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SUMMARY 

Protonation at the metal is shown to occur in boron trifluoride monohydrate 
soIutions of various alkylferrocene compounds. The structure of the resulting ferro- 
cenonium ion is shown to involve t&d rings such that free rotation of substituted 
rings is no longer possible. Compounds studied include: l-methyl-, l,l’-dimethyl-, 
l-ethyl-, l,l’-diethyl-, 1-methyl-1’-ethyl-, and l-methyl-2,5dideuterioferrocene. 

The discovery of the protonation of ferrocene in strong acids by Richards and 
coworkers* occurred in 1959, only a few years after the first examples of Lewis base 
behavior had been reported by Birmingham and Will&sonz. Since that time, the 
nature and extent of the involvement of the iron atom in ferrocene chemistry has 
received considerable attention because of the obvious possibility that electrophilic 
attack at the metal could provide an intermediate on the way to ring substitution, as 
shown in Scheme 13. 
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Since the structure and properties of this postulated intermediate are central 
to the study of this mechanism, it was decided that an extension of Richards’ original 

* Author to whom correspondence should be addressed. 

.I. Organometaf. Gem., 40 (1972) 



198 T. E. BI-ITERWOLF, A. C. LING 

work might be informative. This investigation has produced the first definitive eviden- 
ce for ferrocenes of the hypothesis by Ballhausen and Dah14that the rings in protonated 
metallocenes are tilted (or “twisted” in their terminology). These conclusions are based 
on the close analo,y between these complexes and the ferrocenophanes in which, as 
presented in the elegant work by Watts et al-‘, ring tilting produces readily observable 
NMR effects. 

EXPERIMENTAL 

A Varian Associates Model T-60 NMR Spectrometer was used throughout. 
BF, - Hz0 was freshly prepared as needed, although it was noted that ageing of the 
acid produced no discemable effect on the recorded spectra. The NMR standard used 
was pivahc acid. All compounds were either purchased, or prepared by standard 
techniques. 1-methyl-2,5-dideuterio-ferrocene was prepared by the method ofRausch6, 

5. 6 7 8 9 10 11 

Fig I. NMR spectra of ferroaxe derivatives and protonated ferrocene derivatives_ 
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TABLE 1 

NMR DATA FOR VARIOUS SUBSTITUTED FERROCENES IN BF, . H,O SOLUTION 

Parent compound Proton observed Chemical 
infewocenonium shifP 
complex (4 

A@aren@ 

(r) 

A(doubl& 

@W 

Ferrocene 

I-Methylferroccne 

I-Ethylferrocene 

l,l’-Dimethylferroccne 

l,l’-Diethylferrocene 

I-Methyl-I’-ethylferrocene 

GH, 5.06 
Fe-H 12.03 
CH, 8.23 
CSHJ 5.15’ 

GH, 5.22 
F-H 12.33 

CH, 8.98 
CH, 8.15 
C,H, 5.05’ 

C,H, 4.98 
FeH 12.22 
CHz 8.22 
C,H& 5.23’ 
Fe--H 12.52 
CH, 9.00 
CHz 7.83 

W34 5.10= 

Fe-H 12.33 
CH, (methyl) S-03 
C,H, 5.15’ 
CH, (ethyl) 8.85 

CH, 7.70 
Fe-H 12.27 

- 0.90 - 

+0.16 
- 1.02 19 

-0.83 

f0.13 
+0.48 
-0.99 14 
- 1.02 

to.15 
-0.94 17 

+0.15 
f0.15 
- 1.02 13 

- 0.09 

- 1.05 16 
- 0.07 
- 0.07 

” Relative to pivalic acid (2,2_dimethylpropanoic acid) at T 8.77 corresponding to 74 Hz below TMS. 
b Change is calculated from the parent compound in Ccl4 solution. 
c Values for the mid-point of the symmetric doublet. 
d Difference in chemical shift for the A2B, doublet ring proton resonance. 

and found to be 70 o/0 deuterated by NMR integration. While no specific efforts were 
made to remove air from the NMR tubes, it should be noted that the BF, - H,O 
degasses slightly when placed in the tubes thus effectively removing most of the air. 
The reaction of air with protonated ferrocene is discussed elsewhere’7. 

RESULTS 

The NMR spectra for ferrocene, 1-methylferrocene and l,l’-tlimethylferrocene 
in BF3 - Hz0 are shown in Fig. 1. Chemical shifts and other pertinent data are present- 
ed in Table 1. 

