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Treatment of several divalent transition-metal trifluoromethane-
sulfonates [M"(OTf),; M" = Mn, Co, Ni] with [NEts][Tp*Fe"(CN);]
[Tp* = hydridotris(3,5-dimethylpyrazol-1-yl)borate] in DMF affords
three isostructural rectangular clusters of { [Tp*Fe"(CN)sM"(DMF)4],-
[OTf],} -2DMF (M" = Mn, 3; Co, 4; Ni, 5) stoichiometry. Magnetic
studies of 35 indicate that the Tp*Fe(CN);~ centers are highly
anisotropic and exhibit antiferromagnetic (3 and 4) and ferromag-
netic (5) exchange to afford S = 4, 2, and 3 spin ground states,
respectively. ac susceptibility measurements suggest that 4 and
5 exhibit incipient single-molecule magnetic behavior below 2 K.

The systematic preparation of cyanometalate networks and (9
clusters has celebrated a resurgence of activity over the past

coordinate tripodal ligan®'° Surprisingly, despite the preva-
lence of poly(pyrazolyl)borates in inorganic chemistry, only
tris(pyrazolyl)borate iron(lll) tricyanide and a few derived
clusters and networks have been descrilség°

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 approach,
to afford compounds that exhibit tunable magnetic, electrical,
and optical properties. Through such a synthetic strategy,
we hope to incorporate a series of aniosotropic centers to
systematically prepare several SMM and SCM materials that
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such as room-temperature magnetsetectro® and photo-
magnetisnt, single-molecule magnetism (SMM)¢harge-
transfer-induced spin transitiohg;ompensation behavidr,
and single-chain magnetism (SCRICyanometalates are
excellent building blocks for constructing molecule-based

clusters and networks because cyanides generally form linear
u-CN linkages between two metal centers, stabilize a variety
of transition-metal centers and oxidation states, and ef-

ficiently communicate spin density informatién.

Of known cyanometalate clusters, the dominant structural
building block containgac-LM(CN)3" centers where cya-
nides link adjacent transition-metal centers and L is a facially
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COMMUNICATION

exhibit high-spin ground states, large and negative axial zero-
field splittings, and high blocking temperatufgst

In the present communication, we report the synthetic,
magnetic, structural, and spectroscopic details of three
isostructural molecular rectangles that are derived from hydri-
dotris(3,5-dimethylpyrazol-1yl)borate tricyanoferrate(lll) and
divalent transition-metal centers. Treatment of [J[Ep*Fe" -
(CN)3)*H20O (1) or [NEt][Tp*Fe" (CN)s] (2) with several
divalent transition-metal trifluoromethanesulfonates in DMF
readily affords clusters of [Tp*Fe" (CN);M"(DMF),].- % p .
[OTf]2}-2DMF (M" = Mn, 3; Co,4; Ni, 5; OTf = OsSCF) Figure 1. Partial X-ray structure o6. Ellipsoids are at the 50% level, all
stoichiometry in 86-92% yields. The infrared spectra®f5 hydrogen atoms are eliminated, and only DMF oxygen atoms are illustrated
exhibit strongven abgorptions at 2543, 2545, and 2547 ¢m gogzcilgag;y FS;e('ﬁfée(‘l’g?’Q%S}S(L"’;,”C,ﬁf(ffﬁ, (agr;dzf‘(;‘gé?j),(dlfg():l)_ifggg
while thevcy stretching absorptions are found at 2158, 2150, 7.461(1), and Ni(1)-Ni(1A) 6.972(1) A; C(16)-Fe(1)-C(17) 86.84(18),
and 2119 cm? for 3, 2163, 2156, and 2120 crhfor 4, and C(16)-Fe(1)-C(18) 85.41(18), and N(7A)M(1)—N(9) 92.34 (14).
2170, 2163, and 2120 crhfor 5. The majority of the cyanide
stretching absorptions are shifted to higher energies relative
t01(2119 cmY) and2 (2115 cmY), suggesting that bridging
cyanides are present iB—5. The highest energycn
absorptions appear to increase as a function 6felec-
tronegativity, while the lowest energy absorptions are close
to those in2; these cyanide absorptions are tentatively
assigned to bridging and terminal cyanides, respectitfely.

