoid (177.19(119) and composition { CU'LY} ,{ CU'L'Cu'(H,0)s}]?". In each of the
cisoid (83.8(2)-93.38(12)) angles in the coordination two independent units (unit | and unit Il, Figure 3), the
environment of copper(ll) deviate to a small extent from the diphenoxo-bridged [CWLCu'(H,0)s]?" cation is interlinked
ideal values. The water molecule in this compound is with two mononuclear [CLLY] species by hydrogen bonding
hydrogen bonded with the four oxygen atoms and is interactions (vide infra). In the dicopper(ll) cores, one
encapsulated in the acyclic;©ompartment of [£]2~. Each copper(ll) ion occupies the J0, cavity, and the second
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Unit 1

Table 3. Geometries (Distances in A and Angles in deg) of the
Hydrogen Bonds Responsible for the Encapsulation of Watér-i

compound B-H---A/D-:-A D-:A H-:A  D—H--A
1 O(3)—H(31A)---0(1) 3.048 2428 1445
O(3)—H(31)--0(2) 2903  2.266 147.3
2 O(2)—H(2)---0(8) 2.839  2.095 140.4
O(2)—H(2)-+-0(9) 2.759  1.988 143.8
O(2)—H(2)---0(10) 2990 2211 145.7
O(2)—H(2):--0(11) 3.006  2.257 141.2
O(3)—H(3)---0(12) 2.755  1.932 151.8
O(3)—H(3)::+0(13) 2.831 2.204 126.4
O(3)—H(3)---0(14) 3.063  2.588 114.0
O(3)—H(3)-:-0(15) 2982 2142 155.2
O(17-H(17)---0(27)  2.765  1.930 155.0
O(17)-H(17)---0(28) 2.781  2.013 143.3
O(17y-H(17)---0(29) 2.977  2.351 127.2
O(17)-H(17)---O(30) 3.099 2.336 143.7
O(18)-H(18)-:-0(23) 2.740  2.046 134.1
O(18y-H(18)---0(24)  2.744  1.900 156.5
O(18)-H(18)-:-O(25) 3.066  2.263 150.1
O(18)-H(18)-::O(26) 2.999  2.376 126.7
3 O(4)---O(5A) 2.762
O(4)---O(6A) 2.809
O(4)---0(7A) 3.023
O(4)---O(8A) 2.927
4 O(4)—H(41)--0O(5) 2.813  2.094 143.9
O(4)—H(42)--0(6) 2.853  2.229 131.6
O(4)—H(41)--0(7) 3.051 2342 142.8
O(4)—H(42)--0(8) 2956  2.190 152.9

compartment of [E]?~ is occupied by another metal ion that
is coordinated to the two bridging phenoxo oxygens and three
water molecules. The ethoxy oxygens of the ligand remain
uncoordinated.

The selected bond lengths and angles of the coordination

environment of six copper(ll) centers (Cu(2), Cu(3), Cu(4),
Cu(6), Cu(7), and Cu(8)) in the J0, compartment are
summarized in Tables 2 and S1. The-Niand Cu-O bond
lengths lie in the ranges 1.902(4).953(4) and 1.885(3)
1.933(3) A, respectively. As i, each of the CtN bond
lengths are slightly longer than its respective trans-Cu
distance. The ranges of thuésoid (83.56(19)-96.01(179)
andtransoid(169.01(16)-177.27(179) angles, the average

Unit 11

Figure 3. Structures of two tetracopper(ll) units (units | and I1) of compositipGu'L} { Cu'L1Cu' (H20)s}]?", each containing one dinuclear [i-
Cu'(H20)3}]12" cation and two mononuclear [€L1] species, ir2. Only those hydrogens participating in hydrogen bonds are shown. Except oxygens, other
atoms of the ethoxy groups are also omitted for clarity.

deviation (0.06-0.16 A) of the donor atoms, and the
displacement (0.0670.025 A) of the copper(ll) center from
the corresponding least-squareg®plane indicate that the
coordination environment of these metal ions deviates only
to a small extent from the ideal values.

