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Synthesis and Structure of a Charge-compensated
Ferracarborane, commo-[3,3'-Fe{4-(Me,S)-1,2-C,B,H .}.].
and Its Charge-transfer Salt with 2,3-Dichloro-5,6-dicyano-
p-benzoquinonet
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The sandwich complex commo-{3,3'-Fe{4-(Me,S)-1,2-C,B,H,.},] 1 was synthesised. Its meso and
DD/LL isomers are easily separated by fractional recrystallization from acetone and were
spectroscopically characterized. The charge-transfer salt {3,3'-Fe{4-(Me,S)-1,2-C,B,H,.},1 " [ddq}"~ 2
was formed between the DD/LL-1 racemate and 2,3-dichloro-5,6-dicyano-p-benzoquinone (ddq).
X-Ray crystallography revealed an increase in the iron-dicarbollide distance on oxidation of DD/LL-1
(Fe-C,B, 1.50 A) to the cation in 2 (Fe-C,B, 1.54 A). The latter is the first example of a cationic
bis(dicarbollyl)metal complex to be crystallographically characterized. The cations and anions pack to
form alternating layers in the crystal of 2. Within the [ddq]’~ layer the anions form zigzag chains
linked via intermolecular N ... Cl electrostatic interactions (N-.-Cl 3.21 A). The cation and anion
layers are crossed-linked by weak CH-..-0O hydrogen bonds between the oxygen atoms of the
[ddq]°~ anions and some of the cage CH hydrogen atoms of the cations. Between 5 and 270 K the
corrected molar susceptibility of 2 follows the Curie-Weiss law, with a 0 value of —2.5 K. The single-

crystal electrical conductivity of 2 at room temperature is less than 102 S cm™.

The search for novel molecular materials with desirable physical
properties, e.g. ferromagnetism,' non-linear optical activity 2
and superconductivity,® has intensified tremendously in recent
years. A large number of organic, inorganic and organometallic
molecules have now been studied as possible components in
such materials.

As an extension of our previous work using anionic
metallacarboranes as building blocks for novel molecular
materials,* we decided to synthesise the ferracarborane commo-
[3,3'-Fe{4-(Me,S)-1,2-C,BH,,},] 1 and study its charge-
transfer salt with 2,3-dichloro-5,6-dicyano-p-benzoquinone
(ddq), [3,3'-Fe{4-Me,S)-1,2-C,B,H o},1* [ddq]"~ 2. Unusual
metamagnetic and conducting charge-transfer salts of ddq
have previously been reported.® The charge-compensated nido-
[9-(Me,S)-7,8-C,B4H,,]~ was chosen both for its ease of
synthesis® and because sulfur atoms have a propensity to
engage in intermolecular bonding interactions,> which may
enhance the electronic interactions between the cations and
anions in the solid state.

In addition, the synthesis of the analogous complexes {3,3'-
Fe{4-(Me,S)-1,2-C,BgH 4},1"*(n =0 or 1) provided an ideal
opportunity to study the structural consequences of the removal
of an electron from the neutral metallacarborane to form the
cation. The absence of ancillary ligands, which may act as
electron sinks or reservoirs, simplifies the correlation between
the structural parameters and the charge on the metalla-
carboranes. Few examples of cationic metallacarboranes’ have
previously been studied.

Here we report the synthesis, crystal structures and
spectroscopic properties of compounds 1 and 2, and the
magnetic and conductivity properties of 2.

1 Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1994, Issue 1, pp. xxiii-xxviii.
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Fig. 1 Diagram of the stereoisomers of complex 1

Results and Discussion

(a) [3,3-Fe{4-(Me,S)-1,2-C,B,H ,},] 1.—(i) Spynthesis.
The key intermediate in the synthesis of compound 1 is nido-9-
(Me,S)-7,8-C,BoH,, 3. The reported preparation of the latter
involves the slow addition of concentrated H,SO, to a stirred
solution of K[C,BgH,,] in aqueous dimethyl sulfoxide (dmso),
stirring the resultant mixture for 5 h at room temperature and
then leaving it to stand overnight.® This method gave a yield of
ca. 56% of 3. We achieved a higher yield (64%) in a much shorter
reaction time (90 min) by stirring the reaction mixture at 80 °C
under N,.