Compounds3—5 crystallize in the monoclini®2,/m (3)
andP2y/n (4 and5) space group¥ The Fé' and M' centers
reside in alternate corners of the rectangular clusters and are
linked via cyanides (Figure 22 A third terminal cyanide
per Tp*Fe(CN)~ center remains, and these are related by an Y
inversion center, in aanti orientation relative to the k¥, 0 50 100 150 200 250 300
plane. A single methyl group per Tp* ligand projects perpen- T(K)
dicular to and above (ca. 3.65 A) the,Me plane, located ~ Figure 2. Temperature dependence;df for 3 (), 4 (O), and5 (2) in

. . . . an applied dc field of 1 kG.

opposite the terminal cyanides; the closest contacts between
pyrazole rings area. 4.42 A. The M1—N bond distances  assume that the Mrcenters i3 are high-spin and thagn
are 2.195(4) A for3, 2.083(3) A for4, and 2.041 (4) A for  is 2, we calculate (from theT data, crushed crystals)gge
5, scaling as a function of increasing'Mlectronegativity. value of 2.92. Further assuming that this valuegafdoes

In each rectangle, the carbon-bound cyanides give rise tonot change fo and5, we conclude thagc, and gi are
low-spin Fé! (S= 1/,), which is expected to exhibit an orbital ~ 2.84 and 2.38, respectively.
contribution to the magnetic momeH#a11a1Consequently, The temperature dependencedffor 3 suggests that the
spin-only formulas are not expected to be relevant. If we F€" and Mri' centers couple antiferromagnetically (Figure
2). Between 300 and 35 K, th@ values gradually decrease
(11) (a) Carlin, R. LMagnetochemistnySpringer-Verlag: New York, 1986.  from 10.60 to 9.63 emu K mot and then more abruptly

) o K i o et & P Do " belowea. 10 K, reaching a minimum value of 1.99 emu K
Angew. Chem., Int. Ed2001 40, 1760-1763. (c) Cleac, R.; mol~! at 1.8 K; similar behavior has been reported for

ygiaigggfiizgﬁﬂ?jrga’u'\ﬂ-; ,?0}3'0’1&, . Almh?hem'cioeooﬁt clusters of [TpFe(CN].[Mn(MeOH),] and [TpFe(CNj].-
3 . attescni, D.; Sessoll, Rngew. em., Int. . . ]
Ed.2003 42, 268-297 and references therein. (e) KahnMalecular [Mn(bpy)4]2[ClO,] stoichiometry [Tp— trl_S(_pyrazol-l—yI)—
Magnetism VCH Publishers: New York, 1993. ' borate]*°2We propose that zero-field splitting of tige= 4
(12) mﬁgﬁ?nogérﬁggﬂﬁgtﬁngﬁaﬁﬁgy.s?\fecangfrk'”(irggg‘;‘_'cpg?tdBC%%r' ground state at low temperatures affords lower than expected
54-58 and 105-116. ’ ' ’ ' % T values, rather than intercluster antiferromagnetic interac-
(13) Crystal and structure refinement paramet@reCegH114B82Fs-e;Mn- tions, because the closest pyrazole-ring contacts between
NoeO16Sp, P21/m, Z = 2, a = 15.295(3) A,b = 13.194(3) A.c = lust 5.434(4) A
24.321(5) A = 107.09(3), V = 4691.3(16) & R1=0.0655 wrz clusters area. 5.434(4) A.
=0.18114: CegH11B2FsF&C0N26016S, P24/n, Z = 2,a = 15.3587- The temperature dependence)df for 4 appears to be
(2) A, b=13.1573(2) Ac = 24.1959(4) Ab = 108.3940(7), V =

12
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4639.67(12) &, R1= 0.0492, WR2= 0.0938.5. CegH11BoFsFer- dominated by spifrorbit coupling effects exhibited by the
NizN2gO16S,, P24/n, a =15.3227(2) A,b = 13.13430(10) Ac = cobalt(ll) centers present (Figure 2). Between 300 and 22
24.0570(3) Ab = 108.1414(5), V = 4600.87(9) A, R1 = 0.0636, K, 4T gradually decreases from 8.90 to 6.55, and this is

WR2 = 0.1740. All data were collected on a Nonius Kappa CCD .
diffractometer at 90.0(2) K using Mo (4 = 0.710 73 A) radiation. probably due to depopulation of thermally populated low-

Str_uctLérﬁsE\liv;[egs,?olved by direct methods and refined against all data lying excited states for th& = 3/, Cd' centers. Below 22
using . - .
(14) Figgis, B. N.. Gerloch, M.; Mason, Rroc. R. Soc. London 2969 K, the T product increases to a maximum value of 6.65

309 91-118. emu K mol?! at 10 K and then decreases further to 4.80
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emu K mol?! at 2 K€ ac susceptibility measurements
suggest that intramolecular coupling of'CGand Fé' centers
occurs at low temperatures.

