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The synthesis and spectroscopic and magnetic characterization of several hydridotris(3,5-dimethylpyrazol-1yl)-
borate (Tp*) iron(II) and iron(III) tricyanide complexes, a rectangular cluster, and a one-dimensional chain of squares
are described. Treatment of [NEt4][(Tp*)FeIII(CN)3] (3) with manganese(II) triflate in dimethylformamide (DMF) affords
rectangular clusters (6, {[(Tp*)Fe(CN)2(µ-CN)Mn(DMF)4]2[OTf]2}‚2DMF), while tosylate salts afford one-dimensional
networks (5, {MnII(DMF)2(µ-OTs)(µ-NC)2(NC)FeIII(Tp*)}n) containing embedded [(Tp*)2FeIII

2MnII
2(CN)6]2+ clusters

via in situ trapping; the cluster and network crystallize in the monoclinic (6, P21/n) and triclinic (5, P1h) space
groups, respectively. The 1-D network (5) appears to be derived from {cis-(µ-O3SC6H4Me)2MnII(DMF)4}n (4,
P21/n), which is obtained via crystallization of Mn(OTs)2 from DMF/Et2O mixtures. For 4, magnetic studies indicate
that the MnII centers are magnetically isolated, with calculated J, g, and θ constants of 6.7 × 10-3 cm-1, 2.03, and
−0.52 K. Additional magnetic studies of 5 and 6 indicate that the [(Tp*)FeIII(CN)3]- centers are highly anisotropic
(g ) 2.9) and are antiferromagnetically coupled to adjacent MnII centers. For 5 and 6, fitting of the øT vs T data
via the Curie−Weiss expression affords Curie (6.25 and 10.8 cm3 K mol-1) and Weiss (−14.37 and −8.80 K)
constants that are consistent with antiferromagnetically coupled low-spin FeIII and high-spin MnII centers; least-
squares fitting of the øT vs T data using molecular field theory affords gavg., J1, J2, and J′ values of 2.25, −1.72,
−0.58, and −0.12 cm-1 for 5. Overall, bridging tosylates appear to be poor communicators of spin information. For
6, the g, J1, and J2 (2.15, −2.02, and −0.78 cm-1) values were obtained via least-squares fitting of the øT vs T
data using an expression derived using the Kambe vector coupling method; simulations of the data via MAGPACK
afford gavg. and Jiso values of 2.1 and −2.1 cm-1.

Introduction

Cyanometalates are a versatile class of inorganic building
blocks that can be used to construct a variety of clusters and
networks.1-3 Cyanometalate complexes are excellent building
blocks for rationally constructing molecule-based materials,
because cyanides generally form linearµ-CN linkages
between two metal centers, stabilize a variety of transition

metal centers and oxidation states, and efficiently com-
municate spin density information.1-3 The magnetic proper-
ties exhibited by these compounds can be described via
pairwise exchange interactions that are mediated by the
cyanide bridge with the sign of the local exchange interac-
tions being predicted by simple molecular orbital symmetry
analyses.1-9
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However, to prepare robust molecular clusters with
predictable and tunable properties, it is crucial to control the
self-assembly of precursors during synthesis. Well-defined
cyanometalate precursors or building blocks, that self-
assemble with structures intact into a common structural
archetype, are necessary for constructing materials that
exhibit tunable properties.Through this “building-block ap-
proach”, the magnetic, optical, and electronic properties of
the resulting clusters can be altered in a systematic fashion,
allowing for accurate magneto-structural correlations to be
described.1-9 A variety of bistable cyanometalates prepared
via a building-block approach include single-molecule
magnets (SMMs),10-19 single-chain magnets (SCMs),20-23

photomagnetic materials,24-44 and room-temperature mag-
netic lattices.4-7

Of known cyanometalate clusters, the dominant structural
building block contains [fac-LM n(CN)3]n-3 (L ) R3tacn,
triphos, Cp, Cp*) units where L is a facially coordinated
tripodal ligand.10,14-18,22,45-61 However, despite the prevalence
of poly(pyrazolyl)borates in inorganic chemistry, surprisingly
few of the cyanometalates have been reported. To date, only
a single systematic effort to synthesize cyanometalate SMMs
has been reported, and only recently has the role of spin-
orbit coupling in these clusters been investigated.12-19

Recently, we and others have reported that facially capped
tris- and tetra(pyrazolyl)borate tricyanide building blocks are
useful synthons for constructing SMMs and SCMs.14,19,23The
low-spin [(TpR,R)FeIII (CN)3]- (R ) H, Me; S) 1/2) building
blocks are magnetically anisotropic and exhibit significant
orbital contributions to the magnetic moment (g ) 2.9).14,19,21,23

Only two tris(pyrazolyl)borate cyanometalate complexes
were known prior to our studies, and many additional
complexes can be synthesized via substitution of iron for
other metal centers.21,59

As part of a continuing effort to prepare such materials,
we have turned our attention toward molecular species that
can be systematically substituted via a building-block ap-
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proach, to afford compounds that exhibit tunable magnetic,
electrical, and optical properties. Through these efforts, we
hope to incorporate a series of aniosotropic centers to
systematically prepare several SMM and SCM materials that
exhibit high-spin ground states, large and negative axial zero-
field splittings, and high blocking temperatures.10-23,62-68

Herein, we report the preparation and characterization of a
rectangular cluster and a cluster-expanded one-dimensional
chain derived from tris(3,5-dimethylpyrazol-1-yl)borate iron-
(II,III) tricyanide building blocks.

