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The hexahalorhenate(lV) salts of formula [Fe(CsHs),]2[ReXg], with X = CI (1), Br (2), and | (3), and [Fe(CsMes)a],-
[ReXg], with X = CI (4), Br (5), and | (6) ([Fe(CsMes),]* = decamethylferrocenium cation), have been synthesized
and the structures of 1, 2, and 4 determined by single-crystal X-ray diffraction. 1, 2, and 4 crystallize in the
orthorhombic system, space groups Pbca (1 and 2) and Ibam (4), with a = 14.099(2) A, b = 16.125(2) A, and
¢ =22.133(15) A, for 1, a = 14.317(3) A, b = 16.848(3) A, and ¢ = 22.099(2) A for 2, and a = 15.8583(5) A,
b = 15.9368(5) A, and ¢ = 16.9816(6) A for 4. The three structures are made up of discrete [ReXg]>~ anions and
ferrocenium cations held together by electrostatic forces. There are anion—anion contacts in 1 and 2 but only
through one direction. The [ReXg]>~ octahedra are arranged along the y axis forming chains of Re and X atoms,
—Re—X-++X-Re—X-+-X—Re—, where the intermolecular X---X distances are shorter than the van der Waals distances.
A somewhat greater separation between the anions occurs in 4. The magnetic properties of 1-6 were investigated
in the temperature range 2.0-300 K. 1, 2, 4, and 5 exhibit an antiferromagnetic coupling between the anions,
whereas a ferromagnetic coupling between anions and cations is the dominant interaction in 3. 6 behaves as a
magnetically isolated compound, its susceptibility being the simple addition of the independent contributions of the
uncoupled paramagnetic cations and anions.

ligands. The nature of the magnetic coupling has been
explained in terms of the symmetry of the interacting
magnetic orbitals, and now it is reasonably well understobd.
Compounds which only present through-space interactions
have received much less attention. Very little work has been
done, in comparison with through-bond interactions, due

Introduction

Molecular magnetism has been an active research field
during the last 15 years. One of the main goals in this area
is the study of magnetic interactions between different spin
carriers present in a lattice. These spin carriers may be
organic, organometallic, or inorganic, and the magnetic

interactions between them may occur either through chemicalprObany to their weaker nature. In 1986, it was repc_)rted
bridges or through spadeConsiderable efforts have been that [Fe(GMes)-][TCNE] shows a ferromagnetic ordering

a . .
devoted to the study of the magnetic properties of the P€low 4.8 K® In th'i com_pOL/md, d%cal;nethylferrocemum
polynuclear complexes of transition metals, where the spin cations, [Fe(eMes)]” (S = 1/2), and planar tetracyano-

