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Abstract

The reaction of CpFe(1-5-7-CgHg-8-ex0-R) (R = CH(CO,Et),: 2a; R=H: 2b) with CpCo(C,H,), at T <40°C vyields the
diamagnetic heterodinuclear, cyclo-Cg bridged FeCo complexes [{((CpFeXCpCo)lu-(n'-CsHgR)] (R = CH(CO,Et),: 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)}u-Cot] (5). The ESR data of 5 indicate a cobalt
localized unpaired electron. § is easily oxidized by O,, [Ph,CIBF, or [FeCp,JPF, yielding the stable diamagnetic 34 ve cation
[{(CpFeXCpCollu-Cot]* (§*). Crystal structure analysis of SBF, establishes a synfacial °: n° coordination with a very long Fe—Co
distance of about 287(1) 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*/52* and one quasi-reversible redox couple 57 /5.
Evidence for the formation of the radical dication $2* 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 1,2,6,7-17:3-5-n bonding mode for the cyclooctatrienyl ligand.
The cyclooctatrienyl ligand of the low temperature isomer 4a is assumed to coordinate via a 1-7:6,7-n-bonding mode to the Co
centre whereas the coordination mode of the cyclo -Cg 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)u-Cot] (L, = Cp,
(CO);; M =V, Cr, Mo, W, Fe, Co) have been prepared
with CpCr(n5-Cot) as starting material [2,3]. CpCr(n°®-
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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(7n®-Cot)]PF; (1) as the precursor
compound failed, although this also contains a free
double bond in the Cot ligand [4]. 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(1-5-n-C3H¢-8-ex0-R)-
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(R = CH(CO,Et),: 2a; R =H: 2b) were used as the
starting material, as these are neutral and possess an
uncoordinated double bond [5]. As a CpM transfer
reagent, CpCo(C,H,), [6] was chosen.

2. Results and discussion

The reactions of 2a and 2b with CpCo(C,H,), yield
the heterodinuclear complexes [(CpFeXCpCo)u-CgHg-
R] (R=CH(CO,Et),: 3; R=H: 4a) in acceptable
yields (Scheme 1, a). 3 and 4a are thermally labile. In
the case of 3 the thermal lability becomes apparent
from the cleavage of the substituent R = CH(CO,Et),
with increasing temperature, and the 35 ve complex
[{(CpFeXCpCo)}u-Cot] (5) is obtained (Scheme 1, b). §
is paramagnetic, ESR active (vide infra) and extremely
sensitive to oxygen. Therefore, 5 can easily be oxidized
by air, [Ph,CIBF, or [FeCp,]PF, forming the stable
diamagnetic cation 5*. The reduction of 5* with sodium
amalgam yields 5 again (Scheme 1, c).

=

Fe

P ]
I

= CH(CO,Et);: 2a
R=H 2b

a) CpCo(CaH,)z

hexane
[(CpFe)(CpCo)]u—(CaHeR) R = CH(CO.Et)y: 3
R = H: 4a
b) d)
hexane/, hexane/
3h reflux 7 h reflux

[(CpFe)(CpCo)]u—Cot [(CpFe)(CpCo)]p—(CaHg)
5 4b

[PhsC]BF, or [FeCp,lPF,
CH,Cly

c) Na/Hg| or

1)03/H,0
2)NH,PF

[{(CpFe)(CpCo)u—Cot]x X = BF,, PFg
5X

Scheme 1.

Fig. 1. Molecular structure of 5BF,. Only one of the three molecules
per asymmetric unit is shown (the hydrogen atoms are omitted for
clarity, the metal atoms are shown as 50% thermal ellipsoids; con-
cerning the assignment of Fe and Co see Experimental part). Se-
lected bond lengths (pm) (the bond lengths of the two other molecules
are in parentheses): Col-Fel 286.3(4) [288.1(5), 286.5(4)]); Col-C111
198(2) [204(2), 198(2)]; Co1-C118 198(2) [197(2), 207(2)}; Col-C117
198(2) [202(2), 202(2)]; Col-C116 241(2) [241(2), 250(2)]; Co1-C112
258(2) [255(2), 238(2)); Fe1-C112 223(2) [222(2), 233(2)], Fel1-C113
204(2) [200(2) 19%(2); Fel-C114 201(3) [204(2), 208(2)]; Fel-C115
198(3) [201(2), 202(2)]; Fel-C116 233(2) [223(2), 225(2)]. The angle
between the best planes defined by C111, C112, C116, C117 and
C112, C113, C115, C116 amounts to 138°.