As already mentioned, in compoui2dthe second metal
center (Cu(1) in unit I and Cu(5) in unit II) in the
corresponding dinuclear units obtains a five-coordinateCuO
environment by the two bridging phenoxo and the three water
oxygens. However, comparison of the relevant metric
parameters in Table S2 indicates a significant difference
between the coordination geometries of thge@vironments
of these two metal centers. In the case of Cu(1), the value
of 7 is 0.04, indicating an almost perfect square pyramidal
geometry; the value is 0.37 in the case of Cu(5), indicating
a considerably distorted square pyramidal geomiétiry the
case of Cu(1), the square plane is defined by the O(1), O(2),
0(3), and O(4) atoms and the phenoxo oxygen O(5) occupies
the apical position. The metal atom lies almost on the least-
squares plane (deviation only 0.02 A). In contrast, Cu(5) is
significantly displaced (0.22 A) from the mean plane of the
0(16), O(17), O(18), and O(19) atoms. In the equatorial O
square plane of Cu(1) and Cu(5), the-GD bond distances
lie in the ranges 1.919(4)1.972(3) and 1.942(3)2.055(3)

A, respectively. By comparison, the apical-©0 (phenoxo)
bond distances are 2.374(3) A for Cu(1) and 2.294(3) A for
Cu(5). The difference in the two dicopper(ll) cores of unit
I and unit Il in compouna is also evidenced in their bridge
angles [unit I, Cu(2}O(5)—Cu(2)= 91.82(12j and Cu(1)-
O(4)—Cu(2) = 105.29(149; unit I, Cu(5)—0O(20)-Cu(6)

= 97.24(13j and Cu(5)1-0(19)Cu(6) = 104.99(149] as
well as in the dihedral angles (unit I, 77;4nit Il, 87.2)
between the square planes of the two copper(ll) centers. The
Cu(1y--Cu(2) and Cu(5)-Cu(6) separations are 3.09 and
3.14 A, respectively.

(16) Addison, W.; Rao, T. N.; Reedijk, J.; Rijn, J. V.; Verschoor, GJC.
Chem Soc, Dalton Trans 1984 1549.
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geometry is intermediate between distorted square pyramidal
and distorted trigonal bipyramid#l.In the case of a square
pyramidal environment, either of the two phenoxo oxygens
(O(2) and O(1A)) can be considered as the apical atom; the
remaining oxygen atom between O(1) and O(1A) and the
three water oxygens occupy the equatorial positions. The
average deviations of O(1), O(3), O(4), and O(4A) from the
least-squares {plane is 0.31 A, and the cobalt(ll) center is
displaced by 0.33 A from this plane. For trigonal bipyramidal
geometry, two phenoxo (O(1) and O(1A)) oxygens and one
water (O(3)) oxygen define the equatorial plane; the two
remaining water oxygens (O(4) and O(4A)) occupy the apical
positions. The cobalt(ll) ion lies on the equatorial O(1)-
O(1A)O(3) plane. However, the -@0---O angles (O(1}-
O(3)---O(1A) = 36.6°, O(3)--O(1)--O(1A) = 71.7) in the
equatorial plane are indicative of a high degree of distortion.
Figure 4. Structure of the tetrametal unit of compositigCL' L1} »{ Cu'L1- The metat-ligand bond distances (Co(tP(1) = 2.124(6)