carriers, i.e., the metal ions, are connected by bridging gtheni_de anic_Jns, TCNE(S= _1/2)' are alternativel_y stacked
in chains, being exclusively linked by electrostatic forees.
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Miller explained the ferromagnetic exchange between K;[ReCk] and KjReBrg] confirm the existence of anti-
[Fe(GMes),] T and TCNE ions in terms of the McConnell's  ferromagnetic ordering below 12 and 14 K, respectively. In
type Il mechanisn,i.e., a configuration mixing through a these compounds there are magnetic interactions between
virtual charge transfer (between the assumed lowest excitedthe anions, the cations being diamagnetic. These interactions
state [Fe(GMes),]?"[TCNE]>- and the ground state are transmited through space via aRe--X—Re pathway.
[Fe(GMes) ] T[TCNE] ™) operates to stabilize 8= 1 state. The coupling depends on the spin densities lying on the X
However, Hoffman pointed out that the proposed mechanismligands (neutron diffraction experimeftand density func-
is not valid for these charge-transfer compoutdéahn also tional calculation® show a significant spin delocalization
disagreed with this mechanism and suggested that anothefrom the metal to the coordinated ligands) and on theX
alternative could be effectiv&.12Using McConnell’s type distance. Despite the small number of known structures, it
I mechanisni? he proposed that, due to a spin polarization can be pointed out that, for a given [R@X anion, the
mechanism in the cation, a residual negative spin density X---X distance is controlled by the size of the countercation
could exist on the rings. This magnetic moment could interact and so the strength of the magnetic interactions is strongly
with the spin of the anion in an antiferromagnetic way, dependent on the nature of the cation. Bulky cations such
leading to an overall ferromagnetic coupling between the as tetrabutylammonium, NBU, or tetraphenylarsonium,
metal ion and the organic anion. NMR experiments agree AsPh,*, preclude any interaction between neighbor para-
with Kahn’s explanatiod? and recent neutron diffraction  magnetic anions, and no magnetic coupling is observed in
experiments confirm partially this mechanistAfter Mill- compounds such as (AspiReCk] and (NBu)[ReCk]. The
er's work, metallocenium ions were widely used as molecular decrease in the effective magnetic moment observed in these
bricks toward the design of molecular magnetic matetfafs. compounds when lowering the temperature is due exclusively
lonic compounds where the cation is a nitronyl nitroxide to the zero-field splitting, which is very large in Re(IV)
radical derivative and the anion is a transition metal complex, complexes|D| values of 13, 9, and 60 crhhave been found
[M(CN)¢]® (M = Fe, Co, and C? and [MCL]?>~ (M = Co for (AsPhy),[ReClk], (NBuy),[ReCk], and (AsPh),[Re(ox)-
and Mn)?® are other examples where the magnetic inter- Cly] (ox = oxalate anion), respective¥.
actions are purely transmitted through space. Again, different Recently, the magnetic properties of a series of salts of
theoretical mechanisms have been proposed by the differenthe hexaiodorhenate(IV) complex,.fRelg] (M = Li, Na,
authord*?s in the analysis of the nature of the magnetic K, Rb, Cs, and Nk, have been investigated. A maximum
coupling between the radical cation and the anions. in the susceptibilty curves at 28 K (Li), 27 K (Na), 21 K
Another interesting and different example of this kind of (Rb), 16 K (Cs), and 20 K (Nkj reveals the occurrence of
interaction concerns the halocomplexes of Re(lV), & 5d an antiferromagnetic ordering in these compounds. A quite
metal ion. Magnetic properties of [Rg)X™ (X = Cl and Br) remarkable result concerns the potassium sajfR&lg],
salts of monocations have been investigated and show strongvhich behaves as a weak ferromagnet below 24 K, exhibiting
antiferromagnetic interactior?§.Magnetic susceptibility? an hysteresis loop at 15 K with a coercive field of 5008°G.
heat capacity?*°and neutron diffraction measuremefisn The magnetic interactions in all the above cited compounds
occur either between the cations and the anions or between
the anions of an ionic lattice. It seemed interesting to study
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of our current research interest in the magnetic properties
of Re(IV) compounds, we tried to substitute paramagnetic
ferrocenium cations for the diamagnetic alkali metal ions in
the Mp[ReXg] salts. Our first results concerning the syntheses
and magnetic properties of six novel compounds of formula
[Fe(GHs)zlo[ReXe] [with X = CI (1), Br (2), and | @))]

and [Fe(GMes),],[ReXe] [with X = CI (4), Br (5), and |

(6)] as well as the crystal structures &f 2, and 4 are
presented here.
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Magnetic Studies on [Fe(€Rs)2]2[ReXq]

Experimental Section

Materials. All reagents were purchased from commercial sources
and used as receivedReXg] (X = Cl, Br, and 1), [Fe(GHs)2]-
PR, and [Fe(GMes),]BF, were obtained by using previously
reported method®-35

Synthesis. [Fe(GHs),][ReClg] (1). A solution of ferrocenium
chloride was prepared by mixing a solution of 50 mg (0.27 mmol)
of ferrocene in 3 mL of acetone with a solution of 73 mg (0.27
mmol) of FeC}-6H,0 in 10 mL of water. The resulting dark blue
solution was carefully added to a solution of 64 mg (0.134 mmol)
of K;[ReCk] in 5 mL of water. The final solution was left overnight
in an ice bath, and then the blue microcrystalline solid which

precipitates slowly was filtered out, washed with water and ethanol, #

and dried in the air. Yield: 40%. Anal. Calcd fon#T,oFe,ClsRe

(1): H, 2.61; C, 31.16. Found: H, 2.2; C, 30.7. Crystals suitable
for X-ray diffraction were obtained by slow evaporation at room
temperature from an ethanol/acetone (1/1 v/v) solution.

