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Abstract 

A series of air-stable salts containing the paramagnetic metallocarboranes [MCb2]- (M = Fe, Ni; Cb 2 - =  7,8-C2B9H21 -)  has been 
prepared and their magnetic properties investigated. The paramagnetic salts [FemTpz][FemCb2] {Tp = HB(C3H3N2)3}, 
[FeIII{C6H4(O)C(Me) = N(CHz)zNHCH2}2][FeH~Cb2], [CsHsNMe][FemCb2], [4-MeCsH4NMe][FenICb2], [4-PhCsH4NMe][FemCb2], 
[C9HvNMe][FemCb2], [FenITpz][TCNQ] and [FemCpz][FemCb2] have been isolated. Magnetic susceptibility measurements show that 
these salts exhibit typical paramagnetic behaviour with no evidence of cooperative magnetic interactions over the temperature range 
6-300 K. The salts [E-Fc-CH = CH-p-CsH4NMe][MIUCb2] (M = Fe, Ni, Co) were also synthesised and their second-order nonlinear 
optical properties assessed using the Kurtz powder test. Only the cobalt-containing complex gave detectable, though weak, second 
harmonic generation of 0.01 times urea at 1.907 ~m. The salt [CsH5NMe][FenICbe] exhibits SHG with an efficiency of 0.5 times urea at 
1.907/zm and 0.1 at 1.064/xm. Mass spectrometric and 1~C{1 H} NMR studies of the products formed by the degradation of [Co(Cb) 2]- 
by base in the presence of Co z+ ions has provided no evidence for the formation of higher oligomers than the previously reported 
[{Co(Cb)}z(C2BsHm)] 2- and [{CoCb(CzBsHlo)}2Co] 3-. The structures of [FemCp~][NilnCb2] (Cp*= @-CsM %) and [4- 
MeCsH4NMe][FeIIICb2] have been determined by single crystal X-ray diffraction studies. © 1997 Elsevier Science S.A. 
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1. Introduct ion  

The discovery by Miller et al. [1,2] that the salt 
[ F e C P 2 ] [ T C N E ]  (Cp * = ~75-C5Me5, T C N E  = 
tetracyanoethene) exhibits ferromagnetic interactions, 
and spontaneous magnetisation at low temperatures has 
stimulated renewed interest in the magnetic properties 
of organometallic compounds [3,4]. However, the mech- 
anism of  the magnetic cooperativity in [FeCP2 ][TCNE] 
is still controversial, and the application of the model 
proposed by McConnell [5,6] and Breslow et al. [7] to 
compounds of Miller and Epstein [8] has been ques- 
tioned [9]. It is important, therefore, for synthetic 
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chemists to search for new examples of molecular ferri- 
or ferromagnets, against which theories of magnetic 
interaction can be tested. The metallocarborane anions 
[MCb2]- (M = Fe, Ni, Cu; Cb 2- = n ido -7 ,8 -C2BgH21)  
offer a highly appropriate starting point for such studies 
since they are related to metallocenes but, because the 
Cb 2- ligand can stabilise high metal oxidation states, 
they provide examples of air stable anions containing 
Fe(III), Ni(III) or Cu(III) [10,11]. The structure of the 
complexes [MCb2]- (M = Fe, Ni, Cu) precludes the 
'face-to-face' interactions found in the structure of 
[FeCp~ ][TCNE]. MeCN (although this is not the struc- 
ture of the ferromagnetic material) [12]. However, the 
structure of the charge transfer compound formed be- 
tween [NiCb 2] and pyrene demonstrates that metallo- 
carboranes can enter into intermolecular charge transfer 
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interactions but with the planar molecule oriented in a 
direction perpendicular to that found in the metallocenes 
[13]. It is also known from EPR studies [14] of Co(II) 
metallocarboranes that the unpaired spin of the metal 
ion strongly influences atoms in the metal bonded 
{B3C 2} face. These observations suggested to us that 
salts containing [MCb2]- (M -= Fe, Ni, Cu) and param- 
agnetic cations would be of interest as a potential source 
of new ferromagnetic materials. Some salts containing 
planar diamagnetic ions were also prepared for compari- 
son. Forward et al. [15,16] have independently prepared 
salts containing [MCb2]- (M = Cr, Fe, Ni) and the 
cations TTF + or [FeCP2 ]+ and have reported the crys- 
tal structures of [TTF][FeCb 2] and [FeCpz][FeCb2]. 
Here we describe the synthesis and magnetic properties 
of some additional salts of [FeCb2]-, which contain the 
paramagnetic cations [E-Fc-CH = CH-p-CsH4NMe] + 
[ 17], [FeTp2 ] + (Tp- = hydrotrispyrazol- 1-ylborate) and 
[Fe{OC6H4-4-C(Me) = N(CH2)2NH(CH2)}2] + [18,19] 
or the diamagnetic cations N-methylpyridinium, N- 
methyl-4-phenylpyridinium and N-methylquinolinium. 
We also report the crystal structures of [FeCp~ ][NiCb 2 ] 
and [MeNC 5 H4-4-Me][FeCb 2 ]. Although the former was 
considered [16] to be isomorphous with [FeCP2 ][FeCb 2 ] 
on the basis of powder X-ray data, such data might not 
be sensitive to small structural differences such as the 
relative orientations of the Cb 2- ligands. The possible 
syntheses of higher oligomeric metallocarborane deriva- 
t i v e s  t h a n  the  p r e v i o u s l y  r e p o r t e d  
[{ CoCb(C 2 B 8 H 1 o)} 2 C°]3  - was also investigated. 

