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Abstract 

The reaction of CpFe(l-5-n-CsHs-8_exo-R) (R = CH(C02Et),: 2a; R = H: 2b) with CPCO(C~H~)~ at T I 40°C yields the 
diamagnetic heterodinuclear, cycle-Cs bridged FeCo complexes [(fCpFeXCpCo)]~-_(q’-CsHsR)] (R = CHfCOrEt),: 3; R = H: 4a) 
which are thermally labile. For 3 the substituent R = CH(CO,Et), is thermally cleaved with increasing temperature yielding the 
paramagnetic ESR active 35 valence electron (ve) compound [((CpFeXCpCo)]@ot] (5). The ESR data of 5 indicate a cobalt 
localized unpaired electron. 5 is easily oxidized by 0,, [Ph,CjBF., or [FeCp,jPF, yielding the stable diamagnetic 34 ve cation 
[{(CpFeXCpCo)]~-Cot]+ (SC). Crystal structure analysis of 5BF, establishes a synfacial n5 : q5 coordination with a very long Fe-Co 
distance of about 287(l) pm which is assumed to be too long for a Fe-Co single bond. The cyclic voltammetry study of 5+ reveals 
two chemically as well as electrochemically reversible redox couples 5/5+, 5+/5’+ 
Evidence for the formation of the radical dication 5’+ 

and one quasi-reversible redox couple 5-/5. 
containing a Co-centred unpaired electron, can be got from in situ ESR 

measurements. The thermal lability of 4a leads irreversibly to the isomeric complex 4b at elevated temperature. The activation 
energy AE, of this molecular transformation was estimated by ‘H NMR spectroscopy as 103 kJ/mol. Preliminary crystal structure 
determinations of the high temperature isomer 4b confirm a synfacial 1,2,6,7-7:3-5-q bonding mode for the cyclooctatrienyl ligand. 
The cyclooctatrienyl ligand of the low temperature isomer 4a is assumed to coordinate via a lq:6,7-q-bonding mode to the Co 
centre whereas the coordination mode of the cycle-C, ligand to the Fe centre should occur in 2-5-n fashion. C, molecular 
symmetry for 4a, which can be deduced from the ‘H NMR spectra, is explained by a low energy twitching motion of 4a. 
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1. Introduction 

The heterodinuclear electron-poor p-cyclooctatetra- 
ene (Cot) complexes [(CpCrXL,M)p-Cot] CL,, = Cp, 
(CO),; M = V, Cr, MO, W, Fe, Co) have been prepared 
with CpCr($-Cot> as starting material [2,31. CpCr(q6- 

Correspondence to: Prof. Dr. J. Heck. 
* For Part XIV see ref. [l]. 

Cot) contains one free double bond which can function 
as an entrance for a second metal ligand fragment. 
However, attempts to prepare electron-richer P-Cot 
complexes with [CpFe($-Cot)lPF6 (1) as the precursor 
compound failed, although this also contains a free 
double bond in the Cot ligand [41. This disadvantage 
may be due to the cationic nature of 1. Hence, to 
circumvent problems possibly caused by the charge, the 
nucleophile adducts of 1, CpFe(l-5-77~CsHs-8-exo-R)- 
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TABLE 2. Atomic coordinates (X 104) and equivalent isotropic 

displacement coefficients (A* X lo31 

u = ea 

cdl) 
Fe(l) 
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Fe(2) 
Co(3) 

Fe(3) 
c(11) 
cx12) 
Ct13) 
c(14) 

cx15) 
Ci16) 
c(17) 
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CxllO) 
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cc341 
cc351 
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Ct313) 
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cx315) 
c(316) 
Ct317) 
c(318) 

750) 
682(l) 

- 6642(2) 
- 5948(2) 
-3148(l) 

- 27520) 
551(12) 

- 8902) 
-268(11) 

301(10) 

781(11) 
141700) 
166601) 
1482(11) 

108OU2) 
1076(U) 

- 664(9) 
- 649(10) 

- 9000) 
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- 16OUO) 
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- 6749(12) 
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- 6237(10) 
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- 3843(9) 
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- 3650(9) 
-4018(10) 
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- 348103) 
-3604(12) 
- 314400) 
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-2900(11) 
- 2241(9) 
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- 2272(12) 
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401008) 
311407) 
2516(15) 
3061(17) 
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325404) 
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2473(12) 