[Fe(CsHs)2]2[ReBrg] (2). A solution of ferrocenium chloride
prepared as above was carefully added to a solution of 100 mg
(0.134 mmol) of K[ReBrg] in 5 mL of 0.5 M HBr. The green
microcrystalline solid which appeared immediately was filtered out,
washed first with 0.1 M HBr and then with 2-propanol, and dried
in air. Yield: 60%. Anal. Calcd for BCyoFe:BreRe ): H, 1.9;

C, 23.1. Found: H, 2.0; C, 23.1. Slow evaporation of the filtrate
yields X-ray-quality crystals.

[Fe(CsHs)z]2[Relg] (3). A solution of 67 mg (0.20 mmol) of [Fe-
(CsHs)2)PFs in 30 mL of 4.5 M HBr was slowly added to a cold,
well-stirred solution of 100 mg (0.098 mmol) of;fRelg] in 10
mL of 4.5 M HBr. The black microcrystalline solid which appeared
instantaneously was filtered off with a sintered glass funnel, washed
with 0.5 M HBr and 2-propanol, and dried in a vacuum for 1 day.
Yield: 45%. Anal. Calcd for BCyoFelsRe @): H, 1.5; C, 18.2.
Found: H, 1.2; C, 18.4. The instability of the solutions3pfvhich
undergo slow decomposition, precluded the preparation of single
crystals of this compound.

IR spectra ofL—3 are nearly identical and show the characteristic
bands of the ferrocenium iot§:3”

[Fe(CsMes),]o[ReClg] (4). A 70 mg (0.169 mmol) amount of
[Fe(GMes),]BF,4 dissolved in 15 mL of methanol was added to a
solution of 40 mg (0.084 mmol) of fReCk] in 15 mL of H,O.

The resulting solution was left to evaporate slowly at room

Table 1. Crystal Data and Structure Refinement for
[Fe(GHs)2]2[ReCk] (1), [Fe(GHs)2)2[ReBre] (2), and
[Fe(GMes)2][ReCl] (4)

1 2 4
formula GoH20CleFeRe  GoHaoBreFe:Re  GioH1sCli sFen sRep 25
space group Pbca Pbca Ibam
M, 770.96 1037.72 262.87
a A 14.099(2) 14.317(3) 15.8583(5)
b, A 16.125(3) 16.848(3) 15.9368(5)
c, A 22.133(6) 22.099(4) 16.9816(6)
vV, A3 5031.9(15) 5331(2) 4291.8(2)
T 293 293 150
z 8 8 16
De g cni3 2.035 2.586 1.627
et 65.81 14.606 143.79
R12[l > 20(I)] 0.0542 0.0669 0.0462
wR2b¢ 0.1190 0.1342 0.1235

aR1 = SIIFo| — [FdUS|Fol. PWR2 ={ S[W(F? = F)2/[(W(F-DZ} V2.
cw = 1/[6%(Fo) + (aP)2 + bP] with P = [Fo2 + 2F /3, a = 0.0568 (),
0.021 @), and 0.07824), andb = 16.7566 ), 0 (2), and 25.8404).

0.048 mmol) in 4.5 M HBr (30 mL). A dark brown microcrystalline
solid was obtained. Yield: 70%. Anal. Calcd ford@,oFelsRe
(1): H, 3.8; C, 30.0. Found: H, 3.6; C, 29.3.

IR spectra ofi—6 are nearly identical and show the characteristic
bands of the decamethylferrocenium catié/?

Physical TechniquesThe IR spectra o1—6 (Csl pellets) were
recorded with a Bomen MB-102 FTIR spectrometer. Elemental
analysis (C, H) were carried out on a Carlo Erba model 1108
elemental analyzer. Magnetic susceptibility measurements-(2.0
300 K) were carried out with a Quantum Design SQUID magne-
tometer under an applied magnetic fiefdloTl athigh temperatures
and only 100 G at low temperatures to avoid any problem of
magnetic saturation. The device was calibrated with {¥n-
(SOy),+6H,0. The corrections for the diamagnetism were estimated
from Pascal’s constants.