2. Results and discussion 

2.1. Synthetic studies 

The salts [FeHITP2][FeInCb2], [Fem{(OC6H4-4 - 
C ( M e )  = N ( C H  2 ) 2 N H ( C H z ) } z ] [ F e H I C b 2 ] ,  
[C 5 H 5 NMe][Fe HICb 2 ]' [ 4 - P h - C  5 H 9 NM e][Fe m Cb 2 ], 
[C 9H 7 N M e ] [ F e l H C b 2 ] ,  [FeHITP2 ] [ T C N Q ] ,  
[FeHICpz][FeHICb 2] and [ E - F c - C H  = CH-p-  
C5H4NMe][MmCb2] (M = Fe, Ni, Co) were synthe- 
sised using metathesis reactions. The IR spectra of the 
dicarbollide (Cb) containing salts contained bands at- 
tributable to Umax(BH) at ca. 2550 cm -1 . The IR spectra 
of salts containing the [FemTp2] + ion should also 
contain )'m,x(BH) at 2500 cm- 1, but the intensity of this 
band is small in comparison with that from the metal- 
lodicarbollide anions, and it could not be separately 
identified in the spectra. The spectra of the methylpyri- 
dinium salts and the methylisoquinolinium salts all 
showed bands in the region 1400-1600 cm-~ attributed 
to aromatic C - H  bands. The IR spectra of the ferroce- 
nium salts similarly contained bands in the region 1400 
--1600 cm -1 attributable to the C - H  vibrations of the 
cyclopentadienyl ring. In addition, [FeUI{(OC6H4-4 - 

C(Me) =N(CH2)2NH(CH2)}2][FemCb2] exhibited a 
band at 1590 cm -~ assigned to Vmax(C=N) associated 
with the Schiff Base ligand. In [FenITp2][TCNQ]2 a 
band is observed at 2475 cm-1 attributable to Um,x(BH) 
in the Tp- ligand. The Vc= N frequency was found at 
2208 cm -1 only slightly different from the value re- 
ported for TCNQ-. The salts containing [E-Fc- 
CH=CH-p-CsH4NMe] + all displayed strong absorp- 
tion bands in the region 2900-3000 cm-1 assigned to 
Umax(C-H) and showed characteristic aromatic C - H  
bands in the region of 1400-1600 cm -1. 

Both positive and negative ion fast atom bombard- 
ment (FAB) mass spectra were recorded from the new 
compounds, and in each case contained intense ions at 
the expected m/z  values arising from the cation and 
the anion present. Fragments containing boron and iron 
show ion envelopes with intensity distributions in accor- 
dance with their expected isotopic compositions. 

t lB NMR spectroscopy was used to confirm the 
presence of the dicarbollide lig~md in these materials. 
Any substitution or degradation of the Cb cage during 
the preparation of the salts will result in changes in the 
11B NMR spectrum. However, the salts containing metal 
bis-dicarbollide anions gave 11B NMR spectra that 
showed no evidence of degradation or substitution. To 
confirm the stoichiometry of the salts obtained, solution 
conductivity and electronic spectral measurements were 
used. The conductivities of 10 -4 mol dm -3 solutions of 
selected examples of the new salts in acetonitrile were 
in accord with their formulation as 1:1 electrolytes [20]. 
Similarly, U V - V I S  spectroscopy shows that 
[FeI I lTp2  ] [ N i m C b 2  ], [FeHITP2  ] [FeI l ICb2 ], 
[CsHsNMe][FenIcb2] and [4-PhC6H4NMe][FemCb2] 
are 1:1 salts, as the ratio of the extinction coefficients of 
the starting materials is approximately the same as the 
ratio of the corresponding absorption peak maxima in 
the final product. 

In an extension of the synthetic programme, the 
degradation reactions of [MCb2]- (M = Fe, Co, Ni) 
were investigated. The formation of bi- and tri-metallic 
metallocarborane oligomers containing three or four 
icosahedral units linked by cobalt centres was first 
described by Churchill et al. [21,22]. Subsequent studies 
established that the polyhedral subrogation of 
[Co(Cp)(Cb)] by base degradation in the presence of 
Co 2+ ions afforded the related compounds  
[{CoCp}z(Cn) ] (Cn 4- = CzBsH'llO) and [{CoCpCn}2Co] 
[23,24]. More recent reports have suggested that higher 
oligomers are synthetically accessible through degrada- 
tion reactions of [CoCb2]- in the presence of Co 2+ 
[25-28]. Such carborane-based metallocene analogues 
are possible sources of new molecular materials with 
potentially interesting magnetic properties. In seeking 
synthetic routes to paramagnetic oligomers such as 
[{CoCbCn}zM]  3- (M = Fe, Ni, Cu)  and 
[(MCbCn)2Co] 3-, we have examined the degradation of 
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[MCbz]- and [CoCb2]- in the presence of Co 2÷ or 
M 2÷, respectively. Despite repeated attempts using vari- 
ous degradation conditions, we were unable to isolate 
oligomeric compounds of this type. Either the precursor 
[MCb2]- was recovered unchanged or, under more 
forcing conditions, complete destruction of the metallo- 
carborane occurred. The failure of these reactions 
prompted us to reinvestigate the degradation reactions 
of [CoCb2]- itself and we were able to prepare the 
previously reported [21,22] bi- and trimetallic ions 
[{Cofb}z(fn)] 2- and [{Cofbfn}2Co] 3- without diffi- 
culty. However, we were unable to isolate any higher 
oligomers such as the tetra-metallic compound 
[{CoCbCnCo}2Cn] 4-. In an attempt to obtain evidence 
for the presence of such higher oligomers in the reaction 
mixtures produced, NMR and mass spectrometric stud- 
ies were carried out. The utility of liB NMR spec- 
troscopy in studying these reactions is limited by signal 
over lap ,  but  the ~3C{1H} N M R  spectra of  
[{CoCb}2(Cn)] 2- and [{CoCbCn}zCo] 3- contain two 
well resolved signals corresponding with the two types 
of carbon environment present; one in the Cb ligand, 
the other in the Cn ligand. The relative integration of 
these two signals depends upon the extent of oligomeri- 
sation. In [Co(Cb)2]-, there is a single signal at 
6c(CDC13) = 51.80 ppm due to the four Cb carbons. In 
[(CbCo)2Cn] 2- there are two signals of relative areas 
2:4 at ~c(CDC13)= 56.70 and 48.70 ppm due respec- 
tively to the Cn and Cb carbon atoms, while in 
[ ( C o C b C n ) 2 C o ]  3 - ,  these  s ignals  a p p e a r  at 
6c{(CD3)2CO} = 55.32 and 48.22 ppm but in the area 
ratio 4:4. In the case of [(CoCbCnCo)zCn] 4- two sig- 
nals in the area ratio 6:4 would be expected. However, 
the t3C{L H} NMR spectrum of the material precipitated 
from the complete reaction mixtures using Me4N + 
(TMA +) contained signals at ~c{(CD3)2CO} = 55.32 
and 48.22 ppm in the area ratio 3:4, implying that the 
m a j o r  p r o d u c t s  w e r e  [ ( C o C b ) z f n ]  2- and 
[{CoCbCn}2Co] 3-. Chromatographic fractionation of the 
reaction mixture failed to provide evidence of com- 
pounds with 13C{1H} NMR signals in area ratios greater 
than 4:4. To obtain further information on the composi- 
tion of the reaction mixture, positive and negative ion 
fast atom bombardment mass spectra (FABMS) were 
recorded. The negative ion FABMS (m-nitrobenzyl al- 
cohol = NOBA matrix) of the product mixture con- 
tained a series of ion clusters based at m / z  values of 
756 (100%), 831 (14%), 906 (20%) and 1059 (6%), 
which may be assigned to ions derived from the 
[{(Cb)Co(Cn)}2Co] 3- moiety as follows: 757, {[M3]. 
TMA}- {[M3] = [{(Cb)fo(fn)}2Co]}; 831, {[M3]- 
(TMA)2}-; 908, {[M3]. TMA.  NOBA}- and 1059 
{[M3] • TMA.  (NOBA) 2}-. On the basis of these results 
we are unable to confirm that higher oligomers such as 
[{CoCbCnCo}2Cn] 4- are formed during the degradation 
of  [CoCb2]- in the presence of Co 2÷. 