The crystal structure analysis of 5BF, (Fig. 1, Tables
1 and 2) reveals a synfacial configuration with a pseudo
mirror plane which contains the metal centres and
bisects the Cot as well as the Cp ligands. The asymmet-
ric unit has three different molecules SBF, with differ-
ent Fe—Co distances ranging between 286.3(4) and
288.1(5) pm. These iron—cobalt distances are too long
for a Fe-Co single bond; they are more than 10 pm
longer than the longest known Fe-Co single bonds
(vide infra) [7a)], which are normally in the range 250-
270 pm [7b,c]. The Cot ligand is coordinated in a
1°:n°-bonding mode. The two n° planes of the Cot
ligand enclose an angle of 138°. Based on this structure
determination two resonance structures can be as-

TABLE 1. Principal experimental parameters of the crystal structure
analysis and crystal data for [{(CpFeXCpCo)}u-Cot]BF, (5BF,)

P2, /c

chem formula C;3H ;gBCoF,Fe space group

fw 435.9 density g cm 3 1.761
a, pm 2115.4(12) abs. coeff. mm~! 1.929
b, pm 1285.6(6) indep. reflections 10834
¢, pm 1832.7(8) obs. reflections 2895 (F >
3.00(F))
B,° 98.15(4) R 0.0870
cell vol.
pm3x10~% 4934(4) wR 0.0722
VA 12




TABLE 2. Atomic coordinates (x10*) and equivalent isotropic

displacement coefficients (A2 X 103)
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x y z Ueq a
Co(1) 75(1) 2731(2) 1255(2) 32(1)
Fe(1) 682(1) 2723(3) 2754(2) 28(1)
Co(2) —6642(2) 3108(2) —4217(2) 34(1)
Fe(2) - 5948(2) 2191(2) —5299%(2) 31(1)
Co(3) —3148(1) 3217(2) —3416(2) 31(1)
Fe(3) —2752(1) 3004(2) —1862(2) 27(1)
a1 551(12) 4042(20) 879(13) 60(8)
«(12) ~89(12) 4010(18) 611(12) 4%7)
(13) —268(11) 3114(17) 171(12) 41(6)
(14) 301(10) 2516(15) 212(11) 31(6)
a15) 781(11) 3061(17) 625(11) 41(6)
(16) 1417(10) 2925(18) 3618(12) 43(6)
(17) 1666(11) 2676(19) 2942(12) 50(7)
(18 1482(11) 3491(19) 2448(14) 56(8)
(19 1080(12) 4212(20) 2733(14) 60(8)
C(110) 1076(11) 3841(19) 346%(13) 55(8)
(111) —664(9) 2782(16) 1808(10) 27(5)
C(118) —649%(10) 1826(16) 1418(11) 34(6)
117 —90(10) 1251(16) 1465(11) 31(6)
(116) 463(11) 1265(16) 2008(12) 37%(6)
C(115) 540(12) 1205(19) 2796(14) 58(8)
c(1149) 172(12) 1695(20) 3254(14) 59%8)
c(13) —160(10) 2596(16) 3170(11) 34(6)
C(112) —343(10) 3162(18) 2473(12) 45(7)
2D —6749(12) 3476(21) —-3163(13) 62(8)
(22) —6261(12) 2804(20) —3113(13) 59%8)
«23) —6502(11) 1886(19) —3481(12) .5(¢)]
«24) —7168(12) 2075(19) —3700(12) 53(D)
a(25) —7298(12) 3053(19) —3520(12) 53(7)
(26) —6034(11) 719(17) —4897(13) 44(7)
2N —6021(12) 669(18) —5637(14) 51(D)
C(28) —5433(10) 1094(16) —5786(12) 37(6)
c(29) —5108(12) 1378(17) —5097(13) 47(7)
C(210) —5464(11) 1174(17) —4548(14) 50(7)
C(211) —~7218(12) 3518(18) ~5160(12) 56(8)
C(212) —6961(10) 2671(18) ~5575(12) 44(7)
C(213) —6568(11) 2777(19) - 6124(13) 52(7)
C(214) —5980(10) 3289(16) —6105(12) 36(6)
C(215) —5577(11) 3596(16) —5470(12) 40(7)
C(216) —5760(10) 3754(16) —4781(12) 35(6)
Cc217) —6237(10) 4410(16) —4548(11) 2H6)
C(218) —6887(9) 4366(16) —4800(10) 26(6)
c@3n —3843(9) 203717) —3550(11) 33(6)
c(32) ~3546(10) 2153(17) —4184(11) 35(6)
C(33) —3650(9) 3174(16) —4457(11) 29%(6)
C(34) ~4018(10) 3728(17) —3964(11) 3%6)
(35 —4127(10) 3002(18) —3425(12) 50(7)
C(36) —3481(13) 1995(21) —1701(14) 73(9)
@37 —3604(12) 3004(20) —1490(13) 63(8)
C(38) —3144(10) 3222(19) —-943(12) 43(7)
(39 —2723(11) 2445(16) —830(12) 38(7)
C(310) —2900(11) 1671(19) —1320(12) 52(D)
C(311) —2241(9) 2913(16) ~3492(11) 29(6)
C(312) —2216(10) 2387(17) —2801(11) 41(7)
o(313) —1893(10) 2642(17) —2112(12) 41(6)
C(314) —1820(12) 3553(19) —1713(13) 58(8)
(315) -2272(12) 4368(19) —183%(13) 57(8)
C(316) —2767(13) 4540(18) —2454(13) 5%8)
c317) —2688(11) 4593(19) ~3238(13) 527
C(318) —2342(10) 3955(17) -3676(12) 35(6)