X-ray Data Collection and Structure Refinement.Diffraction
intensity data were collected at room temperature with a Bruker
R3m/V automatic four circle diffractometer, by using graphite-
monochromated Mo K radiation ¢ = 0.710 73 A) with thev—26
scan method foll and2, and at 150 K with a Bruker Smart CCD
diffractometer, by using graphite-monochromated Gurkdiation
(A = 1.5418 A) for4. A summary of the crystallographic data and
structural parameters is given in Table 1. Lorefplarization and

temperature, and green needles appeared after 1 day. The solid Wasmpirical absorption corrections through tgescan prograf?

filtered off, washed with water and ethanol, and dried in the air.
Yield: 30%. Anal. Calcd for H,CyoFeClsRe @): H, 5.7; C, 45.7.
Found: H, 5.7; C, 45.1. X-ray-quality crystals éfvere obtained
by slow evaporation of an ethanol/acetone (1/1 v/v) solution.

[Fe(CsMes),]o[ReBrg] (5). A 44 mg (0.106 mmol) amount of
[Fe(GMes),]BF, dissolved in 5 mL of methanol was added to a
solution of 40 mg (0.053 mmol) of fReBrs] in 5 mL of 0.5 M
HBr. The green microcrystalline solid formed was separated from
the solution by filtration. A second crop of crystals was obtained
by evaporation at room temperature during 1 day. The collected
solid was washed with 0.1 M HBr and ethanol and dried in the air.
Yield: 70%. Anal. Calcd for KCyoFeBrsRe 6): H,4.6; C, 36.4.
Found: H, 4.0; C, 36.5.

[Fe(CsMes),]o[Relg] (6). This compound was obtained in the
same way a8, using a solution [Fe(§Mes),]BF,4 (40 mg, 0.097
mmol) in 4.5 M HBr (40 mL) and a solution of fRelg] (50 mg,

(34) Rulfs, C.; Meyer, RJ. Am.Chem. Sod 955 77, 4505.

(35) Hendrickson, D.; Sohn, S.; Gray, Hhorg. Chem 1971, 10, 1559.
(36) Sohar, P.; Kuszman, J. Mol. Struct 1969 3, 359.

(37) Dugan, M.; Hendrickson, Onorg. Chem 1975 14, 955.

(1 and2) and through the SADABS progréfh(4) were applied.

The structures were solved by the standard Patterson method
and subsequently completed by Fourier recycling. The hydrogen
atoms were not defined. All the other atoms have been refined
anisotropically inl. Cyclopentadienyl rings have been defined as
rigid groups and the carbon atoms refined isotropically2in
Decamethylferrocenium cations are disordered;itwo positions
with identical occupancy (SOF 0.5) have been defined for each
carbon atom, but only the methyl C atoms have been refined
anisotropically.

Full-matrix least-squares refinementseh which were carried
out by minimizing the functiorEw(|F,| — |F¢|)% reached conver-
gence with values of the discrepancy indexes given in Table 1.
The goodness-of-fit is 1.105 fdk, 0.993 for2, and 1.182 for4.
Solutions and refinements were performed with the SHELXTL NT

(38) Woodward, L.; Ware, MSpectrochim. Actd964 20, 711.

(39) North, A. C. T.; Philips, D. C.; Mathews, F. ®&cta Crystallogr.,
Sect. A1968 24, 351.

(40) Sheldrick, G. MSADABS,Program for Absorption Correctjddruker
AXS Analytical X-ray Systems: Madison, WI, 1996.
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systen*! The final geometrical calculations were carried out with
the PARST prograrnf? The graphical manipulations were performed
using the XP utility of the SHELXTL NT system. Main interatomic
bond distances and angles for2, and4 are given as Supporting
Information (Tables S1 and S2). Crystallographic data for the
structural analysis have been deposited with the Cambridge
Crystallographic Data Center, CCDC Nos. 221511, 221512, and
221513 for compounds, 2, and4, respectively.

Results and Discussion

Description of the Structures of [Fe(GHs)2][ReClg] (1)
and [Fe(GsHs)2]2[ReBrg] (2). The structure of compounds
1 and2 consist of discrete ferrocenium cations and [RECI
(1) or [ReBr]?>~ (2) anions held together by electrostatic
forces. The two compounds are isostructural. Perspective
drawings showing the atom numbering are given as Sup-
porting Information in Figures S1 and S2. Rhenium(IV)
centers are surrounded by six chloride or bromide anions in
a slightly distorted octahedral environment, with the bond
lengths varying in a narrow range [2.345¢3).366(3) A for
1 and 2.484(8y2.507(4) A for 2]. These values are in
agreement with those found in the literature for-Rebond
lengths®

Two nonequivalent ferrocenium cations are present in the
asymmetric unit. The cyclopentadienyl rings of each cation
are almost parallel to each other. The rings are staggered in
one ferrocenium cation, whereas they are almost eclipsed in
the second one. The distances between the mean planes of
cyclopentadienyl rings for both compounds are in the 3.35
3.40 A range.

