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The Encapsulation of Ferrocyanide by Copper(ll) Complexes of Tripodal Tetradentate
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Substitution of the weakly binding aqua ligand in [Cu(tren){$H and [Cu(tpa)Ok|2" (tren= tris(2-aminoethyl)-

amine; tpa= tris(2-pyridylmethyl)amine) by a cyano ligand on ferricyanide results in the assembly of
heteropolynuclear cations around the cyanometalate core. In water, the reduction df tmré&eo F& generates
complexes that feature heteropolycations in which ferrocyanide is encapsulated by thigties: [ Cu(tpa)-
CN}6F€e][ClO4]g3H20 1, [{ Cu(tren)CN gFe][ClO4]s:10H,0 2, [{ Cu(tren)CN gFe][Fe(CN}]2[ClO4]2-15.8H:0 3,

and [ Cu(tren)CN sFe][{ Cu(tren)CN 4Fe(CN)][Fe(CN)]4-6DMSO-21H,0 4. The formation of discrete molecules,

in preference to extended networks or polymeric structures, has been encouraged through the use of branched
tetradentate ligands in conjunction with copper(ll), a metal center with the propensity to form five-coordinate
complexes. CompleX crystallizes in the monoclinic space gro#2;/c (#14) witha = 14.8674(10),b =
25.9587(10),c = 27.5617(10) A, = 100.8300(10)°, andZ = 4, and it is comprised of almost spherical
heptanuclear cations{ Cu(tren)CNsFeP", whose charge is balanced by two ferricyanide and two perchlorate
counteranions. Complekcrystallizes in the triclinic space groll (# 1) witha = 14.8094(8)b = 17.3901(7),

¢ = 21.1565(11) Aa = 110.750(3),8 = 90.206(2),y = 112.754(3)°, andZ = 1, and it is comprised of the
heptanuclear{[Cu(tren)CN¢FeF" cation and pentanucleaf Cu(tren)CN sFe(CN)}]*" cation, whose terminal

cyano ligands are oriented trans to each other. The charge is balanced exclusively by ferricyanide counteranions.
In both complexes, H-bonding interactions between hydrogens on primary amines of the tren ligand, terminal
cyano groups of the ferricyanide counterions, and the solvent of crystallization generate intricate 3D H-bonding
networks.

Despite the significant recent advances, magnetostructural
gorrelations have proved to be elusive in some cases due to the
inability to obtain crystals suitable for X-ray structural deter-

Introduction

Hexacyanometalates have been employed extensively a
building blocks for constructing extended-array multimetallic
assemplleliglvlth nove.I.Sthtural feg’FureS and PhySlCOChemlcaI (9) Ohba, M.; Maruono, N.; Okawa, H.; Enoki, T.; Latour, J. J1.Am.
properties:—® Recognition of the ability of cyanide groups to Chem. S0c1994 116, 11566.
bridge metal centers has led to the use of hexacyanometalate$10) Ohba, M.; Okawa, H.; Ito, T.; Ohto, A. Chem. Soc., Chem. Commun.
as templates for the preparation of heterometallic coordination }:99|5 15845-M lah T OudBeR - Veillet. P.: Verd W
polymers having one-dimensional (1-D), two-dimensional (2- ¢ )1&;5%;78\”70‘1‘ ah, T.; QuabeR.; Veillet, P.; Verdaguer, Miature
D), or three-dimensional (3-D) extended array structéife’s24 (12) Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,

C. Angew. Chem., Int. Ed. Endl995 34, 1446.

* To whom correspondence should be addressed. Phone: 61 3 9905 45(13) Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,
26. Fax: 61 3 9005 4597. Email: leone.spiccia@sci.monash.edu.au. C. J. Am. Chem. S0d.996 118 981.

T School of Chemistry, Monash University. (14) Ferlay, S.; Mallah, T.; Vaissermann, J.; Bartolome, F.; Veillet, P.;

* Department of Physics, Monash University. Verdaguer, MJ. Chem. Soc., Chem. Commud®96 2481.

(1) Klenze, H.; Kanellalopulos, B.; Tragester, G.; EyselJHChem. Phys. (15) Salah El Fallah, M.; Rentschler, E.; Caneschi, A.; Sessoli, R.; Gatteschi,
198Q 72, 5819. D. Angew. Chem., Int. Ed. Engl996 35, 1947.

(2) Gadet, V.; Bujoli-Doeuff, M.; Force, L.; Verdaguer, M.; El Malkhi,

K.; Deroy, A.; Besse, J. P.; Chappert, C.; Veillet, P.; Renard, J. P;

Beauvillain, P.Magnetic Molecular MaterialsGatteschi, D., Kahn,
O., Miller, J. S., Palacio, F., Eds.; (NATO ASI Series E); Kluwer
Academic: Dordrecht, The Netherlands, 1991; Vol. 198, p 281.

(3) Gadet, V.; Mallah, T.; Castro, I.; Verdaguer, M. Am. Chem. Soc.
1992 114 9213.

(4) Mallah, T.; Thiebaut, S.; Verdaguer, M.; Veillet, Btiencel 993 262,
1554.

(5) Entley, W. R.; Girolami, G. Slnorg. Chem 1994 33, 5165.

(6) Kahn, O.Adv. Inorg. Chem1995 43, 179.

(7) Ferlay, S.; Mallah, T.; OudkeR.; Veillet, P.; Verdaguer, Mnorg.
Chem 1999 38, 229.

(8) Sato, O.; Einaga, Y.; Fujishima, A.; Hashimoto,lKorg. Chem1999
38, 4405.

(16) Re, N.; Gallo, E.; Floriani, C.; Miyasaka, H. Matsumoto, INorg.
Chem.1996 35, 5964 and 6004.

(17) Michaut, C.; Ouahab, L.; Bergerat, P.; Kahn, O.; Bousseksow, A.
Am. Chem. Sod996 118 3650.

(18) Ohba, M.; Fukita, N.; Okawa, H. Chem. Soc., Dalton Tran$997,
1733. Ohba, M.; Okawa, H.; Fukita, N.; Hashimoto,JY Am. Chem.
Soc.1997 119 1011.

(19) Verdaguer, M.; Siberchicot, B.; Eyert, Vhys. Re. B: 1997, 56,
8959.

(20) Miyasaka, H.; Okawa, H.; Miyasaki, A.; Enoki, lhorg. Chem1998
37, 4878.

(21) Colacio, E.; Dominguez-Vera, J. M.; Ghazi, M.; Kivek&.; Lloret,
F.; Moreno, J. MChem. Commuri999 987. Colacio, E.; Dominguez-
Vera, J. M.; Ghazi, M.; Kiveks, R.; Moreno, J. M.; Pajuner, Al
Chem. Soc., Dalton Tran200Q 505.