Reaction of an excess of [ FeCl,(thf),] with a tetrahydrofuran
(thf) solution of Na[9-(Me,S)-7,8-C,B,H, ;] (freshly prepared
by deprotonation of 3 by NaH) at room temperature yielded a
deep purple suspension from which 1 was isolated in 369, yield.
Since the asymmetric [9-(Me,S)-7,8-C,BoH, 4] is expected to
be formed as a racemate, complex 1 should be produced as a
mixture of meso (DL), pD and LL isomers (see Fig. 1).
Interestingly, the isomers have very different solubility proper-
ties; while the pp/LL isomers are moderately soluble in acetone
and CH,Cl,, the meso isomer is sparingly soluble in acetone
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Table 1 The UV/VIS spectral data for the isomers of compound 1°

Isomer Amax/Dm (¢/dm® mol™! cm™)

DD/LL 220(26 000), 241(21 000),* 273(22 000), 393(64), 512(140)
meso 222(11 000), 243(12 000), 289(1500),2 391(73), 524(130)

? Measured in MeCN solutions.  Shoulder.

and almost insoluble in CH,Cl,. Hence, when an acetone
solution of the isomeric mixture is slowly concentrated under
reduced pressure the meso isomer crystallizes out first and can
be filtered off and further purified by washing with CH,Cl,.
(The configurations of the isomers were determined by an X-ray
crystallographic characterization of the DD/LL isomers, see
below.) All three isomers of 1 are very soluble in dmso. However,
the compounds slowly react (overnight) with dmso at room
temperature to give unidentified dark brown solutions.

(ii) Spectroscopic characterization. The room-temperature
270 MHz 'H NMR spectra of the meso and DD/LL isomers of
compound 1 in (CD,;),SO are similar in that both exhibit two
signals for the cage CH protons and two signals for the sulfur-
bound methyl groups. However, the signals due to the
inequivalent SMe groups are further separated in DD/LL-1
(Ad = 0.22) than in meso-1 (AS = 0.07). Similarly, the
separation between the signals due to the cage CH protons is
larger for DD/LL-1 (A8 = 0.73) than for meso-1 (AS = 0.14).

The ''B-{'H} and *'B NMR signals of both meso- and pD/LL-
1 are broad and poorly resolved in (CD;),SO. The resolution is
greatly improved for the pp/LL isomers when (CD,),CO is
used as the solvent. [The poor solubility of the meso isomer in
acetone precluded the measurement of its !B NMR spectrum
in (CD;),CO]. The 96 MHz ''B-{'H} NMR spectrum of
complex 1 in (CD,;),CO at room temperature exhibits eight
resonances with area ratio 1:1:2:1:1:1:1:1 (high to low
frequency). This is consistent with the presence of two equi-
valent 4-substituted dicarbollide ligands in 1. Only the !'B
resonance at 8 —4.14 remained as a singlet in the proton-
coupled !'B spectrum, indicating that this resonance is from
the Me,S-substituted boron.

The infrared spectrum of the compound pp/LL-1 (as a KBr
pellet) was found to be identical with that of the meso—DD/LL
isomeric mixture. The most diagnostic and prominent feature of
the spectrum is the intense broad band centred at 2521 cm™,
assigned to the B-H stretching vibrations. The C-H stretching
absorption of the SMe groups occurs at 2928 cm™.

The UV/VIS spectral data for the isomers of complex 1 are
given in Table 1. The spectra are similar to those of commo-
[3,3'-Fe{8-(Et,S)-1,2-C,B4H,,},17* and the commo-[3,3"-
Fe(1,2-C,B4H,,),]*~ anion.? It is also noteworthy that the
spectra of meso- and DD/LL-1 are distinguishable despite the
similarity of the compounds.

The molecular ion of complex 1 is detected in its FAB mass
spectrum as a characteristic envelope of peaks, the most intense
of which is at m/z = 443. The observed m/z values and relative
intensities of the peaks in the envelope are in satisfactory
agreement with the calculated values from a computer
simulation based on natural isotopic abundances.

(iii) Electrochemistry. Complex 1 (isomeric mixture) under-
goes a reversible (AE, = 72 mV) one-electron oxidation at an
E, value of +0.45 V [vs. saturated calomel electrode (SCE),
25°C, 0.1 mmol dm™3 MeCN solution with 0.1 mol dm™3
NBu",PF¢ supporting electrolyte]. This value is close to that
reported for commo-[3,3'-Fe{8-(Et,S)-1,2-C;BsH, 4 },] (+0.48
V vs. SCE, MeCN).”% 1t is evident that the formal substitution
of an anionic hydride with a neutral Me,S group on each
dicarbollide cage greatly increases the oxidation potential of
the sandwich complex {c¢f. E; for commo-[3,3"-Fe(1,2-C,B,-
H,,).]*~ = —0.42 V 5. SCE, MeCN}.®

() [3,3-Fe{4-(Me,S)-1,2-C,BH, o} ,1* [ddq] ~ 2.—(i) Syn-
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Fig. 2 Molecular structure of the cation and anion in compound 2.
The carbon atoms in the dicarbollide cages are hatched

thesis. The high half-wave potential of compound 1 indicated
that no stable charge-transfer salt could be formed between it
and tetracyanoethylene (E; = +0.15 V vs. SCE, MeCN)? or
tetracyanoquinodimethane (E; = +0.13 V vs. SCE, MeCN).*°
The stronger electron acceptor ddq (E; = +0.51 V vs. SCE,
MeCN)® was thus chosen as the possible acceptor to form
a charge-transfer salt with 1. Although no characterizable
product could be isolated when the reaction was carried out
in acetonitrile, combination of pDD/LL-1 and ddq in anhydrous
dichloromethane solution yielded a black shiny crystalline
precipitate which analysed correctly for [3,3'-Fe{4-(Me,S)-1,2-
C,BoH,0}]*[ddq]’~ 2. Compound 2 is an air- and moisture-
stable solid at room temperature.