The ReX octahedra are arranged in chains developing
alongb axis, with adjacent anions showing different orienta-
tions: each anion is related to its neighbors in the chain by

a glide operatio.n, giving rise to a zigzag motif (Figure 1). 7.292(7), 7.158(7), and 7.455(7) A, respectively2itwith
The shortest intrachain %X distances, 3.382(4) A regard to the anioncation interactions, the mean distance

[CI(1)--Cl(2a), (@)= 0.5 — x, =05+ y, Z for 1 and o veen the rhenium atom at the center and the iron atoms
3.464(9) A [Br(1)--Br(2a)] for 2, are shorter than the van ./ "pe vertexes of the trigonal prism is 5.792 Adrand
der Waals contacts (3.62 A for Cl and 3.90 A for Br) whereas 5.95 A in 2. A plot showing these interactions is given in

the shortest interchain %X distances, 4.147(6) Figure 2.
[CI(4)---Cl(5b)] and 3.955(5) A [Br(4}-Br(5b): (b) = 0.5 Description of the Structure of [Fe(CsMes),]o[ReClg]

%y, 05~ 7, are longer. The corresponding R&ke (4). The structure of compound consists of decamethyl-

intrachain distances are 8.072(1) @nd 8.428(4) A 2), . . ) .
while the interchain distances are 8.288(1) and 8.443(3) A ferrocenlur_n cations and [Ref* anions. P_erspectlve drawi
ings showing the atom numbering are given as Supporting

In 1 and2, respectively. Chains are arranged in such a way Information in Figures S3 and S4. Each rhenium atom is

that each anion is in the middle of a trigonal prism whose six-coordinated in a regular octahedral environment. The
. hei : N . - . _ .
vertexes are occupied by the iron atoms from six ferrocenium Re—Cl bond distances vary in the range 2.328(2)375(3)

tcrﬁgonsol(igc;]rfn l)air;zrhg Z‘Q’;f(rg)%t[lfe E(i.):dé?;?]nciso\évg (hZI;] A. These bond lengths are in agreement with those reported
POy : o for analogous complexédEach anion is in the middle of a

[Fe(1)--Fe(1b)}, and 7.308(2) A [Fe(2)Fe(1b)] in1 and guadrangular antiprism, whose vertexes are occupied by iron

(41) SHELX NT version 5.1; Bruker Analytical X-ray Instruments Inc.: ~atoms from eight decamemylfe”o?en_ium catipns (Figure
Madison, WI, 1998. 3a,b). ReGl octahedra are arranged in linear chains develop-

42) Nardelli, M.Comput. Chem1983 7, 95. : : o P P
2433 (a) Cotton, F. Af’ Daniels, L. ,\‘;‘ Schmulbach, C. Borg. Chim. ing alongc axis. The shortest €FCl distance along the chain
Acta 1983 75, 163. (b) Loris, R.; Maes, D.; Lisgarten, J.; Bettinell,  iS 3.836(5) A [CI(3)-:Cl(3c); (c)=1—x, 1—vy,1— 7 a
M.; Flint, C. Acta Crystallogr., Sect. C: Cryst. Struct. Commii893 i - -
49, 231. (c) Englert, U.; Koelle, U.; Nageswara, R. . Kristallogr. value _Ionger than. the van .der Wa.als dIStance’Athe c-orre
1994 209, 780. (d) Heath, G. A.: McGrady, J. E.; Raptis, R. G.; Wills, ~SPponding intrachain ReRe distance is 8.4908(3) A. Chains

g. C. r_l)ngr(;i]\)l (iherré %]9961837 6;3353é 1(e)(f;<gpertt, CWJ.;Siiurmoo,zM.: are parallel to each other so that rhenium centers determine
ay, P.J. ater. em y . reetz, o ruess, a. . . P . . .
Anorg. Allg. Chem1998 624 578. (g) Sawusch, S.. Schilde. B. ideally a rhombic motif in thexy plane (Figure 4), in which

Kristallogr—New Cryst. Struct1999 214, 79. the edge length is 11.242 A and the smallest angle is°89.7

Figure 1. Perspective drawing of [Re}~ [X = CI (1), Br (2)] anions
developing along thé axis, showing the prismatic motif.

