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Abstract 

Dynamic NMR studies have shown that the energies of the bridge reversal fluxion in the [3]- 
ferrocenophanes [Fe(C,H,Te)sE] (E = S, Se, Te) are, in terms of AG* (298 K) data, 56.3,55.4 and 51.8 kJ 
mol-’ respectively. These values, which are a function of total bridge length, are compared with values 
for the other trichalcogena-[3]ferrocenophanes. Relative magnitudes of torsional barriers about chalco- 
gen-chalcogen bonds calculated from these data, showed the Te-Te torsion energy to be 1.7 kJ mol-’ 
lower than the Se-Te torsion and 2.2 kJ mol-’ lower than the S-Te torsion. The mechanism of the 
bridge reversal process was investigated by CNDO/Z calculations on [Fe(C,H,E),E] (E = S, Se, Te), 
which showed that a transition state structure involving staggered Cp rings, akin to the half chair 
conformation of cyclohexane, is considerably more favoured than a structure with eclipsed Cp rings and 
a planar trichalcogen bridge. 

Introduction 

Although 1,2,3-trichalcogena-[3]ferrocenophanes have been known for the past 
twenty years, only recently have syntheses been found for all members of the series. 
Literature references for synthetic routes to all nine members of the series 
[Fe(C,H,E),E’] are as follows: E = E’ = S [l], Se [2], Te [3]; E = S, E’ = Se, Te [2], 
E = Se, E’ = S, Te [2] and E = Te, E’ = S, Se [4]. Such compounds are known to 
undergo a restricted bridge reversal fluxion analogous to six-membered ring chair- 
chair conformational exchange. The process can be accurately monitored by dy- 
namic NMR (DNMR) spectroscopy. Previous studies of this type in this laboratory 
were concerned with the complexes (E = E’ = S, Se), (E = S, E’ = Se, Te) and (E = 
Se, E’ = S, Te) [5]. We now report analogous studies on the missing members of this 
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series, namely (E = Te, E’ = S, Se, Te) complexes. Trends in the magnitudes of their 
bridge reversal barriers will be discussed in terms of total trichalcogen bridge 
lengths. Relative torsion energies of like and unlike chalcogen-chalcogen single 
bonds will be deduced from the NMR data. 

The more favoured mechanism for the bridge reversal process has been ascer- 
tained by CND0/2 molecular orbital calculations of the ground state and likely 
transition state energies of the homochalcogen complexes [Fe(C,H,E),E] (E = 
S, Se, Te). 

Materials 
Samples of 1,2,3&ichalcogena-[3]ferrocenophanes, [Fe(C,H.,Te),E] (E = 

S, Se, Te) were kindly donated by Professor Max Herberhold of the University of 
Bayreuth, Germany. 

NMR studies 
These were performed on a Bruker AM 250 spectrometer operating at 250.13 

MHz for ‘H spectra. A standard B-VT 100 unit was used to control the NMR probe 
temperature, the calibration of this unit being checked periodically against a 
Comark digital thermometer. Quoted spectral temperatures are accurate to at least 
+ lo C. NMR bandshape analyses were carried out as previously [5,6] using the 
authors’ version of the DNMR~ program [7]. Spectra of all complexes were recorded 
on solutions in CDCl,. 

CNDO calculations 
Molecular orbital calculations on the ground state and bridge reversal transition 

state structures of the complexes [Fe(C,H,E),E] (E = S, Se, Te) were performed 
using the CND0/2 method of Pople et al. [8,9]. Empirical parameters for the 
various atoms, namely S, (I + A)/2 and /I’, were taken from the following sources, 
atoms, C, H, S [lo], Fe [ll], Se [12] and Te [13]. 

Results and discussion 

NMR banrishape analyses 
The NMR signals of the cyclopentadienyl (Cp) ring protons, when recorded as a 

function of temperature, are a sensitive monitor of the rate of reversal of the 
trichalcogen bridge atoms [5]. This process is slow on the ‘H chemical shift time 
scale at temperatures around -40” C and below. These ‘static’ spectra consist of 
four complex signals associated with the four anisochronous protons of each Cp 
ring (Fig. 1). Each proton has an isochronous but magnetically non-equivalent 
counterpart in the other Cp ring, but because the static spectra show no evidence of 
long range couplings between protons on different rings the spin system for the 
complexes can be accurately described in terms of the spins of a single Cp ring, 
namely ABCD (Fig. 1). The onset of bridge reversal at higher temperatures will 
average pairs of protons according to the dynamic spin system: 

ABCD * DCBA 
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Table I 

CND0/2 calculated rinp reversal barriers 

AE, a (kJ mol-‘) AE,, * (kJ mol-‘) AE(exp) ’ (kJ mol-‘) 

lFe(C,B,s),Sl 89.87 72.40 80.4 
tFe(C,H,*),sel 68.49 d 36.78 d 

45.40 e 25.53 e 
61.2 

lFe(C,BJe)J4 60.61 32.45 51.8 

’ Assuming transition state I. * Assuming transition state II. ’ NMR-derived values. d Using /3 o (Se) = 

- 20 eV. e Using /3 o (Se) = - 11 eV. 

minimum energies corresponding to the optimised geometries of the ground and 
transition state structures are given in Table 6. Differences between these energies 
represent the ring reversal barriers. These have been calculated in Table 7 and 
compared with the NMR-based experimental values. Close quantitative agreement 
was not expected, given the approximate nature of CNDO calculations and uncer- 
tainties in the appropriate values of atomic parameters. 

However, agreement is moderately good, particularly for the [Fe(C,H,S),S] 
complex. Of rather greater interest, however, are the relative magnitudes of the 
energy barriers for the two ring reversal mechanisms. In all cases the finding is that 
the mechanism involving relative Cp ring rotation into a staggered configuration 
(transition state II, Fig. 5) is much favoured energetically. Thus, the previous 
assumption [5] that this is the preferred mechanism is now supported by. quantita- 
tive evidence. 
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