- 3163(13) 
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- 5575(12) 
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- 454801) 
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- 3550(11) 
-4184(11) 
- 445701) 
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- 3425(12) 
- 1701(14) 
- 149003) 
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- 83002) 
- 132002) 
- 3492(11) 
- 2801(11) 
-2112(12) 
- 171303) 
- 183903) 
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32(l) 
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340) 
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2x6) 
41(7) 
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58(B) 
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35(6) 

TABLE 2 (continued) 

B(2) 4924(3) 9637(5) 2421(4) 

F(5) 4366 9948 2639 

F(6) 4913 9855 1693 

F(7) 5420 10148 2821 

F(8) 4998 8595 2530 

B(l) 1947(6) - 5700) 4502(7) 

F(1) 2154 489 5125 

F(2) 2440 - 202 4111 

F(3) 1473 481 4085 

F(lA) 1959 -23 3763 

F(2A) 2548 81 4863 

N3A) 1561 711 4695 

M4) 1720 - 996 4686 

B(3) 1284(5) 9712(9) 559(6) 
F(9) 1597 9070 141 

F(10) 648 9685 311 

F(ll) 1504 10700 509 

F(12) 1391 9395 1273 

F(lOA) 1091 10580 165 

F(llA) 1683 9986 1177 

F(12A) 767 9212 752 

41(B) 
62(6) 

61(6) 
loo(B) 

71(6) 
8208) 

115(17) 
11907) 
107(16) 

234(34) 
135(20) 
147(22) 
127(10) 

7ti12) 
13200) 

85(16) 
67(15) 

129(20) 
161(18) 
63(U) 

11104) 

a Equivalent isotropic U defined as one third of the trace of the 
orthogonalized Uij tensor. 

cribed without a Fe-Co bond warranting 18 ve for 
each metal centre: 

18VE 16VE 16VE 18VE 

These resonance structures are in accordance with 
the Cot-carbon-metal distances: the bond lengths be- 
tween the metal centres and the bridging carbon atoms 
Cz12 and Cz16 (z = 1-3) are distinctly longer than 
those between the metal centres and the internal Cot- 
carbon atoms Czll, Cz13-Cz15, Cz17 and Cz18 
(z = l-3) (Fig. 1). In contrast to this coordination 
mode, the IH-, 13C-NMR spectra only show one Cot 
resonance signal indicating a fast rotation of the Cot 
ligand on the NMR time scale. 

To get a deeper insight into the metal-metal inter- 
action in 5, cyclic voltammetry studies were performed. 
5BF, exhibits a well-defined oxidation and reduction 
step at 0.0 V and at - 1.45 V (us. Ag/Ag+), respec- 
tively (Fig. 2, Table 3). Both steps are chemically as 
well as electrochemically reversible one-electron trans- 
fer processes. A second, quasi-reversible reduction step 
is at -2.66 V. Unfortunately, limitations imposed by 
the solvent prevent the exact determination of the ratio 
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-1.6 
-l/O o/+1 +1/+2 
I I I I I I , 

-3.2 -1.6 0.0 [v] 

vs. Ag/Ag+ 

Fig. 2. Cyclic voltammogram of [{(CpFeXCpCo)]~-Cot]BF4 (5BFJ 
(DME, 0.1 M [“Bu,]PF,, Pt working electrode, us. Ag/Ag+, 0.1 M 
Ag triflate). 

i,/i,. Hence, the redox chemistry of 5 follows the 
redox cascade: 

Interestingly, the oxidation and the first reduction 
potential are almost identical to those of the corre- 
sponding mononuclear sandwich compound cobal- 
tocene [8] indicating two almost independent metal 
centres in the corresponding dinuclear species. The 
potential of the redox couple 5+/52+ is rather more 
shifted to positive potentials than it is for ferrocene, 
which could be a result of the inductive effect of the 
first positive charge. The more electron-deficient na- 
ture of the 33 ve dication 52+ will cause a stronger 
direct metal-metal interaction [2]. 