Cl2e)
\

Figure 2. Anion—cation interactions in compoundsand 2.
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Figure 3. (a) Perspective drawing of [Ref~ anions developing along
thec axis in compound. (b) Antiprismatic motif of the iron atoms around
each [ReGj]?>~ anion in4.
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Figure 4. Side view of the rhombic motif in they plane in4.

The shortest Fe-Fe distances within the polyhedron are

8.428(2) and 8.472(2) A, and the Rde distances are
7.328(1) and 7.332(1) A. fMe;s rings in each cation are
almost parallel, and the Fe&C and the C-C distances are
as expected* Decamethylferrocenium cations form pairs in

which pentamethylcyclopentadienyl rings are face-to-face.
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Figure 5. Thermal variation of theuT product for compound4—6 and
2ymT for [Fe(GMes),]BF4. Continuous lines represent the best theoretical
fit (see text).

A, while the distance between the iron atoms is 7.186(2) A
[Fe(1)y--Fe(ld); (d)=1—-x2—-y,1— Z.

Magnetic Properties. The magnetic properties of com-
plexes1—6 under the form ofymT versusT plot (ym being
the molar susceptibility) are shown in Figures4s-6) and
6 and 7 (—3). Let us start the analysis and discussion of
the magnetic behavior of these compounds with the simpler
series, that is the decamethylferrocenium ahef). As seen
in Figure 5,ymT at room temperature fof—6 is ca. 2.90
cm?® mol~! K. This value is as expected for a mononuclear
Re(IV) unit (kuT = 1.60 cn¥ mol™* K for S= 3/2 with g
=1.85) and two decamethylferrocenium cationgy2 =
1.35 cn? mol™! K value taken from the bottom curve in
Figure 5 which shows the magnetic behavior of the deca-
methylferrocenium as the hexafluorophosphate salt). It should
be noted that ferrocenium cations although they have only
one unpaired electronS{ = 1/2) exhibit a large orbital
contribution to the magnetic mome#it!>*’ The value of
xmT for 4—6 remains practically constant upon cooling until
80 K, and then it decreases abruptly to reach 130156
(4), and 2.13 crimol™ K (6) at 2.0 K. Two factors can
account for this decrease gfiT in 4—6: (i) the zero field
splitting of Re(lV); (i) intermolecular antiferromagnetic
interactions between the hexahalorhenate anions. Previous
magnetoe-structural studies on magnetically isolated six-
coordinated [Re¥?” compounds (X halogen aton3} have
shown thatyw T at room temperature is ca. 1.6 €tmol™* K
(SRe=3/2 andg = 1.8-1.9), and it decresases when cooling,
due to the large zero-field splitting of Re(1V), tending to a

(44) (a) Freyberg, D. P.; Robbins, J. L.; Raymond, K. N.; Smart, J.C.
Am. Chem. Socl979 101, 892. (b) Miller, J. S.; Calabrese, J. C.;
Rommelmann, H.; Chittipeddi, S. R.; Zhang, J. H.; Reiff, W. M;
Epstein, A. J.J. Am. Chem. Sod987 109, 769. (c) Pickardt, J.;
Schumann, H.; Mohtachemi, R\cta Crystallogr., Sect. C: Cryst.
Struct. Communl99Q 46, 39. (d) Clemente-Lag M.; Coronado, E.;
Galan-Mascafs, J. R.; Gomez-Garcia, C. Chem. Commuri997,
1727. (e) Triki, S.; F Beezovsky, F.; Pala, J. S.; Garland, M. horg.
Chim. Acta200Q 308, 31. (f) Vaucher, S.; Charmant, J. P. H.; Sorace,
L.; Gatteschi, D.; Mann, SPolyhedron2001, 20, 2467. (g) Bellamy,
D.; Connelly, N. G.; Lewis, G. R.; Orpen, A. €rystEngComn2002
4, 51,

(45) Sohn, Y.; Hendrickson, DOnorg. Chem.1971, 10, 3233.