Co'(H20)5}]2+ consisting of one dinuclear [¢LICO! (H,0)5}]2* cation A) involving phenoxo oxygens are slightly longer than the
and two mononuclear [Gl] species in3. Only those hydrogens  bond lengths (Co(BO(3) = 2.047(11) A, Co(1>0(4) =

participating in hydrogen bonds are shown. E_xcept oxygens, other atoms 2_059(7) A) involving the water oxygens. The Cqu)(l)—

of the ethoxy groups are also omitted for clarity. Co(1) bridge angle and the Cu(#Co(1) distance in the
Similar to that in1, water encapsulation through bifurcated dinuclear core are 102.6(3and 3.132 A, respectively. As

hydrogen bonds occurs also 20 Among the three coordi-  in 2, the bridging moiety in the dinuclear core is highly

nated water molecules in units | and Il, two are encapsulatedtwisted, as evidenced by the dihedral angles (9b&tween

in the Q, cavity of two [CU'LY] species (Figure 3). In the the NO, square plane of the copper(ll) center and the

case of unit I, HO(2) is encapsulated in the O(8)O(9)O- equatorial Q plane of the cobalt(ll) environment.

(10)0(11) compartment of the [&(B)L*] moiety, and HO- The Q cavities of the two [CULY] moieties are occupied
(3) is encapsulated in the O(12)0(13)0(14)0O(15) compart- by two coordinated water molecules. In this case, two
ment of the [CH(4)L'] fragment. Similarly, in unit II,  symmetry related water molecules (B{4) and HO(4A))
H,0(18) and HO(17) interact with the [Cl(7)L'] and [CU'- are hydrogen bonded with the oxygens of the two symmetry

(8)LY] species, respectively. The geometries of the hydrogenrelated [CULY moieties, [CU(2A)LY] and [CU'(2)LY],
bonds are summarized in Table 3. The O(wat€d(phenoxo) respectively. As the water hydrogens are not located, it is
and O(watery-O(ethoxy) contacts lie in the ranges 2-74  not possible to comment on the geometries of the hydrogen
2.83 and 2.973.10 A, respectively, indicating that the bonds. However, the O(water)O(phenoxo) and O(water)
hydrogen bonds can be considered as moderately strong ifO(ethoxy) contacts (2.7622.809 and 2.9273.023 A,

this case also. However, in contrast 1o in which the respectively) are very similar to the corresponding distances
O(water)--O(phenoxo) distance is longer than the O(water)  in 2, indicating the existence of similar types of bifurcated
O(ethoxy) contacts, the reverse is the case ®ith hydrogen bonds.

The structure of3 consists of the heterotetranuclear Compound (Figure 5), which consists of the [€lu*Mn''-
[{CU'LY} { CU'L1CO"(H,0)3}]?" cation (Figure 4) and two  (H,O)s]?" cation and two [CUL?] species, is isomorphous
perchlorate anions. 18, similar to that in2, the dinuclear ~ with 3. The structural parameters of the coordination
[CU'LCO'(H0)3]?" core is interlinked with two mono-  environment are summarized in Tables 2, S1, and S2, and
nuclear [CUL'] moieties by hydrogen bonding interactions. the geometries of the hydrogen bonds are listed in Table 3.
In this case, one-half of the molecule is symmetry related to Because of the disorder of one coordinated water oxygen
the other half because of the presence of a crystallographic(O(3)) over two sites with equal occupancy, it is not possible
2-fold axis. In the dinuclear [ClLCd"(H,0)s]?* core, the to know the absolute values of some of the bond lengths
copper(ll) ion occupies the D, compartment, and the and angles. However, taking one site (Figure 5, Tables 2
cobalt(ll) center is pentacoordinated by the two phenoxo and S2) of the disordered oxygen, the nature of the
oxygens and three water molecules. In this case also, thecoordination environment around manganese(ll) can be
ethoxy oxygens remain noncoordinated. The structural understood. In this case, the valuewis 0.49, indicating
parameters in the square plana¥ coordination environ-  that, as in the cobalt(ll) environment B, the geometry
ment of the two crystallographically different copper(ll) ions around manganese(ll) #is highly distorted and intermedi-
(Cu(1) and Cu(2)) are similar to those in compoufdmnd ate between square pyramidal and trigonal bipyranifdal.

