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summary 

Variable temperature NMR studies have shown that, at temperatures below 
-lOO”C, the bridge reversal process in [3]ferrocenophane is slow on the NMR 
time scale and studies have yielded an energy barrier of 40.4 kJ mol-’ for this 
process, a value lower than that for ring reversal in cyclohexane. Other [S]fer- 
rocenophanes with six-membered ring analogues have also been studied and the 
data obtained have allowed interesting comparisons between the bridge and 
ring reversal processes to be made. A number of torsional barriers about car- 
bon-chalcogen and chalcogen-chalcogen bonds have also been calcuiated. 

Introduction 

We have recently investigated a variety of fluxional phenomena including six- 
membered heterocyclic ring reversal [ 1,2] and [3]ferrocenophane bridge rever- 
sal [3,4]. In OUI previous paper [ 41 we showed how the application of dynamic 
NMR techniques to [ 31 ferrocenophanes containing chalcogen bridging atoms 
led to particularly accurate energy barriers for the bridge reversal process. The 
values obtained enabled relative torsional barriers about bridge bonds to be cal- 
culated and, iu the case of Cp,FeS,, analogies with the ring reversal process of 
the six-membered ring (Cm, were made. In order to gain further insight into 
the factors governing such bridge reversal barriers we have extended these 
studies to include other [3]ferrocenophanes with six-membered ring analogues, 
namely the compounds Cp,FeX,Y (X = CH,; Y = CH,, 0 or S: X = S; Y = CH, 
or CMe,). 

* For part I see ref. 4. 
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Experimental 

All the [Slferrotienophanes were examined in CD,Cl,/CS2 mixed solvent 
solutions. Variable temperature NMR spectra were recorded between -120” C 
and ambient temperature at 5-10°C intervals. A JEOL PS/PFT-100 spectrome- 
ter was used to record the 25 MHz 13C and 100 MHz ‘H spectra and a Perkin- 
Elmer R34 spectrometer at P.C.M.U. Harwell was used for the 220 MHz ‘H 
spectra. A JES-VT-3 unit was used to control the probe temperatures which 
were measured, using a Comark digital thermometer type 5000 attached to a 
Cu/Cu-Ni thermocouple adapted for use in the NMR probe, to an accuracy of 
at least *lo C. 

AlI the compounds studied have been synthesised previously. [ 3] Ferroceno- 
phane [Cp,Fe(CH,),CH2 ] was prepared in a novel way by treatment of l,l'- 
dilithioferrocene with 1,3_dibromopropane to yield [3]ferrocenophane 
directly; however yields using this method were low, and on balance we feei 
that the original method of Rosenblum et al. [5] is to be preferred. 2-Oxa[3]- 
ferrocenophane [Cp,Fe(CH,),Oj was prepared in good yields using the method 
of Yamakawa and Hisatome [6]. The sample of 2-thia[3]ferrocenophane 
[Cp,Fe(CH,),S] was donated by Drs. A.G. Osborne (of this Department) and 
R.H. Whiteley. The compounds 1,3dithia[3]ferrocenophane [Cp2FeS,CH,] 
and 1,3-dithia-2,2dimethyl[3] ferrocenophane [ Cp,FeS,CMe, J were prepared 
from Cp,FeS, using the method of Davison and Smart [‘I’] _ 

ResuIts 

Bridge reversal barriers were computed in the usual way from analyses of 
variable temperature spectra C&9]. In contrast to the chalcogen bridged [3]fer- 
rocenophanes [4] the spectra of the compounds studied here all exhibited dis- 
tinctive features and will be described individually_ 

Cp,FdCHd, CH, 
The analogy between [3]ferrocenophane and cyclohexane (Fig. 1) was first 

Fig. 1. The analogy between the bridge and r&g reversal processes. 
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recognised by Rosenblum et al. [ 51 who interpreted the relatively simple room 
temperature spectrum of Cp,Fe(CH&CH, as arising from a situation where 
bridge reversal was rapid. Later work [lo] failed to “freeze out” this motion at 
--55°C, the low temperature limit of the solvent (CDCl,) used. By choosing a 
more suitable solvent system (CD,Cl,/CS,) we have been able to obtain ‘H 
spectra of Cp,Fe(CH2)2CH, at temperatures between -53” C and -120°C. The 
methylene region of these spectra is illustrated in Fig. 2. 