10.1021/ic001452f CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/26/2001



Novel H-Bonding Networks

mination. To gain further insight into the structure and properties
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nuclear complex,{[Cu(tpa)CN gFe][ClIO4]g:3H,0 1.3 In this

of such assemblies, recent research has also focused on thpaper, we report three further discrete heteropolynuclear as-

design of discrete polynuclear entities (eg., nucleai§0) 2738

semblies, formed by reacting ferricyanide salts with [Cu(tren)-

In certain cases, the discrete entities can be viewed as buildingOH,]?" (tren= tris(2-aminoethyl)amine), and elaborate further

blocks to the frameworks that exhibit bulklike ferromagnetic
properties and, therefore, allow information to be obtained about
the transition from molecular to bulklike magnetic behavior.
One synthetic strategy to discrete heteropolynuclear as-
semblies has involved the capping of cyano groups on hexa-
cyanometalate anions, such as [Fe(g&J}*~ and [Cr(CN}]3",
with appropriate transition metal complex&s3® To generate
discrete entities, one coordination site on the metal complex
should generally be occupied by a weakly binding ligand that
is capable of being displaced by a cyano group from the
hexacyanometalate. For example, in the case of metal center
that adopt octahedral coordination (eg.!' dind Mr'), hepta-

nuclear cations have been formed by the reaction of complexes

of a strongly binding pentadentate ligand with the hexacyano-
metalate (in a 6:1 molar ratio). The first complex of this type
to be reported, {{Ni(tetren)(CN}Cr][ClO4]y (tetren= tetra-
ethylenepentamine), consisted of a [Cr(g]¥) capped by six
[Ni(tetren)P* moieties?® Further examples of these types of
complexes, which range from trinuclear complexes to more

elaborate, but still discrete entities, have been appeared in recenk

years30-38

Our own studies in this area have been prompted by the fact
that discrete heptanuclear complexes assembled around hex%

cyanometalate are still relatively rare, and few such complexes

have been characterized by X-ray crystallography. The structural

characteristics of discrete heteropolynuclear complexes incor-

porating hexacyanometalates remain relatively undeveloped. We

have shown that the reaction of the'Giomplex of the strongly
coordinating tetradentate ligand tris(2-pyridylmethyl)amine (tpa)
with ferricyanide results in the encapsulation of hexacyanoferrate
core by six [Cu(tpaf}t moieties and formation of the hepta-
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on novel structural features df Apart from the assembly of
heptanuclear cations and in one case a pentanuclear cation,
H-bonding interactions between cations, anions, and solvate
molecules have generated novel extended networks.

Results and Discussion

Synthesis. The heteropolynuclear complexes,Cu(tpa)-
CN}6F€e][ClO4]g-3H20 1, [{ Cu(tren)CN ¢Fe][ClO4]g* 10H,0 2,
and [ Cu(tren)CN ¢Fe][Fe(CN)]2[ClO4]»-15.8H0 3 were formed
by the reaction of [Cu(tren)O}f™ and [Cu(tpa)OH|2+ with

TFe(CN)aP‘ in water. The use of the tetradentate tren and tpa

ligands in conjunction with Clj a metal center capable of
forming five-coordinate complexes, has facilitated the formation
of discrete heterometallic molecules, in preference to extended
coordination networks or polymeric structures. These assemblies
are generated through the displacement of a weakly binding
ligand (solvent) from the Cu(ll) center by the cyano groups of
the hexacyanometalate.

Complexesl and 2 were formed by dropwise addition of
s[Fe(CN)] (/¢ mols) to the in situ generated [Cu(tpa)(@1™

and [Cu(tren)(OH)]2+ complexes f mols). Recrystallization
from hot water gave purple crystals df(X-ray structure has
een communicatéy. Reaction of [Cu(tren)OR[CIO4]2 (2n
mols) with Ks[Fe(CN)] (n mols), in the presence of an excess
of the oxidant, KS,0g, gave a dark green solution from which
dark green needles of Cu(tren)CN ¢F€e'][Fe'" (CN)g] 2[ClO4] 2+
15.8H,0 3 deposited on slow evaporation. The X-ray crystal
structure confirmed the formation of heptanucleEii(tren)-
CN}gFe']®t cations (see below). The oxidant was unable to
prevent the reduction of the iron center in the encapsulated
hexacyanoferrate. Indeed, the correspondify[FE€u(tren)CN ¢
Fe']®" cation could only be isolated through the use of
acetonitrile, an aprotic solve#t.

Recrystallization of the trinuclear fecomplex, [ Cu(tren)-

CN} 4Fe(CNY](ClOy),% from DMSO afforded {Cu(tren)CN ¢-
Fe'[{ Cu(tren)CN 4F€' (CN),][Fe" (CN)g]s.6DMSO21H,0 4,

a compound containing both heptanuclear and pentanuclear
Fe'—Cu' cations. The Fe:Cu ratio i (10:6) is similar to that

of the starting trinuclear complex.

Infrared Spectra. The infrared spectra af—4 exhibit the
bands expected for the ligands and counterions. 7&e
stretching region (20062200 cnt?) contains information that
can allow the iron oxidation state in the hexacyanoferrate to be
assigned and the presence of cyanide bridges ascertained. In
general, terminal CN stretches occur at ca. 2110 and 2046 cm
when attached to Feand Fé, respectively. On the other hand,
the respective locations of bridging CN groups are typically
>2150 cnvl 27:2840419nd ca. 2100 cmi.*! Although unambigu-
ous assignment can prove to be difficult, important conclusions
can be drawn. Fot and 2, the shift in thevcy stretch from
2042 cnrt in K4[Fe(CN)] to 2109 cnrtin 1 and 2106 cm®
in 2 indicates the assembly of FeCN—Cu' bridging units
around the ferrocyanide core. Complgxhibits a band at 2100
cm~t which, from its correspondence to bands exhibitedLby

(39) Parker, R. J. Ph.D. Dissertation, Monash University, Victoria, Australia,
1999.

(40) Morpurgo, G.; Mosini, V.; Porta, P.; Dessy, G.; FaresJVChem.
Soc., Dalton Trans1981, 111.

(41) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds4 ed.; Wiley-Interscience: New York, 1978.
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Figure 1. Mdssbauer spectrum & recorded at 5 K. The solid line

represents a least-squares fit to the data based on the superposition of -

a singlet due to the Meheptanuclear cation and doublet due the
ferricyanide counterions.

and2 and the X-ray structure (see below), can be attributed to

the intermetallic stretch in{[Cu(tren)CNsFeF*. The band at
2148 cntl can be assigned as they stretch of the ferricyanide
counteranions. A positive shift of 35 crh relative to the band
for K3[Fe(CN)], most likely results from H-bonding interactions

between the water molecules and counteranions and/or electronic

interactions between ®cations on the periphery of the Fe
Cu cluster and [Fe(CN)*~ anions. The band for [Fe(CN}~

is sensitive to the countercati®nand in the case o8 falls

between those observed for the [Cu(f#+ (2170 cmt) and

K* (2115 cn1?) salts.

Complex4 displays a band at 2043 crhdue to a terminal
ven Stretch in the pentanuclear cation with a centrdl Eere
[{ Cu(tren)CN 4Fe(CN}]** (cf. 2042 cnt? for K4[Fe(CN)]) and
a second band at 2080 chwhich is attributable to the bridging

Parker et al.

Figure 2. ORTEP diagram of the heptanuclear complé&ii(tren)-
CN}gFeF of 3 showing the atom labeling scheme and 50% thermal
vibrational ellipsoids. Hydrogen atoms have been omitted for clarity.

0.42 mm st for the singlet, with an area ratio of 51(3)%:
49(3)%. The apparent change in linewidth of the singlet is
probably due to a change in an unresolved quadrupole splitting.
The larger quadrupole splitting for the ferricyanide counterions,
than observed in potassium ferricyanide= —0.00 mm s?,
AE = 0.47 mm s'),%2 may be related to the extensive
involvement of these anions in H-bonding interactions (see
below).

X-ray Crystal Structures. Complex3 exhibits an almost

ven Stretch of the pentanuclear cation. Bands at 2100 and 2109spherical heptanuclear cation formed by the encapsulation of
cm! cannot be assigned unambiguously but since their locationsone [Fe(CNg]4~ core by six [Cu(trenf}" units (Figure 2) whose

compare well to the bridging CN stretcheslin4 (2100-2110
cm~1) and the terminal CN stretch offe(CN)], one is due

to the bridgingvcy stretch in { Cu(tren)CNgFeF™ and the other

to the terminal CN stretch of the hexacyanoferrate(lll) coun-

charge is balanced by two perchlorate and two [FegSN)

anions, rather than exclusively by perchlorate anions as is the
case forl. The cation, the 20 surrounding water molecules, and
the ferricyanide anions form a complex three-dimensional

teranions. The fact that the latter is at a lower wavenumber (2109 H-bonding network (discussed later).

cm™1), than is the case fd (2148 cnt?l), supports the notion
that the higher terminal CN stretch f8ris due to hydrogen
bonding involving water molecules and not due to electronic
interactions between ®wand [Fe(CNj]3~ ions.

