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The reaction of [Mn(dmptacn)OH,J?* and [Ni(dmptacn)OH,J** (dmptacn = 1,4-bis(2-pyridylmethyl)-1,4,7-triazacy-
clononane) with each cyano ligand on ferricyanide results in the assembly of heteropolynuclear cations around the
cyanometalate core and reduction of Fe" to Fe'. In [{ Mn(dmptacn)CN} ¢Fe][ClO4Jg-5H,0 (1) and [{ Ni(dmptacn)-
CN} 6Fe][ClO4Js: 7TH,0 (2), ferrocyanide is encapsulated by either six Mn" or Ni' dmptacn moieties. These same
products are obtained when ferrocyanide salts are used in the synthesis instead of ferricyanide. A binuclear complex,
[{Mn(dmptacn)} ,CN][CIO4)3 (3), has also been formed from KCN and [Mn(dmptacn)OH,J?*. For both Mn" and Ni",
the use of the pentadentate dmptacn ligand facilitates the formation of discrete cations in preference to networks
or polymeric structures. 1 crystallizes in the trigonal space group R3 (No. 148) with a = 30.073(3) A, ¢ = 13.303-
(4) A, and Z = 3 and is composed of heptanuclear [{ Mn(dmptacn)CN} ¢Fe]®* cations whose charge is balanced
by perchlorate counteranions. Weak H-bonding interactions between neighboring heptanuclear cations and some
perchlorate counterions generate an infinite 1D chain of alternating [{ Mn(dmptacn)CN} sFe]®* and CIO,~ ions running
along the c-axis. Complex 3 crystallizes in the orthorhombic space group Pbcn (No. 60) with a = 16.225(3) A,
b = 16.320(2) A, ¢ = 18.052(3) A, and Z = 8 and is composed of binuclear [{ Mn(dmptacn)},CNJ?* cations in
which the cyano-bridged Mn" centers are in a distorted trigonal prismatic geometry. Variable temperature magnetic
susceptibility measurements have revealed the presence of a weak ferromagnetic interaction between the
paramagnetic Mn" centers in 1, mediated either by the —NC—Fe—CN- bridging units or by Mn=NH-+-CIO,-+-
NH-Mn intercluster pathways.

Introduction extended array structures has attracted intense interest over
The use of hexacyanometalates as templates for thethe pastdecadg.* Cluster complexes are being investigated

preparation of discrete heteropolynuclear complexes with fOr their “single molecule magnet” properties while extended

high-spin ground statési? as well as heterometallic coor- ~ arrays are studied for their 3D long-range order.

dination polymers having one-, two-, or three-dimensional
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In one approach to the synthesis of heptanuclear clusters Cr"'][Cr'"' (CN)][ClO4]6:6H,0, a complex which exhibits a
hexacyanometalates have been reacted with the transitiorshort-range ferrimagnetic interaction between the: 87/,

metal complexes of multidentate ligands. Mallah, Verdaguer,

and co-workers®”8 have reported complexes ([GCN)-
ML}6][ClO4]g) in which six [M'L] units encapsulate one
[Cr(CN)s]®~ (M = Ni or Mn; L = tetraethylenepentamine
or N,N',N"’-tris(2-pyridylmethyl)N-methyl-ethane)-1,2-di-
amine). The Ni complex§ = %, ground state) shows
ferromagnetic couplingdicr = 16.8 cnt?) between the C'f
and Ni' centers mediated by the CN bridges. In contrast,
the Mn' complex § = 27/, ground state) shows antiferro-
magnetic couplingJyncr = —8 cm 1) between Cf and Mr'.
Hashimoto et al.and Decurtins et &t have reported even

heptanuclear cluster and [(CN)e]3~ anions & = 35),
mediated through clusteanion H-bonding (dmptace 1,4-
bis(2-pyridylmethyl)-1,4,7-triazacyclononarn@)We report

the synthesis, properties, and magnetism of two further
examples of heptanuclear complexédfifi(dmptacn)CNsFe]-
[ClO4]s°5H,0 (1) and [ Ni(dmptacn)CNgFe][ClO4]s: 7H,0O

(2), and a binuclear complex{ in(dmptacn) ,CN][CIO4]3

(3), whose assembly has been aided by use of the branched
Ns ligand, dmptacn. The crystal structureslofind 3 are

also reported.

higher spin ground states for two isostructural cyano-bridged Results and Discussion

[Mn"gMgY] clusters, M= W or Mo, that do not contain

chelating coligands. There is some controversy as to the type

of coupling since the W cluster displays antiferromagnetism
(S = %9, ground staté) while the Mo cluster shows
ferromagnetism$ = 5%, ground state)!