(it} Infrared spectrum. The infrared spectrum of compound 2
(as a KBr pellet) exhibits an intense broad absorption peak at
2551 cm™ due to the B-H stretching [v(B-H)] vibrations,
confirming the presence of the metallacarborane component. It
is noteworthy that this wavenumber is 30 cm™ higher than that
of 1 (see above).

The diagnostic absorptions of the [ddq] ™ anion occur at
2208s [W(CN)], 1560s [v(C=0)] and 1532vs cm™ [w(C=0)].
These positions are consistent with the —1 charge of the
[ddq] " anion.!!

(¢) Crystal Structures—To simplify the discussion, the
crystal structure of compound 2 will be described first.

(i) [3,3'-Fe{4-(Me,S)-1,2-C,B,H, ,},]1"[ddq]’ 2. The mol-
ecular structures of the cation and anion in compound 2 are
shown in Fig. 2. This is the first example of a cationic
metallacarborane incorporating two dicarbollide ligands to be
crystallographically characterized.

The [3,3"-Fe{4-(Me,S)-1,2-C,B;H,},]* cation has non-
crystallographic C, symmetry and adopts a staggered sandwich
structure with the carbon atoms of the two dicarbollide cages in
a cisoid arrangement. The Me,S substituents are oriented in a
gauche configuration, corresponding to a rotation of ca. 109° of
the C,B, ligating rings about their centroid-centroid axis from
the position in which the Me,S groups are eclipsed. Both C,B,
faces are nearly planar, with maximum deviations of 0.014 and
0.010 A [for B(7) and B(7’) respectively] from their respective
planes. They are inclined by 1.5° to each other. The distance
of the Fe atom from each C,B; face (1.54 A) is essentially
the same as the corresponding distance (1.53 A) in [ttf]"*
[Fe(C,B,H,,),1~ 4 [ttf = 2-(1',3’-dithiol-2'-ylidene)-1,3-di-
thiole (tetrathiafulvalene)].* However, whereas the range of
Fe-C bond lengths in 2 (2.072-2.095 A) is essentially the
same as that observed in 4 (2.080-2.096 A) the Fe-B bonds
exhibit a wider spread of values (2.109-2.173 A in 2 cf. 2.114-
2.154 A in 4.) This may be due to the presence of the Me,S
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Table 2 Crystal and refinement data for compounds 1 and 2¢

(a) Crystal data

[Fe{(Me,S)C,BsH,,},]1

[Fe{(Me;S)C,BsH 0},]1" [ddq]™

Chemical formula CgH3,B gFeS, C,6H3,B,sCl,FeN,0,S,
M 4429 669.9
Space group P2,/c Cc®
ajA 12.693(4) 10.616(8)
b/A 13.042(5) 17.271(9)
c/A 14.210(4) 16.738(5)
B/° 109.03(2) 93.57(2)
U/A3 2223.8(13) 3063(3)
D./gcm™ 1.323 1.453
F(000) 912 1360
Colour, habit Red plates Black prisms
Crystal dimensions/mm 0.03 x 0.57 x 0.57 0.10 x 0.13 x 0.27
u(Mo-Ke)/mm™! 0.861 0.828
(b) Data collection and processing
®-Scan width/° 0.90 1.00
20 limits/° 3.0-50.0 3.0-55.0

Minimum, maximum k, k, [
No. of reflections:

0,15;0,15; —16,15

0,13; 0,22; —21,21

2

Total 4096 3700
Unique (R;,,) 3916 (0.0322) 3525 (0.0140)
Observed [F > 4.00(F)] 2737 3144
Absorption correction Face-indexed numerical
Minimum, maximum transmissions 0.6992, 0.9779
(¢) Structure analysis and refinement
No. of parameters 262 387
R (observed data) 0.0449 0.0365
R’ (observed data) 0.0431 0.0367
Largest difference peak, hole/e A3 0.88, —0.37 0.59, —0.30

@ Details in common: monoclinic; Z = 4; Siemens P4/PC diffractometer; Mo-K« radiation (A = 0.710 73 A); » scan mode; weighting scheme w ! =
62(F) + 0.0005F2. ® The polarity of the structure was determined by an R-factor test.