Mo ssbauer SpectroscopyThe Mssbauer spectra fdrand
2, recorded at 81 K, exhibit strong, narrow single line® at
—0.05(1) mm s? (fwhm 0.27(1) mm s1) andd = 0.20(2) mm
s 1 (fwhm 0.32(1) mm s?), respectivel\?! This is indicative
of a unique low-spin Feenvironment with a symmetrical ligand
field, leading to zero quadrupole splittiig.The Massbauer
spectrum of3, recorded 85 K (Figure 1), consists of a pseudo-

The Fé center of the heptanuclear core and thé e the
ferricyanide counteranions are close to octahedral, witltighe
C—Fe—-C angles and thé&rans-C—Fe—C angles close to 90
and 180, respectively (see Table 1). The++€ bond distances,
Fe—C—N angles, and CuN(cyano) bond distances are in
accordance with literature values for related Feg! —Cu', or
Cu' complexes, including discrete heteropolynuclear complexes
and extended networkg?28414348 The Fe--Cu distances
(4.90-4.99 A) are at the lower end of FeCu separations
reported for discrete molecules and lattice netw&rké&*1.45.5:54
and are similar to those ih The variation in Ca-N—C angles

triplet which can be interpreted as the superimposition of one from significantly bent (163.4(9) to near linear (177(2) is

doublet § = —0.04(1) mm s, AE = 1.02(1) mm s?, fwhm
0.51 mm s?1), due to the ferricyanide counteranions, and one
singlet = —0.01(1) mm s, fwhm 0.48 mm s%), due to the

Fe' of the heptanuclear cation. The area ratio was 48(3)%:

(43) Lee, S.; Scott, M.; Munck, E.; Kauffmann, K.; Holm, R.Am. Chem.
Soc.1994 116 401.
(44) Morpurgo, G.; Mosini, V.; Porta, B. Chem. Soc., Dalton Trank98Q

1272.

52(3)%. Minor deviations between observed and fitted spectra (45) Kou, H.; Liao, D.; Cheng, P.; Jiang, Z.; Yan, S.; Wang, G.; Yao, X.;

suggest the presence of a small amount of a different hexa-
cyanoferrate material. Fitting of the data at 81 K to the same

model gave) = —0.03(1) mm st, AE = 1.04(1) mm st, fwhm
0.55 mm s for the doublet and = —0.01(1) mm s?, fwhm

(42) Greenwood, N. N.; Gibb, T. QMossbauer SpectroscopZhapman
& Hall: London, 1971.

Wang, H.J. Chem. Soc., Dalton Tran$997, 1503.

(46) Lu, Z.; Duan, C.; Tian, Y.; Wu, Z.; You, J. Z., Z.; Mak, Polyhedron
1997, 16, 909.

(47) Chen, Z. N.; Wang, J. L.; Qui, J.; Miao, F. M.; Tang, W. Xorg.
Chem.1995 34, 2255.

(48) Wu, M. F.; Chen, Z. W.; Qui, J.; Tang, W. Xhin. Chem. Lett1994
5, 713.

(49) Zou, J.; Xu, Z.; Huang, X.; Zhang, W.; Shen, X.; Yu, ¥.Coord.
Chem.1997, 42, 55.
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Table 1. Selected Bond Distances (A) and Angles (Deg) 3or
Bond Distances

Fe(1)>-C(1) 1.90(1) Cu(2rN(6) 1.94(1)
Fe(1)-C(2) 1.89(1) Cu(2yN(23) 2.03(1)
Fe(1>-C(3) 1.90(1) Cu(2rN(24) 2.05(1)
Fe(1)-C(4) 1.89(1) Cu(2yN(25) 2.06(1)
Fe(1)-C(5) 1.88(1) Cu(3yN(27) 2.051(9)
Fe(1)-C(6) 1.87(1) Cu(3)N(28) 2.10(1)
Cu(1)-N(1) 1.951(9) Cu(3yN(29) 2.058(8)
Cu(1)-N(19) 2.056(7) Cu(3yN(30) 2.050(9)
Cu(1)-N(20) 2.07(1) Cu(4rN(4) 1.950(9)
Cu(1)-N(21) 2.07(1) Cu(4yrN(31) 2.054(9)
Cu(1y-N(22) 2.04(1) Cu(4rN(32) 2.08(1)
Cu(2)-N(26) 2.08(1) Cu(4yrN(33) 2.08(1)
Cu(3-N(5) 1.93(1) Cu(4yN(34) 2.06(1)
Cu(5)-N(3) 1.93(1) Cu(6)-N(2) 1.93(1)
Cu(5)-N(35) 2.040(8) Cu(6yN(39) 2.01(2)
Cu(5)-N(36) 2.01(1) Cu(6)N(40) 2.00(2)
Cu(5-N(37) 2.11(1) Cu(6yN(41) 2.03(1)
Cu(5)-N(38) 2.096(8) Cu(6)yN(42) 2.14(1)
Fe(1)--Cu(l) 4.975 Fe()-Cu(4) 4.969
Fe(1)y--Cu(2) 4.909 Fe(%)-Cu(5) 4.959
Fe(1)--Cu(3) 4.983 Fe(2)-Cu(6) 4.983
Bond Angles
Fe(1)-C(1)-N(1) 177.0(9) C(4yFe(1)-C(6) 89.9(4)
Fe(1-C(2)-N(2) 178.6(9) C(5rFe(1)-C(6) 89.4(4)
Fe(1)-C(3)-N(3) 176.9(10) Cu(:yN(1)—C(1) 171.1(9)
Fe(1-C(4)-N(5) 178.5(9) Cu(2yN(6)—C(6) 163.4(9)

Fe(1)-C(5)-N(5) 178.2(9) Cu(3YN(5)-C(5)  176.0(9)
Fe(1-C(6)-N(6) 176.6(9) Cu(4yN(4)-C(4)  167.4(9)
C(l-Fe(1>-C(2) 89.1(4) Cu(5yN(3)-C(3)  170.0(9)
C(1)-Fe(1-C(3) 89.1(4) Cu(6y¥N(2)-C(2)  176.8(10)
C(1)-Fe(1-C(4) 178.5(4) N(I}Cu(1)-N(19) 178.0(3)
C(1)-Fe(1-C(5) 91.1(4) N(L}Cu(1}-N(20)  97.4(4)
C(1)-Fe(1-C(6) 88.7(4) N(L}Cu(1-N(21)  95.7(4)
C(2-Fe(1-C(3) 91.7(4) N(LFCu(1}-N(22)  94.3(4)
C(2-Fe(1-C(4) 90.4(4)  N(19%-Cu(1)-N(20)  84.6(4)
C(2)-Fe(1)-C(5) 179.0(4) N(19%Cu(1)-N(21)  83.6(3)
C(2-Fe(1-C(6) 89.6(4) N(19%-Cu(1)-N(22)  84.3(4)

C(3)-Fe(1)-C(4) 92.3(4) N(20¥Cu(1-N(21) 120.9(4) Figure 3. (a) A diagram of3 showing the H-bonding interactions
C(3)-Fe(1-C(5) 89.3(4) N(20}Cu(1)-N(22) 118.6(5) between the heptanuclear cation and ferricyanide counteranions. (b)
C(3)-Fe(1-C(6) 177.4(4) N(21)}Cu(1)}-N(22) 117.4(5) Extended packing of the H-bonding Biwhich shows the formation
C(4)-Fe(1-C(5) 89.4(4) of parallel chains of ferricyanide anions and heptanuclear cations. The

peripheral atoms of the tren ligand, water molecules, and perchlorate
larger than in related discrete molecué3343This may be due ~ anions have been removed for clarity.
to steric interactions between the tren ligands on adjaceht Cu . | - .
centers and the presence of H-bonding interactions (see Iater)N(CN) angles in all Cli moieties are close to linear (176.7-