(46) Horsfield, A.; Wasserman, Al. Chem. Soc. A97Q 3202.

The distance between the nearest rings in a pair is 3.758(2)(47) Horsfield, A.; Wasserman, Al. Chem. Soc. A972 187.
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Table 2. Best-Fit Magnetic Parameters for Complexest 3.2

o 1(Ch) = 2@®Br) ¢ 3D
o

compd g D[, cmt 0, K 1075R2
[Fe(GsHs)2]o[ReCl) (1) 1.82 16.6 -4.1 6.4
[Fe(GHs)2]o[ReBrg] (2) 1.84 10.2 -5.9 5.1 i
[Fe(GHs)a]2[Relg] (3) 1.84 13.0 +1.9 0.4 o
[Fe(C:Mes)][ReCk] (4)  1.82 16.0 -1.8 43 E
[Fe(GMes)]J[ReBrg] (5)  1.85 14.5 -1.9 13 y
[Fe(GMes),]2[Rels] (6) 1.83 12.0 ca.0 6.2 s
2R is the agreement factor defined E5(zuToodi) — GonTeardi))/ it s
zi[(XMT)obs(i)]z- a 2 (Br)
value close to 1.0 chmol~t K at 2.0 K. The values ofuT B T e
at 2.0 K for4—6 after subtracting the contribution of the 1.2 . TLK
0 100 200 300

decamethylferrocenium [0.4®), 0.46 @), and 1.03 crh T/K

mol™* K (6)] reveal the occurrence of very weak antiferro- g, 6. Thermal variation of thewT product for compoundd—3.
magnetic interactions id and5 and no magnetic coupling  Continuous lines represent the best theoretical fit (see text).

in 6. This is in agreement with the fact that in these solids
the anions are separated by bulky decamethylferrocenium

. . . 5'0’§$ s -0-1 (CD
cations. The presence of €ICl distances between adjacent s &2 (Br)
anions in4 along thec axis, which are close to the van der 0¢ ~-3 (D

[}

&

Waals value, would account for the antiferromagnetic ,“ 5 ¥
coupling in this compound. Although the structure5ofs 'g i S 2]
unknown, it is probably the same dstaking into account 5 4.0 ‘3

that the corresponding ferrocenium derivativésd?2) are 2 0 1
isostructural and because of the similarity of the magnetic :z ‘

curves of4 and5. In the case ob, a different structure is
anticipated in the lack of magnetic interactions. Although
this assumption could seem surprising at first sight, it 1 %
deserves to be noted that in a very recent work we showed — . '
that the structures of the;jReCk] and Kj[Relg] are different 0 20 40 T/ K60 80 100
and thaF even ammonium and potassium salts OfisEI Figure 7. Thermal variation of theT product for compound in the
are not isostructurd® low-temperature range and magnetization curveslfeB at 2 K (inset).
Having these considerations in mind, we have analyzed
the magnetic data fo#—6 (after correction for the para- smoothly decreases, it exhibits a minimum of ca. 2.76 cm
magnetic contribution of the decamethylferrocenium cations) mol~! K at 8.0 K, and then sharply increases to reach a
through the spin Hamiltoniakl = D[S? — (1/3)S(S + 1)] maximum of ca. 5.10 cfmol™! K at 3.0 K with a further
+ gBHS where DS? represents the splitting into two linear decrease gfwyT with T (see Figures 6 and 7). The
Kramers doublets in the absence of a magnetic fiel® A  shape of this plot foB together with the fact that the value
term under the form of — © was included to account for  of yuT in the minimum is clearly above that calculated for
the magnetic coupling between the anions. Least-squaredwo ferrocenium cations and a Re(lV) unit magnetically
fitting of the experimental data &f—6 through this Hamil- noninteracting shows that a weak ferromagnetic coupling is
tonian leads to thg, D, and® values listed in Table 2. As  involved, the smooth decrease@fT in the high-temperature
seen in Figure 5, the calculated curves reproduce very wellrange being due to the zero-field splitting of the Re(1V). The

the magnetic data in the whole temperature range. M versusH plot at 2.0 K for1—3 (see inset of Figure 7)
The values oy T at room temperature for complexes3 confirms the presence of antiferrdt énd2) and ferromag-
(see Figure 6) are 2.84 @nd?2) and 3.0 crA mol™ K (3). netic @) interactions: the magnetization at the highest
These values are as expected for a mononuclear Re(lV)available magnetic field foB tends to 5Sug (ferromagnetic
complex &e = 3/2) and two ferrocenium cation§{ = interaction betweersze. = 3/2 and twoS = 1/2 from two