Table 3 Atomic coordinates ( x 10*) of compound 2

Atom x y z

Fe(3) 0 10 021(1) 2500
C(1) 1798(4) 9517(3) 2 584(3)
C(2) 937(5) 9254(3) 3294(3)
B(4) 1 865(5) 10 504(3) 2 539(3)
B(5) 3 156(6) 9952(3) 2975(4)
B(6) 2 534(6) 9129(4) 3455(4)
B(7) 321(7) 10 000(3) 3765(4)
B(8) 926(6) 10 860(4) 3307(3)
B(9) 2 626(6) 10 794(4) 34594)
B(10) 3006(7) 9950(4) 4032(4)
B(l1) 1618(6) 9455(4) 42124)
B(12) 1 663(6) 10 485(4) 4228(4)
C(19) —1771(5) 9512(3) 2432(3)
C(2) —927(5) 9225(3) 1 727(3)
B(4') —1839(6) 10 487(4) 2458(3)
B(5) —3130(6) 9 928(4) 2035(4)
B(6) —2529(6) 91134) 1 588(4)
B(7) —326(6) 9983(3) 1224(3)
B(8") —932(5) 10 837(3) 1 682(3)
B(©Y) —2624(6) 10 764(4) 15334)
B(10") —3061(6) 9904(4) 999(4)
B(11°) —1603(6) 9 428(4) 805(3)

Atom x y z

B(12) —1658(6) 10 449(4) 766(3)
S(41) 2 186(2) 11 039(1) 1579(1)
C(41) 3 544(6) 10 634(5) 1204(4)
C(42) 2777(14) 11 934(4) 1 925(5)
S(41%) —2174(2) 11 058(1) 3412(1)
C(41") —3508(6) 10 643(4) 3 808(4)
C(42) —2698(11) 11 960(3) 30434)
CI(1) 918(2) 13 287(1) 3492(1)
Cl(2) —516(2) 12 641(1) 4941(1)
o(1) 3 646(4) 13 069(2) 3692(2)
0Q2) 1208(4) 12 004(2) 6217(2)
C(3) 3 086(5) 12 835(3) 4277(3)
C4) 1 720(5) 12 880(3) 4 306(3)
C(5) 1102(4) 12 607(3) 4941(3)
C(6) 1 766(5) 12 253(3) 5639(3)
C(7) 3 115(5) 12 199(3) 5 605(3)
C(8) 3 749(5) 12 489(3) 4967(3)
C©9) 3 788(5) 11 847(3) 6 266(3)
N©) 4312(5) 11 555(3) 6 808(3)
C(10) 5074(6) 12 436(3) 4967(3)
N(10) 6 157(5) 12 386(3) 4963(3)

substituents, the steric requirements of which significantly
influence the conformation of the cation in the crystal.

The bond lengths within the [ddq]’~ radical anion (see
Table 4) agree well with those observed in [NEt,]*[ddq] ~.!2
The six-membered ring of the anion is nearly planar, with a
maximum deviation of 0.012 A [for C(7)] from the mean plane.
The peripheral atoms and groups attached to the ring are also
more or less coplanar with the ring, with a maximum deviation
of 0.05 A [for CI(2)].

The cations and anions pack to form alternating layers in the
crystal [Fig. 3(a)]. Within the [ddq]"~ layer the anions form

zigzag chains linked via short intermolecular N« -« Cl inter-
actions [N(9) - - «Cl(l1a) 3.21 A). These extend in the (101)
direction in the crystal. The interanion contact between N(10)
and Cl(2a) is significantly longer at 3.56 A. Although the
C(9)-N(9) - - » Cl(1a)-C(4a) unit is bent [N(9)-Cl(1a)-C(4a)
161, Cl(1a)-N(9)-C(9) 149°], no perturbation of the C(9)-N(9)
bond length [1.150(7), ¢f. C(10)-N(10) 1.153(8) A] and the
C(7)~C(9)-N(9) bond angle [178.7(6), ¢f. C(8)-C(10)-N(10)
179.3(5)°] is evident. This implies that the N - - . Cl interactions
are electrostatic in nature, with a 6 — charge on the cyano
nitrogen and an induced 8+ charge on the polarizable Cl atom.
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Table 4 Selected bond lengths (A) and angles (°) for compound 2