Significantly, in the trinuclear complex{ Cu(tren)(CN}Fe- _(4)_179'1(47)’ as fo_und in regular TBP geometry. E)ne
(CN)4]-12H,0,%6-49 which has an Fecenter bridging two [Cu- interesting feature o8 is that the geometry around some''Cu

. ) | S
(trem)P* units and a 3D H-bonded network, the -€N— centers is almost regular while other'Qienters are significantly

: : distorted. The range in values$® from 0.70 to 0.92 for Cu(6)
C(cyano) bond angle (18Yis even lower than what is observed ? o . L
fo(r %%/ It s)hould begstréss)gd that large deviations from linearity and Cu(l), respectively, highlights this variation. For Cu(1), the

are observed in lattice coordination networks, which exhibit N—=Cu—N bond angles in the equatoriaklane (117.4(5y

Cu—N—C angles of 107to 174 40444548 120.9(4)) span a tight range around 120as expected for
The [Cu(tren)}T units in 3 adopt a distorted TBP geometry, [jeg‘ﬂ'?.f TBi’bgnSCont{gzthtr;e arllgt:esfarour:q Cu(f6zhshov¥_greater

where the primary amine groups on each tren ligand occupy eviation (105.5(51135.4(7)). The formation of three five-

the equatorial positions around the'Geenter and the tertiary memberedl chelate rings ipvolving each arm of Fhe tren ligand
amine nitrogen located in the axial position trans to the cyano angl :Ee gu clenter re?ulﬁr:n ?:cutezP:—Cu;NE(}ac\lrgg?&) angles
bridge. Within the equatorial plane there are significant varia- and the displacément ot the LU cen er_s( y o ) away
tions in the CerN distances (2.01(12.14(1) A) and N-Cu—N from the N plane of the primary amines toward the cyano

: : _ ligand. Slightly greater displacements are evident.in
angles (105.5(5)135.4(7)). Despite this, the N(amjCu The elaborate H-bonding network that connects the ferricya-

(50) Addison, A. W.: Rao, T. N.; Reedijk, J.: van Rijn, J.: Verschoor, G. Nide anions and the heptanuclear cation and involves the water
C.J. Chem. Soc., Dalton Tran&984 1349. of crystallization and some tren primary amines (see Figure 3)
(51) Mri]yasika,7H-: Ma7tsum0t01 N.; Re, N.; Gallo, E.; Floriani,IGorg. is an important feature @. The establishment of the network
(52) (Fie’em'; 8?e’sc3§h§’ g"; Floriani, C.; Miyasaka, H.; Matsumotdnbeg. seems to be giding crysta_llization. In particular, the p_rimary
Chem.1998 37, 2717. amines of the ligands capping Cu(1), Cu(3), and Cu(5) interact
(53) Duggan, M.; Ray, N.; Hathaway, B.; Tomlinson, G.; Brint, P.; Pelin, with the nitrogen atom of one terminal cyanide on each

K. J. Chem. Soc., Dalton Tran&98Q 1342. ; . . . . . i
(54) Hathaway, B. J. IComprehensie Coordination ChemistryVilkinson, ferrlcyamde anion. The N(]'?) atom of ferrlcyamde anion, Fe

G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Oxford, (2), forms two H-bonds, one with a hydrogen on N(21) of the
1987; Vol. 5, pp 533774. Cu(1) moiety (N(213-*N(17), 3.163 A), and the other with a
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hydrogen on N(29) coordinated to Cu(3) (N(29N(17), 2.987
A). The N(12) from the other ferricyanide anion, Fe(3), is
similarly involved in two way H-bonding to a hydrogen on
N(38) of Cu(5) (distance 3.129 A) and a hydrogen on N(29) of

the Cu(3) moiety (distance 3.011 A). Consequently, the primary R
amine N(29) hydrogen bonds with a cyano group from each AT
hexacyanoferrate anion, N(12) on Fe(3) and N(17) on Fe(2). AR

; ; ; ; WS S AE DAY
This effectively sandwiches the Cuf3jyen moiety between the Yy ﬁ%@,}@ﬂ
two counteranions, thereby generating intermolecular separations “"\\3‘/"'&9—’

of 8.036 A for Fe(1)Fe(2), 9.018 A for Fe(8)-Fe(3), and
9.704 A for Fe(2):-Fe(3). The net result of these H-bonding
interactions is the generation of parallel chains of ferricyanide
anions and heptanuclear cations, which are clearly apparent in
the extended packing shown in Figure 4.

The extended packing viewed down thexis reveals that
the ferricyanide anions and water molecules (Figure 4) form
diagonal zigzag chains. On each chain, there is a pseudo-
rectangular segment with steplike diamonds, which is made up
of six water molecules and four cyanides. These extend from
the two opposing corners of each pseudo-rectangle. Ferricyanide
anions present at each opposing corner link the rectangles and
steplike diamonds into a 2D network. Additional H-bonding
between anions and cations (vide supra) running approximately
perpendicular to these zigzag chains extends the network in the
third dimension.

An account of the structure of Cu(tpa)CN eFe][ClO4]s
3H,O (1) has been communicatéH,and discussion here is
focused on some novel packing features. Figure 5(a) shows the
guasi-spherical[Cu(tpa)CN ¢FeF" units formed by encapsula-
tion of [Fe(CN)]* by six [Cu(tpa)}™ units. The extended
packing of1, viewed down thea axis, shows that the spherical  Figyre 5. (a) Diagram of the heptanuclear compleCli(tpa)-
cations stack in regular columns, which are arranged in a CN}¢FeP* of 1 (representation of pyridyl rings of tpa ligand simplified
staggered orientation (Figure 5(b)). When viewed downche for clarity).3 Extended packing of viewed down the: (bj axis,
axis, the regular stacking of the heptanuclear cations that createshowing the heptanuclear cations stacking in staggered columns, and
tubular cavities that host the perchlorate counteranions (Figure (¢) ¢ axis. The hydrogen atoms, perchlorate anions, and water molecules

- . have been omitted for clarity. The perchlorate anions reside in the
5(c)) is clearly evident. tubular cavities.
The structure of{{Cu(tren)CN ¢Fe][{ Cu(tren)CN sFe(CN}Y]-
[Fe(CN)]46DMSO21H,0, 4, confirms the cocrystallization  cation, [Fé(CN)g]*~ is encapsulated by six [Cu(treA)]units
of three types of hexacyanoferrates, viz., heptanuclear cations,forming an almost spherical complex (Figure 6(a)), which is
[{ Cu(tren)CN¢F€']8+, pentanuclear cationd,Gu(tren)CN 4F€!- very similar to that found ir8. In the pentanuclear cation, the
(CN)z]**, and ferricyanide counteranions. In the heptanuclear four [Cu(tren)f™ moieties bind to four equatorial cyanides on
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&7 Table 2. Selected Bond Distances (A) and Angles (Deg) for the
% Heptanuclear Cation{ Cu(tren)CNsFeF*, in 4

Bond Distances

Fe(1)-C(11) 1.93(3) Cu(13yN(133) 2.07(2)
Fe(1)-C(12) 1.93(3) Cu(13)N(136) 2.11(2)

Fe(1)-C(13) 1.93(2) Cu(13yN(139) 2.02(2)

e ¢ s Fe(1)-C(14) 1.91(2) Cu(14yN(14) 1.95(2)
S Fe(1)-C(15) 1.84(2) Cu(14yN(140) 2.07(2)

ez O ciaz gl cnas Fe(1)-C(16) 1.97(2) Cu(14yN(143) 2.03(1)
& Cu(11)-N(11) 1.94(2) Cu(14)N(146) 2.14(1)

caz2n N159) P a7 Cu(11)-N(110) 2.07(2) Cu(14yN(149) 2.13(2)
Smis? Cu(11)-N(113) 2.04(2) Cu(15)N(15) 1.92(2)