Experimental Section

Materials. All operations were conducted under an argon
atmosphere by using standard Schlenk and drybox techniques.
Transfers of solutions containing cyanide were carried out through
stainless steel cannulas. Solvents were distilled under dinitrogen
from CaH2 (acetonitrile), Mg turnings (methanol), or sodium-
benzophenone (diethyl ether) and sparged with argon before use.
Dimethylformamide (DMF) was dried using Linde 13X molecular
sieves and sparged with argon prior to use. The preparation of Mn-
(OTs)2,69 Mn(OTf)2,70 and potassium hydridotris(3,5-dimethylpyra-
zol-1-yl)borate (KTp*)71-74 are described elsewhere.

Physical Measurements.The IR spectra were recorded as Nujol
mulls between KBr plates on a Mattson Galaxy 5200 FTIR
instrument. UV-vis spectra were recorded under nitrogen using a
Shimadzu UV-2501 PC UV-vis recording spectrophotometer.
Magnetic measurements were conducted on a Johnson-Matthey
magnetic susceptibility balance and a quantum design MPMS
SQUID magnetometer. Diamagnetic corrections were estimated
using Pascal’s constants:75-77 ødia ) -325 × 10-6 cm3 mol-1 for

2‚H2O, -322× 10-6 cm3 mol-1 for 3‚H2O, 309× 10-6 cm3 mol-1

for 3, -515× 10-6 cm3 mol-1 for 4, -574× 10-6 cm3 mol-1 for
5, and -922 × 10-6 cm3 mol-1 for 6. Microanalyses were
performed by the University of Illinois Microanalysis Laboratory.
Electrochemical measurements (cyclic voltammetry) were per-
formed using a BAS CV-50W voltammetric analyzer. A three-
electrode system was employed, consisting of a glassy carbon
working electrode, a platinum wire counter electrode, and an Ag/
AgCl reference electrode. Samples were measured with 0.1 mol
L-1 [NBu4]PF6 as the supporting electrolyte, and ferrocene was
added as an internal reference after each measurement. All potentials
are reported relative to the ferrocene/ferrocenium (Cp2Fe/Cp2Fe+,
Fc/Fc+) redox couple.

Synthesis of (Tp*)Fe(OAc) (1).(Tp*)FeII(OAc) was prepared
using a modified procedure reported for (Tp*)CoII(OAc) and (Tp*)-
NiII(OAc).78 Dropwise addition of a 1:1 DMF/MeCN (40 mL)
solution of KTp* (2.10 g, 6.25 mmol) into Fe(OAc)2 (1.20 g, 6.90
mmol) in DMF (25 mL) over 30 min afforded a gray suspension.
After 2 h, the mixture was evacuated to dryness at 50°C; the gray
residue was dissolved into MeCN (20 mL) and filtered, and Et2O
(30 mL) was added. The precipitated solid was isolated by filtration
and was dried under vacuum (27°C) for 2 h. Yield: 2.12 g (70%).
IR (Nujol, cm-1): 2517 (s), 1679 (vs), 1623 (vs), 1593 (vs), 1543
(vs), 1415 (vs), 1380 (vs), 1351 (vs), 1335 (vs), 1259 (s), 1200
(vs), 1089 (s), 1066 (vs), 1041 (vs), 1022 (s), 981 (s), 936 (m),
864 (m), 847 (s), 807 (vs), 773 (s), 698 (s), 664 (vs), 651 (vs), 617
(m), 462 (m). Note: Compound1 is unstable in both solution and
solid state under an argon atmosphere in the absence of light.

Synthesis of [NEt4]2[(Tp*)Fe(CN)3]‚H2O (2‚H2O). Treatment
of 1 in MeCN (20 mL) with [NEt4]CN (2.92 g, 18.7 mmol) in
MeCN (30 mL) afforded a reddish-brown solution that was allowed
to stir for 4 h. The mixture was filtered to remove a brown, insoluble
solid, and addition of Et2O (90 mL) to the filtrate afforded an orange
precipitate; recrystallization from MeCN/Et2O mixtures afforded
orange crystals of2‚H2O. Yield: 2.93 g (66.1%, KTp*-based).
UV-vis (CH3CN): λmax/nm (εM/M-1 cm-1) 424 (114), 363 (sh,
180), 325 (367). Anal. Calcd for C34H64BN11OFe: C, 57.55; H,
9.09; N, 21.71. Found: C, 57.65; H, 9.24; N, 21.65. IR (Nujol,
cm-1): 3320 (s, br), 2507 (s), 2060 (vs), 2043 (vs), 1644 (m), 1544
(s), 1488 (vs), 1413 (vs), 1396 (vs), 1378 (vs), 1205 (vs), 1173
(vs), 1057 (s), 1001 (s), 814 (s), 785 (s), 722 (m), 693 (m), 647
(m). CV (CH3CN, c ) 0.92× 10-3 M, scan rate) 100 mV s-1):
Ec ) -990 mV (ic ) 4.18 µA), Ea ) -898 mV (ia ) 4.48 µA),
E1/2 ) -944 mV. Anhydrous samples are obtained by drying
crystals of2‚H2O under vacuum (27°C) overnight. IR(Nujol/cm-1):

νBH 2501;νCN 2041 (s), 2017 (s).