Whereas the neutral and monocationic species are 
sufficiently stable to be isolated and fully character- 
ized, the only spectroscopic evidence for 52+ comes 
from in situ ESR measurement at low temperature 
(T I 230 K) (Fig. 3). In liquid solution, the ESR spec- 
trum (Fig. 3, A) only shows an asymmetrical envelope 
signal without 59Co hyperfine structure (hfs) which may 
be due to comparable 59Co hf coupling constants (hfcc) 

TABLE 3. Cyclic voltammetry data of [{(CpFeXCpCo)]~Cot]BF, 
(SBF,) a 

redox couple E l/2 b [VI AE [mV] ib/if ’ 

+1/+2 + 0.003(3) 85 1.0 
o/+1 - 1.45(3) 85 1.0 
-l/O - 2.66 170 d 

a Eequilibrium (5BFJ = - 950 mV, T = 20°C. 
b u = 100 mV/s, US. Ag/Ag+ (0.1 M [(“Bt&,N]PFs in DME, working 
electrode: Pt, reference electrode: Ag/O.l M Ag triflate in DME). 
c lb: peak current of the backward scan, if: peak current of the 
forward scan. 
d Difficult to determine because of limitations of the solvent. 
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Fig. 3. X-band ESR-spectra of [((CpFeXCpCo)]~-Cot]2’(52+), 
recorded in situ during the electrochemical generation of S*+; A: 
liquid solution spectrum (toluene, T = 230 K); B: solid solution 
spectrum (T = 15 K) (acetone, 0.1 M [“Bt&PFs). 

and line widths. The large peak-to-peak line width 

A%, = 143 G is in accord with the distinct g and 59Co 
hf anisotropy of 5 2+ that becomes clear from the rigid 
solution spectrum (Fig. 3, B, Table 4). The g and 59Co 
hf anisotropy and the magnitude of the 59Co hfcc of 
52+ point to a non-degenerate ground state with a 
Co-centred unpaired electron [91. 

The paramagnetic neutral complex 5 also contains 
one unpaired electron, and the spectra and ESR data 

TABLE 4. ESR data of [((CpFeXCpCo)]k-Cot] (51, 5’+ and 
[CPcocotl- (7) [lOI 

52+ 5 7 

~I(s9~~ [Gl 52 2.30 43 2.19 46 2.20 

:a(59Co) 23 2.0$ a [G] 48 2.04 41 2.02 

:&59CoI a [Gl 12 1.9,9 46 1.99 41 1.95 

(g> 2.12 2.07 2.06 

a g,, g, and the corresponding 59~ hfcc were only determined 
approximately due to the low resolution of the spectrum in this 
region. 
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Fig. 4. X-band ESR-spectra of [{(CpFeXCpC&-Cot] (5); A: liquid 
solution spectrum (toluene, T = 220 K); B: solid solution spectrum 
(toluene, T = 40 K). 

are comparable to 5 ‘+. The liquid solution ESR-spec- 
trum shows one broad asymmetrical signal (A&,,, = 30 
G) void of any “Co hfs (Fig. 4, A>. As for 5’+, the 5gCo 
hf coupling constant is apparently of the order of 
magnitude of the line width. In comparison with 5*+, 
the reduced line width of the liquid solution spectrum 
of 5 agrees with the less pronounced g anisotropy that 
emerges from the frozen solution spectrum of 5. Nev- 
ertheless, the g anisotropy and the 5gCo hfcc still indi- 
cate a metal centred unpaired electron (Table 4, Fig. 4, 
B). 

The ESR data for 5 reveal a remarkable agreement 
with those of the mononuclear radical anion [CpCon4- 
Cot]- (7) [lOI (Table 41, showing that the frontier 
orbitals of both types of complexes are very similar. 
Hence, in contradiction to the original interpretation 
[lo], 7 can be described as a 17 ve complex with the 
negative charge localized in the uncoordinated penta- 

Fig. 5. Molecular structure of 4b. Fe-Co bond length: 273.4(l) pm 
(for more information see ref. 11). 

dienyl part of the Cot ring (Scheme 2). In the case of 
the dinuclear FeCo complex 5 this pentadienyl anion is 
stabilized by the coordination of the CpFe+ unit. To 
confirm the structure of 5, which is the first dinuclear, 
synfacial 35 ve Cot complex (Scheme 21, Mossbauer 
studies are in progress. 

The second heterodinuclear complex 4a (Scheme 1) 
does not lose the substituent R as shown for 3, but 
undergoes an irreversible haptotropic rearrangement 
to isomer 4b at elevated temperature (Scheme 1, d). 

From ‘H NMR spectra (Experimental section) it 
becomes obvious that both isomers 4a and 4b should 
have a molecular C, symmetry, at least a time-aver- 
aged C, symmetry with respect to the NMR time scale. 
Unfortunately, no suitable crystals of the low tempera- 
ture isomer 4a have been obtained for structure analy- 
sis. However, a preliminary crystal structure determi- 
nation of the high temperature isomer 4b [ll * ] indi- 
cates a pseudo mirror plane containing the metal cen- 
tres as well as C4 and C8 of the C,H,-ring. The 
cyclooctatrienyl ligand is coordinated to the metal cen- 
tres via a p-(1,2,6,7-~ : 3-5-n) bonding mode (Fig. 5). 