TABLE 2 (continued)

x y z Ug?

B(2) 4924(3) 9637(5) 2421(4) 41(8)

F(5) 4366 9948 2639 62(6)

F(6) 4913 9855 1693 61(6)

F(7) 5420 10148 2821 100(8)

F(8) 4998 8595 2530 71(6)

B(1) 1947(6) —57(10) 4502(7) 82(18)
F(1) 2154 489 5125 151D
F(Q2) 2440 —202 4111 11%(17)
F(3) 1473 481 4085 107(16)
F(1A) 1959 -23 3763 234(34)
F(Q2A) 2548 81 4863 135(20)
F(3A) 1561 At 4695 147(22)
F4) 1720 - 996 4686 127(10)
B(@3) 1284(5) 9712(9) 559(6) 76(12)
F(9) 1597 9070 141 132(10)
F(10) 648 9685 311 85(16)
F(11) 1504 10700 509 67(15)
F(12) 1391 9395 1273 129(20)
F(10A) 1091 10580 165 161(18)
F(11A) 1683 9986 1177 63(11)
F(12A) 767 9212 752 111(14)

? Equivalent isotropic U defined as one third of the trace of the
orthogonalized Uj; tensor.

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

& m R H

Fe : Co Fe Co®P

n n P
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 Cz11, Cz13-Cz15, Cz17 and C:z18
(z=1-3) (Fig. 1). In contrast to this coordination
mode, the "H-, ®C-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 §, cyclic voltammetry studies were performed.
5BF, exhibits a well-defined oxidation and reduction
step at 0.0 V and at —1.45 V (uvs. 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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Fig. 2. Cyclic voltammogram of [{(CpFeXCpCo)u-Cot]BF, (5BF,)
(DME, 0.1 M ["Bu,JPF;, Pt working electrode, vs. Ag/Ag*, 0.1 M
Ag triflate).

iy/i;. Hence, the redox chemistry of 5§ follows the
redox cascade:
52525T25%

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 < 230 K) (Fig. 3). In liquid solution, the ESR spec-
trum (Fig. 3, A) only shows an asymmetrical envelope
signal without *Co hyperfine structure (hfs) which may
be due to comparable *Co hf coupling constants (hfcc)

TABLE 3. Cyclic voltammetry data of [{(CpFeXCpCo)}u-CotIBF,
(SBF,) *

redox couple E, ;,° V] AE [mV) iy /is©
+1/+2 +0.003(3) 85 1.0
0/+1 —1.45(3) 85 1.0
-1/0 —2.66 170 d

® Eequitibrium (SBF)=—950 mV, T = 20°C.

by =100 mV /s, vs. Ag/Ag* (0.1 M [("Bu),NIPF; in DME, working
electrode: Pt, reference electrode: Ag/0.1 M Ag triflate in DME).
€i,: peak current of the backward scan, i;: peak current of the
forward scan.