Synthesis of [NEt4][(Tp*)Fe(CN) 3]‚H2O (3‚H2O). Dropwise
treatment of a 4:1 CH2Cl2/i-PrOH (50 mL) solution of2 (2.00 g,
2.82 mmol) with aqueous 30% H2O2 (15 mL) rapidly afforded a
red mixture. After 3 h, the aqueous phase was decanted and the
organic layer was dried over anhydrous MgSO4 and 4 Å molecular
sieves.Caution: EVacuating the mixture to dryness can cause
detonation when magnetically stirred.The red-brown solution was
concentrated under vacuum (20 mL) and was layered with Et2O
(50 mL). The orange-red crystals that deposited after 3 days were
isolated by filtration and dried in air overnight. Yield: 1.44 g
(88.2%). Anal. Calcd for C26H46N10BO2Fe: C, 52.23; H, 7.78; N,
23.44. Found: C, 52.04; H, 8.01; N, 23.21. IR (Nujol, cm-1): 3458
(s), 2528 (s), 2119 (s), 1628 (m), 1545 (vs), 1490 (s), 1416 (vs),
1394 (s), 1377 (vs), 1205 (s), 1184 (s), 1173 (s), 1061 (vs), 1001
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(s), 867 (m), 817 (m), 793 (s), 778 (s), 693 (m), 645 (m), 497 (m).
µeff Found (µB): 2.53. Crystals of3‚H2O were dried under vacuum
(27 °C) overnight to afford an orange powder; orange crystals (3)
are obtained from dry MeCN/Et2O mixtures after 24 h. UV-vis
(CH3CN): λmax/nm (εM/M-1 cm-1) 481 (sh, 130), 425 (267), 323
(87). Anal. Calcd for C26H42N10BFe: C, 55.63; H, 7.54; N, 24.95.
Found: C, 55.59; H, 7.48; N, 24.90. IR (Nujol, cm-1): νBH 2549
(s); νCN 2115 (vs). CV (CH3CN, c ) 3.53× 10-3 M, scan rate)
100 mV s-1): Ec ) -998 mV (ic ) 18.6 µA), Ea ) -890 mV
(ia ) 19.7 µA), E1/2 ) -944 mV.

Synthesis of{MnII (DMF)2(µ-OTs)2}n (4). A DMF (20 mL)
solution of MnII(OTs)2 (1.19 g, 3.0 mmol) was layered with Et2O
(40 mL) to afford colorless blocks after 2 days. The crystals were
isolated by filtration, washed with Et2O (10 mL), and dried under
vacuum (27°C) for 2 h. Yield: 1.63 g (100%). Anal. Calcd for
C20H28N2O8S2Mn: C, 44.16; H, 5.20; N, 5.15. Found: C, 44.66;
H, 5.49; N, 4.87. IR (Nujol, cm-1): 1655 (vs), 1391 (vs), 1378
(vs), 1234 (vs), 1175 (vs), 1131 (vs), 1114 (vs), 1049 (vs), 1016
(s), 819 (s), 683 (vs), 578 (s), 566 (s), 556 (s).

Synthesis of {MnII (DMF)2(µ-OTs)(µ-NC)2(NC)FeIII (Tp*) }n

(5). Treatment of a DMF (15 mL) solution of3 (0.500 g, 0.70
mmol) with Mn(OTs)2 (0.800 g, 2.01 mmol) in DMF (15 mL)
rapidly affords a red solution that was stirred for an additional 3 h.
The red mixture was filtered, layered with Et2O (50 mL), and
allowed to stand 4 days. The red blocks were isolated by filtration,
washed with Et2O (10 mL), and dried under vacuum (27°C) for 2
h. Yield: 0.20 g (35%). Anal. Calcd for C31H43N11BFeMnO5S: C,
46.30; H, 5.41; N, 19.17. Found: C, 45.90; H, 5.40; N, 18.90. IR
(Nujol/KBr): 2527 (m), 2142 (vs), 2121 (m), 1660 (vs), 1542 (s),
1420 (vs), 1386 (vs), 1237 (vs), 1198 (vs), 1122 (s), 1061 (vs),
1045 (vs), 1014 (s), 819 (s), 682 (vs), 646 (m), 562 (s).

Synthesis of{[(Tp*)Fe(CN)2(µ-CN)Mn(DMF) 4]2[OTf] 2}‚2DMF
(6). Treatment of a DMF (15 mL) solution of3 (0.400 g, 0.712
mmol) with Mn(OTf)2 (0.780 g, 2.21 mmol) in DMF (15 mL)
rapidly afforded a dark red mixture that was stirred for an additional
2 h. The red mixture was filtered, layered with Et2O (50 mL), and
allowed to stand 3 days. The dark red crystals were isolated by
filtration, washed with Et2O (10 mL), and dried under vacuum (27
°C) for 60 s. Yield: 0.580 g (81.4%). UV-vis (CH3CN): λmax/nm
(εM/M-1 cm-1) 541 (sh, 198), 456 (418). Anal. Calcd for
C62H104N26B2F6O16S2Fe2Mn2: C, 39.34; H, 5.55; N, 19.25.
Found: C, 39.39; H, 5.51; N, 19.25. IR (Nujol, cm-1): 2543 (m),
2158 (s), 2150 (s), 2119 (m), 1680 (s), 1651 (vs), 1543 (s), 1420
(s), 1378 (vs), 1274 (vs), 1263 (vs), 1223 (s), 1206 (s), 1151 (s),
1111 (s), 1062 (s), 1033 (s), 868 (m), 817 (m), 678 (s), 639 (vs),
518 (m). CV (CH3CN, c ) 1.68× 10-3 M, scan rate) 100 mV
s-1): Ec ) -696 mV (ic ) 8.33µA), Ea ) -435 mV (ia ) 2.11
µA).

Structure Determinations and Refinements.X-ray diffraction
data were collected at 90.0(2) K on a Nonius kappaCCD diffrac-
tometer from irregular shaped crystals mounted in Paratone-N oil
on glass fibers. Initial cell parameters were obtained (DENZO)79

from ten 1° frames and were refined via a least-squares scheme
using all data-collection frames (SCALEPACK).79 Lorentz/polariza-
tion corrections were applied during data reduction. The structures
were solved by direct methods (SHELXS97)80 and completed by
difference Fourier methods (SHELXL97).80 Refinement was
performed againstF2 by weighted full-matrix least-squares
(SHELXL97),80 and empirical absorption corrections (either

SCALEPACK79 or SADABS81) were applied. Hydrogen atoms were
found in difference maps and subsequently placed at calculated
positions using suitable riding models with isotropic displacement
parameters derived from their carrier atoms. Non-hydrogen atoms
were refined with anisotropic displacement parameters. Atomic
scattering factors were taken from theInternational Tables for
Crystallography Vol. C.82 Crystal data, relevant details of the
structure determinations, and selected geometrical parameters are
provided in Tables 1, S1, and S2. Figures S2 and S3 were drawn
using the CCDC Mercury (Version 1.3) program.