Hence, the molecule consists of a ‘CpCp(n3-ally11 
unit and a CpFe(g4-diene) fragment wherein the two 
double bonds are isolated by a CH, group. On account 
of the Fe-Co distance of 273.40) pm and the diamag- 
netism of 4b, a Fe-Co single bond has to be consid- 
ered warranting 18 ve for each metal centre. Neverthe- 
less, it has to be mentioned that the Fe-Co bond 
length in 4b is one of the longest known Fe-Co single 
bonds [7]. The structure of the kinetically controlled 
isomer 4a still remains unclear but as a suggestion a 
2-5-n : 1,6,7-v bonding mode is outlined in Scheme 3, 
which results in a molecular C, symmetry. For this 

* Reference number with asterisk indicates a note in the list of 
references Scheme 2. 



238 U. Behrens et al. / Heterodinuckar Fe-Co complexes 

H 
2-5-q 1.6.7-q 3-6-q 1.2.7q 1.2.6.7-7) 3-q 

40 4b 

Scheme 3. 

kind of hapticity in synfacial dinuclear Cot and cyclooc- 
tatriene complexes a twitching process has recently 
been shown [12,13], simulating a molecular time-aver- 
aged C, symmetry which is in accordance with the ‘H 
NMR spectra. 

With increasing temperature the twitching process 
could change to a gliding process (Scheme 3, a), and as 
a result, the high temperature product 4b is formed. 
Alternatively, a metal-assisted hydrogen migration may 
occur to form 4b (Scheme 3, b). For the activation 
energy E, of the rearrangement is estimated at 103 
kJ/mol which is comparable with the activation barrier 
of the hydrogen shift in (tricarbonylX$-cyclohep- 
tatriene)chromium (1031 kJ/mol) [14], the hydrogen 
migration seems the more likely process. 

3. Experimental details 

All manipulations were carried out under nitrogen 
with thoroughly dried solvents. The electrochemical 
and ESR studies were performed as described recently 
[2a]. The in situ ESR study in a SEERS cell has been 
published elsewhere [15]. CpCo(C,H,), and CpM(l-5- 
n-C,H,-8-exe-R) (R = CH(CO,Et),: 2a; R = H: 2b) 
were prepared according to literature methods [6,.51. 

3.1. Preparation of [{(CpFe)(CpCo))EL-C,H,CH(CO, 
Et),] (3) 

0.92 (5.1 mmol) of CpCo(C,H,), was added to a 
stirred solution of 1.6 g (4.2 mmol) of 2a in 130 ml of 
hexane. After stirring at 40°C for 7 h, 205 ml ethene 
was formed. The reaction solution was cooled to + 6°C 
and the precipitate was isolated, dried and dissolved in 
a minimum amount of toluene. Addition of hexane and 
storage at - 30°C for two days revealed 0.26 g (12%) of 
3. Found: C, 58.5; H, 5.3. C,H,,CoFeO, (508.25) 
calcd.: C, 59.09; H, 5.55%. Because of the thermal 
lability which leads to the paramagnetic compound 5, 
the ‘H NMR spectrum of 3 shows a considerable line 
broadening which does not allow a complete assign- 
ment. Nevertheless, the Cp signals of the CpCo and 
CpFe units as well as most of the signals of the 
cycle-C, protons and the signals of the Et substituents 
could be assigned: 6 4.75, 3.96 (Cp); 4.43 (2H), 3.43 

(lH), 2.97 (lH), 2.55 (2H), 2.46 (2H) (cycle-C,); 4.0 
(CH,-CH,), 0.95 (CH,-CH,). 

3.2. Preparation of [(CpFe)(CpCo)]p-Cot (5) 

0.72 g (4 mm00 of CpCo(C,H,), was added to a 
stirred solution of 1.84 g (4.8 mm00 of 2a in 100 ml of 
hexane, and the reaction mixture was stirred for 16 h at 
40°C. In the meantime 140 ml ethene was formed. 
After refluxing for an additional 3 h, the dark solution 
was stored overnight at -30°C. Filtration yielded 0.89 
g of dark brown material of crude 5. 5 was purified by 
oxidation and subsequent reduction with sodium amal- 
gam (de infra). 