Our interest in the chemistry of pentadentate ligdhd$
led us to study the reactions of their metal complexes with
hexacyanometalates. We have reporfédi' (dmptacn)Ce-
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Synthesis.Reaction of [(dmptacn)Mn(Ogi%>* or [(dmp-
tacn)Ni(OH)]>" with hexacyanoferrate(lll) in a 6:1 molar
ratio yielded two heptanuclear complexe§Mh(dmptacn)-
CN} 6Fe][ClOy]s°5H,0 (1) and [ Ni(dmptacn)CNeFe][CIOy]s:
7H,O (2). Crystals ofl suitable for crystallography were
obtained on slow evaporation of the resulting pale green
solution, while for2 slow evaporation of the pale pink
reaction mixture gave a pale purple powder. The reduction
of the cyanometalate core to'Fés a feature of reactions
conducted in water. Heteropolynuclear assemblies with
hexacyanoferrate(lll) cores can be prepared in dipolar aprotic
solvents*? 1 and 2 can be prepared directly fromfce-
(CN)g]. Encapsulation of the hexacyanoferrate is achieved
by capping of each cyanide with one [M(dmptaéh)hoiety
(see Crystal Structures). The branched dmptacn ligand
restricts the formation of coordination polymers since, for
metals such as Mn and Ni, only one site is available for
bridge formation. Our interest in CN-bridged complexes led
us to prepare homobinuclear complexes, which can be
byproducts in the synthesis of heterometallic compouhds.
Here, pale yellow crystals of Mn(dmptacn),CN][CIO,]3
(3) were formed by reacting [(dmptacn)Mn(QfF" with
KCN in methanol

In the IR spectra ol—3, N—H stretches at-3300 cnt?
and pyridyl skeletal vibrations at1610, 1570, and 1470
cmt confirm the presence of dmptacn. Fira weakvcy
stretch at 2018 cnt is indicative of end-to-end bridging
CN'’s in binuclear complexe8:** The vcy stretch for the
heptanuclear complexes (2053 ¢hfl) and 2065 cm? (2))
confirms the reduction of the iron core to'Feand their
position relative to that for Fe(CN)] (2042 cn1?)

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

(37) Brudenell, S. J.; Spiccia L.; Tiekink, E. R. horg. Chem199§ 35,
1974,

(38) Fallon, G. D.; McLachlan, G. A.; Moubaraki, B.; Murray, K. S.;
O'Brien, L.; Spiccia, L.J. Chem. Soc., Dalton Tran&997, 2765.

(39) Fallon, G. D.; Grannas, M. J.; Nichols, P. J.; Tiekink E. R. T.; Spiccia,
L. Inorg. Chim. Actal998 259, 192.

(40) Brudenell, S. J.; Spiccia, L.; Bond, A. M.; Fallon, G. D.; Mahon, P.
J.; Hockless, D. C. R.; Tiekink, E. R. Thorg. Chem200Q 39, 881.

(41) Parker, R. J.; Spiccia, L.; Moubaraki, B.; Murray, K. S.; Skelton, B.
W.; White, A. H.Inorg. Chim. Acta200Q 300302, 922.

(42) Parker, R. J. Ph.D. Thesis, Monash University, 1999.

(43) Bieksza, D. S.; Hendrickson, D. Morg. Chem.1977, 16, 924.

(44) Duggan, D. M.; Jungst, R. G.; Mann, K. R.; Stucky, G. D.;
Hendrickson, D. NJ. Am. Chem. S0d.974 96, 3443.



Structure and Magnetism of Heptanuclear Complexes

Figure 1. Thermal ellipsoid diagram showing thgMin(dmptacn) ,CNJ3*
cation of compoun@®. Asterisks indicate atoms generated by the symmetry
operation (1- x, y, 3> — 2). Note that the C and N atoms of the cyanide
group are refined as a common site. Ellipsoids show 30% probability levels,
and H atoms have been omitted for clarity.

Table 1. Selected Bond Distances (A) and Angles (degBafith
Esd’s in Parentheses

Mn---Mn 5.455(1) Mn(1)>-N(3) 2.314(5)
Mn(1)—C(1) 2.162(6) Mn(1)-N(4) 2.247(5)
Mn(1)—N(1) 2.162(6) Mn(13-N(5) 2.268(6)
Mn(1)—N(2) 2.298(5) CA¥N(L)? 1.166(8)
Mn—C(1)-N(1)2 172.7(6) N@FMn(1)-N(B)  73.4(2)
N(1)-Mn(1)-N@2)  117.0(2) N(@2-Mn(1)-N(6)  143.3(2)
N(1)-Mn(1)-N(@3)  159.3(2) N@EFMn()-N@4)  76.2(2)
N(L)-Mn(1)-N@4)  90.9(2) N(3-Mn(1)-N(5)  110.6(2)
N(1)-Mn(1)-N(5G)  89.2(2) N@EFMn(1)-N(6)  74.5(2)
N(1)-Mn(1)-N@B)  97.6(2) N(@4}-Mn(1)-N(5)  146.5(2)
N@2)-Mn(1)-N@3)  76.30(17)  N(4-Mn(1)-N(6)  116.5(2)
N@2)-Mn(1)-N(4)  76.73(18)  N(5F-Mn(1)-N(6)  96.7(2)