Results and Discussion

Synthesis and Spectroscopic Characterization.A variety
of poly(pyrazolyl)borate tricyanide complexes have been
prepared via ligand metathesis reactions. Treatment of iron-
(II) acetate with potassium tris(3,5-dimethylpyrazol-1-yl)-
borate (KTp*) in acetonitrile/dimethylformamide mixtures
rapidly affords (Tp*)FeII(OAc) (1) in moderate yield. Com-
pound1 is extremely air-sensitive and is unstable in solution
and solid form. Furthermore,1 cannot be redissolved into
acetonitrile, and freshly made, filtered solutions slowly
precipitate an insoluble, cream-colored solid that exhibits an
intenseνB-H absorption at 2509 cm-1; we presume (vide
infra) that the solid is (Tp*)2FeII.83 Attempts to obtain
satisfactory elemental analyses of1 consistently met with
failure. The infrared spectrum of1 (freshly precipitated)
exhibits intenseνBH (2517 cm-1) andνCO (1679, 1623 cm-1)
stretching absorptions that are shifted to higher energies
relative to those found for KTp* (2436 cm-1) and Fe(OAc)2
(1596 and 1539 cm-1).84

Subsequent treatment of1 with excess tetra(ethyl)ammo-
nium cyanide in acetonitrile rapidly and cleanly affords a
red hydrated iron(II) cyanometalate complex of [NEt4]2-
[(Tp*)FeII(CN)3]‚H2O (2‚H2O) stoichiometry. The infrared
spectrum of2‚H2O exhibits an intenseνBH (2507 cm-1)
absorption that is shifted to lower energy relative to1,
suggesting that greater electron density is present at the metal
center; theνCO absorptions are also absent. Additional,
intense absorptions that are assigned to lattice water (3320
cm-1) and coordinated cyanides (2060, 2043 cm-1) are
readily apparent in the infrared spectrum.84 TheνCN stretching
absorptions for2‚H2O are found at relatively low energies
and are comparable to K4[FeII(CN)6] (2044 cm-1), Na[(tach)-
FeII(CN)3]‚MeOH (tach) 1,3,5-triaminocyclohexane; 2052,
2014 cm-1), and [L2FeII(CN)2] (L ) phen, 2079, 2065 cm-1;
L ) bpy, 2070, 2078 cm-1).50,85-89 Anhydrous samples are
also obtained by drying crystals of2‚H2O under vacuum,

(79) Otwinowski, Z.; Minor, W.Methods Enzymol.1997, 276, 307-326.
(80) Sheldrick, G. M.SHELX-97. Programs for Crystal Structure Solution

and Refinement; University of Gottingen: Gottingen, Germany, 1997.

(81) Sheldrick, G. M.SADABSsAn empirical absorption correction
program; Bruker Analytical X-ray Systems: Madison, WI, 1996.

(82) International Tables for Crystallography Vol. C; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 1992.

(83) Chanaka, D.; De Alwis, L.; Schultz, F. A.Inorg. Chem.2003, 42,
3616-3622.

(84) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds,5th ed., Part B; Wiley: New York, 1997; pp
54-58, 105-116.

(85) Watzky, M. A.; Endicott, J. F.; Song, X.; Lei, X.; Macatangay, A.
Inorg. Chem.1996, 35, 3463-3473.

(86) Zhan, S.; Meng, Q.; You, X.; Wang, G.; Zheng, P.-Z.Polyhedron
1996, 15, 2655-2658.

(87) Schilt, A. A. Inorg. Synth.1970, 12, 247-251.
(88) Schilt, A. A.J. Am. Chem. Soc.1960, 82, 3000-3005.
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and the infrared spectrum exhibitsνBH andνCN absorptions
at 2501 and 2041 cm-1, respectively.

Oxidation of 2‚H2O with aqueous hydrogen peroxide
readily affords a new iron(III) tricyanide complex of [NEt4]-
[(Tp*)FeIII (CN)3]‚H2O (3‚H2O) stoichiometry. Cyclic vol-
tamograms of2‚H2O and3 in acetonitrile exhibit reversible
waves atE1/2 ) -944 mV vs. Fc+/Fc as expected. The
[(Tp*)Fe(CN)3]2-/- redox couple is much lower than
[(Me3tacn)Fe(CN)3]0/- (MeCN, -640 mV vs. Fc/Fc+) and
close to that found for [Fe(CN)6]4-/3- (-921 mV in MeCN
vs. Fc/Fc+), suggesting that2‚H2O and3 are electron-rich
complexes.90 The infrared spectrum of3‚H2O exhibits cyano-
and borohydride stretching absorptions at 2119 and 2528
cm-1, repectively, that are shifted to higher energies relative
to 2‚H2O, suggesting that oxidation of the iron center
decreased charge delocalization viaπ back-bonding is
present; aνOH stretching absorption attributed to lattice water
is also found at 3458 cm-1.84 Anhydrous samples (3) exhibit
significantly higher energyνBH and slightly lower energy
νCN absorptions at 2549 and 2115 cm-1, respectively. The
cyano stretching absorption exhibited by3‚H2O is compa-
rable to those seen for K3FeIII (CN)6 (2135 cm-1) and [PPh4]-
[LFeIII (CN)4] (L ) phen, 2120 cm-1; L ) bpy, 2118 cm-1);
the structurally related complexes, [(tach)FeIII (CN)3]‚H2O and
[cat][(Tp)FeIII (CN)3]‚2H2O (cat) PPh4+, K+), exhibit νCN

absorptions at 2121 and 2123 cm-1, respectively.85,91-94

While theνBH absorption energy has not been reported for
the tris(pyrazolyl)borate complexes, we find that [PPN][(Tp)-
FeIII (CN)3] exhibitsνBH andνCN absorptions at 2527 and 2117
cm-1, respectively.59,84