2.2. Magnetic susceptibility measurements 

The magnetic susceptibilities of microcrystalline 
samples of  the new materials were measured at room 
temperature using a Johnson Matthey magnetic suscep- 
tibility balance and, in selected cases, over the tempera- 
ture range 6 -300  K using a Squid magnetometer. Room 
temperature magnetic moments [29] were found to be 
ca. 2.0 /z R for salts with one S = 1 / 2  ion and ca. 3.0 
k~B for salts with two noninteracting S = 1 / 2  ions 
(Table 1). These values are slightly higher than the 
spin-only value expected for an isolated S = 1 / 2  ion 
(1.73 /z B) or the average spin only walue expected for 
two noninteracting S = 1 / 2  ions (/£av = 2.45 /z B) and 
so may indicate the presence of an orbital contribution 
to the observed magnetic moments.  The salts 
[CsHsNMe][FemCb2] ,  [C9H7NMe][FemCb2]  and 
[CllHgNMe][FeIHCb2] showed simple Curie Law be- 
haviour between 0 and 300 K. Plots of  I / X  m v s .  T 
were linear and fitted the Curie-Weiss law { Xm = C / ( T  
- 0)} with Weiss temperatures, 0, which were, within 
experimental errors, essentially zero {0=  0 ( + 1 )  K}, 
indicating that significant magnetic :interactions were 
not occurring. Similar results were obtained for 
[FelIICp2 ][FenICb2 ] but [FenlTP2 ][TCNQ] showed sim- 
ple Curie Law behaviour only between 6 and 25 K. 
Above this temperature, a deviation from linearity oc- 
curred with 1 / X  m values falling below those predicted 
from the I / X  m vs. T plot from 0 to 25 K. Single 
crystal magnetic susceptibility measurements were made 
on [FelnCP2 ][NimCb2] along the axis, perpendicular to 
the bc plane over the temperature range 6 to 200 K. 
Typical paramagnetic behaviour was again observed 
with 0 close to zero, and Xv~°C as T ~ 0 .  Some 
curvature was found in the 1/Xm vs. T plot, but as the 
mass of the single crystal used was only a twentieth that 
of  the powdered sample used, and as the Xm values are 
and near the sensitivity limit of the Squid this may 
result from some errors in measurement. It is apparent 
from these results that none of the systems studied so 

Table 1 
Magnetic susceptibility data 
Compound Xm a (10 - 6  c m  3 mol-1) /xebff 

[Fem Cp2 ][FemCb2 ] 3652 3.04 
[Fern Tp 2 ][Fe[IlCb 2 ] 3695 3.12 
[Fe m{(aceph)2 trien}][Fem Cb2 ] 3386 3.00 
[C 9 H 7 NMe][Fem Cb2 ] 1582 2.10 
[4-PhC5 H 4 NMe][Fem Cb2 ] 1480 2.06 
[C s H s NMe][ Fern Cb2 ] 1530 2.03 
[FemTP2 ][TCNQ] 3456 3.11 

aDetermined at T = 293 K using a Johnson Matthey magnetic sus- 
ceptibility balance. 
bCalculated from /xef f = ~/(7.997.X~ °rr. T) where X c°= is obtained 
from Xm by applying the appropriate diamagnetic correction [18]. 
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Fig. 1. View [25] of the FemCb2 anion in the crystal structure of 
[MeNCsH4-4-Me][FeHtCbe ]. Ellipsoids are drawn at the 30% proba- 
bility level. 

far exhibit significant cooperative magnetic behaviour 
over the temperature range studied. 

2.3. Structural studies 

The crystal structure of [4-MeCsH4NMe][FeH1Cb2] 
is illustrated in Figs. 1 and 2, and atomic coordinates 
are listed in Table 2. The cation and anion each exhibit 
crystallographically imposed 2 / m  (C ~h) symmetry. The 
[4-MeCsH4NMe] cation is, therefore, disordered, the 
nitrogen and opposing carbon atom being indistinguish- 
able, ~ and the [FeUlCb2] - anion adopts a transoid 
conformation. A transoid conformation of the anion is 
also observed in its tetrabutylammonium salt; although, 
in contrast in the TTF salts [15] it adopts a staggered 
cisoid conformation. There is one unpaired electron on 
the iron(III) ion, and the methylpicolinium cation is 
diamagnetic so that, if the aromatic portion of the cation 
is near enough in space to a metal-bonded CzB 3 ring, 
electronic interactions in which unpaired spin may be 
transferred into the cation may be possible. The closest 
distance between the C2B 3 ring and the aromatic ring 
was found to be 3.975(4) A (B3 and N20) ,  which is 
greater than the combined van der Waals radii of nitro- 
gen and boron, which are 1.50 ,~ and 1.70-1.80 ,~, 

c ~ ~'1 ~ o~[~, ~d"~ 

Fig. 2. The packing arrangement [26] in the crystal structure of 
[MeNCsH4-4-Me][FeHICb2], viewed in the direction close to y; x 
up the page, z across the page. Starred atoms are related to the 
corresponding unstarred atoms by the crystallographic symmetry. 

respectively [30]. Therefore, there can be no significant 
orbital overlap between the anion and cation. As re- 
quired by the crystallographic symmetry, the two C2B 3 
rings are parallel to one another with the carbons nearer 
to the metal centre, F e - C  2.080(2), F e - B  (mean) 
2.136(6) A. The methylpicolinium cations do not form 
7r-interacting stacks, the nearest cat ion-cat ion distance 
being greater than 5 A. 

