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Figure 1. Tetracyanoethylene, dimethyl dicyanofumarate, and diethyl
dicyanofumarate.

manganese(lll) tetraphenylporphyrin bridged by TCNE
MnTPP-TCNE];*? (c) three-dimensional coordination polymer
ferrimagnets such as V[TCNEL/2CHCl,.13

The reasons for the versatility of TCNE are unknown, but
this observation suggests that olefinic acceptors might be more

The synthesis of one-to-one charge-transfer (CT) salts suited to the task of supporting magnetism.

represents one very successful strategy for the synthesis of

In a previous paper, we conjectured that replacing two trans

systematically related magnetic solids. Working independently, nitriles on TCNE with other organic functional groups capable
the research groups of Miller, Hoffman, and others have shown of resonance stabilization of negative charge gives a blueprint
that electron-rich, first-row decamethylmetallocenes, M(Gp*) for the synthesis of tunable and versatile one-electron acceptor
where M= Cr, Mn, Fe, Co, and Ni, can be paired with a palette building blocks useful in the construction of CT salt ferromag-

of one-electron acceptors such as tetracyanoethylene, TCNE,
tetracyanoquinodimethane, TCNG, 2,5-dimethyIN,N'-dicy-
anoquinodiimine, DMDCNQ¥? and 2,3-dichloro-5,6-dicyano-
quinone, DDQ'! to form CT salts exhibiting a range of

nets!* This idea was partially illustrated by the synthesis of
dimethyl dicyanofumarate, DMeDCF, and diethyl dicyanofu-
marate, DEtDCF (Figure 1), and by examination of their
reactions with decamethylmanganocene. The product of the

phenomena including paramagnetism, ferromagnetism, antifer-former, [Mn(Cp*),][DMeDCF], exhibits a transition to a fer-

romagnetism and metamagnetism.
One limitation to this approach is the difficulty identifying

romagnetic state at a Curie temperature of 10.%* Rhis
represents an improvement iftyie Over that of its TCNE

and synthesizing suitable new acceptor building blocks. Can- analogue. The latter, a somewhat more sterically demanding
didates must possess stable radical anionic states arfuitals acceptor, gives [Mn(Cp3)[DEtDCF], a complex, metamagnetic
for facilitating stacking and magnetic exchange, as well as spin glass. The compound exhibits both field-dependent mag-
exhibit reversible electrochemistry at suitable potentials. Many netization indicative of metamagnetism and, in a lower tem-
examples, such as those mentioned above, are derivatives operature regime, frequency-dependent ac susceptibility indicative

p-benzoquinone, but we have addressed this challenge in a novebf a hysteretic spin glass state.

way by targeting organic molecules structurally related to the

We have now turned to pairing DMeDCF with another one-

olefinic acceptor TCNE (Figure 1). In molecule-based magne- electron donor, decamethylchromocene, Cr(Gpahd report
tism, TCNE is, by far, the most common acceptor and is known the properties of [Cr(Cp3][DMeDCF] herein. We also contrast

to play that role in at least three large families of magnetically

its structural and magnetic properties with those of its TCNE

Ordering solids, inClUding (a) Charge'transfer salts, such as analogue, [Cr(Cp‘gj[TCNE], to provide a possib|e exp|anation

decamethylferrocenium tetracyanoethenide, [Fe([FENE];?

for the slightly higher Curie temperature observed for the title

(b) one-dimensional coordination polymer ferrimagnets such as compound.
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Experimental Section

Preparations of air-sensitive compounds were carried out in a
nitrogen-filled Braun glovebox maintained at less than 5 ppm O
Decamethylchromocene was purchased from Strem Chemicals. All
other reagents were purchased from Aldrich and were used as delivered
except as noted below. Dichloromethane was dried and distilled from
P,Os, acetonitrile from Cakl and diethyl ether from Na/benzophenone.
All solvents were degassed with glovebox ptior to use. Dimethyl
dicyanofumarate was synthesized by a previously published méthod.
Elemental analyses were performed by Desert Analytics, Tucson, AZ.
Magnetic measurements were performed on Quantum Design MPMS
5S and 7 SQUID magnetometers in sample holders previously
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described® M vs T measurements were made in a 100 G applied field. Table 12
The amplitude of the oscillating magnetic field used for ac susceptibility chemical formula= CogHasCrNoOs  fw = 516.59

measurements wéb G with zero dc bias field. Diamagnetic corrections 5 — 16.0414(4) A space group Pnma(No. 53)
were applied based on Pascal’s constants. A correction was applied to p = 10.6907(3) A T=141(2) K
the M vs T data to account for the presence of a small ferromagnetic ¢ = 15.6571(4) A 1 =0.71073 A (Mo Kx)
impurity equivalent to 7 ppm saturated iron. In our hands, all o =290° peaic = 1.278 g cm®
decamethylchromocenium-based CT salts possess some degree of? = 90° u=4.6lcn!
ferromagnetic impurity. y =90 R1(F) = 0.0459 | > 20(1)]