a1 —xV,3% -z

indicates CN bridge formatioft. The vcy terminal stretch
for K3[Fe(CN)] is found at 2115 cmt 46 while vcy values
for Fé"'—CN—Cu' or Fé'-CN—M'" assemblies are in the
2140-2190 cm? range!?464” The lack of quadrupole
splitting and quite sharp Msbauer spectra @f(o = —0.045
mm s%, AE = 0.0 mm s?) and2 (6 = 0.020 mm s*, AE
= 0.0 mm s?) also indicate the reduction of the iron cdfe.
Crystal Structures. The X-ray structure o8 confirms
the formation of binuclear cations composed of two [Mn-
(dmptacn)i™ units connected by one cyano bridge (Figure
1). The dmptacn nitrogens occupy five coordination sites on
each M, the sixth site being occupied by the disordered
CN ligand. The Mr-C/N distance is 2.162(6) A (average
Mn—C and Mn-N distances), and the CN bridge is slightly
bent,{Mn(1)—C/N(1)—N/C(1)* (angle= 172.7(6)} (Table
1). The distances in other MiCN complexes are longer
(2.19(1)-2.316(4) A)2°-23 put these are JahiTeller dis-

(45) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
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Soc., Dalton Trans1981, 111.
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Table 2. Selected Distances (A) and Angles (deg)lofith Esd’s in
Parentheses

Fe(1y--Mn(1) 5.056(1) Mn(13-N(4) 2.238(8)
Fe(1-C(1) 1.905(8) Mn(13-N(5) 2.238(8)
Mn(1)—N(1) 2.125(7) Mn1-N(6) 2.184(7)
Mn(1)—N(2) 2.255(1) C(1N(1) 1.166(9)
Mn(1)—N(3) 2.354(7)
C—Fe—C(cis) 88.3(5), 91.7(3) N(AMn(1)-N(4) 77.9(3)
C—Fe—C(trans) 180.0 N(2IMn(1)-N(5)  75.3(3)
Fe(1)-C(1)-N(1)  178.1(7) N(@2»-Mn(1)-N(6) 150.7(3)
Mn—N(1)-C(1)  154.0(6) N(3»Mn(1)-N(4)  77.6(3)
N(1)-Mn(1)-N(2) 103.6(3) N@EFMn(1)-N(5G)  89.3(3)
N(1)-Mn(1)-N(3) 170.0(3) N@E»Mn(1)-N(6)  75.0(3)
N(1)-Mn(1)-N4)  92.6(3) N(4>-Mn(1)-N(5) 152.3(3)
N(1)-Mn(1)-N(5) 100.5(3) N(4»Mn(1)-N(6) 102.7(3)
N(1)-Mn(1)-N(6) 105.7(3) N(G»-Mn(1)-N@6)  97.1(3)
N(@2)-Mn(1)-N(@3)  76.7(3)

torted Mr" centers with an axial CN ligand and smaller ionic
radius (Mn' 0.79 A compared to Mh0.97 A)° The cyano
C—N distance (1.166(8) A) is as expected and contributes
to a Mrr--Mn separation of 5.455(1) A. Two geometric
isomers are possible for 6-coordinate complexes of dmp-
tacn34° In one isomer, the CN group is trans to the
secondary amine on the tacn ring while in the second isomer
it is cis to this amine. As in [Mn(dmptacn)CI][CiPand
related binuclear Mh complexes? the second isomer is
observed i3 (N(4)—Mn—C(1) = 90.9(2)).