D i) 048 Cu(11)-N(116) 2.14(2) Cu(15)N(150) 2.06(2)

onss Cu(11)-N(119) 2.07(2) Cu(15)N(153) 2.13(2)
e Cu(12)-N(12) 1.96(2) Cu(15)N(156) 2.07(2)

s S Cu(12)-N(120) 2.04(2) Cu(15)N(159) 2.06(2)

g o137 Cu(12)-N(123) 2.03(1) Cu(16)N(16) 1.95(2)

Cu(12)-N(126) 2.03(1) Cu(16)N(160) 2.08(2)

a3 o Cu(12)-N(129) 2.19(2) Cu(16yN(163) 2.03(2)

ci244) GFD Cr24n Cu(13)-N(13) 2.00(2) Cu(16)N(166) 2.03(2)

Cu(13)-N(130) 2.03(2) Cu(16)N(169) 2.16(2)

Fe(1)--Cu(11) 5.032 Fe(2)-Cu(14) 4.894

Fe(1)--Cu(12) 4.889 Fe(2)-Cu(15) 4.983

Fe(1)-Cu(13) 5.030 Fe(t)-Cu(16) 4.985

o ‘ ¥ _C(237) Bond Angles

cam ) T : x ci235) Fe(1-C(11-N(11)  172.6(2) Cu(14yN(14)-C(14)  150.4(2)
& -, < ®.C1234 Fe(1)-C(12-N(12) 175(2)  Cu(15)N(15)-C(15)  172.2(2)
215 BB B o= T 230 Fe(1)-C(13)-N(13) 170.8(2) Cu(16YN(16)-C(16)  174.6(2)
o o s P o Fe(1)-C(14)-N(15) 179(2)  N(11}Cu(11)-N(110) 174.1(8)
L Fe(1)-C(15-N(15) 176(2)  N(11)}Cu(11)-N(113)  99.5(8)
, O Fe(1)-C(16)-N(16)  174.9(2) N(11)}Cu(11)}-N(116)  95.7(8)
d ( C(11)-Fe(1)-C(12)  94.3(9) N(11)}Cu(11)-N(119)  94.9(9)
c@28 =K, G D cios) C(11)-Fe(1)-C(13) 174.4(1) N(110)Cu(11)-N(113) 85.2(7)

C(11)}-Fe(1-C(14)  85.7(9) N(110yCu(11)-N(116) 85.3(6)
C(11)-Fe(1)-C(15)  94.0(9) N(110yCu(11)-N(119) 80.0(8)
C(11)-Fe(1-C(16)  86.9(8) N(113}Cu(11)}-N(116) 116.0(8)

Figure 6. ORTEP diagrams of the: (a) heptanuclear catif@L{(tren)- C(12)-Fe(1)-C(13) 89.1(9)  N(113¥Cu(11)-N(119) 112.3(9)

CN}e¢FeFt, and (b) pentanuclear catiof Gu(tren)CN sFe(CNY]** of C(12)-Fe(1)-C(14 179.1(1)  N(116)Cu(11)-N(119) 127.7(8
4, showing the atom labeling scheme and 50% thermal vibrational CElz)thgl)tcglsg 92:7((12)) NElZ—)%u?]{Z)—ﬁ\I(]{ZOQ 170:88
ellipsoids. Hydrogen atoms have been omitted for clarity. C(12)-Fe(1)-C(16) 90.0(9) N(12-Cu(12)-N(123) 93.8(7)

C(13-Fe(1)-C(14)  90.9(9) N(12}Cu(12)-N(126)  98.7(7)
[Fe(CNXY]*~, forcing the two terminal cyanides to adopt a trans C(13)-Fe(1)-C(15)  90.4(9)  N(12)Cu(12)-N(129)  96.5(7)
orientation (Figure 6(b)). The charge on the cations is balanced 282))::;28)):%83 Sggg% Hggg;gﬂgg:“ggg; gi'gggg
by four [FE(CNHQﬁ counteranions. DMSO (6) and water (21) C(14)-Fe(1)-C(16) 89:1(9) N(120}Cu(12)-N(129) 74:4(6)
molecules are also incorporated into the structure. Selected bondc(15)-Fe(1)-C(16)  177.0(1)  N(123}Cu(12)-N(126) 143.7(6)
lengths and distances for the various componentsaoé listed Cu(11)-N(11)-C(11) 169.8(2) N(123}Cu(12)-N(129) 109.7(6)
in Tables 2—A4. Cu(12)-N(12)—-C(12) 160(2) N(126)} Cu(12)-N(129) 102.5(7)
Hydrogen bonding interactions involving all solvent mol- Cul3)yNA3)~C(13) 176.8(2)

ecules, cations, and anionsdrgenerate an extremely complex
3D network. Only three of the twenty-one water molecules make
less than three H-bonding contacts each, and each of the si
DMSO molecules makes at least one such contact. Twelve
amine nitrogens on the heptanuclear complex and eight on the
pentanuclear complex (as well as the two nonbridging and even
one bridging cyano nitrogen) are involved in hydrogen bonds.
Five of the nitrogens in the [Fe(CK}~ anions centered on Fe-

bond distances in the cations 4n(1.84(2)-1.99(2) A) show
reater variation than id and 3, but are in agreement with
hose found in other Me and Fd'—C—N-Cu' assem-
blies27.28414349 The Fe-C distances in the ferricyanide coun-
teranions ind (1.83(2)-2.05(2) A) span a wider range than those

in 3 (1.89(2)-1.962(18) A). The Fe-Cu separations (4.97 A
(average)) for the heptanuclear cation are similar to thode in

i 49
(3) and Fe(6) are involved in hydrogen bonds, while three and 3 anql literature value’:‘ﬁf On the other hand_, shorter
nitrogens participate in each of the Fe(4) and Fe(5) anions. The':e'''C")Js\d'Stances are f%\und in the pentanuclear cation (4:753
metal-containing moieties make no direct H-bonding interactions 4-887 A, average 4.82 A) than in the heptanuclear catioris of

to each other, but rather are connected to each other via the>: @nd4. This reduction in distance is due to the more acute
solvent network. Cu—N—C(cyano) angle subtended by the-f&-N—Cu bridg-

The geometry of the iron centers within the heptanuclear and N9 @ssembly.
pentanuclear cores, and in the ferricyanide counteranions, The geometry of the Clucenters in both the heptanuclear
matches that described fband3 showing little deviation from and pentanuclear cations are generally in good agreement with
octahedral. Minor distortion of the ferrocyanide cores is reflected those inl1 and 3. However, ther values® (0.45-0.84 for the
in the quasi-linear FeC—N angles, which are in the range of heptanuclear cation and 0:50.73 for the pentanuclear cation)

171-179 for the heptanuclear cation and 6¥77 for the indicate greater distortion from ideal TBP than found3n
pentanuclear cation. Greater variations in these angles are seeBespite these variations from ideal geometry, theNJRI—Cu—
for the ferricyanide counteranions (16279 than for the N(C—N) bond angles in all of the Cumoieties are almost linear

heptanuclear cations i 3 and4, the pentanuclear cation (168.6(7)-179.1(7Y%). As in 1 and3, the five-membered chelate
and values reported in the literatdfe8:41:43.44.464852 The Fe-C rings gives rise to acute Ml—Cu—N(amine) angles and out-
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Table 3. Selected Bond Distances (A) and Angles (Deg) for the
Pentanuclear Cation{ Cu(tren)CN 4sFe(CN)Y]**, in 4