1/2) which are magnetically uncoupled. Upon cooling, the ferrocenium cations) whereas thosel@ind2 tends to values
values ofyw T decrease for all three compounds in the high- between 2 and 8g). In light of these features df—3, their
temperature range but they differ at lower temperatures. In magnetic data (from 300 to 2.0 K fdrand2 and from 300
fact, the magnetic plots df and?2 are practically identical  to 8.0 K for 3) were analyzed through the same approach
with an abrupt decrease giT in the lower temperature  used for4—6 but using theywT values of [Fe(GHs)2]PFs to
range to reach values of 1.52)(@nd 1.30 crimol™ K (2) correct the measured values, and the relevant magnetic
(see inset of Figure 6). These values are consistent with theparameters are listed in Table 2. As one can see, the
occurrence of a weak but significant antiferromagnetic calculated curves match very well the magnetic data in all
coupling between the hexahalorhenate(IV) units (see above)three complexes. The crystal structure of complekesd

in addition to the presence of a large well-known zero-field 2 shows the occurrence of-%X distances [X= Cl (1) and
splitting of the Re(IV) cation. In the case of compl@&xmT Br (2)] smaller than the van der Waals separation [3.383(5)
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A'in 1 and 3.464(9) A ir2] which are certainly responsible  Re(IV) and Fe(lll) spins. This kind of ferromagnetic coupling
for the antiferromagnetic interaction observed in them. The should occur also id and2, but it is negligible against the
somewhat larger antiferromagnetic couplindLiand2 with stronger, in comparison, antiferromagnetic coupling between
respect to those of and5 is most likely due to the shorter  the anions.

intermolecular X--X separation in the former. As observed

in the decamethylferrocenium family, the magnetic behavior ~Acknowledgment. Financial support from the Training
of the iodo compound in the ferrocenium series is different and Mobility Research Program from the European Union
from that of its parent chloro and bromo derivatives. (TMR Contract ERBFMRXCT-980181), the Ministerio Es-
Unfortunately, the lack of a crystal structure for compound pafol de Ciencia y Tecnoldgi (Project BQU2001-2928),

3 [the iodo-containing rhenium(1V) complexes undergo easy CSIC (Uruguay), and the Italian Ministero dell’Universéa
hydrolysis and redox reactions] precludes a detailed analysisdella Ricerca Scientifica e Tecnologica is gratefully ac-
of the exchange pathway for the ferromagnetic interaction knowledged. R.C. and R.G. are indebted to the European
observed. Clearly, its structure has to be different from that Union for a grant [ALFA Program ALR/B7-3011/
of the isostructural complexdsand2, and most likely, the  94.04-5.02273(9)]. R.G. also thanks PEDECIBA for its
anions will be well separated hindering any antiferromagnetic fruitful financial support. Thanks are expressed to Dr.
coupling between them. The nature of the ferromagnetic Samuele Ciattini for technical assistance in the collection of
interaction between the ferrocenium cations and the hexa-diffraction data.

halorhenate(IV) anions could be similar to that observed in

the [Fe(GMes),][TCNE].® As previously reported, the carbon Supporting Information Available: Perspective views of the
atoms of cyclopendienyl rings in ferrocenium cations can structures (Figures SiS4) and main interatomic bond distances
exhibit some spin density opposite the sign with the metal ad angles (Tables S1 and S2) fay 2, and 4 and X-ray

ion through a polarization mechanig:'2 An antiferro- cry_stallogra.ph@ files pf compounds 2, and4 _in CIF format.
magnetic coupling between this spin density and that of This material is available free of charge via the Internet at
the iodine atoms in [Rel>~ due to direct intermolecular ~ NtPP:/pubs.acs.org.

Cing'**l contacts creates the parallel disposition of the 1C030302C
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