The trigonal twist anglex) between the triangular planes
defined by the three tacn N's and by the two pyridyl N's
and CN donor atom is 2428Thus, the M geometry in3
is distorted trigonal prismatic, as in [Mn(dmptacn)CI]-
[ClO4]2.4° The variation in MA-Ngmptacndistances (2.221
2.314(5) A), the puckering of the five-membered chelate
rings formed by the pyridyl arms (Mn(£N(2)—C(8)—C(9)
and Mn(1>-N(3)—C(14)-C(15) torsion angles- 42°), the
angles spanned by all chelate rings80°), and the angles
spanned by “trans” donor atoms {8C°) correspond to those
in [Mn(dmptacn)CI][CIQ] and related binuclear Mncom-
plexes?®

Figure 2a shows the asymmetric unit of the heptanuclear
cation found inl, with the atom-numbering scheme of the
unique atoms. The symmetry-expanded projection of the
cation (Figure 2b) and space-filling model (Figure 2c)
confirm the encapsulation of [Fe(C§?~ by six [Mn-
(dmptacn)* moieties forming the{Mn(dmptacn)CNeFeF"
cations whose charge is balanced by 8 £l€ounteranions.
Selected bond lengths and angles are listed in Table 2.

As in other hexacyanoferrate complexes, thé Eenter
in 1 is octahedral?2022.23.252647.566 The C-Fe—C(cis)

(49) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
John Wiley & Sons: New York, 1988; p 1385.

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

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

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

(53) Miyasaka, H.; Matsumoto, N.; Re, N.; Gallo, E.; Floriani,|@org.
Chem.1997, 36, 670.

(54) Re, N.; Crescenzi, R.; Floriani, C.; Miyasaka, H.; Matsumotdnbkg.
Chem.1998 37, 2717.
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3349.
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Figure 2. (a) Thermal ellipsoid diagram showing the labeling of atoms
in the [Mn(dmptacn)CNj moiety of compoundL. (b) Thermal ellipsoid
diagram showing the heptanuclear {n(dmptacn)CNig]®" cation of1;

H atoms have been omitted for clarity. (c) A space-filling diagram of [Fe-
{Mn(dmptacn)CNe]®" showing the toroidal nature of the cation and
highlighting one of the open triangular cavities. Ellipsoids in diagrams a
and b show 30% probability levels.

angles are either 88.3(4)r 91.7(4), and the C-Fe—
C(trans) angles (180°pand Fe-C—N angles (178.1(7)

2492 Inorganic Chemistry, Vol. 41, No. 9, 2002
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are linear. In contrast, the MiN—C(cyano) angle deviates
from linearity (154.0(6)), and to a greater extent than found
in 3. This could be due to steric interactions between dmptacn
ligands on adjacent Mncenters. Although such deviations
are found in other Macyanometalate complexé¥20.23.53
these are JahriTeller distorted MH' systems with extended
lattices and not discrete molecules suchLashe Mn(1)--
Fe(1) distance in the FeMuation (5.056(1) A) and the Mn
N(cyano) distances (2.125(7) A) are shorter than forf''Mn
lattice networks (ranges 5.34.35 and 2.192.32 A,
respective|y)1_9,20,23,53,57,58

In 1, each MA center is coordinated to five dmptacn
nitrogens and one nitrogen from an iron-bound cyanide
located cis to the secondary amine (N¢(Mn—N(4) = 92.6-
(3)°), as for3 and related systenf8The trigonal twist angle,
defined as foi3, of 44.C indicates a Mh geometry that is
closer to octahedral than found &and [Mn(dmptacn)CI]-
[CIO4], a change that may be reflecting steric and/or
electrostatic interactions between adjacent [Mn(dmptacn)]
units and CIQ™ anions. As ir8, the [ Mn(dmptacn)CNeCr]-
[Cr(CN)g][ClO4]6*6H,O clustert? and related Mh com-
plexesi® the Mn—N(ligand) distances vary substantially
(2.184-2.354(7) A), the angles spanned by the N’s on the
tacn rings and the pyridyl pendant arms80°) are acute,
and the trans angle involving the CN ligand is slightly bent
((cyano)N(1)>Mn—N(3) 170.0(3Y).

Within each cation the six dmptacn secondary amines are
organized in two groups, each forming an equilateral triangle
on the opposite side of the cation. The two triangles are
staggered by 60(“Star of David” arrangement). The H’s
on three adjacent secondary amines, also at the corners of
an equilateral triangle, participate in weak H-bonding
interactions with the O’s of the ClO anion of CI(5).
H-bonding interactions have been found{ivjn(dmptacn)-
CN}6Cr][Cr(CN)g](ClO4)e6H,0, but in this case three
triangularly disposed CN’s from the [Cr(CNJ  anions
interact with hydrogens on three dmptacn secondary amines
of a [Mn(dmptacn)CNeCr]®" cation??