For 5, the ¥ T product gradually increases between 300
and 165 K. At lower temperatures, th& rapidly increases
to 8.27 emu K molt at 7 K, suggesting a ferromagnetically
coupledS = 3 ground state; below 7 K, theT product
decreases further to 6.71 emu K mbhat 2 K8

Goodenough and Kanamori describe that superexchange

between low-spin Fe(lll) and the divalent centers should be :
either antiferromagnetic or ferromagnetic, depending on spin
state and orbital symmetry considerations. Assuming, for
simplicity, that the Mf(txg’e,?), Cd'(t2g%e;?), and NI (tPeg?)
centers are octahedral, then the low-spiti' &g°) centers
should couple antiferromagnetically to Mand Cd (3 and

4) and ferromagnetically to Ni(5).1'¢However, the clusters
are actually of lower symmetry’g) and thet,g ande, orbitals
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Figure 3. Temperature dependence of the imaginary compongéitof
the ac susceptibility fob (Hee =0 G andH,.= 2.5 G) at 1 [0), 9 (O), 100

become nondegenerate, thus complicating simple orbital (s), and 997 ¢) Hz. Inset: Plot of reduced magnetizationk#T between

orthogonality arguments.
Fitting of the magnetic data using the Curi¢/eiss

1.8 and 5 K. Solid lines represent a least-squares fitting of the data.

equation suggests that antiferromagnetic coupling occurs be- ac susceptibility measurements indicate jtfeis frequency-

tween cyanide-bridged e Mn", and Cd centers while fer-
romagnetic exchange is present betweéeh &ed Ni'. Simu-
lations of they T versusT data using MAGPACR! allowed
for estimations ofg(M") and Js.; the calculated values are
2.1 and—2.1 cntt for 3, 2.7 and—10 cnt! for 4, and 2.2
and 5.3 cm? for 5.18 The sign and relative magnitudes@®f
in 3—5(—8.80,—9.61, and 4.18 K) are comparable to those
of hexacyanoferrate(lll) networks 6Mn(OH,),[Mn(bpym)-
(OH)1[Fe(CN)]2}» (0 = —12.8 K)*® Co'3[Fe€" (CN)g]2*
6H,0 (6 = —15 K) 16 and{[Ni" (tn);]s[F€" (CN)s] 3] s[CIO4] n*
2.5nH,0} (0 = 7.45 K)Y stoichiometry.

The field dependence of the magnetization f®r5

independent foB and frequency-dependent féand5. The
frequency dependence @f for 4 and5 suggests that the
blocking temperatures lie below 1.8 K because frequency-
dependent shoulders are readily apparent (Figufé S)ch
slow magnetic relaxation effects have been previously
described for several SMM and SCM derivativé¥! The
frequency dependence gf exhibits Arrhenius behavior for
5 because plots of lmvs 1/T are linear; least-squares fitting
indicates that the relaxation timeis= 7 x 10" s for 5.
We propose thak, and possibly, exhibits incipient single-
molecule magnetic behavior below 1.8'K.

In summary, we have described the preparation of three

suggests that nonlinear magnetization versus applied fieldmolecular clusters, of which two are likely single-molecule

effects that grow faster than the Brillouin functions are
operativet'1® At 1.8 K, the magnetization values f&-5
are 7.0, 6.6, and 6.14g, suggesting spin ground statey (
of 4, 2, and 3 for3—5, respectively. Assumin§= 2 and 3
ground states fot and5, fits of the magnetization data using
ANISOFIT? for T < 5 K afford zero-field splitting param-
etersD = —3.04 and—3.98 cm* andg(cluster)= 3.49 and
2.44 (Figure 3}8 Assuming that the sign and magnitude of
D are correct, the spin reversal barrier energies should be
= |D|Sr? = 12.2 and 35.8 cnit for 4 and5, respectively®
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magnets. We anticipate that systematic insertion of paramag-
netic transition-metal centers exhibiting greater single ion
anisotropy (such astdand 5 centers) into this structural
archetype will afford additional analogues that exhibit higher
spin ground states and blocking temperatures relativé to
and5.20.22
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