2 (Tables 2 and S1). the dinuclear moiety, the Cu@0(1)—Mn(1) bridge angle,

The CoQ coordination environment (Figure 4, Tables 2 Cu(1)--Mn(1) distance, and the dihedral angle between the
and S2) in3 is highly distorted, and the extent of distortion square plane of the copper(ll) ion and the @ane of the
is comparable with the CuQenvironment in unit Il of2. manganese(ll) ion are 103.78(158.225 A, and 912
The value ofr in this case is 0.54, indicating that the respectively. As irB, encapsulation of two coordinated water
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Figure 5. Structure of the tetrametal unit of compositigICLI'L} ,{ Cu'L -
Mn''(H2O)s} ]2+ consisting of one dinuclear [¢uMn' (H20)s}]2*+ cation
and two mononuclear [CLY] species in4. Only those hydrogens

participating in hydrogen bonds are shown. Except oxygens, other atoms

of the ethoxy groups are also omitted for clarity.

molecules takes place in the structure bfbecause the

formation of bifurcated hydrogen bonds (Figure 5, Table 3).

Relative Extent of Water Encapsulation in 1-4. The
relative extent of the encapsulation of watelind may be

with the mononuclear [CWL!] species. Evidently, the
tendency to encapsule the water molecule in thednpart-
ment of the mononuclear [C¢L'] moiety is the governing
factor for the potential cocrystallization &+—4.

Magnetic Properties. The cryomagnetic behavior @fis
shown in Figure 6 in terms gfuT versusT andym versus
T plots. TheywT value (1.53 crimol™! K) at 300 K of2 is
very close to the theoretical value (1.50 Tmol™! K) for
four isolated copper(ll) ions witly = 2. On lowering of
temperaturesyu T decreases very slowly to 1.43 ¢mol !
K at 80 K. On further lowering of temperatureguT
diminishes very rapidly to 0.59 chmol™* K at 2 K. The
profile indicates that there exists a weak antiferromagnetic
interaction in this molecule. Although the metal ions in the
dinuclear cores should interact with each other, the possibility
of a magnetic exchange between the metal ion in the
mononuclear species with the pentacoordinated metal center
in the dinuclear cores should be discarded because these
metal ions are separated as Cu(mononucte@(phen-
oxo)--H—O(water)-Cu(pentacoordinated) and the Cu(penta-
coordinatedy-Cu(mononuclear) separations lie in the range
4.86-5.04 A. Therefore, the two copper(ll) centers in the
[Cu"LY] moieties should only influence the,T values as a
known amount of paramagnetic impurity. The rapid increase
of theym values at lower temperatures is indicative of such

understood from the displacement of the water oxygen from an assumption. Again, the absence of a maximum irythe

the least-squares O(phenox®@jethoxy) plane. In the case

versusT plots is also indicative of the influence of the

of 1, the oxygen atom of the encapsulated water lies on the paramagnetic contribution of the two isolatee 1/2 centers.

least-squares O(phenox@)ethoxy} plane, and the oxygen
atoms of the encapsulated water molecules2id are
displaced by 0.921.23 A from the corresponding O(phen-
ox0),O(ethoxy) plane, indicating that the extent of encap-
sulation in 1 is much greater than that in the other

As the structural parameters in the two dinuclear corex in
are significantly different, there should be two values of the
exchange integralJf. However, consideration of two dif-
ferent J values for two different dinuclear cores is not
possible because of the dependency of dmalue on the

compounds. It should be noted that treatment of compoundsother in the course of least-squares fitting. Considering

2—4 with dimethylformamide results in the formation of
compoundl, indicating that the @ compartment is more
preferable for water.