The salt [FemCp2 ][NimCb2] was obtained directly 
from an electron transfer reaction between [FenCp~] 
and [NiWCb2]. This compound has been reported [16] 
previously along with the X-ray crystal structure of its 
isomorphous counterpart [FenlCp~ ][FeUlCb2]. The an- 
ion and cation structures are shown in Fig. 3, and the 
packing arrangement in Fig. 4. ,atomic coordinates are 
in Table 3. As was found [16] in the iron analogue, the 
two carborane ligands are twisted with respect to each 
other by ca. 108 °. Each of the two C2B 3 rings is planar 
to within _+ 0.03 A and the rings are almost parallel to 
one another [interplanar angle 2.3(2)°], with the carbons 
again slightly nearer to the metal centre in each ring 
[mean distances N i - C  2.124(17)., N i - B  2.134(9) A. The 

Table 2 
Atomic coordinates (× 104) and equivalent isotropic displacement 
parameters (A 2 × 103) for [Me 2 -CsH4N][FeCb 2 ] 

x y z Ueq 

Fe(1) 0 0 0 37(1) 
C(1) 1909(2) 812(2) 538(2) 52(1) 
B(2) 1077(2) 1426(2) 1372(2) 48(1) 
B(3) 539(3) 0 1960(2) 42(1) 
B(I 1) 3380(3) 0 1400(3) 69(1) 
B(12) 2857(2) 1429(3) 1971(2) 65(1) 
B(13) 2023(2) 883(2) 2902(2) 53(1) 
B(16) 3446(3) 0 2913(3) 69(1) 
N(20) - 1341(2) 0 4233(2) 54(1) 
C(21)  -665(2) - 1171(2) 4623(2) 55(1) 
C(22) - 2784(3) 0 3419(4) 86(1) 

U~q is defined as one third of the trace of the orthogonalized Uq 
1 In the refinement, these atoms were treated as 50% C + 50% N. tensor. 
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B 

The anion and cation pack as predicted (Fig. 4), as 
the faces of the Cp * tings are almost perpendicular to 
those of the CzB 3 tings of the dicarbollide ligands 
[interplanar angles in the range 88.1-89.75°]. The atoms 
C(3), C(15), Fe(a), B(3), B(4), B(5), C(21) and C(22) 
are coplanar to within _+0,04 A. The salt has an 
anisotropic structure, with anion and cation pairs along 
the a-axis showing a smaller separation than those 
along the c-axis (Fig. 4). The nearest neighbour anion/ 
cation ring distance is 3.722(5) A (B4 and C3), so there 
can be no significant 7r-~r orbital overlap between the 
anion and cation. This is also the case; in Miller's salts 
where the anion-cation separation is great enough that 
there is no significant 7r-~- orbital overlap. Since mag- 
netic properties are a consequence of spin-spin interac- 
tions, and the dominant spins in the salt 
[FeIHCP2 ][NimCb~] reside on the two metal centres, 
which each have an unpaired electron, it is these dis- 
tances that are deemed to be the vital factor in the 
process of virtual charge transfer, which stabilises ferro- 
or antiferromagnetic coupling. 

The closest separation of the Fe(III) and Ni(III) metal 
centres is 7.106(1) A, which is greater than the 5.6-A 
found between Fe(III) and the nearest [TCNE]- nitro- 
gen atom in [FemCP2 ][TCNE] [12]. The lack of any 
significant cooperative behaviour may be due to the 
large separation of the paramagnetic centres. However, 
t~B and ~C NMR studies of metallobisdicarbollides 
have revealed some small delocalisation of the unpaired 
spin from the metal centre to the C2B 3 bonding face 
[14]. Thus, for the unpaired spins on [FemCp~ ]+ and 
[NiIIICb2]- to interact, the distances must be short 
enough for significant orbital overlap between the Fe(III) 
metal centre and the C2B 3 ring. The closest Fe(III)- 
C2B 3 distances, F e . . . B ( 2 5 )  5.526(4), F e . . . B ( 4 )  
5.531(4) A, are now comparable to those found in 
Miller's ferromagnetic molecular salts. The lack of any 
magnetic cooperation in the salts [FemCp~ ][NiUlCb2] 
and [TTF][CrmCb~] prepared by Forward et al. [15,16], 
suggests that distance criteria alone do not provide an 

Fig. 3. View [25] of (a) the FeXUCp] cation and (b) the NimCb2 
anion in the crystal structure of [FeInCp~ ][Ni~UCb?]. 

[FeCp~ ]+ cations have planar cyclopentadieny! rings 
(maximum deviations from planarity _+ 0.003 A with 
the methyl groups displaced by 0.07-0.09 A from their 
respective rings in a direction away from the central Fe 
atom. The rings are essentially parallel [interplanar an- 
gle 1.0(1)°], and are twisted relative to one another by 
ca. 10 ° from an eclipsed conformation. The Fe-C dis- 
tances average 2.095(3) A to the C(1)-C(5) ring and 
2.103(2) A to the C(11)-C(15) ring. Interestingly, in the 
isomorphous [Fen~CP2 ][FeXllCb2], the cyclopentadienyl 
rings are eclipsed [16]. 