Assuming rapid bridge reversal to be occurring at -50°C and above, the 
expected ‘H spectra in this temperature range should consist of two distorted 
triplets, arising from an AA’BB’ spin system for the Cp protons, and two com- 
plex multiplets in the ratio 2/l corresponding to the two types of methylene 
protons_ However, as a result of accidental equality of certain chemical shifts, 
only two bands were observed at room temperature. Upon cooling the sample 
to -lOO”C, both regions’of the spectra became more complex but underwent 
no further significant changes below this temperature. To facilitate the inter- 
pretation and analysis of these spectra a 220 MHz spectrum was recorded at 
-100°C. This is illustrated in Fig. 3 together with its computer simulation. 

Fig. 2. Variable temperature 100 MHz IH spectra of CP2Fe(CH&CH2 (metblene repion). 
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I”“““’ ‘“‘l”“’ 
150 Hi 

Fig. 3.220 b%Hz spectrum of CP~F~<CH~)@Z~ and its computer simuIation_ 

The computer simulation of the Cp region was readily performed by treating 
the spectrum as a 4 spin problem (Fig. 4), as described previously [4 J . This 
gave the chemical shift and coupling constant data for Cp protons in Tables 1 
and 2 which show no unusual features [4,11]. Unfortunately attempts to use 
the changes in the Cp spectral region to calculate the bridge reversal barrier 
were unsuccessful owing to the small chemical shift differences involved. Our 
attention was therefore directed towards the interpretation of the methylene 
region. 

The “static” spectrum of this region at -100°C (Fig. 3) was‘treated as an 
AA’BB’CD spin system (Fig. 4). The chemical shift values obtained at 220 Ml& 
could be successfully reduced to fit the 100 MHz spectra without error, the val- 
ues being given in Table 1. The values of the gemmal and vicinal couplings were 
found to be JAB = JA*s = -14.0 Hz; JAc = JAec = 2.0 Hz; JAB = JArD = 2.0.Hz; 
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Fig. 4. Sfatic conformation of [3lferrocenophane showing proton assignments. 

JBC = JB*C = 2.0 Hz; JBD = Jg,, = 13.0 Hz; JcD = -13.0 Hz. The long range 
4J(HH) couplings could not be resolved and were accounted for by using a large 
value (5 Hz) for the natural line width [12]. 

The dynamic spin problem for the methylene region undergoing bridge rever- 
sal is AA’BB’CD * B’BA’ADC which is too complex for the DNMR computer 
program. However, we have recently shown that such spin systems can be 
reduced without significant error to exchanging ABCD systems providing that 
only the higher frequency AB portion is fitted [12]. Unfortunately in this case 
such a reduction is impossible because the CD region of the spectra is situated 
between the A and 33 regions. 

Thus in order to compute the bridge reversal energy we were forced to study 
the 13C spectrum of CpZFe(CH,),CH,, a difficult procedure owing to the poor 
solubfity of the compound at low temperatures_ At -100°C the 25 MHz 13C 
spectra of [Sjferrocenophane gave the expected single line for the quatemary 
Cp carbon (6 85.88 ppm), four signals for the methine Cp carbons (6 72.08, 
69;82, 68.30 and 67.81 ppm) and two signals for the methylene carbons in the 
intensity ratio 2 (6 24.54 ppm)/l(6 35.58 ppm). Upon raising the temperature 
to ambient, the outer and inner pairs of methine Cp carbon signals broadened 
and coalesced to give two averaged signals. The spectra at --67”C and -79°C 
were simulated as a mutually exchanging Pspin problem giving values for the 
rate of bridge reversal at these two temperat?ses. These data were then utilised 
to give the value of AG* (7’) for Cp,Fe(CH,),CH, in Table 3. 

TABLE 3 

COMPARISON OF AG+ <Tc) FOR BRIDGE REVERSAL AND RING REVERSAL PROCESSES 

Bridge reversal 

Compound 

Cp2FeS2S 
Cp2FeS2CH2 
Cp2FeS2CMq 
Cp2F==tCH&CH2 
CPzFe(CH&O 
CpzFe(CHzW 

AC+& 
(kJ mol-I ) 

80-1 

47.2 
42.8 
40.4 
39.7 
34.6 

Ring reversal 

Compound 

‘ZCI-W3?7.S 
<CH2W%CH2 
<CH2)3SZCMe2 
WH2)3(C&hCH2 
(CH2)3WH2)20 

<CH2)3<CH&S 

TC A&T,) Ref. AA& 

<IQ (kJ morI ) <kJ mol-‘) 

265 55.4 17 i-24.7 
203 43.6 18 i-3.7 
203 42.3 18 +0.5 
206 42.7 19 -2.3 
212 43.1 20 -3.4 
192 39.5 20 -4.9 
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Cp, FeWH, A 0 
The ‘H NMR room temperature spectrum of Cp,Fe(CH,),O in CD2C1,/CS2 

consisted of two distorted triplets for the Cp region and a single peak for the 
methylene protons. Cooling the sample to -100°C resulted in spectral changes 
consistent with the slowing down of bridge reversal. The Cp region gave four 
complex signals with relatively small internal chemical shifts and the methylene 
signal split to give a widely spaced AB quartet pattern. In view of this large 
chemical shift difference it was decided to compute the bridge reversal energy 
by simulation of this region of the spectrum. 