Resemblance of Water with Metal lons.As mentioned
earlier, interacting by the two phenoxo oxygens or by all
the four oxygens, the Qcompartment of [E]>~ can accom-

average] values for the two dinuclear cores and the same
value for the magnetic momentd,) of the copper(ll) centers

in the mononuclear fragments, the theoretical expression for
the molar magnetic susceptibility,() of a system of one
exchange-coupled dicopper(ll) and two mononuclear copper-
(1) moieties can be derived H8

modate 3d and 4f metal ions as well as water. Therefore, in

this ligand system, encapsulation of water via hydrogen _ T.99%T + 2ucf

bonding interactions is very similar to the occupation of metal Xm 7.997T (1)
ions; the stabilization is achieved by electrostatic as well as

by orbital overlap in the case of metal ions; in contrast, only where

the electrostatic interactions between water hydrogens and

phenoxo or ethoxy oxygens are responsible for the inclusion Y= NSy’ 2e”T

of water. Moreover, both the formation of a bimetallic core KT 1+ 3e2KT
from [CU'L'c(H,0)] and the decomposition of the former o . .
to the latter by dimethylformamide resemble the transmeta- Least-squares fitting of the experimental data with eq 1 leads

lation reaction.

Cocrystallization in 2—4. As discussed, the structures of
2—4 consist of one dinuclear [Gu*™M" (H,0);]?" cation and
two mononuclear [CLL'] species. Clearly, compoun@s-4

toJ= —17.4 cnr?, g = 2.087, andc, (fixed) = 1.73 BM1™®
the agreement factoR) defined as ¥ { (ymT)obs — ((mT)caid &
S (mTobd is 3.26 x 1072,

As shown in Figure 7, thgyT value (5.14 crimol~! K)

are interesting examples of the cocrystal consisting of at 300 K of4 is lower than the theoretical value (5.50 tm

dinuclear and mononuclear moieties as the components. As
the water molecule prefers to be encapsulated in the O
compartment, two of the coordinated water molecules interact

(17) (@)xm = xp + 2cu = xp + 2(uc/2.828/T. (b) As the compounds
2—4 are isostructural, samec, value (1.73 BM) has been fixed in
the simulation process.
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Figure 6. xwm (circles) versud andymT (triangles) versud plots for 2.
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Figure 8. xwm (circles) versudl andymT (triangles) versud plots for 3.
The solid lines represent the simulated curves.

0 50

2.0 T T mol~! K in the temperature range 36210 K. Below 110
Is0 K, xmT decreases steadily to 0.96 Tmol™* K at 2 K. It
sk 1 may be noted that the magnetic behavioBdag additionally
s complicated due to the presence of first-order orbital angular
Tg _4_5"§ momentum associated with the high spin cobalt(ll) center.
e 10F g In comparison to the theoretical value (3.00%amol ™! K),
< 2 the high value (3.76 cimol~! K) of yvT at 300 K of this
= 140 tf compound is related to the orbital angular momentum of the
0sr cobalt(ll) ion. It may also be mentioned that the isotropic
1ss model matches only poorly with the magnetic behavior of
O tteesesttessessen B this compound (Supporting Information). Therefore, the

50

100

150 200 250 300
T/K

susceptibility data have been simulated with é¢3,awhich
considers the exchange coupling between cobalt(ll) and

Figure 7. xwm (circles) versud andymT (triangles) versud plots for 4.
The solid lines represent the simulated curves.

copper(ll) centers in the dinuclear core, the single-ion zero-
field parameter)) of the cobalt(Il) ion, and the contribution
mol~1 K) for the isolated one Mh(s = 5/2) and three Cl of the two isolated = 1/2 spins. The simulation in this case
(s = 1/2) ions withg = 2. In this caseymT gradually is converged withl = —8 cnt?, g = 2.39,|D| = 2.9 cn1’?,
decreases on lowering of temperatures to reach a plateautcu (fixed) = 1.73 BM, andR = 2.32 x 107217

(3.75 cnf mol™* K) in the temperature range 240 K. )