c . . . . .  ~ c \ 

Fig. 4. The packing arrangement [26] in the crystal structure of 
[FentCp~ ][Ni~HCb2], viewed along y; x up the page, z across the 
page. 
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Table 3 
Atomic coordinates (× 10 4) and equivalent isotropic 
parameters (A 2 X 103) for [FeCp~ ][NiCb2] 

displacement 

x y Z U~q 
Ni(1) 3098(1)  2254(1)  1449(1) 29(1) 
Fe(1) 8043(1 )  1751(1)  1287(1) 28(1) 
C(21) 2439(2)  3553(2) 952(2) 34(1) 
C(22) 1906(2)  2676(2) 389(2) 42(1) 
C(41) 3310(2)  2488(2)  2609(2) 35(1) 
C(42) 4278(2)  1948(2)  2539(2) 39(1) 
B(3) 2834(3) 1970(3) 281(2) 41(1) 
B(4) 4041(3) 2569(3) 806(2) 43(1) 
B(5) 3716(3) 3566(3)  1237(2) 38(1) 
B(11) 1803(3)  3809(3) - 4(2) 45(1) 
B(12) 2085(3)  2795(3)  -456(2) 48(1) 
B(13) 3425(3)  2740(3) - 198(2) 49(1) 
B(14) 3958(3)  3749(3) 397(2) 49(1) 
B(15) 2964(3)  4375(3) 540(2) 45(1) 
B(16) 2780(3)  3878(3)  -376(2) 49(1) 
B(23) 3861(3) 970(2) 1937(2) 38(1) 
B(24) 2488(3) 916(3) 1683(2) 41(1) 
B(25) 2202(3)  1927(3)  2119(2) 38(1) 
B(31) 4442(3) 859(3) 2966(2) 42(1) 
B(32) 4103(3)  1859(3)  3394(2) 41(1) 
B(33) 2761(3)  1846(3)  3126(2) 45(1) 
B(34) 2282(3) 804(3) 2566(2) 47(1) 
B(35) 3309(3) 205(3) 2445(2) 48(1) 
B(36) 3475(3) 751(3) 3344(2) 49(1) 
C(1) 6620(2) 1425(2) 443(2) 41(1) 
C(2) 6682(2) 2415(2) 596(2) 38(1) 
C(3) 6848(2) 2545(2)  1389(2) 45(1) 
C(4) 6878(2) 1601(3)  1705(2) 45(1) 
C(5) 6743(2) 927(2) 1122(2) 43(1) 
C(6) 6393(3) 988(4) - 345(2) 72(1) 
C(7) 6536(4) 3211(3) 22(3) 75(1) 
C(8) 6892(4) 3476(3)  1796(3) 82(2) 
C(9) 6981(3) 1374(4)  2518(2) 82(2) 
C(10) 6656(4) - 150(3) 1195(3) 78(1) 
C(ll) 9440(2)  1389(2)  2153(2) 40(1) 
C(12) 9305(2) 849(2) 1474(2) 41(1) 
C(13) 9211(2)  1507(2) 870(2) 40(1) 
C(14) 9285(2)  2460(2)  1171(2) 41(1) 
C(15) 9429(2)  2385(2)  1961(2) 41(1) 
C(16) 9622(3) 992(3) 2935(2) 63(1) 
C(17) 9333(3)  -226(3) 1417(3) 62(1) 
C(18) 9110(3)  1238(3) 66(2) 65(1) 
C(19) 9282(3)  3376(3) 742(3) 64(1) 
C(20) 9609(3)  3204(3)  2516(3) 66(1) 

u~ is defined as one third of the trace of the orthogonalized Uij 
tensor. 

indication of whether or not significant magnetic inter- 
actions will be present. 

2.4. Kurtz powder  test results 

The methylpyridinium, picolinium and isoquinolin- 
ium cations are dipolar and polarisable and, if present in 
noncentrosymmetric crystal structures, may give rise to 
second-order nonlinear optical effects such as secondary 
harmonic generation (SHG). This possibility was inves- 
tigated by carrying out Kurtz powder test measurements 

fo r  S H G  on [ C s H s N M e ] [ F e I I I C b 2 ] ,  [4- 
PhC6H4NMe][FemCb2], [C9HvNMe][FenlCb2] and 
[MeCsH4N-Me][FenICbz]. Among these, only the salt 
[4-PhCsHgNMe][FemCb2] exhibits SHG with an effi- 
ciency of 0.5 times urea at 1.907 Ixm and 0.1 times urea 
at 1.064 /xm. Single crystal X-ray studies have shown 
that [MeCsH4NMe][FeIIICb2] crystallises in a cen- 
trosymmetric space group so that the absence of SHG in 
this case is in accordance with the structural results. 
Since [E-Fc-CH = CH-p-CsH4NMe]I exhibits a SHG 
intensity of 220 times urea [17], the complexes [E-Fc- 
CH=CH-p-CsH4NMe][MmCb2] ( M = F e ,  Co) were 
also tested for SHG, but only the; [ColIICb2]- salt was 
active, giving a weak but detectable signal of intensity 
0.01 times urea at 1.907 /xm and 0.004 times urea at 
1.064/xm. 

3. Experimental  details 

3.1. Synthetic studies 

Solvents were purified by distillation from standard 
drying agents under dinitrogen. All commercial reagents 
were predried and recrystallised before use, but were 
used as received unless otherwise stated. The reagents 
K[FemCb2], K[NimCb2], [NiWCb2] [10], LiTCNQ [31], 
[FeH~{C 6 H 4(OH)C(R) = N(CH 2 )2 NHCH 2 }2 ]PF6, (R = 
H, Me), [13b] [FeIXtTp2]C1 [13b] and [E-Fc-CH = CH- 
p-CsHgNMe]I [17] were prepared according to reported 
methods. 

3.2. Physical measurements 

IR spectra were recorded from KBr discs using1 a 
Perkin Elmer 1600 series FT-IR spectrophotometer, B 
NMR spectra from dichloromethane solutions using a 
Jeol GX270 spectrometer, and positive or negative ion 
mass spectra from a 3-nitrobenzyl alcohol (NOBA) 
matrix using a Kratos MS80 instrument with fast atom 
bombardment. Room temperature', magnetic susceptibili- 
ties and magnetic moments were determined using a 
Johnson Matthey magnetic susceptibility balance. Mag- 
netic susceptibility data was also collected over the 
temperature range 6-275 K using a Squid magnetome- 
ter in the School of Physics, University of Birmingham. 
Solution conductivity measurements were recorded from 
1 × 10 -4 mol dm -3 solutions in MeCN using a PTI 58 
digital conductivity meter. The determination of the 
second harmonic intensity of powder samples was made 
relative to that of powdered urea. Pulses (width 4 ns, 
repetition rate 1 Hz) of 0.2 mJ energy at a wavelength 
of 1,907 /xm were weakly focused into sample cells 
containing finely ground (ungraded) material, and the 
second harmonic light at 950 nm measured on an S1 
photomultiplier tube. Boxcar gate sampling was used to 
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provide data points averaged over 10 pulses and the 
mean of these points provided the values of relative 
harmonic intensity for SHG quoted. Elemental analyses 
were performed by the Microanalytical Service, School 
of Chemistry, University of Birmingham and the Micro- 
analytical Service, School of Chemistry, University of 
Sheffield. 