Treatment of3 with anhydrous manganese(II)p-toluene-
sulfonate in DMF affords red crystals of{MnII(DMF)2(µ-
OTs)(µ-NC)2(NC)FeIII (Tp*)}n (5) stoichiometry. The infrared
spectrum of5 exhibits intenseνBH (2527 cm-1) andνCN (2142
cm-1) stretching absorptions that are shifted to higher
energies relative to3 and3‚H2O, suggesting the formation
of FeIII-CN-MnII linkages, and are comparable to clusters
of [(Tp)FeIII (CN)3]2[MnII(MeOH)4]‚2MeOH (2128, 2151
cm-1) and{[(Tp)FeIII (CN)3]2-[MnII(bpy)2]2[ClO4]2}‚4MeCN
(2148 cm-1) stoichiometry.60,61The high-energyνCN absorp-
tion is consistent with the formation of FeIII-CN-MnII units
and depopulation of the cyanide 5σ orbital.84 Additional νCN

andνCO stretching absorptions, found at 2121 and 1660 cm-1,
respectively, are tentatively assigned to terminal cyanides
and coordinated DMF.

However, upon treatment of3 with manganese(II) triflu-
oromethanesulfonate in DMF, a tetranuclear rectangular
cluster of{[(Tp*)FeIII (CN)3MII(DMF)4]2[OTf] 2}‚2DMF (6)
stoichiometry is obtained. The infrared spectrum exhibits
severalνCN stretching absorptions at 2158, 2150, and 2119
cm-1, in addition to an intenseνBH absorption at 2543 cm-1.
Two of the cyanide stretching absorptions are shifted to
higher energies, relative to3 and3‚H2O, and are probably
due to bridging cyanides.60,61 For 6, an additionalνCN

absorption (2121 cm-1) is present, being close in energy to
those observed for3 and 3‚H2O. We propose that both
bridging and terminal cyanides are present in6.

Crystallographic Studies. The tricyanometalate com-
plexes areC3V symmetric, six-coordinate [fac-(Tp)Fen-
(CN)3](n-4) salts that crystallize in the monoclinic (P21/n,
2‚H2O), trigonal (P31, 3), and triclinic (P1h, 3‚H2O) space
groups, respectively (Table 1, Figures 1and S2 and S4 in
Supporting Information). The Fe-C bond distances range
from 1.899(2) to 1.908(2) Å for2‚H2O, 1.917(3) to 1.930-
(3) Å for 3, and 1.929(2) to 1.935(2) Å for3‚H2O (Table
S1 in Supporting Information). The smallest Fe-C bond
distances are found for2‚H2O, while comparatively longer
values are exhibited by the FeIII derivatives (3 and3‚H2O).
If the Fe-C bond distances are scaled as a function of iron
oxidation state, the shortest bond distances should be found

(89) Nieuwenhuyzen, M.; Bertram, B.; Gallagher, J. F.; Vos, J. G.Acta
Crystallogr., Sect. C1998, 54, 603-606.

(90) Moreland, A. C.; Rauchfuss T. B.Inorg. Chem.2000, 39, 3029-
3036.

(91) Lescoue¨zec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,
M.; Llusar, R.; Uriel, S.Inorg. Chem.2001, 40, 2065-2072.

(92) Lescoue¨zec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,
M. Inorg. Chem.2002, 41, 818-826.

(93) Oshio, H.; Tamada, O.; Onodera, H.; Ito, T.; Ikoma, T.; Tero-Kubota,
S. Inorg. Chem.1999, 38, 5686-5689.

(94) Chakov, N. E.; Wernsdorfer, W.; Abboud, K. A.; Christou, G.Inorg.
Chem.2004, 43, 5919-5930.

Table 1. Crystallographic Data for [NEt4]2[(Tp*)Fe(CN)3]‚H2O (2‚H2O), [NEt4][(Tp*)Fe(CN)3]‚H2O (3‚H2O), [NEt4][(Tp*)Fe(CN)3] (3),
{Mn(µ-OTs)2(DMF)2}n (4), {Mn(DMF)2(µ-OTs)(µ-NC)2(NC)Fe(Tp*)}n (5), and [(Tp*)Fe(CN)3]2[Mn(DMF)4]2[OTf]2‚2DMF (6)

2‚H2O 3‚H2O 3 4 5 6

formula C34H64BN11OFe C26H44BN10OFe C26H42BN10Fe C20H28N2O8S2Mn C31H43BN11O5SFeMn C68H114B2F6N28O16S2Fe2Mn2

formula wt 709.62 579.37 561.36 543.50 803.42 2001.19
crystal system monoclinic triclinic trigonal monoclinic triclinic monoclinic
space group P21/n P1h P31 P21/n P1h P21/n
a, Å 18.3423(2) 9.5737(2) 9.7740(1) 14.8205(3) 10.5227(1) 15.295(3)
b, Å 11.6145(1) 10.0872(2) 9.7740(1) 5.2132(1) 11.8895(1) 13.194(3)
c, Å 18.9531(2) 17.4380(3) 26.1990(4) 16.2179(5) 15.8918(2) 24.321(5)
R, ° 90 87.7452(6) 90 90 98.0687(5) 90
â, ° 108.9596(5) 85.4244(7) 90 107.9202(12) 98.3582(5) 107.09(3)
γ, ° 90 62.7646(8) 120 90 110.3618(5) 90
V, Å3 3818.65(7) 1492.54(5) 2167.50(5) 1992.24(5) 1804.69(3) 4691.4(2)
Dc, g cm-3 1.234 1.289 1.29 1.514 1.479 1.417
Z 4 2 3 2 2 2
µ, mm-1 0.437 0.543 0.556 0.777 0.866 0.696
R1