Fe(2)-C(21)
Fe(2)-C(22)
Fe(2)-C(23)
Fe(2)-C(24)
Fe(2)-C(25)
Fe(2)-C(26)
Cu(21)-N(21)
Cu(21)-N(210)
Cu(21)-N(213)
Cu(21)-N(216)
Cu(21)-N(219)
Cu(22)-N(22)
Cu(22)-N(220)
Cu(22)-N(223)
Fe(1)--Cu(21)

Fe(2)-C(21)-N(21)
Fe(2)-C(22)-N(22)
Fe(2)-C(23)-N(23)
Fe(2)-C(24)-N(25)
Fe(2)-C(25)-N(25)
Fe(2)-C(26)-N(26)
C(21)-Fe(2)-C(22)
C(21)-Fe(2)-C(23)
C(21)-Fe(2)-C(24)
C(21)-Fe(2)-C(25)
C(21)-Fe(2)-C(26)
C(22)-Fe(2)-C(23)
C(22)-Fe(2)-C(24)
C(22)-Fe(2)-C(25)
C(22)-Fe(2)-C(26)
C(23)-Fe(2)-C(24)
C(23)-Fe(2)-C(25)
C(23)-Fe(2)-C(26)
C(24)-Fe(2)-C(25)
C(24)-Fe(2)-C(26)
C(25)-Fe(2)-C(26)

Bond Distances

1.99(2) Cu(22yN(226)
1.90(2) Cu(22yN(229)
1.85(2) Cu(23)¥N(23)
1.88(2) Cu(23yN(230)
1.93(2) Cu(23yN(233)
1.89(2) Cu(23)N(236)
1.93(2) Cu(23)N(239)
2.06(2) Cu(24yN(24)
2.08(2) Cu(24yN(240)
2.07(2) Cu(24¥N(243)
2.13(2) Cu(24yN(246)
1.96(2) Cu(24yN(249)
2.07(2) Fe()-Cu(22)
2.18(2) Fe(1)-Cu(23)
4.887 Fe(1)-Cu(24)
Bond Angles
170(2) Cu(23)yN(23)-C(23)
167(2) Cu(24¥N(24)—C(24)
175.9(17) N(21)rCu(21)-N(210)
177(2) N(21)}Cu(21)-N(213)
172(2) N(21)-Cu(21)-N(216)
173(2) N(21)-Cu(21)-N(219)
90.7(9) N(210)Cu(21)»-N(213)
177.8(11) N(216)Cu(21)-N(216)
88.1(9) N(210)Cu(21)-N(219)
91.3(10) N(213)YCu(21)-N(216)
89.6(10) N(213)Cu(21)>-N(219)
87.8(9) N(216)Cu(21)-N(219)
177.3(13) N(22)Cu(22)-N(220)
92.7(10) N(22YCu(22)-N(223)
85.1(10) N(22)Cu(22)-N(226)
93.3(9) N(22)rCu(22)-N(229)
87.2(9) N(220)Cu(22)-N(223)
91.8(9) N(220)Cu(22)-N(226)
84.9(9) N(220)Cu(22)-N(229)
97.3(10) N(223)YCu(22)-N(226)
177.6(12) N(223)Cu(22)-N(229)
N(226) Cu(22)-N(229)

Cu(21)-N(21)-C(21) 158(2)
Cu(22)-N(22)-C(22) 149(2)

1.99(2)
2.06(2)
1.99(2)
2.09(2)
2.16(2)
2.02(2)
2.04(2)
1.97(2)
2.04(2)
2.14(2)
2.10(2)
2.01(2)
4753

4.861

4777

144.4(17)
142(2)
168.6(7)
89.7(8)
94.7(8)
106.7(8)
82.1(8)
85.5(8)
83.5(7)
134.6(9)
108.2(8)
113.5(9)
178.1(7)
94.8(6)
94.2(7)
95.4(7)
83.7(7)
85.4(7)
86.2(7)
112.9(7)
110.6(8)
134.3(7)

Table 4. Selected Bond Distances (A) and Angles (Deg) for the

Hexacyanoferrate(lll) Anions id

Bond Distances

Fe(3)-C(31) 1.93(2) Fe(5yC(51) 1.92(2)
Fe(3)-C(32) 1.96(3) Fe(5)C(52) 1.90(2)
Fe(3)-C(33) 1.83(2) Fe(5)yC(53) 1.90(2)
Fe(3)-C(34) 1.96(2) Fe(5yC(54) 1.95(2)
Fe(3)-C(35) 1.91(2) Fe(5)C(55) 1.98(2)
Fe(3)-C(36) 1.97(2) Fe(5)C(56) 1.98(2)
Fe(4y-C(41) 1.99(2) Fe(6yC(61) 2.05(2)
Fe(4)-C(42) 1.91(2) Fe(6)C(62) 1.93(2)
Fe(4)-C(43) 1.91(2) Fe(6)C(63) 1.97(2)
Fe(4)-C(44) 2.00(2) Fe(6)C(64) 1.96(2)
Fe(4)-C(45) 1.92(2) Fe(6)C(65) 1.92(3)
Fe(4)-C(46) 1.84(2) Fe(6)C(66) 1.98(2)
Bond Angles
C—Fe(3)-C(cis) 86.7(8)-94.0(9) C-Fe(5)-C(cis) 86.0(8)-94.0(8)

C—Fe(3)-C(trans) 176(1}177.8(9) C-Fe(5)-C(trans) 174.6(9)178.6(7)

C—Fe(4)-C(cis)

(
(5)y-C(

85.9(9)-95.4(9) C-Fe(6)-C(cis)
(6)y-C(

85.0(9)-94.1(9)

C—Fe(4)-C(trans) 176(1)y177.2(8) C-Fe(6)-C(trans) 176(1)178.4(9)

Fe-C—N

of-plane displacements of the Ccenters toward the axial cyano

162(2)-179(2)

ligands of ca. 0.22 A.
The Cu-C—N angles in the pentanuclear cations (345%8)
show greater deviation from linearity than in the heptanuclear energy shoulders have shifted to slightly lowle665 nm for

cation (150-177). This could be due to steric interactions
between the adjacent [Cu(treti)moieties and/or to electrostatic
interactions between the ferricyanide counteranions and water

Parker et al.

& Cu21)
Ni21)

Figure 7. ORTEP plots of the backbones of the heptanuclear (a) and
pentanuclear (b) components 4fhighlighting the bend in the Fe
C—N—Cu bridging units.

Table 5. UV—visible Spectral Data for Complexds-4

Amax, M (€max, M~1cm™2)

solid solution
1 499, 665 sh, 855 H,0: 515 (1200), 675 sh (817),
843 (1370)
2 458,652 sh, 819 H,0: 488 (986), 678 sh (704),
835 (879)

3 434,492 sh, 670 sh, 821 DMSO: 423 (3000), 495 sh (1240)
668 sh (854), 822 (1020)

3D H-bonded network involving the water molecufé4? It
exhibits Cu-N—C(cyano) angles (143 matching those in the
pentanuclear cation, but they are® 23wver than the values found

for the heptanuclear cation. Steric interactions between adjacent
[Cu(tren)E" units may force a quasi-linear arrangement of the
Fe—C—N—Cu bridges in the heptanuclear cation (Figure 7(a)).
The greater flexibility of the FeC—N—Cu bridge enables more
acute angles to be subtended in pentanuclear cation, as
highlighted in Figure 7(b).