3.3. [FelIlTP2 ][FemCb2 ] 

K[FemCb2] (0.43 g, 1.2 mmol) was dissolved in 
deionised water (20 cm 3) and the solution added drop- 
wise to a solution of [FelnTb2]C1 (0.52 g, 1.0 mmol) in 
acetone (2 cm 3) and the mixture stirred vigorously for 
30 min, during which time a red precipitate was formed. 
This was collected by filtration and washed with 
deionised water (200 cm 3) followed by hexane (20 cm 3) 
then dried in vacuo. The solid obtained was recrys- 
tallised twice from dichloromethane/hexane (50:50) to 
yield a red crystalline product (0.771 g, 97%). (Found: 
C, 33.3; H, 5.21; N, 21.1. C22HazN12BIsFe2, requires, 
C, 32.9; H, 5.27; N, 21.1%): Vmax(BH) 2535 cm- l ;  
mass spectrum m / z  (1%): +ve  FAB, 482 (100) [M+]; 
- v e  FAB, 321 (16) [M-], 153 (100) [NOBA-]; A m, 
156 ~ cm 2 mol -~ 

3 . 4 .  [ F e  t t t ( C  6 H 4 ( 0  ) C  ( M  e )  = 
N( CH z )2 NHCH2 } e ] [Fe nl Cb 2 ] 

T h e  p r o c e d u r e  d e s c r i b e d  a b o v e  for  
[FeXlITp2][FelUCb2] was followed, using K[FemCb2] 
(0.43 g, 1.2 mmol) and [Fem{C6H4(OH)C(Me) = 
N(CHz)zNHCHz}z]PF 6 (0.58 g, 1.0 mmol). A red crys- 
talline solid was formed (0.715 g, 95%). (Found: C, 
40.9; H, 6.54; N, 7.26. C26HsoN4OzBIsFe2, requires, 
C, 41.3; H, 6.66; N, 7.40%): Vmax(BH) 2538.2 cm -~, 
1,~max(C = N) 1591.2 cm- l :  HB{1H} (CHzCI 2) 6; 83.74 
ppm (2B), 2.11 ppm (4B), -18 .99  ppm (4B), -52.01 
ppm (2B), -428.67 ppm (4B), -479.32 ppm (2B): 
mass spectrum m / z  (1%): +ve  FAB, 436 (100), 288 
(20), 245 (17); - v e  FAB, 321 (100) 153 (45); A m, 182 
l~ cm 2 mol -l .  

3.6. [4-MeC 5 H 4 NMel[Fe 111Cb2 ] 

The procedure described for [FemTp?.][FeIIICb2] was 
followed using K[FeInCb2] (0.43 g, 1.2 mmol) and 
[Me-C9H7N-Me]I (0.11 g, 1.0 retool). A red crys- 
talline solid was formed (0.42 g, 98%). (Found: C, 30.8; 
H, 7.47; N, 3.39. CHH32NB18Fe, requires, C, 30.8; H, 
7.52; N, 3.27%): ~'max(BH) 2546s cm-l :  llB{tH} 
(CHzCI 2) 6; 83.67 ppm (2B), 2.00 ppm (4B), - 19.65 
ppm (4B), -50 .92  ppm (2B), -428.55 ppm (4B), 
-477.81 ppm (2B): mass spectrum m / z  (1%); +ve  
FAB, 108 (100) [M+], 93 (30) [M+-Me]; - v e  FAB, 
321 [M-] (100), 153 (58); A m, 174 ~ cm 2 mol-1 

3.7. [C s H 5 NMe]IFe mCb21 

The procedure described for [FeIIITp2][FelIICb2] was 
followed using K[FelnCb2] (0.43 g, 1.2 mmol) and 
[CsHsN-Me]I (0.22 g, 1.0 mmol). A red crystalline 
solid was formed (0.394 g, 95%). (Found: C, 28.9; H, 
7.31; N, 3.34. C~0H30NB~sFe, requires, C, 29.0; H, 
7.29; N, 3.38%): Vmax(BH) 2534s cm-l :  11B{1H} 
(CH2CI 2) 6; 85.22 ppm (2B), 2.44 ppm (4B), - 18.87 
ppm (4B), -50.73 ppm (2B), -426.36 ppm (4B), 
-476.28 ppm (2B): mass spectrum m / z  (1%); +ve  
FAB, 94 (100) [M+]; - v e  FAB, 321 (100) [M-], 153 
(78). 

3.8. [4-PhC 6 H 4 NMe][Fe mCb2 ] 

The procedure described for [FemTp2][FenICb2] was 
followed using K[FemCbz] (0.43 g, 1.2 mmol) and 
[CtlHl0N-Me]I (0.30 g, 1.0 mmol). A red crystalline 
solid was formed (0.457 g, 93%). (Found: C, 39.0; H, 
7.01; N, 2.39. C16H34NB18Fe, requires, C, 39.2; H, 
6.98; N, 2.85%): Umax(BH) 2539s cm-l :  HB{1H} 
(CHzC12) 6; 85.76 ppm (2B), 2.53 ppm (4B), - 18.87 
ppm (4B), -51 .90  ppm (2B), -428.44 ppm (4B), 
-478.90 ppm (2B): mass spectrum m / z  (1%); +ve  
FAB, 170 (100) [M+]; - v e  FAB, 321 (34) [M-]. 

3.9. [FemTP2 ][TCNQ] 

3.5. [C 9 H 7 NMel[FemCbe ] 

The procedure described for [FeIIITp2 ][FemCb2] was 
followed using K[FeuICb2] (0.43 g, 0.12 mmol) and 
[C9HTN-Me]I (0.27 g, 1.0 retool). A red crystalline 
solid was formed (0.446 g, 96%). (Found: C, 36.0; H, 
6.76; N, 2.95. C14H32NB18Fe, requires, C, 36.2; H, 
6.94; N, 3.01%): Vmax(BH) 2551s cm- l :  IIB{1H} 
(CHEC12) 6; 85.24 ppm (2B), 2.42 ppm (4B), - 19.01 
ppm (4B), -51 .70  ppm (2B), -428.00 ppm (4B), 
-477.65 ppm (2B): mass spectrum m / z  (1%); +ve  
FAB, 144 (100) [M+], 107 (22), 89 (30); - v e  FAB, 
321 (100) [M-], 153 (58). 