3.3. Preparation of {[(CpFe)(CpCo)]p-Cot} +BF, 
(SBF,) 

0.91 g (2.8 mmol) of [Ph,C]BF, were added to a 
stirred solution (-80°C) of 0.89 g (2.6 mm00 of 5 in 
dichloromethane. After stirring for one hour, the dark 
purple solution was allowed to warm to room tempera- 
ture. The crude product was precipitated by addition 
of Et,O. The solid material was collected on a filter 
frit and extracted with acetonitrile. The extract was 
evaporated to dryness, and the residue was re-dissolved 
in dichloromethane. The product was precipitated by 
addition of Et,O. Yield: 0.85 g (70% based on 2a) of 
5BF,. Found: C, 48.6; H, 4.5. C,,H,,BCoF,Fe (435.90) 
Calcd: C, 49.59; H, 4.16%. IR (nujol): v 1046 cm-’ (s, 
BF,). ‘H NMR ([Dslacetonitrile): 6 5.54s, Cp(Co), 
5H), 4.81 (s, Cot, 8H), 4.79 (s, Cp(Fe), 5H). 13C NMR 
([ DJacetonitrile): 6 = 87.9 (CpCo), 83.5 (CpFe), 60.6 
(Cot). FAB-MS: m /z(%‘o) 349(100) [M+l, 387(5), 284(6) 
[M+- Cp], 245(7) [M+- Cot], 228(7) [M+- CpFel, 
189(27) [M+- FeCot], 154(28), 136(25), 107(9). 

3.4. Preparation of {[(CpFe) (CpCo)]k-Cot} PF, (SPF, ) 
980 mg (2.9 mm00 of [FeCp,lPF, was added to a 

dichloromethane solution of 1.01 g (2.9 mm011 of 5. 
The solution immediately turned purple. After stirring 
for an additional 30 min, the purple solution was 
filtered and restricted. After addition of Et,0 and 
cooling to -30°C 1.22 g (85%) of 5PF, as purple 
crystals could be obtained. 

5PF, was also obtained by the oxidation of a toluene 
solution of 5 in air. The cation 5+ could be extracted 
with water. Addition of an excess of NH,PF, to the 
water solution yielded 5PF, as a dark violet microcrys- 
talline material (further purification: see above). Found: 
C, 43.8, H, 3.7. C,,H,,CoF,FeP (494.06) Calcd: C, 
43.76; H, 3.67%. IR (nujol): v 827 (s, PF,), 557 (s, PF,). 
‘H NMR ([D,]acetonitrile): S 5.54 (s, Cp(Co), 5H), 
4.81 (s, Cot, 8H1, 4.79 (s, Cp(Fe), 5HI. 
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3.5. Preparation of [{(CpFe)(CpCo)}p-Cot] (5) by re- 3.8. Determination of the activation energy E, of the 
duction of SPF, thermal rearrangement of 4u 

450 mg (0.9 mmol) of SPF, were added to a stirred 
suspension of 2.02 g sodium amalgam (1%) in 60 ml of 
THF. After stirring the solution for 4 h the dark brown 
solution was cooled to -40°C and decanted from solid 
Hg. The solvent was stripped off in vacua, and the 
residue was dissolved in toluene. Restriction of the 
solution and cooling to -30°C gave 290 mg (87%) of 
dark brown crystalline powder of 5. Found: C, 61.4; H, 
5.7. CtsHrsCoFe(349.77) Calcd.: C, 61.89; H, 5.20. 5 
has been additionally characterized as BF, salt by 
oxidation with [Ph,ClBF, (see 3.3). 

Four NMR tubes were each filled with a 0.3 M [DJ 
toluene solution of 4a, and were sealed under vacuum. 
Each NMR sample was tempered at a different tem- 
perature (50, 60, 70 and 78°C respectively). The 
progress of the thermolysis was followed by recording 
of ‘H NMR spectra in course of time. The ratio of 4a 
and 4b was determined measuring the integrals of the 
Cp resonance signals. From these data a first order 
reaction was found, and the activation energy E, was 
calculated by means of a least squares best fit of an 
Arrhenius plot: E, = 103 kJ/mol. 