Ci(1)-C4) 1.711(5) Fe(3}-C(2") 2.091(5)
CI(2)-C(5) 1.719(5) Fe(3)-B(4') 2.109(6)
O(1)-C(3) 1.244(6) Fe(3)-B(7) 2.143(6)
O(2)-C(6) 1.241(6) Fe(3)-B(8") 2.161(6)
C(3)-C@4) 1.456(8) C)-C(Q2) 1.610(7)
C(3)-C(8) 1.444(7) C(1)-B(4) 1.707(8)
C4)-C(5) 1.367(7) C(2)-B(7) 1.666(8)
C(5)-C(6) 1.461(7) B(4)-B(8) 1.784(8)
C(6)-C(7) 1.440(7) B(7)-B(8) 1.807(9)
C(7-C(8) 1.391(7) C(1')-C(2) 1.603(7)
C(7)-C(9) 1.417(7) C(1'y-B(4" 1.685(8)
C(8)-C(10) 1.410(8) CQ)-B(T) 1.701(8)
C(9)-N(9) 1.150(7) B(4')-B(8") 1.771(8)
C(10)-N(10) 1.153(8) B(7)-B(8") 1.799(8)
Fe(3)-C(1) 2.095(5) B(4)-S(41) 1.903(6)
Fe(3)-C(2) 2.085(5) B(4')-S(41") 1.930(6)
Fe(3)-B(4) 2.146(6) S(A1)-C(1) 1.754(8)
Fe(3)-B(7) 2.124(6) S(41)-C(42) 1.754(8)
Fe(3)-B(8) 2.173(6) S(41)-C(41%) 1.753(7)
Fe(3)-C(1") 2.072(5) S(41)-C(42") 1.754(6)
C(1)-C(2)}-B(7) 112.9(4) B(7)-Fe(3)-B(4") 97.5(2)
C(2)-B(7)-B(8) 105.9(4) B(8)-Fe(3)-B(8") 97.5(2)
B(4)-B(8)-B(7) 104.6(4) B(4)-Fe(3-B(4)  134.7(2)
C(1)-B(4)-B(8) 106.6(4) B(7-Fe(3-B(7)  177.3Q2)
C(2)-C(1)-B(4) 110.0(4) B(4)-S(41)-C(41)  107.6(3)
C(1)»-Fe(3}-C(2)  99.2(2) B(4-S(41)-C(42)  103.2(3)
CQ)-Fe(3}-C(1)  99.2(2) C(41)-S(41)-C(42)  100.7(5)
B(4)-Fe(3)-B(7") 97.7(2)

Similar electrostatic C=N ---Cl interactions have been ob-
served in the crystal structures of several other chlorocyano-
compounds, e.g. substituted 1,2-dichloro-4,5-dicyanobenzenes
and 4-chlorobenzonitriles,'® but not previously in ddq and its
compounds. The layer motif of the [ddq] ~ anions observed
here, which facilitates the formation of such ‘molecular tapes’, is
also unprecedented. In the solid state, [ddq]’~ anions usually
form either segregated stacks {frequently with pairwise inter-
actions to form [(ddq),]*~ dimers}**!?'# or are interleaved
with the cations to form mixed stacks.>*'3

The [3,3'-Fe{4-(Me,S)-1,2-C,B4H ,},]1* cations are ar-
ranged in sheets that extend in the @ and ¢ directions. The Me,S
groups of adjacent cations along the rows point alternately in
the *54 directions into the troughs of the zigzag chains of
anions. There are no intercationic distances shorter than van
der Waals contacts.

In addition to their mutual electrostatic attraction, the
cation and anion layers are crossed-linked by weak C-H - - -O
hydrogen bonds between the oxygen atoms of the [ddq] ~
anions and the hydrogen atoms attached to C(2), C(1") and
C(2') on the dicarbollide cages [O(1)---H(1) 2.37, O(1)«-.
H(2) 2.45 and O(2a)---H(2') 2.41 A; O(1)---H(1'-C(1)
157, O(1) + -« H(2)~C(2) 144 and O(2a) - - -H(2")-C(2’) 147°].
There is apparently only one precedent in the literature of
hydrogen bonding involving hydrogen atoms attached to
metallacarborane cages.” Studies by Adler and Hawthorne ¢
and Lipscomb and co-workers 7 have indicated that a region of
localized electron deficiency exists around the carbon atoms in
the neutral carborane closo-1,2-C,B,,H;,. In the [3,3"-Fe{4-
(Me;S)-1,2-C,BgH o},]* cation this electron deficiency is
expected to be greatly increased by the presence of the charge-
compensating Me,S groups and the adjacent highly electron-
attracting Fe', thus accounting for the protonic character
of the cage CH hydrogens. The co-operative effect of this
hydrogen bonding between the cations and anions must play
an important role in stabilizing the layered structure of
compound 2.