a 0.0455 0.0367 0.0323 0.0348 0.0390 0.0655
wR2

a 0.0976 0.0797 0.0675 0.0874 0.0854 0.1801

a I > 2σ(I), R ) ∑||Fo| - |Fo|| ∑|Fo|. Rw ) [(∑w(|Fo| - |Fc|)2/∑wFo
2)]1/2.
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for the trivalent complexes3 and 3‚H2O. However, the
opposite trend is observed, suggesting that FeII derivatives
exhibit enhancedπ back-bonding relative to trivalent
analogues.50,85-94

The Fe-N bond distances and C-Fe-C bond angles only
slightly vary for the tricyanometalate anions. The average
Fe-N bond distances range from 2.004(3) to 2.053(2) Å,
while the C-Fe-C bond angles range from 86.73(8) to
90.39(8)° for 2‚H2O, 85.8(1) to 92.0(1)° for 3, and 84.55(7)
to 91.34(7)° for 3‚H2O; the average N-Fe-N bond angles
are 87.57(7), 89.36(9), and 89.03(6)°, for 2‚H2O, 3, and
3‚H2O, respectively (Tables S1 and S2 in Supporting
Information). Relative to [cat][(Tp)FeIII (CN)3]‚2H2O (cat)
PPh4+, PPN+), 3 and3‚H2O probably exhibit longer Fe-C
and Fe-N bonds and smaller C-Fe-C bond angles, due to
greater electron donation and steric demand of the Tp* ligand
relative to Tp.58,71-74

Crystals of 2‚H2O also contain lattice water that is
hydrogen-bonded to cyanide nitrogen atoms (N(7) and N(8))
forming anionic one-dimensional helical chains along the
crystallographica direction; the O(1W)‚‚‚N(7) and O(1W)‚‚‚
N(8) contacts are 2.872(2) and 2.853(2) Å, respectively
(Table S1 and Figure S1 in Supporting Information).102

Likewise, compound3‚H2O exhibits one-dimensional hy-
drogen bonding between cyanide (N7 and N8) and lattice
water that propagates along the crystallographicc direction
(zigzag chain); the O(1W)‚‚‚N(7) and O(1W)‚‚‚N(8) contacts
are 3.012(2) and 2.998(2) Å (Table S1 and Figure S3 in
Supporting Information).102

Compound4 crystallizes in the monoclinic (P21/n) space
group and adopts a one-dimensional chain motif containing
embedded{trans-Mn(DMF)2(µ-OTs)2}n rectangles (Figures
2 and S5 in Supporting Information). The mutually cis

bridging tosylates link adjacentD4h-symmetric MnII centers
(equatorial sites), while two DMF ligands are found in the
axial positions. The structure of4 can be considered as an
alternating array of cationic MnII centers linked to adjacent
trans-[MnII(OH2)2(µ-OTs)4]2- units via tosylate oxygen
atoms and is structurally similar to a cadmium network re-
ported by Loiseleur of{Cd(OH2)2(O3SC6H4Me)2}∞ stoichi-
ometry.95

For4, eachp-tolyl ring is parallel to the coordinated DMF
ligands and terminal sulfoxide functionalities. The S(1)-
O(1), S(1)-O(2), and Mn(1)-O(1) bond distances are 1.452-
(2), 1.468(2), and 2.159(2) Å, while the O(1)-S(1)-O(2),
O(1)-Mn(1)-O(2B), and O(1)-Mn(1)-O(2B) bond angles
are 112.00(9), 88.35(5), and 88.35(5)°. The O-S-O and
O-Mn-O bond angles indicate that the sulfur and manga-
nese centers adopt distorted tetrahedral and octahedral
geometries, respectively (Tables S1 and S2). The Mn-
(1)‚‚‚Mn(1A) and S(1)‚‚‚S(1B) contacts are 5.213(3) and
4.566(3) Å, respectively (Figure S5 and Table S1).18

Compound5 crystallizes in the triclinic (P1h) space group
and is structurally related to4. The one-dimensional network
consists of cationic{cis-MnII(µ-OTs)2MnII}2+ squares that
are linked via cyanides to two adjacent [(Tp*)FeIII (CN)3]-

units; two trans DMF ligands complete the coordination
sphere of each MnII center (Figures 3 and S6 in Supporting
Information). Alternatively,5 can be considered to be a
structural analogue of4, via substitution of alternate tosylate
anions for [(Tp*)Fe(CN)3]-. Nevertheless,5 is a neutral one-
dimensional chain of{Mn(DMF)2(µ-OTs)(µ-NC)2(NC)Fe-
(Tp*)}n stoichiometry.

In 5, the coordinated DMF and tosylate tolyl rings are
parallel and roughly perpendicular to the terminal sulfoxide
functionalities of the bridging tosylates. The S(1)-O(1), Mn-
(1)-O(1), Mn(1)-N(7), and Fe(1)-C(16) bond distances
are 1.457(2), 2.166(2), 2.233(2), and 1.918(2) Å, respectively,
while the O(1)-S(1)-O(3), O(1)-Mn(1)-O(1A), N(7)-
Mn(1)-O(1), and C(16)-Fe(1)-C(17) bond angles are
112.4(1), 91.28(6), 177.37(7), and 86.37(9)°, respectively

(95) Charbonnier, F.; Faure, R.; Loiseleur, H.Acta Crystallogr., Sect. B
1978, 34, 1504-1506.