Electronic Spectra.The solution electronic spectra (see Table
5) exhibit a band at 843 nm (1370 Mcm™1) for 1, 835 nm
(879 M~tcm™) for 2, and 822 nm (1080 Mcm™1) for 3
assignable to a-dd transition (g, de—y2 — d2) of Cu' moieties
in TBP geometry. In each case, a high energy shoulder is
observed at ca. 680 nm which is typical of'Gzomplexes with
TBP geometry35*However, it should be recognized that these
less intense shoulders can also arise fronddransitions in
copper(ll) complexes with square pyramidal (SP) geometriés.
The solid-state reflectance spectra bf3 show good cor-
respondence to the solution spectra in the-6800 nm region,
indicating little stereochemical change on dissolution. The high

(55) Spiccia, L.; McLachlan, G. A.; Fallon, G. D.; Martin, R. Lnorg.
Chem.1995 34, 254.

molecules associated with the complex. The trinuclear complex (56) Haidar, R.; Ipek, M.; DasGupta, B.; Yousaf, M.; Zompa,liorg.
from which 4 is derived, {Cu(tren)(CN},Fe(CN)]-12H,0,

which has an Pecenter bridging two [Cu(trem] units, has a

Chem.1997, 36, 3125.
(57) Chaudhuri, P.; Oder, K.; Wieghardt, K.; Nuber, B.; Weisdndrg.
Chem.1986 25, 2818.
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1, 652 nm for2, and 670 nm for3) and are slightly more

Inorganic Chemistry, Vol. 40, No. 18, 2004703
CN} 4Fe(CNYJ[Fe(CN)]4-6DMSO21H,0 4 has resulted from

prominent than in the solution spectra. Again, the spectra areattempts to recrystallizel Cu(tren} ;Fe(CN}]CIO4:2H,0.

consistent with Cli complexes displaying distorted TBP
geometry*in keeping with the solid-state structures. The greater

Experimental Section

prominence of these shoulders, compared to the corresponding Physical MeasurementsUltraviolet—visible spectra were recorded
solution spectra, may indicate a higher degree of distortion of in the range 2061500 nm on a Varian Cary 5G spectrophotometer

the CU' centers toward SP geometry in the solid stée.

The solution electronic spectra &f-3 exhibit one further
band at 515 nm (1200 Mcm™1) for 1, 488 nm (986 Mlcm™1)
for 2, and 494 nm (shoulder, 1240 Ntm™1) for 3, which are
ascribed to a metal to metal (Fe—~ Cu') charge-transfer
transition (MMCT)%8-60 Suzuki et al. have reported that'Fe
CN—Cu" bridged complexes can exhibit MMCT bands in the
400-515 nm rang® ascribable to a one electron “jump” from
the &g orbital of low spin Fé to the dz—,> orbital of the CU
ion. Thus, the location of the MMCT band will depend on the
energy gap between thed orbital of the Cll ion and the
orbital of the Fé ion. Assuming that thex orbital energies of
Fe' remain constant, the MMCT transition will be tuned by
the de_y2 orbital energy of the Cliions. A more intense band,
located at 423 nm (3000 Mcm™Y) in the spectrum o8B, is
assigned to aF—L(CN™)y symmetry forbidden charge-transfer
transition within the counteranions from its correspondence with
the spectrum of ferricyanid@.In the 406-500 nm region, the
solid-state spectrum of compleXis virtually identical to the
solution spectrum. Fot and 2, there is a general broadening
and minor bathochromic shift of the bands—30 nm), such
that they havelmax values of 499 and 458 nm, respectively.

Magnetic Properties. The room-temperature magnetic mo-
ment (uefr) for 2 is 4.43 ug, marginally higher than the spin-
only value of 4.245 expected for a spin system comprised of
one Fé (S= 0) and six Cl ions (§= 1/2), and the complex
exhibits Curie-like behavior as the temperature is lowered viz.,
et = 4.38ug at 4.5 K. Complex3 exhibits a room temperature
uett value of 5.61ug (higher than the spin-only value 5.2@
calculated for a spin system comprised of oné &= 0), six
Cu' ions (8= 1/2), and two ferricyanide ionsS(= 1/2)). The

on solid samples (diffuse reflectance) or solutions. Infrared spectra were
recorded as KBr pellets on a Perkin-Elmer 1600 series FTIR spec-
trometer. Room-temperature magnetic moments were measured on a
Faraday balance, consisting of a four-inch Newport electromagnet and
Cahn RG electrobalance based on a design described elséwhere.
Variable temperature magnetic susceptibility measurements were carried
out as described elsewhefeConductivity measurements were made
on a Crison 522 conductimeter at room temperature with Pt black
electrodes at a concentration of $0/1. Standard 0.020 M KClI solution

was used as a calibrant. Electron microprobe measurements were made
with a Joel JSM-1 scanning electron microscope through an NEC X-ray
detector and pulse processing system connected to a Packard multi-
channel analyzer. Solid samples were mounted on an aluminum planchet
and covered with a very thin film of carbon using a Balzer Union CED
010 carbon sputterer. Msbauer spectra were obtained in the transmis-
sion mode using &’Co(Rh) y-ray source. The isomer shifts were
referenced against naturaliron foil at room temperature. The samples
were crushed and placed in an iron free polymer sample holder. Curve
fitting was performed using a least squares procedure and employed
Lorenztian line shapes.

Materials and Reagents.All materials were of reagent grade or
better and were used without further purification. Tris(2-pyridylmethyl)-
amine (tpa) was prepared by a modification of the method of Anderegg
and Wenk The mononuclear metal Ceomplexes of treff and tp&®
were prepared according to published methods. In some cases,"the Cu
complexes were generated in situ and used directly in the synthesis of
heterometallic complexes. Distilled water was used throughout. Metha-
nol, dimethyl sulfoxide, dimethylformamide, and acetonitrile were dried
by standing over activatie4 A molecular sieves overnight.

Caution! Although no problems were encountered in this work,
transition metal perchlorates are potentially explesi Such complexes
should be prepared and handled with due care.

Preparations. [[ (CN)Cu(tpa)}sFe][ClO4]s3H20 (1). A solution of
[Cu(tpa)(OH)][CIO4)2 (0.96 g, 1.7 mmol) in water (20 mL) was stirred
and adjusted to pH 7 using 0.5 M sodium hydroxide, and a solution of

measured magnetic moment reproduces the decrease in momergs[Fe(CN)] (92 mg, 0.28 mmol) in water (8 mL) was added dropwise

observed for K[Fe(CN)] as the temperature is loweré# 5
Thus, the diamagnetic fFeenter is unable to mediate magnetic
interactions between the paramagnetic' @ns in the hepta-
nuclear clusters, as was the case It

Conclusion. Encapulation of ferrocyanide by six copper(ll)

resulting in the immediate precipitation of a purple powder, which was
collected by filtration, washed successively with cold water, ethanol,
and ether, and then air dried (yield: 0.66 g, 74%). A portion of the
purple powder was dissolved in hot water, filtered, and the filtrate left
to evaporate at room temperature. This yielded small dark purple
crystals ofl suitable for X-ray structure determination.

moieties has been achieved through the use of tripodally Characterization: Elemental analysis Calcd for;GH114N30ClgOss-

coordinating tetradentate ligands. The''Qienters adopt TBP

CwFe: C, 43.0; H, 3.6; N, 13.2. Found: C, 42.9; H, 3.6; N, 13.2.

geometries with one axial site occupied by a nitrogen atom from Selected infrared bands (cf): 2109 vs (CN), 1607 vs (py), 1574 m

cyanide ligand bound to the ferrocyanide core. The ability of
Cu' to form five-coordinate geometries is critical to the

generation of these discrete heteropolynuclear assemblies. Th

use of tris(2-aminoethyl)amine has led to novel H-bonding

(py), 1483 s (py)Electron microprobe: Cu, Fe, Cl present. Yvisible
spectrum fmax NM (Emax M~ cm™2) in H,O]: 515 (1200), 675 sh (817),
843 (1370). Magnetic momenties (290 K) = 4.41ug per molecule.

Solar conductivity: (Am in HO): 770 S cri mol™.