The spin problem is strictly AA’BB’ * B’BA’A; however the long range cou- 
plings could not be resolved, and were incorporated into the natural line width 

T/t k/s-’ 

7 

28 

50 

95 

195 

350 

1250 

/~_30000 _A_ -75 

yv I' ." "."."".I 100 Hz 

Fig. 5. Experim==ntal and computer synthesised spectra of CpzFe(CH&S. 
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giving a readily handled AB =+ BA spin problem. The spectral parameters used 
in this calculation are listed in Tables 1 and 2. Variable temperature spectra 
were fitted between -110” C and -50° C producing bridge reversal energy data 
listed in Table 4. 

- 
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- 

1’ 

-------is7 - 

_fl_ -29 

i“?, -20 

Y----- -10 

I (_ . +24 

k/-’ 
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13 

45 
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-v I 
100 Hz I 

Fig. 6. 
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The variable temperature ‘H NMR spectra of Cp,Fe(CH,),S were very simi- 
lar to those of Cp,Fe(CH,),O discussed above. However the freezing of the 
bridge reversal process occum at a somewhat lower temperature and even at 
-llS”C, the low temperature limit of the solvent used, the spectra were still 
influenced by the rate process to a small extent. The methylene region, simu- 
lated as an AB * BA spin problem, was again used to calculate the energy for 
the bridge reversal process. The relevant data are listed in Tables 1 and 2 and a 
set of spectra together with their simulations are shown in Figure 5. It should 
be noted that because the rate process is still not slow on the NMR time scale 
at -118°C the natural line widths in the absence of exchange could not be 
measured directly and were deduced from the linewidths of the TMS signal. 
The Arrhenius and activation parameters are listed in Table 4_ 

Cp, FeS,CH2 
The spectra of Cp2FeS,CH, were different from those of Cp,Fe(CH,),S in 

that the presence of an additional sulphur atom causes the chemical shifts of 
the methylene protons to overlap with the Cp signals, Fig. 6. This necessitated 
the analysis of the spectra as two overlapping spin systems CD =+ DC and 
PQRS f SRQP. The assignments of the six proton signals are illustrated in 
Fig_ 6 and the spectral parameters listed in Tables 1 and 2. The same rate con- 
stants were used for fitting both the Cp and CH, regions and a set of fits are 
illustrated in Fig. 6. The energy data are listed’m Table 4. 

Cp, Fe& CMe, 
The spectra of Cp,FeS,CMe, were somewhat easier to analyse than those of 

Cp,FeS,CH, because there was no problem of overlapping signals. However dif- 
ficulty was experienced in simulating the Cp region, and a satisfactory solution 
was only possible by the unusual assignment of the protons P and S, adjacent 
to the S&Me, bridge, to the two lowest frequency regions. In all previous cases 
[41 these protons gave rise to the highest and lowest frequency signals, respec- 
tively_ As a check on the consistency of our line shape analyses the Cp and 
methyl regions were independently simulated between -92 and -35°C as 
PQRS * SRQP and AX * XA spin problems, respectively. The spectral parame- 
ters are listed in Tables 1 and 2, and the Arrhenius and activation parameters 
for the two fitting methods are given in Table 4. 

Discussion 

Spectra2 parameters 
The values of the coupling constants for the CH, bridge protons at -100” C 

given in the text are an interesting pointer to the structure of [3]ferroceno- 
phane. X-ray analyses of [3]ferrocenophanes [13,14] have consistently shown 
a half chair conformation of the bridge, Fig. 4. Such a conformation for Cp,Fe- 
(CH,),CH, in solution is confirmed by the vi&al couplings, the values of 
which are similar to those recently determined for cyclohexane-1,1,2,2,3,3, 

4,4-G U51. 
The only unusual feature of the Cp data (Tables 1 and 2) is the assignments 



103 

of the Cp protons adjacent to the bridge in Cp,FeS,CMe, to the lowest fre- 
quency signals. This must reflect additional shielding of proton P by the CMe, 
group as compared to that of the CH2 group. 