(96) Borrás-Alemar, J. J.; Burriel, R.; Coronado, E.; Gatteschi, D.; Go´mez-
Garcia, C. J.; Zanchini, C.Inorg. Chem.1991, 30, 947-950.

(97) Lescoue¨zec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,
M. Inorg. Chem.2002, 41, 818-826.

(98) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S. J. Comput. Chem.2001, 22, 985-991.

(99) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S. Inorg. Chem.1999, 38, 6081-6088.

(100) Kambe, K.J. Phys. Soc. Jpn.1950, 5, 48-51.
(101) Myers, B. E.; Berger, L.; Friedberg, S. A.J. Appl. Phys. 1969, 40,

1149-1151.
(102) See the Supporting Information.

Figure 1. Truncated X-ray structure of2‚H2O. Thermal ellipsoids are at
the 50% level, and all cations, hydrogen atoms, and lattice waters are
removed for clarity.

Figure 2. Fragment of the one-dimensional chain present in4 along the
crystallographica direction. Thermal ellipsoids are at the 50% level,
hydrogen atoms are removed, DMF ligands are truncated, and only oxygen,
carbon, manganese, and sulfur atoms are illustrated for clarity.
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(Tables S1 and S2). The Mn(1)‚‚‚Mn(1A) (5.476(3) Å) and
S(1)‚‚‚S(1A) (4.631(3) Å) interactions are longer than those
of 4, while the Mn(1)‚‚‚Mn(1B) and Fe(1)‚‚‚Fe(1A) interac-
tions are 7.390(3) and 7.435(3) Å, respectively (Table S1)18

Compound6 is a cationic tetranuclear cluster that crystal-
lizes in the monoclinicP21/n space group.19 The FeIII and
MnII centers reside in alternate corners of the rectangular
cluster and are also linked via cyanides (Figure 4). A third
terminal cyanide per [(Tp*)Fe(CN)3]- center remains, and
these are related by an inversion center, in an anti orientation
relative to the Fe2Mn2 plane. A single methyl group per Tp*
ligand projects perpendicular to and above (2.952(3) Å) the
Fe2Mn2 plane, located opposite the terminal cyanides;
structural analogues of6 have also been reported by Dunbar,
Verdaguer, Kim, Oshio, and co-workers.18,21-22,60

In comparison to5, the tetranuclear Fe2Mn2 cluster (6) is
slightly compressed with respect to metal-cyanide and cluster
edge lengths. The Fe(1)-C(16), Fe(1)-C(17), Fe(1)-C(18),
Mn(1)-N(9), and Mn(1)-N(7A) bond distances are 1.914-
(5), 1.938(6), 1.916(5), 2.178(4), and 2.195(4), respectively,
while the C(16)-Fe(1)-C(17), C(16)-Fe(1)-C(18), and
N(7A)-Mn(1)-N(9) bond angles are 86.8(2), 85.0(2), and

93.82(2)°, respectively; the closest Tp* ring contacts are
3.649(3) Å (Tables S1 and S2). The Fe-C and Mn-N bond
distances for6 are virtually identical to5, while the diagonal
Mn(1)‚‚‚Mn(1A) (7.108(3) Å) and Fe(1)‚‚‚Fe(1A) (7.733-
(3) Å) contacts are ca. 0.28 Å smaller (Table S1).19

Magnetic Studies.The temperature dependence oføMT
suggests that the MnII centers in4 are magnetically isolated
between 300 and 1.8 K. As judged from theøT vs T data
using crushed crystals, theøT product decreases slightly,
from 4.52 to 4.38 cm3 K mol-1, as the temperature is lowered
from 300 to 1.8 K (Figure 5). TheøMT values over this
temperature range are close to those expected (4.375 cm3 K
mol-1) for a noninteracting array of isotropic MnII centers.
Fitting of the magnetic susceptibility data to the Curie-Weiss
expression affords Curie and Weiss constants of 4.52 cm3

K mol-1 and-0.52 K, respectively.
Further analysis of the temperature dependence oføT

verifies that the MnII centers are magnetically isolated. This
is done by using a modified expression for a classical
Heisenberg chain (eq 1)

whereu ) -cothK + 1, K ) JS(S+ 1)/kT, S) 5/2, and the
exchange Hamiltonian isH ) -JS1S2; values ofJ andg are
calculated to be 6.7× 10-3 cm-1 and 2.03, respectively.96

Furthermore, ac susceptibility measurements suggest thatø′′
is frequency-independent and does not exhibit the ferromag-
netic maximum because of spin canting, reported for MnII

2-
(EDTA)‚H2O.96,102 Consequently, we conclude that4 is a
paramagnetic solid and tosylate-mediated superexchange is
inefficient above 2 K.

For5 and6, the carbon-bound cyanides in each rectangular
Fe2Mn2 fragment give rise to low-spin FeIII (S) 1/2) centers,
which are expected to exhibit orbital contributions to the
magnetic moment.14,19,51,60,61Consequently, spin-only for-
mulas are not expected to be relevant. Using the temperature
dependence of theøT product for4 as a reference point, the
magnetic anisotropy of the low-spin FeIII centers present in
5 and6 can be approximated. Assuming that the MnII centers

Figure 3. Fragment of the one-dimensional chain present in5 along the
crystallographica direction. Thermal ellipsoids are at the 50% level,
hydrogen atoms are eliminated, and only DMF oxygen atoms are illustrated
for clarity.

Figure 4. Truncated X-ray structure of6. Thermal ellipsoids are at the
50% level, and all anions, hydrogen atoms, and lattice DMF are eliminated.
Only coordinated DMF oxygen atoms are illustrated for clarity.

Figure 5. Temperature dependence oføT for 4 (0), 5 (4), and6 (O) in
an applied dc field of 1 kG. The red lines represent the best fit of the data
(see text for details).
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in 5 and6 are also high-spin and thatgMn is 2, agFe value
of ca. 2.9 can be calculated from theøT data (crushed
crystals).