: ) . V =2685.10(12) A wR2 (F?) = 0.1083 (all data)

X-ray Data Collection and Structure Refinement. X-ray diffrac- Z=4

tion structure determination was performed on a Siemens SMART CCD
diffractometer equipped with a locally modified LT-2A low-temperature _ *R1 = 3 [[Fo| — [Fll/(ZIFol); WR2 = {F[w(Fo*> — FA?/

apparatus. Crystals were grown by slow diffusion of ether into an 2[W(Fo)}% w* = [0%(F?) + (aP)® + bP]-/Whe"eP: (Fo? + 2Fc)/
acetonitrile solution of the compound. A sample of crystals was selected 3. GOF=S= {z[W(FOZ — F_CZ)Z]/(M — N)}*% where wherev IS the
in the glovebox and placed under light hydrocarbon oil in a small Petri number of reflections antl is the number of parameters refined.
dish. Cell dimensions were determined after harvesting reflections from
a series of three orthogonal sets of 20°zBscans. Data collection
covered an arbitrary hemisphere of space to 0.68 A. Final cell
parameters were determined using 7598 reflections With 100(1)
harvested from the complete data set. Data were corrected for Lorentz
and polarization effects. An empirical absorption correction was applied
using equivalent reflections. Structure solution via direct methods in
the centrosymmetric space grofmmarevealed the non-hydrogen
structure. Hydrogens were placed at calculated geometries and allowed
to ride on the parent atom. There was no disorder, and the final residual
density map was essentially flat.

Decamethylchromocenium Dimethyl Dicyanofumarate,
[Cr(Cp*) ;][DMeDCF] 1. Decamethylchromocene (100 mg, X104
mol) was dissolved in 2 mL of CKl,. To this solution was added a
solution of dimethyl dicyanofumarate (70 mg, 36107 mol) in 5
mL of CH.Cl,. Immediately, the color of the solution turned from
yellow to red-brown. After the solution was stirred for 0.5 h at room
temperature, 15 mL of ether was added slowly to precipitate a fluffy, Figure 2. Packing diagram for [Cr(Cp%)DMeDCF].
air-sensitive, ochre solid. This solid was filtered, washed with ether,
and dried in vacuo. Yield: 130 mg (81%). The complex was rable 2
recrystallized from Clz(f:IZ/EtZO1 at —2 °C, giving fine n(iedles. IR Cr—Cr separation
Fluorolube): »(CN), 2167 cm* (sharp),»(CO), 1657 cm?! (sharp).
ol el for lezgscero‘l: c(, 65.1p3; |(4 7.)02; N, 5.42. (Founrc)I)C, [Cr(CPp™)A[TENE] _ [Cr(Cp")-][DMeDCF]

65.51; H, 6.78; N, 5.55. intrastack 10.953 10.691
interstack in-registry 8.002 9.103
Results and Discussion nearest out-of-registry 9.459 9.545
9.459
Two decamethylchromocenium-based ferromagnets have next-nearest 9.709 11.156
previously been prepared, [Cr(CBIJTCNE]4®and [Cr(Cp*}]- out-of-registry 9.872
6 ihi i . . .
[TCNQ].° These exhibit Curie temperatures of 2.1 e;r;d 3-1 K, in-registry stack), 9.545 A (for the nearest out-of-registry stack),
respectively, as determined by the maximum M/dT."" The and 11.156 A (for the next-nearest out-of-registry stack). While

properties of both of these compounds are consistent With g of these distances are comparable, the in-registry and next-
ferromagnetic coupling of three unpaired electrons on the donor o4 rest out-of-registry separations are considerably longer than
and one on the acceptor. those seen in [Cr(Cp3)TCNE] (Table 2). This result is not
The title compound, [Cr(Cp%)[DMeDCF] (1), can be  gyrprising given the larger size of DMeDCF.
synthesized in a straightforward manner by mixing the reactants  The structure of the DMeDCF radical anion has not
in dichloromethane at room temperature. However, unlike its peen previously characterized. In the present structure, it is
manganese congerérthis new compound is stable in solution |ocated on a mirror plane and is thus rigorously flat, if the
at room temperature, permitting its crystallization and structural hydrogen atoms are disregarded. The relevant bond lengths for
characterization. [DMeDCF]'~ can be compared to those of the previously
Structure. The charge-transfer sdltcrystallizes in the space  reported structure of the neutral par&iReduction to the radical
groupPnmawith four donor-acceptor pairs per unit cell (Table  anjon results in no lowering of symmetry and only modest bond
1 and Figure 2). Although the unit cell of analogous [Cr(Gp*)  length increases over the whole molecule. Comparing the radical
[TCNE] is monoclinic? the structure similarly consists of  anjon to the neutral parent, respectively, the most significant
DTA™D*A™ stacks possessing one in-registry and two out-of- changes appear in the olefinic<C (1.413(4) vs 1.344(8) A)
registry interstack interactions. The decamethylchromocenium and the ester €0 bonds (1.360(4) vs 1.315(7) A). This result
cation has an eclipsed conformation, resulting in grDss is consistent with the related changes observed for TCNE vs
symmetry. Its geometry is essentially the same as that previously[ TCNE]*~, a consequence of the expected high delocalization