Electronic Spectra. The solution electronic spectrum of
1 exhibits a shoulder at 410 nm (758 Mcm™1) ascribable
to an Fd — Mn" charge transfer (MMCT) transition. As
for [Ni(dmptacn)OH][CIO4],3 the solution spectrum d?
exhibits two of the three-€d bands expected for octahedral
Ni" centers, @A,y — ST14(F) transition at 521 nm and a
A,y — T4 transition observed as overlapping bands at 814
nm and 883sh nr#f.6° The solid state spectrum @fshows
very minor shifts in these -dd bands (see Experimental
Section). ThéA,q— 3T14(P) transition normally seen in the
300—-400 nm region is masked by more intense ligand based
and/or M— L charge transfer transitions.

(56) Fukita, N.; Ohba, M.; Okawa, H.; Matsuda, K.; lwamura,lirbrg.
Chem.1998 37, 842.

(57) Henkel, H.; Babel, DZ. Naturforsch.1984 39h, 880.

(58) Mullica, D. F.; Tippin, D. B.; Sappenfield, E. llnorg. Chim. Acta
199Q 174, 129.

(59) Sutton, DElectronic Spectra of Transition Metal ComplexigeGraw-
Hill: London, 1968.

(60) Hart, S. M.; Boeyens, J. C.; Hancock, R.IBorg. Chem.1983 22,
982.
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Figure 3. Plots ofuet (O) andy =1 (<) versus temperature (per molecule)
for 1in an applied field of 1 T. The solid line represents best fit¢pdata
using summation ofa) three dimeric MA—Mn" units with gu, = 2.0,
J = +0.08 cnt, TIP = 120 x 106 cm?® mol~! and(b) two Mn" trimers
with gun = 2.0,J = +0.06 cn7?, TIP = 180 x 10-% cm® mol~Y/trimer.
Magnetic Properties. The magnetic susceptibilities of
1-3 have been measured in the 4300 K temperature
range under an applied field of 1 T. Compl&xdisplays a
room temperature momenids = 8.01 ug) that is a little
lower than the spin-only value (8.3#% calculated for two
isolated M (S = 5,) assumingg = 2.00). As the
temperature is decreased, the value is essentially constant
(Curie-like behavior). It remains constant until about 16 K
and then decreases to a value of 7iiat 4.5 K. The

a weak intracluster coupling, Okawa et®ahave reported
three different complexes, [Ni(k]s[Fe(CN)][PFs]. and
[Ni(tn)2]s[Fe(CNXY][CIO4)2 (L = 1,2-diaminoethane (en) or
1,3-diaminopropane (tn)), which crystallize in the same
crystal system and have extended structures linked by Fe
CN—Ni" bridges. These complexes show magnetic behavior
similar to that ofl. The authors proposedsasuperexchange
pathway between the nearest'\bns through the empty,d
orbital of the F& ion. Thus, an electron spin of the same
sign as that of the unpaired electron on th€Nl) orbital is
polarized on the g (Fe) orbital through the filled orbitals of
the cyanide bridges. This leads to ferromagnetic coupling
between the nearest 'Nions through the diamagnetic 'Fe
ion, confirmed in Okawa’s complex®sby measurements
of the field dependence of magnetization. If the electronic
configurations of the ions i are taken into consideration,
that is, high-spin Mh (tzg%¢,?) and low-spin F& (t,%), then

it is feasible that similar behavior could occur Inas the
paramagnetic Mhions have an unpaired electron in the d
orbital. In addition, the fact that the geometry of the 'Mn
centers inl is distorted octahedral makes a direct comparison
between Okawa’'s example atddmore pertinent.

The experimental data fdr was simulated in two ways:
first, by a spin Hamiltonian (eq 1) based on the summation
of three independent binuclear Mrunits (Figure 3a)g =
2.0,J=+0.08 cn?, TIP = 120 x 10°% cn?® mol~Ydimer);
second, by a spin Hamiltonian (eq 2) based on the summation
of two independent trinuclear Mg units (Figure 3b)g =
2.0,J=+0.06 cn1?, TIP =180 x 106 cm?® mol~Y/trimer).

As expected, thd value is very small. Equation 1 (divided

T =—2)SS,+ S8, +S+S) + 6g8HS (1)
H==2J(S'S+ S5 + (SS+ )] + 696HS (2)

by 3) is, of course, applicable to the intracluster possibility
in which diamagnetic Fecenters separate weakly coupled
Mn'" pairs. While perchlorate bridges, MD—CI(O,)—O—

behavior below 16 K suggests that there is a zero-field M, can mediate weak coupling, the ability of H-bonded

splitting of the MA' (S = %,) states and/or a very weak
intramolecular antiferromagnetic interaction via the CN
bridge. In accordance with this, theyd/vs T plot in the
4.5-300 K range obeys the CuridVeiss law with a small
negative Weiss constan & —0.31 K).