(ii) commo-[3,3'-Fe{4-(Me,S)-1,2-C,BoH ,},] 1. The gross
structural features of compound 1 (see Fig. 4) are very similar to
those of the cation in 2. The C,B; bonding faces are staggered
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Fig. 3 (a) Packing diagram of compound 2, showing the alternating
layers of cations and anions. (b) Diagram showing the packing of
anions in 2

C(41)

Fig. 4 Molecular structure of complex 1

and in a cisoid configuration. They are rotated by ca. 104° (cf.
109° in 2) about their centroid—centroid axis from the position
in which the Me,S groups are eclipsed. Both C,B; rings are
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Table 5 Atomic coordinates ( x 10*) of compound 1

Atom X y z

Fe(3) 7330(1) 604(1) 2094(1)
C(1) 7 652(3) 560(3) 766(3)
C(2) 6 554(3) —56(3) 749(3)
B4) 8 743(4) 169(3) 1 730(3)
B(5) 8 579(4) —253(4) 489(3)
B(6) 7 150(4) —374(4) —158(4)
B(7) 6 791(4) —899(4) 1 692(4)
B(8) 8 252(4) —799(3) 2 352(4)
B(9) 8 948(4) —1148(4) 1471(4)
B(10) 7935(4) —1463(4) 310(4)
B(11) 6 619(4) —1314(4) 446(4)
B(12) 7727(4) —1808(4) 1 454(4)
S(41) 10 038(1) 1010(1) 2280(1)
C(41) 10 020(4) 1907(4) 1314(4)
C(42) 11 200(4) 228(4) 2 254(4)
C(1") 5926(3) 960(3) 2411(3)
C(2) 6 334(3) 1881(3) 1832(3)
B(4) 6 992(4) 601(4) 3434(3)
B(S5) 58534) 1371(4) 3523(4)
B(6) 5436(4) 21954) 2472(4)
B(7) 7 688(4) 2 183(3) 2417(3)
B(8") 8137(4) 1371(3) 3488(3)
B(9) 7247(4) 1687(4) 4225(4)
B(10%) 6 298(4) 2661(4) 3623(4)
B(11") 6 569(4) 2976(4) 2 514(4)
B(12%) 7 693(4) 2676(4) 3582(4)
S(41") 7 100(1) =-731(1) 4062(1)
C41%) 6 217(5) —715(4) 4 825(4)
C(42") 8432(4) —632(4) 5021(3)

Table 6 Sclected bond lengths (A) and angles (°) for compound 1

Fe(3)-C(1) 2.057(4) B(4)-B(8) 1.768(7)
Fe(3)-C(2) 2.034(4) B(7)-B(8) 1.789(7)
Fe(3)-B(4) 2.100(5) C(1)~C(2") 1.633(6)
Fe(3)-B(7) 2.094(5) C(1'-B(@’) 1.697(6)
Fe(3)-B(8) 2.139(5) C(2')-B(7) 1.694(6)
Fe(3)-C(1) 2.029(5) B(4')-B(8") 1.747(7)
Fe(3)-C(2) 2.051(4) B(7)-B(8") 1.789(6)
Fe(3)-B(4') 2.084(5) B(4)-S(41) 1.918(4)
Fe(3)-B(7") 2.126(5) B(4')-S(41") 1.938(5)
Fe(3)}-B(8") 2.157(4) S(41)-C(41) 1.798(5)
C(1)-C(2) 1.602(6) S(41)-C(42) 1.804(5)
C(1)-B(4) 1.679(5) S(41)-C(41%) 1.795(7)
C(2)-B(7) 1.683(6) S(41')-C(42) 1.796(4)
C(1)-C(2)-B(7) 112.7(3) B(7)-Fe(3)-B(4') 95.8(2)
C(2)-B(7)-B(8) 104.8(4) B(8)-Fe(3)-B(8") 99.7(2)
B(4)-B(8)-B(7) 105.3(3) B(4)-Fe(3)-B(4)  132.1(2)
C(1)-B(4)-B(8) 107.1(3) B(7)-Fe(3}-B(7)  173.5(2)
C(2)-C(1)-B(4) 110.0(3) B(4)-S@1)-C(41)  105.4(2)
C(1)-Fe(3)~C(2") 98.7(2) B(4)-S(41)-C(42)  105.4(2)
C(2)-Fe(3)-C(1") 96.6(2) C(41)-S(41)-C42)  99.2(3)
B(4)-Fe(3}-B(7")  100.1(2)

nearly planar, with maximum deviations of 0.014 [for B(7) and
B(8)] and 0.012 A [for B(7')] from their respective mean
planes. The ring planes are inclined by 5.3° to each other (cf.
1.5°in 2) and are both 1.50 A from the Fe atom (cf. 1.54 A in 2).
The corresponding Fe-C (2.029-2.057 A) and Fe-B (2.084-
2.157 A) distances are both overall shorter than those in
2. The increase in Fe-C,B; distance that occurs when 1 is
oxidized to the cation in 2 suggests that the highest occupied
molecular orbital (HOMO) of 1 is weakly bonding in nature. It
is also noteworthy that this increase is inconsistent with the
electrostatic model of iron—dicarbollide bonding proposed in
ref. 7(c), which would predict a stronger interaction when the
charge on the Fe atom is increased from +2 to +3.

There are no intermolecular distances shorter than van der
Waals contacts.
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(d) Magnetic Properties of [3,3'-Fe{4-(Me,S)-1,2-C,B,-
H,0},]*[ddq]’~ 2.—Between S and 270 K the corrected molar
susceptibility of compound 2 follows the Curie-Weiss Law, y =

C/(T — 0), with a 0 value of —2.5 K which indicates that there
is very weak interaction between the unpaired spins of the ions.