Below 10 K, yw T decreases sharply to reach a value of 3.45 _ 1.99%pT + Zucy

cm® mol™* K at 2 K. Clearly, the nature of interaction Zu 7.99 3)
between the copper(ll) and manganese(ll) centers in the h
dinuclear core is antiferromagnetic. The influence of the two where
noninteracting mononuclear copper(ll) species can be evi- INFPR &+ 46° + eF
denced from the absence of a maximum in gheversusT X0 = T PP P s
plots as well as from the observation of a rapid increase in 6 +ete te
theym values at lower temperatures (Figure 7). Considering yith
one dinuclear CtMn" core and two noninteracting €u
centers, the theoretical equation of susceptibility can be A= 4J+§D — (4% — 2D3 + DAY kT
derived a&2 4
7.99%,T + 2uc’ B=|2J —i—%fD]/kT
=TT 90T @
' _ 9
where c=[e3+ 21D]/kT
_ NB°g* 10+ 28 p=[63+ 1D]/kT
Xp KT 54 79K 4

5
In this case, global minimization takes place witk —14 E= [(‘U + ZD) + (49 — 2DJ + D) VA|/kT
cm L, g = 1.985,ucy (fixed) = 1.73 BM, andR = 1.02 x
10—2.17b
The cryomagnetic behavior &fis shown in Figure 8. In
this case, thgyT values are almost constant at ca. 3.73 cm

As discussed, the bridging moieties of the dinuclear cores
of 2 are highly distorted and unsymmetrical. In addition, there
are two dinuclear cores with different extents of distortion.
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Therefore, the established correlati&agin dialkoxo- and

an antiferromagnetic interaction #is indicative that the

dihydroxo-bridged dicopper(ll) systems cannot be extended de-2 <> d2_2 pathway still dominates the overall interaction.

in this case?3" However, the origin of the observed weak
antiferromagnetic interactiod & —17.4 cn?) in 2 can be
understood from the relative orientation of the magnetic
orbitals. The lobes of thed 2 orbital of Cu(1) or Cu(5) are

Conclusions

The encapsulation of a water molecule in the vacant O
compartment of [E]>~, resulting in the formation of the

directed only toward the equatorial phenoxo oxygen: the lobe inclusion compound [ClL'C(H,0)] (1), and the dinuclear

of the dz orbital is directed toward the apical phenoxo
oxygen. As a matter of fact, only one phenoxo oxygen of

mononuclear cocrysta®—4 are the major outcome of the
present investigation. Although, there are a few examples

both the dinuclear cores participates in the superexchangePf the encapsulation of water in similag Compartments of

interaction, which, in turn, should result in a reduced
antiferromagnetic interaction. Again, the €0—Cu bridge
angle (ca. 109 involving the phenoxo oxygen participating
in the exchange pathway is only slightly larger than the
crossover angle (9 proposed in the related systefiy?
Evidently, the weak antiferromagnetic interaction between
the metal centers in the dinuclear coredd related to the
participation of only one bridging oxygen as well as the value
(ca. 105) of this bridge angle. It may be noted that a similar
weak antiferromagnetic interactiod€ —20 cn1?) has been
observed previously in a similarly distorted dicopper(Il)
compound-

oxovanadium(IV) and nickel(ll) systems, [tItc(H,O)] (1)

is the first example of the inclusion compound of copper(ll)
derived from the related ligands. It may also be noted that,
unlike in previously reported cocrystals of metal compounds,
the governing factor for cocrystallization in the present
investigation has been clearly understood in terms of
hydrogen bonding interactions. Again, the role of water for
potential cocrystallization of the metal ion species, as
observed ir?—4, or any other type of systems was not known
previously. Therefore, the observation described here is
interesting and it seems that other-&t compounds derived
from HyL! and related ligands may be suitable to study
inherent cocrystallization.
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in the dicopper(ll) cores i, a reduction in the strength of

the net antiferromagnetic interaction between the copper(ll)

and manganese(ll) centers4nHowever, the existence of

simulation of the susceptibility data 8fwith the isotropic model.
These materials are available free of charge via the Internet at
http://pubs.acs.org.

1C061049U

Inorganic Chemistry, Vol. 45, No. 26, 2006 10773