reported for [Cr(Cp*][TCNE]. The distances between chro-  of the added charg¥.Unlike the TCNE analogue, no disorder
mium centers are 10.691 A (within a stack), 9.103 A (for the s found on the anion sites.
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Figure 3. Plots of ¥T vs T (®) and inversey vs T (®) for Figure 5. Plot of ac susceptibility at several frequencies for
[Cr(Cp*),][DMeDCF] measured in 100 G. Inset: expansion eflD [Cr(Cp*)2][DMeDCF].
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Figure 4. Plot of magnetization vs temperature2 G applied field [Cr(Cp*)]][DMeDCF].

for [Cr(Cp*),][DMeDCF].

5.3+ 0.1 K. By either measure, this is higher than that of any
previously measured decamethylchromocene-based magnet.
While the apparently stronger intrastack ferromagnetic in-
teractions favor this result, the slightly greater interstack
K distances could also be playing a role. As suggested by Wynn
"et al.Z%the interstack interactions are possibly a convolution of
exhibits a dramatic rise igT as the temperature is lowered, the effects of several mechanisms that gives rise to a competition

from 2.72 emu K/mol at room temperature to a value of 300 between ferromagnetic and antiferromagnetic coupling. Ex-

emu K/mol below 10 K. Above 50 K, the data obey the Curie change coupling, due to the overlap of partially occupied
Weiss law, givingC = 2.53 emu K/rr’10I and) = +23 K. The orbitals, falls off very strongly with distance and often leads to

value of C is close to the expected value (2.24 emu K/mol), antiferromagnetic coupling. Thus, highefTcurie for [Cr(Cp*)zl-

and the value of is quite comparable to that observed by Miller [DMeDQF] cou!d a.Iso be the result of a decrgased antiferro-
et al. for the TCNE analoguet@4 K)5 This suggests that magnetic C(_)ntrlbutlon due to greater separation between the
ferromagnetic intrastack couplings in these two compounds areSt"JleS relative to [Cr(CpE[TCNE].

Magnetic Properties. We have collected magnetic data on
three independently synthesized sampleslahcluding an
ensemble of the crystals from which we chose a crystal large
enough for X-ray diffraction analysis. X-ray powder diffraction
confirms that we selected a crystal representative of the bul
Figure 3, a representative plot T vs T measured at 100 G,

of similar magnitude and sign. The value of the Cuieiss Measurement of the ac susceptibility supports the existence
6 is a reflection of this dominant interaction in this class of ©f a ferromagnetic phase transition. A peakylnat 4.8 K is
compounds. accompanied by the presence of nonzgtgFigure 5). Unlike

Unfortunately,d for [Cr(Cp*),][TCNE] has not been unam- manganese analogue, these data are nearly frequency-indepen-

biguously identified. A second report for [Cr(CRETCNE] by dent, indicating little glassiness in the ordered state. We have

Eichhorn et aftand a report for [Cr(Cp3][TCNQ] by Broderick previously noted the correlation between frequency-dependent
et al® both find & ~ +12 K. Our own examination of [Cr- ac susceptibility and the presence of hysteresis in this class of

4
(Cp*)2][TCNE] gives 6 = +15 K, which would then seem to compounds:

indicate that at least part of the differenceTiaye between this The plot ofM vs H determined at 1.8 K indicates thais a
compound and can be ascribed to stronger intrastack coupling SOft ferromagnet; the coercivity at this temperature is less than
in the latter. 50 G (Figure 6). The value of the saturation magnetizatidyy,

The Curie temperature was determined from the measurememfﬁ"plmox'mateIy 22 000 emu G/mol, is approaching the expected

of magnetization as a function of temperatureai2 Gapplied

i i iald- i (20) Wynn, C. M.; Girtu, M. A.; Brinckerhoff, W. B.; Suguira, K.-I.; Miller,
field. Extrapolation of the. steepest part of f!eld coolgq da;a gives 3.5 Epstein, A. JChem. Mater 19979, 21562163,
aTcuie 0f 5.7+ 0.1 K (Flgure 4)' Altemat'vely deflnlng it by (21) Kahn, O.Molecular MagnetismVCH: New York, 1993; pp 196

the midpoint of the transition or the maximum iMET gives 193.
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value calculated for three unpaired electrons on the donor andis slightly higher, consistent with weakening of an antiferro-

one on the acceptor (22 340 emu G/molgif= 2 for both magnetic contribution to the interstack interactions due to

species). decreased overlap between partially occupied orbitals in adjacent
) stacks.

Conclusion
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