Subsequent measurements using crushed crystals of3‚H2O
confirm thatg (2.92) deviates significantly from 2 (Figure
S7 in Supporting Information). TheøT value monotonically
decreases from 0.74 cm3 K mol-1 to 0.56 cm3 K mol-1 as
the temperature is lowered from 300 to 1.8 K. The room-
temperature value oføT is significantly larger than the spin-
only value expected for isolated low-spin iron(III) centers
(0.375 cm3 K mol-1 for S ) 1/2, assumingg ) 2). The
observed decrease inøT as a function of decreasingT is
attributable to depopulation of the thermally populated states
that are spin-orbit coupled to the2T2g ground state.97

The temperature dependence oføT for 6 suggests that the
FeIII and MnII centers couple antiferromagnetically (Figure
5). Between 300 and 35 K, theøT values gradually decrease
from 10.60 to 9.63 cm3 K mol-1 and then more abruptly
decrease below ca. 10 K, reaching a minimum value of 1.99
cm3 K mol-1 at 1.8 K; similar behavior has been reported
by Kim et al.60 and Wang et al.61 for clusters of [(Tp)Fe-
(CN)3]2[Mn(MeOH)4] and [(Tp)Fe(CN)3]2[Mn(bpy)4]2[ClO4]2

stoichiometry.60,61 Furthermore, ac susceptibility measure-
ments indicate thatø′′ is frequency-independent, suggesting
that 6 is not a single-molecule magnet.102 We propose that
zero-field splitting of theS ) 4 ground state at low
temperatures affords lower-than-expectedøT values rather
than intercluster antiferromagnetic interactions, since the
closest pyrazole-ring contacts between clusters are 5.434(4)
Å.19,96

Goodenough and Kanamori describe that superexchange
between low-spin FeIII and MnII centers should be antifer-
romagnetic due to spin state and orbital symmetry consid-
erations.76 Assuming for simplicity, that the MnII (t2g

3eg
2)

centers are octahedral, the low-spin FeIII (t2g
5) centers should

engage in antiferromagnetic exchange with each adjacent
MnII ion.75 Nonlinear least-squares fitting of the magnetic
data via the Curie-Weiss equation verifies that these simple,
simplified orbital symmetry arguments are applicable, as
antiferromagnetic coupling is observed between the cyanide-
bridged FeIII and MnII centers. The sign and relative
magnitudes ofθ in 5 and 6 (-14.37 and-8.80 K) are
comparable to those for the hexacyanoferrate(III) network
of {Mn(OH2)2[Mn(bpym)(OH2)]2[Fe(CN)6]2}∞ (θ ) -12.8
K) stoichiometry; the corresponding Curie constants are 6.25
and 10.8 cm3 K mol-1 for 5 and6, respectively. Simulations
of the øT vs T data using MAGPACK98,99 allowed for
estimations ofg(MII) and Jiso, affording values of 2.1 and
-2.1 cm-1 for 6.19,102

The dc susceptibility data for6 was also modeled as a
four-spin system that exhibits three exchange coupling
constants representing the magnetic interactions between
adjacent FeIII-MnII (J1) and diagonal FeIII ‚‚‚FeIII (J2) and
MnII‚‚‚MnII (J3) units. Using an isotropic Heisenberg Hamil-
tonian, the following relationship is obtained (eq 3):

Further simplification of eq 2, assuming thatJ2 ≈ J3, yields
a simplified Hamiltonian of the following form:

An expression forøMT was derived using the Kambe vector
coupling method, and the dc susceptibility data was fitted
via eq 4.93,100,102The values ofgavg., J1, andJ2 for 6 were
obtained via least-squares fitting of theøMT versusT data
and are found to be 2.15,-2.02, and-0.78 cm-1, respec-
tively.102

If superexchange interactions through the bridging tosy-
lates are neglected for5, the one-dimensional chain of
squares can be treated as an array of noninteracting and
magnetically isolated FeIII

2MnII
2 clusters. Least-squares fitting

of theøMT data affordgiso, J1, andJ2 values of 2.62,-2.03,
and -0.72 cm-1, respectively.102 However, if nonzero
cluster-cluster exchange interactions (J′) are present, then
the temperature dependence of the magnetic susceptibility
can be described using molecular field theory, via eq 4,

wherez is the number of interacting clusters.101 For z ) 2,
with least-squares fitting of theøM vsT data (eq 4), we obtain
g, J1, J2, andJ′ values of 2.25,-1.72, -0.58, and-0.12
cm-1, respectively.102 The cluster-expanded chains (5) appear
to exhibit slightly greater anisotropy and smaller exchange
couplings between adjacent manganese(II) and iron(III)
centers, relative to6; ac susceptibility measurements also
indicate thatø′′ is frequency-independent. The calculations
suggest that5 is a one-dimensional chain of weakly interact-
ing magnetic squares.

The field dependence of the magnetization for5 and 6
suggests that nonlinear magnetization vs. applied field effects
that grow faster than the Brillouin functions are opera-
tive.66-68,75,76,102At 1.8 K, the magnetization values are 3.3
and 6.8µB, suggestingS) 4 spin ground states for5 and6,
respectively.

Conclusions.The preparation of several tris(3,5-dimeth-
ylpyrazolyl)borate iron tricyanides and their use as building
blocks to prepare magnetic clusters and networks have been
described. Bridging tosylates also appear to be poor com-
municators of spin density information. Incorporation of
isotropic manganese(II) centers into each structural archetype,
while affording high-spin ground states, does not appear to
contribute to the total anisotropy of derived compounds.
Future efforts will investigate the treatment of cyanometalate
squares with anisotropic ions, to attempt the preparation of
one-dimensional chains of clusters.
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