LiTCNQ (0.21 g, 1.0 mmol) was dissolved in aceto- 
nitrile (40 cm 3) and added dropwise to a solution of 
[FemTp2]C1 (0.52 g, 1.0 mmol) in acetonitrile (60 cm3). 
A dark blue precipitate formed from the green solution 
and this was collected by filtration. The solid was 
washed with diethylether, water (30 cm 3) and hexane 
(20 cm3). Further purification was achieved by recrys- 
tallisation from acetonitrile to yield a dark blue crys- 
talline material (0.033 g, 62%). (Found: C, 56.6; H, 3.9; 
N, 30.4. C42H28N12Fe, requires, C, 56.7; H, 3.2; N, 
31.5): ~'max(BH) 2475m, Pmax(CN) 2208m cm-l :  mass 
spectrum m / z  (1%); +ve  FAB, 482 (100) [M+], 415 
(42) [M+-Pz], 269 (61) [M÷-Tp]; - v e  FAB, 204 (100) 
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[M-], 166 (28) [M--CNC], 153 (50); A m, 177 12 cm 2 
mol- 1. 

3.10. [Fe llICP2 ][Fe lllCb2 ] 

K[FeItlCb2] (0.43 g, 1.2 mmol) was dissolved in 
deionised water (10 cm 3) and the solution added drop- 
wise to an aqueous solution of [FenICp2]2SO4 (0.50 g, 
1.1 mmol). The solution was treated as for 
[FeHITpz][FemCb2] to yield a red solid (0.615 g, 95%). 
(Found: C, 32.7; H, 6.18; N, 0.00. C14H32B18Fe2, 
requires, C, 33.2; H, 6.37; N, 0.00%): Umax(BH) 2536s 
cm-l :  llB{IH} (CH2C12) ~; 85.76 ppm (2B), 3.44 ppm 
(aB), -18.87 ppm (aB), -50.73 ppm (2B), -426.36 
ppm (aB), -476.28 ppm (2B): mass spectrum m / z  
(1%); +ve  FAB, 186 (100) [M+]; 136 (66); - v e  FAB, 
321 (100) [M-], 153 (60); A m, 140 fl cm 2 mol-l  

3.11. [FetnCP2 ][NilllCb2 ] 

[FettCP2] (0.10 g, 0.31 mmol) was dissolved in 
acetonitrile (10 cm3), under an inert atmosphere, and a 
solution of [NilVCb2] (0.10 g, 0.31 mmol) in aceto- 
nitrile (10 cm 3) was added dropwise over a 15-min 
period. A colour change from yellow to green was 
immediately observed. The solution was left overnight, 
under an inert atmosphere, to yield large dark green 
rhombohedral crystals (0.189 g, 95%). The crystals 
were stored in a Schlenk tube under argon. (Found: C, 
44.1; H, 7.99; N, 0.00. C24HszB18FeNi, requires, C, 
44.4; H, 8.07; N, 0.00%): Umax(BH) 2572s cm -t ,  
2546.8s cm-l :  llB{IH} (CH2CI 2) 6; 4.44 ppm (2B), 
1.97 ppm (aB), - 12.50 ppm (aB), - 14.01 ppm (2B), 
-24.43 ppm (aB), -34.08 ppm (2B): mass spectrum 
m / z  (1%); +ve  FAB, 326 (100) [M+]; - v e  FAB, 323 
(100) [M-]; A m, 145 fl cm 2 mol-l .  

3.12. K[CoI11Cb2 ] degradation reactions 

Mixtures of KCbH or K[Co m Cb 2 ] with CoC12 • 6H z O 
were degraded in aqueous NaOH solution following the 
general procedures described previously [25-28]. The 
reaction products were precipitated by adding an aque- 
ous solution of MeaNC1 and the material obtained 
investigated using FABMS, H B and ~3C NMR tech- 
niques. A typical procedure follows. 

A sample of K[CoItlCb2] (1.0 g, 2.75 mmol) was 
dissolved in aqueous sodium hydroxide solution (30 
cm 3 40% w/v )  and CoC12 • 6H20 (1.5 g, 4.2 mmol) 
added. The mixture was heated under reflux for 7 h, 
cooled and hydrochloric acid added until the solution 
became ca. pH 3. A solution of MeaNC1 (0.5 g, 4.6 
mmol) dissolved in the minimum amount of water was 
added, and the resulting precipitate collected by filtra- 
tion and washed with water. The red-brown solid was 

redissolved in acetone, filtered and the filtrate evapo- 
rated to dryness in vacuo (yield 0.37 g). Column chro- 
matography on silica gel with ethanol/hexane 1/1 v / v  
as the eluent afforded an orange band found to be 
MeaN[CoHtCb2], ( - v e  FABMS m / z  321, M-) .  A 
second, red, band was eluted using acetone/ethanol 
1/1 v / v  and found to be [MeaN]3[(CbCoCn)2Co] { - v e  
FABMS m / z  983 (17%), [M. (MeaN) 2 • NOBA]-; 906 
(22%), [M.MeaN.NOBA'HI ] - ;  831 (45%), [M. 
(MeaN)z]-; 756 (100%), [M. (MeaN). H]-}. No fur- 
ther products could be isolated. 

3.13. [E-Fc- CH = CH-p- C 5 H 4 NMe][Fe 111Cb 2 ] 

The procedure described for [Fe nITp2 ][Fe nICb 2 ] was 
followed using K[FemCb2] (0.43 g, 0.12 mmol) and 
[E-Fc-CH = CH-p-CsHaNMe]I (0.43 g, 1.0 mmol). A 
red crystalline solid was formed (0.61 g, 98%). (Found: 
C, 42.7; H, 6.87; N, 2.62. C22H4oNB18Fe2, requires, C, 
42.3; H, 6.45; N, 2.24%): Vmax(BH) 2550s cm-l :  
11B{1H} (CH2C12) 6; 85.49 ppm (2B), 3.05 ppm (aB), 
-19.05 ppm (aB), -50.38 ppm (2B), -425.84 ppm 
(aB), -478.64 ppm (2B): mass spectrum m / z  (1%); 
+ve  FAB, 304 (100) [M+], 289 (7) [M+-Me]; - v e  
FAB, 321 (100) [M-], 153 (51); A m, 164 1) cm 2 
mol- 1. 