The room temperaturges value of 14.55ug for 1 is in
agreement with the spin-only value of 14.49 expected
for a magnetically dilute spin system with one'R& = 0)
and six M ions (S = %) calculated forg = 2.00. As the
temperature is decreased from 300 to 95 K, ghevalues

pathways of the type present Inis unknown but expected
to be very weak. Our proposalof intercluster coupling
between CF(CN—Mn'L)s clusters might support such a
model in 1, but the nature of the H-bonded pathways is
different in each case, and weakerlin

The room temperature. value of 7.26ug for 2 is higher
than the spin-only value of 6.9% expected for a magneti-
cally dilute spin system with one F¢S = 0) and six Ni
ions (§= %), calculated withg = 2.00. This is most likely
due to second-order spitorbit coupling effects, a common

remain virtually constant then gradually increase, reaching Phenomenon for octahedral'Namine complexes. Since, at

a maximum value of 15.0Lg at 4.5 K (Figure 3). This

room temperatureyer values for mononuclear Niamine

behavior is suggestive of either weak intercluster ferromag- complexes are typically in the range 2:88.33 us (g =
netic coupling via the H-bonding network or a weak 1.98-2.35)%" a uer value in the 6.86:8.15 ug range is

intramolecular ferromagnetic interaction between'Ntims
mediated through the-NC—Fe&'-CN— bridge. In ac-
cordance with weak ferromagnetism, the\ s T plot, in
the range 4.595 K, obeys the CurieWeiss law with a small
and positive Weiss constant 6f= + 0.5 K. In support of

expected for a system with six N¢enters. Theu of 7.26
us per molecule fo2 is in this range. In a field of 1 T, the

(61) Sacconi, L.; Mani, F.; Bencini, A. IComprehensie Coordination
Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
Pergamon: Oxford England, 1987; Vol. 5, p 1.

Inorganic Chemistry, Vol. 41, No. 9, 2002 2493



et Value is temperature independent and is Curie-like.
Below 10 K, a slight increase ime could imply very weak
ferromagnetic coupling singe.s normally decreases a little
in this region due to zero-field splitting of the 'N{S =1)
centers. Again, this is perhaps more likely to originate from
intercluster coupling than to be due to'NiINC—Fé&'—CN—

Ni" pathways, proposed by Okawa et@l.

Conclusion

Parker et al.

refrigerated at £C overnight to yield green crystals &f which
were collected by filtration (yield: 79 mg, 51%).

Method B. An aqueous solution of {Fe(CN)] (62 mg, 0.19
mmol in 10 mL of water) was added dropwise to a stirring solution
of [Mn(dmptacn)(OH)][CIO4], (0.58 g, 1.00 mmol in 50 mL of
water). The pale green solution was left to slowly evaporate at room
temperature. Pale green needleslafo.53 g, 96%) precipitated
which were suitable for X-ray crystallography.

Anal. Calcd for Q14H]_6d\|3ec|8037Mn6Fe: C,41.5;H, 49; N,
15.3. Found: C, 41.5; H, 4.5; N, 15.4. CfOcalcd: 24.2. Found:

Two heterometallic heptanuclear complexes have been24.7. Infrared bands (cm): 3420br vs, 3300sh 3070m, 2918s,

assembled around ferrocyanide by Capping each cyano grouﬁ860$, 2052vs, 1607vs, 1571s, 1486vs, 1463vs, 1449vs, 1293s,
with Ni" and M dmptacn moieties. The structure of the 1117vs, 1019vs, 942s, 834s, 806s, 779vs, 765vs, 626vs. Electron

Mn'" complex confirmed the formation of quasi-toroidal
[Fe(CN-Mn(dmptacnj®cations which are stabilized by

weak intermolecular interactions between the cations and

perchlorate counteranions. A weak ferromagnetic interaction
between neighboring Mncenters in1 may be mediated
through the —NC—Fe—CN— bridges (intracluster) or
NH-+-ClO, +-*HN H-bonds (intercluster). While the latter
is favored by comparison to a €n's cluster, which
displays ferrimagnetic coupling mediated by H-bonding, the
H-bonding pathways are different from thoselin

Experimental Section

Physical Measurements.UV —visible—NIR spectra were re-
corded in the range 262500 nm on a Varian Cary 5G spectro-

microprobe: Mn, Fe, Cl present. UWisible [Amax NM (Emax M1
cm) in HyOJ: 410 (758).uer (295 K): 14.46ug per molecule.

[{Ni(dmptacn)CN}sFe][ClO4]g 7H,0 (2). Method A. A solu-
tion of [E4N]3[Fe(CN)] (70 mg, 0.12 mmol) in CHCN (15 mL)
was added dropwise to a stirring purple solution of [Ni(dmptacn)-
(OH)](ClO4), (0.41 g, 0.70 mmol) in CECN (20 mL). Following
the addition, the brown solution was stirred for an additional 10
min, filtered, and left to evaporate slowly at room temperature. The
purple crystalline precipitate @&was collected by filtration, washed
with water, and then air-dried (yield: 0.37 g, 95%).