Correspondingly, the effective moment, p (= /8 T), of the salt
is practically independent of temperature in the above tempera-

ture range. The average p value (,, = \/8C) from 5 to 270 K is
3.01 pp. Assuming a spin-only value of 1.73 p, for the organic
radical anion, the p value of the [3,3-Fe{4-(Me,S)-1,2-
C,B;H,,},]" cation can be calculated from the formula for
non-interacting spins, tom® = Heation> + Hanion”s 10 b€ 2.45 py.
This value is in good agreement with the p values generally
observed for low-spin iron(1i) complexes (~2.3 pg).'8

No spin coupling between the metallacarborane cations in
compound 2 is expected because there are no short intercationic
contacts. Spin—spin interaction between the [ddq]’ ™ anions via
the short C=N .. .Cl contacts is also unlikely in the light of
molecular orbital calculations by Miller et al.,!>® which predict
zero spin density on the Cl atoms of [ddq] ™. Miller’s
calculations also indicate that within the [ddq]’~ radical anion
the highest spin densities reside on the quinoidal oxygen atoms.
Thus, the overall lack of significant spin interaction in 2, despite
the fact that two [ddq]’~ anions are hydrogen-bonded to each
ferracarborane cation via the quinoidal oxygen atoms, suggests
that there is negligible delocalization of spin density from the
iron(im) centre to the cage CH hydrogens in the [3,3'-Fe{4-
(Me,S)-1,2-C,B,H o},]* cation.

(e) Electrical Conductivity.—The electrical conductivity of
compound 2 was measured on a single crystal at room
temperature. Compound 2 was found to be an insulator under
these conditions (o < 10® S cm™). Thus, although the
difference between the half-wave potentials of 1 and ddq
(IAE,| = 0.06 V) is small enough for the formation of a mixed-
valence compound,®® the failure to form ddq stacks in the solid
state results in the formation of an insulating solid.

Experimental

General.—2,3-Dichloro-5,6-dicyano-p-benzoquinone ~ was
obtained from Aldrich and used as received. The compounds
K[C,B,H,,]*? and [FeCl,(thf),]2° were prepared following
reported procedures. Organic solvents were of reagent grade
and were dried by published procedures?! and distilled under
N,. The solvents were vacuum-degassed before use. All re-
actions were routinely carried out under N, using standard
Schlenk techniques.

Physical Measurements.—Infrared spectra were recorded on
a Perkin-Elmer 1720 Fourier-transform spectrometer and a
Perkin-Elmer Lambda 2 UV/VIS spectrophotometer was used
to record the electronic spectra. The NMR spectra were
recorded either on a Bruker AM-300 spectrometer [for spectra
recorded in (CD;),CO] or a JEOL INM-EX270 FT-NMR
spectrometer [for spectra recorded in (CD;),SO]; 'H and
1B chemical shifts are referenced to tetramethylsilane and
BF;(OEt, ) respectively. The FAB mass spectrum of compound
1 was recorded at the SERC Mass Spectrometry Service Centre
at the University of Swansea on a VG ZAB-E high-resolution
double-focusing mass spectrometer, using 3-nitrobenzy! alcohol
as the matrix. Cyclic voltammograms were recorded under N,
on a Princeton Applied Research cyclic voltammetry instru-
ment with platinum disc working and counter electrodes. The
potentials are quoted relative to the SCE using the ferrocene—
ferrocenium couple as an internal reference.

Magnetic susceptibility measurements were performed in the
range S < T < 270 K using a Quantum Design MPMS-7
SQUID magnetometer, under a magnetic field strength of 0.4 T.
Microcrystalline samples were loaded in gelatin capsules and
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then fixed in plastic straws. The magnetic susceptibility was
corrected for the diamagnetism of the gelatin sample capsule
and that of the constituent atomic cores by fitting the
susceptibility data by the expression x! = (T — 8)[C + k-
(T — 0)]™!, where k comprises the total diamagnetism and
any temperature-independent paramagnetism of the sample
and capsule.

Electrical conductivity measurements were carried out on
single crystals at room temperature. Contacts were made with
platinum paint and 25 um gold wires.