9 Difficult to determine because of limitations of the solvent.
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Fig. 3. X-band ESR-spectra of [{(CpFeXCpCo)lu-Cot**(5%+),
recorded in situ during the electrochemical generation of 5%+; A:
liquid solution spectrum (toluene, T =230 K); B: solid solution
spectrum (7 = 15 K) (acetone, 0.1 M ["Bu],PF).

and line widths. The large peak-to-peak line width
AB,,, =143 G is in accord with the distinct g and *’Co
hf anisotropy of 52* that becomes clear from the rigid
solution spectrum (Fig. 3, B, Table 4). The g and *Co
hf anisotropy and the magnitude of the *Co hfcc of
52* point to a non-degenerate ground state with a
Co-centred unpaired electron [9).

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

TABLE 4. ESR data of [{(CpFeXCpCo)lu-Cot] (5), 52* and
[CpCoCot]~ (7) [10]

52+ 5 7
g 2.30 2.19 2.20
A,(*°Co) [G) 52 43 46
g, 2.06 2.04 2.02
A(¥Co) [G] 23 48 41
g3 199° 1.9 1.95
A4(>°Co)[G] 12 46 41
(g 2.12 2.07 2.06

® g,, g5 and the corresponding Co hfcc were only determined
approximately due to the low resolution of the spectrum in this
region.
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g=20
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[6]

L

2600 2800 30‘00 3200 3400 3600

[(}}
Fig. 4. X-band ESR-spectra of [{(CpFeXCpCo)}u-Cot] (5); A: liquid
solution spectrum (toluene, T = 220 K); B: solid solution spectrum

(toluene, T = 40 K).

are comparable to 52*. The liquid solution ESR-spec-
trum shows one broad asymmetrical signal (ABp =30
G) void of any *Co hfs (Fig. 4, A). As for 52, the *°Co
hf coupling constant is apparently of the order of
magnitude of the line width. In comparison with 52+,
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 *°Co 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 [CpCon*-
Cot]~ (7) [10] (Table 4), showing that the frontier
orbitals of both types of complexes are very similar.
Hence, in contradiction to the original interpretation
[10], 7 can be described as a 17 ve complex with the
negative charge localized in the uncoordinated penta-

Scheme 2.

Ol J-cm
Cia)
ci8)

Fig. 5. Molecular structure of 4b. Fe-Co bond length: 273.4(1) 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 2), Mdssbauer
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 [11 *] indi-
cates a pseudo mirror plane containing the metal cen-
tres as well as C4 and C8 of the CyH,-ring. The
cyclooctatrienyl ligand is coordinated to the metal cen-
tres via a p-(1,2,6,7-n : 3-5-1) bonding mode (Fig. 5).

Hence, the molecule consists of a ‘CpCp(n3-allyl)
unit and a CpFe(n*-diene) fragment wherein the two
double bonds are isolated by a CH, group. On account
of the Fe—Co distance of 273.4(1) 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
2-5-1:1,6,7-n 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
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H
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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 (tricarbonyl)Xn®-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(1-5-
1-CgHg-8-ex0-R) (R = CH(CO,Et),: 2a; R=H: 2b)
were prepared according to literature methods [6,5].

3.1. Preparation of [{(CpFe)(CpCo)}u-CysHyCH(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,sH,;CoFeO, (508.25)
caled.: 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
cyclo-Cg4 protons and the signals of the Et substituents
could be assigned: 8 4.75, 3.96 (Cp); 4.43 (2H), 3.43

(1H), 2.97 (1H), 2.55 (2H), 2.46 (2H) (cyclo-Cy); 4.0

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

0.72 g (4 mmol) of CpCo(C,H,), was added to a
stirred solution of 1.84 g (4.8 mmol) 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. § was purified by
oxidation and subsequent reduction with sodium amal-
gam (vide infra).

3.3. Preparation of {[(CpFe)(CpCo)]u-Cot}*BF,
(5BF,)

0.91 g (2.8 mmol) of [Ph,;CIBF, were added to a
stirred solution (—80°C) of 0.89 g (2.6 mmol) 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,0. 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,3;H;BCoF, Fe (435.90)
Calcd: C, 49.59; H, 4.16%. IR (nujol): v 1046 cm~! (s,
BE,). 'H NMR ([D;lacetonitrile): & 5.54s, Cp(Co),
5H), 4.81 (s, Cot, 8H), 4.79 (s, Cp(Fe), SH). °C NMR
([ D,]acetonitrile): & = 87.9 (CpCo), 83.5 (CpFe), 60.6
(Cot). FAB-MS: m /2(%) 349(100) [M™*], 387(5), 284(6)
[M*—Cpl, 245(7) [M*—Cot], 228(7) [M*— CpFe],
189(27) [M*— FeCot], 154(28), 136(25), 107(9).