[{Cu(tren)CN}sFe][ClO 4] 10H,0O (2). A solution of Cu(CIQ)z*

assemblies which involve the secondary amines on thi_s Iiga_nd,GHzo (2.23 g, 6.02 mmol) in water (15 mL) was added to a stirring
solvent molecules, and nitrogen atoms on the ferricyanide solution of tren (0.88 g, 6.03 mmol) in water (15 mL), resulting in a

counteranions. Cocrystallization of the fully encapsulated hep-

tanuclear and partially encapsulated pentanucled—Eeg!
cations within the same latticef, Cu(tren)CN ¢Fe][{ Cu(tren)-

(58) Suzuki, M.; Uehara, ABull. Chem. Soc. Jpril984 57, 3134.

(59) Ludi, A.; Gidel, H. U. Struct. Bondingl973 14, 1.

(60) Morpurgo, L.; Mavelli, I.; Calabrese, L.; Finazzi, A.; Rotilio, G.
Biochem. Biophys. Res. Comih®76 70, 607.

(61) Naiman, C. SJ. Chem. Phys1961, 35, 323.

(62) Figgis, B. N.; Gerloch, M.; Mason, FRroc. R. Soc. Ser.:A1969
309, 119.

(63) Fritz, J. J.; Rao, R. V. G.; Seki, 3. Phys. Chen1958 62, 703.

(64) Guha, B. CProc. R. Soc. London Ser: AL951, 206, 353.

royal blue solution of [Cu(tren)(OH[CIO4]2. A solution of Kg[Fe-
(CN)g] (0.33 g, 1.00 mmol) in water (30 mL) was then added dropwise,
resulting in an immediate color change from royal blue to emerald.
Once the addition was complete, the solution was left to slowly
evaporate, and a dark green crystalline product formed. This was
collected by filtration, washed successively with ethanol and ether, and
then air-dried to give green crystals ?f(yield: 1.41 g, 58%).

(65) Hill, J. C.Sci. Instrum.1968 1, 52.

(66) Anderegg, G.; Wenk, KHelv. Chim. Actal967 50, 2330.

(67) Albertin, G.; Bordignon, E.; Orio, Alnorg. Chem.1975 14, 1411.

(68) Karlin, K.; Jacobson, R. R.; Tyeklar, Z.; Zubietalnbrg. Chem1991,
30, 2035.
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Table 6. Crystal Data for3 and4
crystal data 3 4

chem formula GaH139 LC1,CUsFEN42023 5 CiogH25sCU1oFEsN76027Ss

fw 2378.17 4216.76

space group P2,/c (No. 14) P1 (No. 1)

a, 14.8674(10) 14.8094(8)

b, A 25.9587(10) 17.3901(7)

c A 27.5617(10) 21.1565(11)

o, deg 110.750(3)

S, deg 100.8300(10) 90.206(2)

y, deg 112.754(3)

v, A3 10447.7(9) 4635.7(4)

A 4 1

A (Mo Ka, A) 0.71073 0.71073

Deai, g/CT® 1.512 1.510

u(Mo Ko, cmt 17.3 17.19

T, K 123 123

R13(observed data) 0.0997 0.0902

wR2(all data) 0.3297 0.2512

2 R1=JIFol = IFell/ZIFol. * WR2 = [FW(Fo* — FAFFW(F’)]M

Characterization: Elemental analysis Calcd fors@12gN30ClsOaz-
CusFe: C, 20.6; H, 5.3; N, 17.2 Found: C, 20.7; H, 4.8; N, 17.0.
Selected infrared bandedy, cm™): 2106 s Electron microprobe: Cu,
Fe, Cl present. UM visible spectrum: 4max NM (emax Mt cm™) in
H.O]: 488 (986), 678 sh (704), 835 (879). Magnetic momesmnd
(290 K) = 4.43 ug per molecule.

[{Cu(tren)CN}¢Fe][ClO 4] [Fe(CN)gl2:15.8H0 (3). A solution of
[Cu(tren)(OH)][CIO4], was prepared in situ by addition of an aqueous
solution (35 mL) of Cu(Cl@),-6H,0 (0.74 g, 2.00 mmol) to a stirring
aqueous solution of tren (0.29 g, 2.00 mmol). The resultant royal blue
solution was stirred for another 10 min before an aqueous solution (30

The structures were solved by direct methods in SHELXS-86d
refined by full-matrix least squares basedrnin SHELXL-97.7* For
3, only the metal, chlorine, and oxygen atoms were refined anisotro-
pically due to insufficient data. Of the twenty water molecules located
in the structure, ten were refined at full occupancy, four at 70% site
occupancy, and six at half occupancy, giving a total of 15.8 water
molecules per formula unit. No hydrogen atoms were assigned to these
solvent molecules. All other hydrogen atoms were assigned on the basis
of geometric considerations and treated according to the riding model
during refinement with isotropic displacement corresponding to the
heavy atoms they are linked to. In the caselobnly the metal atoms

mL) containing K[Fe(CN)] (0.33 g, 1.0 mmol) and an excess of were refined anisotropically. Four of the six DMSO molecules were

K2S0s (0.33 g, 1.20 mmol) was added dropwise. Upon addition, the

disordered such that two positions for the sulfur atoms were assigned,

solution immediately changed color from royal blue to emerald. Slow with 0.67:0.33 site occupancy ratios. No hydrogen atoms were assigned
evaporation of this solution at room temperature yielded emerald colored to these disordered DMSO molecules or to the water molecules. All

needles of3 (yield: 0.19 g, 26%) suitable for X-ray crystallographic
studies. These were collected by filtration, washed with water, and then
air-dried.

Characterization: Elemental analysis Calcd fors@130 dN42023 5
Cl.CuFes C, 27.3;H,5.9; N, 24.7. Found: C, 27.0; H, 5.9; N, 24.2.

other hydrogen atoms (including those on the ordered DMSO mol-
ecules) were assigned and treated as3foRefinement of4 in the
centrosymmetric space grolpl resulted in disorder of some of the
tren ligands over two positions; refinement in the noncentrosymmetric
P1 removed this disorder. Thus, the final refinement of this structure

Selected infrared bands/dy, cm?): 2148 s, 2101 vs. Electron  was performed in this later space group, even though the vast majority

microprobe: Cu, Fe, Cl present. UWisible spectrum4max NM (Emax

of the structure is centrosymmetric. Refinemen®ih also indicated

M~1cm™) in DMSQ]: 423 (3000), 494 sh (1240), 668 sh (854), 822 the crystal to be a racemic twin (final refined Flack parameter was

(1080). Magnetic momentues (295 K) = 5.61ug per molecule.

[{Cu(tren)CN}sFe][{ Cu(tren)CN} sFe(CN)][Fe(CN)g]4+6DMSO.
21H,0 (4). Recrystallization of {Cu(tren)CN 2Fe(CN)]CIO4-2H,0,
prepared as described elsewh&fpm DMSO gave a few crystals of
4 that were suitable for single-crystal X-ray analysis.

Characterization: Selected infrared bandsdy, cm™): 2110 s,
2100 s, 2080 vs, 2042 s.

X-ray Crystallography. A green needle of3, of approximate
dimensions of 0.125 0.125x 0.3755 mm, and a brown plate 4f
of approximate dimensions of 0.126 0.125 x 0.025 mm, were
mounted on glass fibers and used in data collection on a Nonius Kappa
CCD area detector diffractometer with graphite monochromated Mo
Ko radiation. For3, the data were collected to a maximurfi Zalue
of 25.36 with 0.5° oscillations and 15 s exposures. Eprdata were
collected to maximum @ value 30.07 with 1° oscillations and 45 s
exposures. The data were processed using Nonius soffveadtwere
corrected for Lorentz and polarization effects.

0.45(3)). Weighting schemes were employed for both structures, with
o = [0¥(Fe®) + (0.1873P)? + 66.10P]* for 3 andw = [0*(Fo?) +
(0.1154P)2 + 6.0864P] ! for 4, whereP = {(Max(F?) + 2 F)/3}.
Crystal data are summarized in Table 6.
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