Method B. A solution of Ki[Fe(CN)] (32 mg, 0.086 mmol) in
water (20 mL) was added dropwise to a stirring solution of [Ni-
(dmptacn)(OH)][CIO4], (0.26 g, 0.44 mmol) in 30 mL of water.
After being stirred for 20 min, the purple solution was filtered and
allowed to slowly evaporate, yielding a purple crystalline product,
which was collected as in method A. Yield: 0.17 g (69%).

photometer as diffuse reflectance, on solids, or as solutions. Infrared Anal. Calcd for GiHieN=eCleOseNigFe: C, 40.8; H, 4.9: N
spectra were recorded as KBr pellets on a Perkin-Elmer 1600 series|c 3 Found: C. 40.7- H. 49: N. 15.1. Infrared bands @m’

FTIR spectrometer. Electron microprobe measurements were made:‘,,418vS br. 3261s. 2925m. 2870m. 2065vs. 1609vs. 1573m. 1480s

on a Joel JSM-1 scanning electron microscope through an NEC 1448s, 1290m, 1146vs, 1097vs, 1025s, 1002m, 943m, 837m, 767,
X-ray detector and pulse processing system connected to a Packar%%vs. Electron microprobe: Ni, Fe, Cl present. thisible [ma

multichannel analyzer. Solid samples were mounted on an alumi-
num planchet and covered with a thin film of carbon using a Balzer
Union CED 010 carbon sputterer. 8&bauer spectra were obtained
in the transmission mode using®8Co(Rh) y-ray source using
literature procedureé®. The instrumentation for measuring room

temperature magnetic moments was based on a design describe

elsewheré3 Variable-temperature magnetic susceptibility measure-

ments on homogeneous powders and/or polycrystalline samples

were carried out in the temperature range-800 K using a
Quantum Design MPMS SQUID magnetometer as described
previously? Perchlorate was determined gravimetrically ag-Ph
AsCIO;.

Materials and ReagentsMaterials (reagent grade or better) were
used as received. 1,4-Bis(2-methylpyridyl)-1,4,7-triazacyclononane
(dmptacn$® (Et4N)sFe(CN),64 and the M and Ni' dmptacn
complexe®“°were prepared by published methods.

CAUTION! Although no problems were encountered in this
work, transition metal perchlorates are potentially expl@esand
should be prepared in small quantities. Care must be taken when
handling perchlorate and cyanide salts.

Preparations. [Mn(dmptacn)(CN)}¢Fe][ClO4]s:5H,0 (1).
Method A. An aqueous solution of Fe(CN)] (15 mg, 0.047
mmol, in 10 mL of water) was added dropwise to a stirring solution
of [Mn(dmptacn)(OH)][CIO4], (0.16 g, 0.28 mmol, in 50 mL of
water). The green-yellow solution was reduced in volume and

(62) Graham, B.; Moubaraki, B.; Murray, K. S.; Spiccia, L.; Cashion, J.
D.; Hockless, D. C. R.J. Chem. Soc., Dalton Tran&997, 887.

(63) Hill, J. C.J. Sci. Instrum1968 1, 52.

(64) Mascharak, P. Kinorg. Chem.1986 25, 247.
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nm (emax M~ cm™1) in CHsCN]: 521 (129), 814 (193), 883sh
(176). uet (293 K): 7.52ug per molecule.

[{Mn(dmptacn)},CN](CIO 4)3 (3). A solution of KCN (33 mg,

0.50 mmol) in water (20 mL) was added to an aqueous solution

5 mL) of [Mn(dmptacn)(OH)][CIO4], (0.58 g, 1.00 mmol) with

tirring. The pale-yellow solution was stirred for 15 min and taken
to dryness on a rotary evaporator. Recrystallization of the yellow
residue from methanol gave yellow crystals3f{yield: 0.16 g,
29%).

Anal. Calcd for G/HsoN1:Mn,ClsOq0: C, 42.0; H, 4.8; N, 14.6.
Found: C, 41.8 H, 5.0; N, 13.5. Infrared bands (én 3571vs,
3471vs, 3327vs, 3066m, 2924m, 2194m, 2018m, 1638s, 1609vs,
1572s, 1489vs, 1444vs, 1365s, 1295s, 1097vs, 1017vs, 967m 943vs,
896s, 866vs, 805vs, 777s, 623vs. Electron microprobe: Mn, ClI
presentues (290 K): 8.01ug per molecule.