The AB quartet patterns for the compounds Cp,Fe(CH,),X (X = 0 or S) 
show a greater chemical shift difference for the case when X = 0 reflecting the 
greater proximity of the oxygen lone pairs to the CH, groups. The assignments 
of individual methylene protons are not obvious except in the case’bf CpiFe- 
(CH,),CH, where the axial protons of both methylene groups, B and D (Fig, 4), 
are confidently assigned to the lowest frequency signals (Table 1). These assign- 
ments are based on the magnitudes of the vicinal couplings the values of which 
are similar to those found for cyclohexane derivatives [ 151. 

Torsional barriers 

In our previous paper l-43 we have described a method for calcuiating relative 
torsional barriers (AV) about single bonds containing Group VI atoms. In a 
similar way the values of AG’, listed in Table 4, can be used to calculate a num- 

25- 

V 
kJ rnci 

1 

_S -s (29-o) 

ms -Se 

232-Se-Se 

1 

3-5 
13.9 

to-4 

II 2-g 2.5 

Fig. 7. Absolute and relative torsional barriers for C3lfezrocenophane bridge bonds, numbers ir parenthe- 
sis are values quoted in the literature (see text). 
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ber of other values of AV_ For example the difference between the C-O and 
C-S torsional barriers AV(C - X) may be calculated from the values of AG* 
for Cp,Fe(CH,),X (X = 0 or S) i.e. AV= (39.7-34.7)/2 = 2.5 kJ mol-*. This 
value compares favourably with a value for AV(C - X) of 1.6 kJ mol-’ calcu- 
lated from Me-X torsional barriers in Me-X-Me (X = 0 or S) [IS]. Similarly 
comparing values of AG* for Cp,FeS,S 143 and Cp,FeS2CH2, Table 4, gives a 
value of AV(X - S; X = S or C) of 16.4 kJ mol-’ . A variety of other relative 
torsional barriers may also be determined in this way and are illustrated in 
Fig. 7. 

It should be noted that if we assume a value of 29.0 kJ mol-’ for the abso- 
lute S-S torsional barrier [4], our data predict an absolute torsional barrier 
about the C-S bond in [3]ferrocenophanes of 29.0 - 16.4 = 12.6 kJ mol-’ 
which compares to that of 8.9 kJ mol-’ determined directly by studies on 
Me-S-Me [ 16 J , the difference between these two values reflecting the differ- 
ent carbon atom environments. In a similar way other absolute torsional bar- 
riers in [3]ferrocenophanes have been calculated and are shown in Fig. 7. The 
figure also incorporates our previously published data [4] for chalcogen bonds. 

Barriers to bridge and ring reuersal 
It is interesting to compare the bridge reversal barriers determined for 

[3]ferrocenophanes, Table 4, with those for ring reversal in the analogous six- 
membered rings. In order to obtain the most reliable comparisons, the AG* 
(298 K) values computed for the bridge reversal process were converted to 
AG’( T,) values, where !Z’, is the coalescence temperature of the ring reversal 
process in the corresponding six-membered ring compound. In this way the val- 
ues of AAG’(T,) quoted in Table 3 to represent the energy difference between 

. these two conformational processes are least susceptible to experimental error 
191. 

The AG’(T,) data shown in Table 3 exhibit similar trends for the two types 
of motion, e.g. the replacement of the central sulphur atom with a methylene, 
in either Cp,FeS,S or (CH,),S,S, brings about a reduction in energy barrier. 
Such similarities are clear indication that the two different fluxional motions 
proceed via analogous mechanisms [4] with the torsional energies of the rele- 
vant bridge bonds being the major contributors to the total energy barrier. 

The values of AAG’(T,) listed in Table 3 appear to reflect a variable influ- 
ence of the Cp,Fe moiety on the energy barrier. For example in all cases where 
sulphur atoms are adjacent to the Cp,Fe or (CH,), moieties AG’ (bridge rever- 
sal, B-R.) > AG’ (ring reversal, R-R.) whereas in compounds having methylene 
groups adjacent to Cp,Fe or (CH,),, AG’ (B-R.) < AG’ (R-R.). These trends 
must partialiy reflect different signs of AV(C - X) for the cases when the car- 
bon atom is part of a Cp,Fe moiety and when it is part of a (CH,), moiety. In 
particular, when X = S then AV is greater for the Cp,Fe case and when X = C, 
it is greater for the (CH,), moiety_ However if this was the only explanation 
values of AAG’ (T,) would be equal in the three cases where sulphur (or car- 
bon) atoms are attached to the moieties in question, and this is clearly not the 
case. 

Since the values of AG’(T,) for bridge reversal are found to have a much 
wider energy range than those for ring reversal an alternative explanation is that 
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AG’(T’) is much more sensitive to the X,Y bridge length for Cp,FeX,Y than 
for (CH,),X,Y. 
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