3.14. [E-Fc-CH = CH-p-C 5 H 4 NMe][Ni tIICb2 ] 

The procedure described for [Fe n1TP2 ][Fe llICb 2 ] was 
followed using K[Nin1Cb2] (0.43 g, 0.12 mmol) and 
[E-Fc-CH = CH-p-CsHaNMe]I (0.42 g, 1.0 mmol). A 
red crystalline solid was formed (0.60 g, 96%). (Found: 
C, 41.8; H, 6.49; N, 2.23. CzzH40NB18FeNi, requires, 
C, 42.1; H, 6.42; N, 2.23%): Vmax(BH) 2532s cm-l :  
JIB{1H} (CH2C12) 6; 86.25 ppm (2B), 2.12 ppm (aB), 
- 1 8 . 5 3  ppm (aB), -51.99 ppm (2B), -426.45 ppm 
(aB), -478.07 ppm (2B): mass spectrum m / z  (/%); 
+ve  FAB, 304 (100) [M+], 289 (7) [M+-Me]; - v e  
FAB, 323 (100) [M-]; A m, 155 ~ cm 2 mol-~. 

3.15. [E-Fc-CH = CH-p-CsHaNMe][ConICb2 ] 

The procedure described for [FenITpz][FeIICb2] was 
followed using K[ConICb2] (0.43 g, 0.12 mmol) and 
[E-Fc-CH = CH-p-CsHaNMe]I (0.42 g, 1.0 mmol). A 
red crystalline solid was formed (0.56 g, 90%). (Found: 
C, 42.0; H, 6.55; N, 2.16. C22H40NB18FeCo, requires, 
C, 42.1; H, 6.42; N, 2.23%): Vmax(BH) 2529s cm-l :  
I1B{1H} (CH2C12) 8; -12.24 ppm (2B), -18.06 ppm 
(aB), -22.64 ppm (aB), -24.92 ppm (aB), -37.46 
ppm (2B), -42.05 ppm (2B): mass spectrum m / z  
(1%); +ve  FAB, 304 (100) [M+], 289 (7) [M+-Me]; 
- v e  FAB, 324 (100) [M-]; A m, 181 12 cm 2 mo1-1 
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3.16. Structural studies 

[FeUICp2 ][NimCb2]: C20H30Fe. C4H22BI8Ni, Mr 
= 649.8, monoclinic, space group P 2 J n ,  a = 

14.201(16), b =  13.892(12), c = 1 8 . 7 2 3 ( 6 ) A ,  /3= 
03 

111.80(5) ° , V = 3 4 3 0  A ,  Z = 4 ,  D c = 1 . 2 5 8  g cm-3,  
F(000) = 1360, / x ( M o - K a )  = 0.990 mm -1, A --- 
0.71069 ,~. Unit cell dimensions and intensities were 
determined by w / 2 0  scans with graphite-monochro- 
mated M o - K  o~ radiation on an Enraf-Nonius CAD-4 
diffractometer. 5888 unique reflections were measured 
in the range 2 < 0 < 25 °. Three standard reflections 
measured every 2 h showed only small random varia- 
tion in intensity during the period of data collection. 
The structure was determined [32] by direct methods 
and refined [33] on F 2 by least-squares using anisotropic 
displacement parameters for the nonhydrogen atoms. 
Hydrogen atoms were placed in calculated positions 
riding on their respective bonded atoms. 2 Weights, 
w = 1 / [ o ' 2 ( F  2)  + (0.0464P) 2 + 4.50P],  where P = 
(Fo a + 2 F 2 ) / 3 ,  were used in the least-squares refine- 
ment. The calculations were terminated when all 
shif t /esd ratios were < 0.05 and R = 0.0529, R w = 
0.2307. For the 5210 observed reflections [ I  > 2o-(I)] ,  
R = 0.0395, R~ = 0.1026. The residual electron density 
in a final difference map was within the range +_ 0.45 e 
~k -3" 

[ 4 - M e C s H 4 N M e ]  [ F e n I C b 2 ] :  C 7 H I o N  • 
C4H22BlsFe. M r = 4 2 8 . 8 ,  monoclinic, space grouop 
C 2 / m ,  a = 10.882(4), b = 9.982(4), c = 11.836(5) A, 

03 
/3=113.42(3)  ° , V = 1 1 8 0  A ,  Z = 2 ,  D c = 1 . 2 0 7  g 
cm -  3, F(O00) = 442, /x(Mo-K a )  = 0.640 ram- l, A = 
0.71069 A. Data were collected on a Rigaku R-Axis II 
area-detector diffractometer using graphite monochro- 
mated MoK a radiation. Twenty-six 7 ° oscillation expo- 
sures were made with crystal to detector distances of 80 
mm. 1095 reflections, 3.75 < 0 <  25.2 °, having I >  
or(I),  were used in the analysis. The structure was 
determined [34] by direct methods and refined [32] on 
F 2 by least squares using anisotropic displacement 
parameters for the non-hydrogen atoms. H atoms were 
placed in calculated positions [33]. Refinement was 
terminated when all shift /esd,  ratios were < 0.01 and 
R, R w were 0.0342, 0.0970, respectively with w = 
1 / [~ r2 ( F  2) + (0.074P) 2 + 0.50P]. The residual elec- 
tron density was within the range +0.30  e ~ -3 .  

For both structures [35,36], the cage carbon atoms 
were identified in the first instance by these atoms 
having slightly lower apparent thermal parameters when 
all cage atoms were assigned scattering factors appro- 
priate to boron. Confirmation of the assignment was 

provided by a consideration of C-C,  C - B  and B - B  
bond lengths; 1.605-1.621 ,~, 1.68:5-1.723 A and 
1.747-1.829 A respectively, in our structures, in good 
agreement with literature values of 1.659 [37], 1.716 
[38] and 1.775 ,~ [38], respectively for these types of  
bonds. 3 
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