3.4. Preparation of [{(CpFe)(CpCo))~-C,H,l (4a) 3.9. Crystal structure determination of SBF, 
420 mg (2.3 mm00 of CpCo(C,H,), were added to 

a stirred solution of 380 mg (1.7 mmol) of CpFe($- 
CsH,) (2b) in 100 ml hexane. After stirring for 16 h, 
the dark green solution was filtered, restricted and 
cooled to -30°C. After filtration 299 mg (50%) of 4a 
as a dark green material has been isolated. Found: C, 
61.23; H, 5.32. C,,H,,FeCo (350.12) Calcd.: C, 61.75; 
H, 5.47%. ‘H NMR ([DJbenzene): S 4.69 (s, Cp, 5H), 
4.48 (t, 2H), 4.20 (s, Cp, 5H), 3.95 0, lH), 3.38 (t, 2H), 
1.92 (m, 2H), 1.27 (t, lH), - 1.12 (dt, 1H). ELMS: 
m/z(%) 35006) [M+l, 28402) [M+- CpHl, 24408) 
[M+- CsH,], 229(38) [M+- CpFel, 226(46), 189(84) 
[M+- FeCsH,], 186(62), 160(20), 137(23), 124(91) [M+ 
- CpFeCsH,], 121(85) [M+- CpCoCsHJ, 115(11), 
10406) [M+- Cp,FeCoH], 103(20), 98(19), 91(22), 
78(26), 76(32), 65(31), 59(67) [M+ - Cp,CoC,H,l, 
56000) [M+- Cp,FeC,H,]. 

,3.9.1. Crystal preparation 
Suitable crystals of 5BF, were grown by slow recrys- 

tallization from dichloromethane. A dark violet brown 
crystal was chosen with the approximate dimension 
0.07 x 0.07 x 0.22 mm3. On account of the inertness 
against air the crystal was mounted directly. 

3.9.2. Data collection and refinement 
Intensity data were collected in o-scan mode on a 

Siemens R3m/V diffractometer at T = 193 K with 
graphite monochromated MO Ka radiation. 

3.7. Preparation of [{(CpFeNCpCo))p-C, Hs / (4b) 
250 mg (1.4 mmol) of CpCo(C,H,), was added to a 

stirred solution of 280 mg (1.2 mm011 of CpFe(q’- 
CsH,) (2) in 50 ml hexane. After stirring for 16 h, the 
dark green solution was refluxed for 7 h. The solution 
was evaporated to dryness, the residue was extracted 
with a minimum amount of toluene, and the toluene 
solution was cooled to -30°C for three days. After 
filtration 340 mg (69%) of 4b as a dark green crys- 
talline material has been obtained. Found: C, 61.68; H, 
5.30. C,,H,,FeCo (350.12) Calcd.: C, 61.75; H, 5.47%. 
‘H-NMR ([DJbenzene): S 4.81 (s, Cp, 5H), 4.21 (t, 
2H), 3.92 (s, Cp, 5H), 2.73 (t, lH), 2.54 (t, 2H), 2.41 (dt, 
lH), 2.28 (q, 2H), 0.18 (dt, 1H). EI-MS: m/z(%) 
350(28) [M+], 284(22) [M+ - CpHl, 244(38) [M+ - 
C,H,], 229(73) [M+- CpFel, 225(37), 189(79) [M+- 
FeCsH,], 186(63), X0(13), 137(33), 124000) [M+- 
CpFeCsH,], 121(86) [M+ - CpCoCsH,], 115(28), 
104(26) [M+- Cp,FeCoH], 103(23), 98(16), 91(30), 
78(24), 77(26), 65(41), 59(68) [M+ - Cp,CoC,H,l, 
56(69) [M+- Cp,FeC,H,]. 

The structure was solved by direct methods and 
subsequent difference Fourier synthesis. The full-ma- 
trix least squares refinement with isotropic displace- 
ment factors for all atoms except the metal atoms 
yielded a R-factor of 0.087 for 2895 reflections with 
Z < 3a [16]. The hydrogen atoms were refined using a 
riding model with fixed temperature factors. The prin- 
cipal experimental parameters of the crystal structure 
analysis and crystal data are collected in Table 1. 

The assignment of the metal centres Fe and Co was 
made because an exchange of these positions leads to 
worse R-values and considerably larger temperature 
factors. A better refinement of the structure was ham- 
pered by the weakly diffracting crystal and by the 
disorder of the BF, ions. 

Further details of the structure determination can 
be obtained upon request from the Fachinformations- 
zentrum Karlsruhe, Gesellschaft fur wissenschaftlich- 
technische Information mbH, D-76344 Eggenstein- 
Leopoldshafen, giving reference to the depository 
number CSD-400601 and citing the authors and this 
paper. 
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