3.4. Preparation of {{(CpFe)(CpCo)]u-Cot}PF (5PFy)

980 mg (2.9 mmol) of [FeCp,]PF; was added to a
dichloromethane solution of 1.01 g (2.9 mmol) 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,O 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 § in air. The cation 5% could be extracted
with water. Addition of an excess of NH,PF; to the
water solution yielded SPF; as a dark violet microcrys-
talline material (further purification: see above). Found:
C, 438, H, 3.7. C;3H 3CoF,FeP (494.06) Calcd: C,
43.76; H, 3.67%. IR (nujol): v 827 (s, PFy), 557 (s, PF).
'H NMR ([ D;]acetonitrile): § 5.54 (s, Cp(Co), SH),
4.81 (s, Cot, 8H), 4.79 (s, Cp(Fe), SH).
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3.5. Preparation of [{(CpFe)(CpCo)}u-Cot] (5) by re-
duction of 5PF,

450 mg (0.9 mmol) of S5PF, were added to a stirred
suspension of 2.02 g sodium amalgam (1%) in 60 ml of
THEF. 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 vacuo, 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. C,gH,sCoFe(349.77) Calcd.: C, 61.89; H, 5.20. §
has been additionally characterized as BF, salt by
oxidation with [Ph,CIBF, (see 3.3).

3.6. Preparation of [{(CpFe)(CpCo)}u-CzH,] (4a)

420 mg (2.3 mmol) of CpCo(C,H,), were added to
a stirred solution of 380 mg (1.7 mmol) of CpFe(n°-
CgHy) (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 3H sFeCo (350.12) Calcd.: C, 61.75;
H, 5.47%. '"H NMR ([ D Jbenzene): 6 4.69 (s, Cp, SH),
4.48 (t, 2H), 4.20 (s, Cp, 5H), 3.95 (t, 1H), 3.38 (t, 2H),
1.92 (m, 2H), 1.27 (t, 1H), —1.12 (dt, 1H). EI-MS:
m /z(%) 350(16) [M*], 284(12) [M*— CpH], 244(18)
[M*— CgH,l, 229(38) [M*— CpFel, 226(46), 189(84)
[M*— FeCgH,), 186(62), 160(20), 137(23), 124(91) M *
— CpFeCgH,l, 121(85) {M*— CpCoCyH,], 115(11),
104(16) [M*— Cp,FeCoHl], 103(20), 98(19), 91(22),
78(26), 76(32), 65(31), 5%(67) [M*— Cp,CoCgH,],
56(100) [M* — Cp,FeCgH,].

3.7. Preparation of [{(CpFe)(CpCo)}u-CgH,] (4b)

250 mg (1.4 mmol) of CpCo(C,H ), was added to a
stirred solution of 280 mg (1.2 mmol) of CpFe(n-
CgH,) (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,gH,oFeCo (350.12) Calcd.: C, 61.75; H, 5.47%.
'H-NMR ([ D¢Ibenzene): & 4.81 (s, Cp, SH), 4.21 (t,
2H), 3.92 (s, Cp, SH), 2.73 (t, 1H), 2.54 (t, 2H), 2.41 (dt,
1H), 2.28 (g, 2H), 0.18 (dt, 1H). EI-MS: m /z(%)
350(28) [M™*], 284(22) [M*— CpH], 244(38) [M*—
CgH,l, 229(73) [M™* — CpFel, 225(37), 189(79) [M* -
FeCgH,), 186(63), 160(13), 137(33), 124(100) [M*—
CpFeCgH,), 121(86) [M* — CpCoCgzH,l, 115(28),
104(26) [M*— Cp,FeCoH], 103(23), 98(16), 91(30),
78(24), 77(26), 65(41), 59%68) [M* — Cp,CoCiH,],
56(69) [M*— Cp,FeCyH,l.

3.8. Determination of the activation energy E, of the
thermal rearrangement of 4a

Four NMR tubes were each filled with a 0.3 M [ Dy]
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.

3.9. Crystal structure determination of SBF,

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 mm>. On account of the inertness
against air the crystal was mounted directly.

3.9.2. Data collection and refinement

Intensity data were collected in w-scan mode on a
Siemens R3m/V diffractometer at T=193 K with
graphite monochromated Mo Ka radiation.

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
I <30 [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 fiir 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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