Syntheses.—nido-9-(Me,S)-7,8-C,BH,;, 3. Concentrated
H,SO, (5 cm?®) was added dropwise under N, to a magnetically
stirred solution of K[C,B¢H, ,] (0.60 g, 3.5 mmol) and dimethyl
sulfoxide (1.20 g, 15.4 mmol) in deionized water (4 cm3). The
resultant suspension was stirred in an oil-bath at 80 °C for 90
min, during which an off-white, sticky solid was formed. The
mixture was cooled to room temperature, diluted with de-
ionized water (40 cm?3) and filtered through a glass frit. The solid
collected was redissolved in CH,Cl, and chromatographed on
silica (100% CH,Cl;). The eluent was concentrated under
reduced pressure and hexane added. The resultant mixture was
slowly evaporated to dryness under reduced pressure to obtain
0.43 g (64%) of compound 3 as a white microcrystalline solid
(Found: C, 25.0; H, 9.1. Calc. for C;.H,;B,S: C, 24.7; H, 8.8%).

commo-[3,3'-Fe{4-(Me,S)-1,2-(C,BoH;,},] 1. A 0.041 g

amount of a 60% NaH-mineral oil dispersion (0.025 g NaH,
1.0 mmol) was washed with distilled thf (2 x 1.5 cm?) in
a Schlenk tube. Tetrahydrofuran (2 cm?®) was added, followed
by a solution of compound 3 (0.130 g, 0.67 mmol) in thf (10 cm?)
at room temperature. The mixture was stirred at room tem-
perature for 20 min and then refluxed for 45 min. After cooling
to room temperature and allowing the excess of NaH to settle,
the colourless supernatant was transferred via a steel cannula to
a stirred suspension of [FeCl,(thf),] (0.390 g, 1.4 mmol) in thf
(3 cm?). The purple suspension so formed was stirred in a 60 °C
oil-bath for 3 h and then evaporated to dryness under reduced
pressure. The residue was washed with deionized water until the
washings were colourless, leaving a reddish brown residue
which was then extracted with acetone. The pink acetone
extract was concentrated under reduced pressure and ethanol
was added to effect crystallization of compound 1 (isomeric
mixture) as bright pink microcrystals. Yield: 0.057 g, 36%
(Found: C, 22.1; H, 7.6; Fe, 12.7. CgH;,B,¢FeS, requires C,
21.7; H, 7.3; Fe, 12.6%). NMR: for pp/LL-1[in (CD;),CO], 'H,
64.09 (brs,2 H, cage CH), 3.16 (brs,2 H,cage CH),2.63(s,6 H,
CH,3) and 2.59 (s, 6 H, CH,); *'B-{'H}, § —4.14 [2B, B(4) and
B4)], —5.54 (2B), —9.34 (4B), —11.35 (2B), —14.90 (2B),
—24.15 (2B), —24.60 (2B) and —27.09 (2B); [in (CD,;),S0O],
'H, § 4.06 (br s, 2 H, cage CH), 3.33 (br s, 2 H, cage CH),
2.70 (s, 6 H, CH,) and 2.48 (s, 6 H, CH;); for meso-1 [in
(CD,),S0], 'H, § 4.10 (brs, 2 H, cage CH), 3.96 (br s, 2 H, cage
CH), 2.60 (s, 6 H, CH;) and 2.53 (s, 6 H, CH,).

[3,3"-Fe{4-(Me,S)-1,2-C,BoH, 4},]* [ddq]’ ™ 2. A solution
of ddq (0.014 g, 0.062 mmol) in CH,Cl, (ca. 5 cm?®) was added
under N, to a solution of the compound pp/LL-1 (0.027 g, 0.061
mmol) in CH,Cl, (ca. 20 cm3) at room temperature. The
resultant deep red solution was filtered under N, into another
Schlenk tube and kept at ca. —10 °C for 4 d. The black shiny
microcrystalline solid formed was filtered off and dried under
reduced pressure. Yield: 0.031 g, 76% (Found: C, 28.2; H, 4.6;
N, 4.0. C;cH,,B,3Cl,FeN,0,S, requires C, 28.7; H, 4.8; N,
4.2%).

X-Ray Crystallography —The crystal and refinement data
for compounds 1 and 2 are summarized in Table 2, atomic
coordinates in Tables 3 and 5 and selected bond lengths and
angles in Tables 4 and 6. Single crystals of DD/LL-1 were grown
by slow evaporation of an acetone—ethanol solution at room
temperature, while crystals of 2 were grown by slow

J. CHEM. SOC. DALTON TRANS. 1994

interdiffusion of CH,Cl, solutions of bp/LL-1 and ddq through
a glass frit at —10 °C.

The structures were solved by direct methods. Positional and
anisotropic thermal parameters for non-hydrogen atoms were
refined by the full-matrix least-squares method. Hydrogen
atoms of the Me,S groups were introduced in calculated
positions and refined isotropically. Those on the carborane
cages were located by difference syntheses and refined with the
bond-length constraints C-H 0.960 + 0.002 and B-H 1.080 +
0.002 A and assigned isotropic thermal parameters U(H) = 1.2
U.(C, B). Calculations for compound 1 were performed on a
VAX station 3100 model 76 computer using the SHELXTL
PLUS 22 software package while those for 2 were performed
on 386 and 486 personal computers using the PC version of
the same program package.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.
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