X-ray Structure Determination. A green needle ofl, of ca.

0.28 x 0.08 x 0.06 mm, and a brown prism & of ca. 0.3x

0.3 x 0.3 mm, were mounted on glass fibers and used in data
collection (Table 3). Measurements were made on a Rigaku AFC6R
diffractometer with graphite-monochromated Cu Kadiation ()

and a Rigaku AFC6S diffractometer with MooKradiation @).

The data were collected using the—26 scan technique to a
maximum 2 value of 120 for 1 and 45 for 3. The intensities of
three representative reflections were measured after every 150
reflections, and appropriate decay corrections were applied. Empiri-
cal absorption corrections based on azimuthal scans of several
reflections were applied which resulted in transmission factors in
the range 0.560.65 for 1 and 0.74-0.80 for 3. The data were
corrected for Lorentz and polarization effects.
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Table 3. Crystal Data forl and3

crystal data 1 3
empirical formula G14H16ClsFeMnsN 36037 Cs7H50ClsMNn2N11052
fw, g mol~* 3295.84 1057.11
space group R3 (No. 148) Pbcn(No. 60)

a A 30.073(3) 16.225(3)

b, A 16.320(2)

c, A 13.303(4) 18.052(3)

vV, A3 10419(3) 4780(2)
Zvalue 3 4

Peale glCn? 1.576 1.469

Fooo 5112 2184

u, cmt 73.0 7.64
temp,°C —90.0 23.0

2 A 1.54178 (Cu Kv) 0.71069 (Mo Kx)
R;2 RyP 0.066; 0.098 0.046; 0.065

AR = 3 (IIFol = IFell)/ZIFol. ® Ry = [SW(IFo| — IFcl)?TWFo7Y2

The structures were solved by direct metHfédmd expanded
using Fourier techniqueé®.For 1, non-H atoms of the cations and

The initial structure solution ol revealed the cation, anions,
and water molecules, but in the ratio of 1:7:6. Chemical evidence,
however, indicated an8 cation, necessitating a 1:8 catieanion
ratio. We therefore deduced that the anions reside in the water sites
1/ of the time, giving rise to the ratio of 1:8:5. The structurelof
contains ordered cations situated at the origin, site symmetry 3
and its rhombohedral lattice equivalents. Six anions per formula
unit are accounted for by an anion 0.787(6):0.213 disordered over
two positions, i.e., atoms [CI(1), O(1)...0(4)] and [CI(1A),
O(1A)...O(4A)]. One anion per formula unit is accounted for by a
1:1 disorder about the Site at 0,04,. The final anion appears to
be randomly oriented and located on jistof the sites implied by
the general position of O(7). O(7) is from a water molecule that
occupies the remainingfs of these sites. When O(7) is replaced
by a CIQ,~ ion (denoted CI(7A) and given a spherically averaged
scattering curve), the adjacent GiOions must change to their
minor orientation, denoted by CI(1A), etc. The anions were
constrained in identical tetrahedral geometry with a common refined
Cl—0 bond length, 1.417(4) A. Full details are given in the CIF.

water molecules were refined with anisotropic temperature factors Constrained refinement utilized the RAELS00 progrdm.

and perchlorates with rigid body TLX thermal parametrizatit#$s.

For 3, non-H atoms were refined anisotropically. In both cases, H

The cation in3 possesses crystallographically imposed 2-fold
symmetry, and the C and N atoms of the cyanide group are

atoms were included at calculated positions and not refined. The yisordered. The disordered atoms appear to coincide, and so N(1)

final cycle of full-matrix least-squares refinement fowas based
on 1926 observed reflectionk ¥ 30(1), 3436 independent reflec-
tions) and 282 variables while fd@ 1951 observed reflections

and C(1) have been refined as one site, and the derived®(h)
and Mn—N(1) distances are identical and really express the average
value. Whether or not the distances would be equal in an ordered

(I'> 3o(l), 3142 independent reflections) and 303 variables were gystem is unknown. One of the anions is disordered along a 2-fold
used. Neutral atom scattering factors were taken from Cromer and5yis |t has been modeled on two positions, with restraints being

Waber®® Anomalous dispersion effects were includedFigg® Af’
andAf " values were taken from Creagh and McAufegnd mass
attenuation coefficients from Creagh and HubBel.

(65)
A. J. Appl. Crystallogr 1993 26, 343.

SIR92: Altomare, A.; Cascarano, M.; Giacovazzo, C.; Guagliardi,

imposed upon distances and angles, and the relative populations
have been refined. Calculations for this structure were performed
using the Xtal crystallographic software packdte.
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