DISCUSSION 

In their discussion of bonding of dicyclopentadienylmetal hydrides and pro- 
tonated complexes, Ballhausen and Dah14 demonstrated that considerable tilting of 
the rings (up to a dihedral angle of 145’) could occur with little reduction in the metal .- 
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to ring bond strength. This tilting, and concurrent rehybridization of the metal 
“non-bonding” n orbitals, has been used to explain the structures and formuiations 
of all known metallocene hydrides and proton or Lewis acid adducts, and has been 
expanded to include protonated metal carbonyl systems as well. Kotz and Pedrotty7 
have recently reviewed the literature in this broad field. 

While ring tilting has been confirmed by X-ray crystallography for several 
metallocenes,’ evidence for its occurrence in non-bridged ferrocenes is sparse, but 
ESR analysis of radical species produced by y radiolysis of crystalline ferrocene at low 
temperatures has produced evidence for ring tilted speciesg. A recent X-ray investiga- 
tion by deBoer et al-lo of l,l’-dimethylferrocenium triiodide has shown that the methyl 
groups are eclipsed with an indicated dihedral angle between the rings of ca. 6”. This 
angle is in contrast to the parallel rings found by Gray and Schlueter’ ’ for the ferro- 
cenium trichloroacetate salt which tends to support deBoer’s assumption that the tilt 
is a result of electronic repulsions between the adjacent methyls. IR studies by 
Pavlik and coworkersl* on ferrocenonium tetrachloroaluminate have offered some 
pertinent evidence for ring tilting resulting from protonation. 

In contrast to the non-bridged compounds, the bridged ferrocenophane 
compounds [3] ferrocenophan-l-one’3 and 1,1,2,2-tetramethyl-[2] ferrocenophane14 
have been shown by X-ray crystallography to have dihedral angles of 9” and 27, 
respectively. These and other ferrocenophane compounds have been extensively 
studied by Watts and coworkers5, who have demonstrated that ring tilting leads to a 
characteristic NMR A,B2 pattern from the ring protons, in which the separation 
(AZ) of the A,B, pattern is directly dependent upon the angle of tilt. The pattern arises 
from the differential shielding experienced by the c( and p protons due to the distortion 
of the molecule by the bridge. 

In agreement with Richards’, we find that ferrocene in BF, - H,O (Fig. la) 
exhibits a sharp doublet at r 5.06 and a broad peak at 5 12.03. The sharply defined 
ring resonance implies that the two rings are free to rotate as they are in the unpro- 
tonated compound_ Similarly, it was found that the proton resonance from the unsub- 
stituted ring in protonated l-methyl- and 1-ethyl-ferrocene appears as a sharp 
doublet, and thus is presumed to be free to rotate also. On the other hand, ring reso- 
nance from the substituted ring leads to a doublet with relatively broad constituent 
peaks. (Fig. lb). Further, the ring resonance from l,l’-diethylferrocene is a broad 
symmetrical doublet. Since methyl and ethyl substituents have been reported to have 
little influence on the chemical shift of ring protons in substituted ferrocenes15, it 
seems clear that the observed difference in chemical shifts must arise from some other 
source. This point is clearly illustrated for l,l’-dimethylferrocene and its ferroceno- 
nium analog by comparison of Fig_ lc with Id. 

An explanation of the observed differences can be made if it is assumed that 
protonation at the metal leads to tilting of the rings with concomitant restricted 
rotation. It is energetically unfavorable, therefore, for a substituent to reside in the 
region of closest approach, the “pinch position” (Fig. 2). The substituted rings, how- 
ever, are assumed to be free to oscillate about the ring-metal axis in a manner that 
WattsI describes as a “tick-to&” mechanism_ Time averaging of the protons over 
the positions in the static models illustrated in Fig. 3 predicts that the a proton spend 
4 of their time in position a, 5 in position b and $ in position c. The @ protons on the 
contrary, spend + of their time in position b but 6 in position c. As the a, b and c posi- 
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Fig. 2. Diagrammatic representation of protonated I-methylferrocene. showing ring tilt and consequent 
restricted rotation at the pinch position. (@. hydrogen ; 0, carbon : 0, iron). 

Fig. 3. “Tick-tack” mechanism of restricted rotation in ring substituted ferrocenonium cations. 

tions would be expected to differ in their relative shielding (cf- the ferrocenophane 
analogy) it follows that the a and j? positions would have different chemical shifts, as 
observed. 

Deuteration of the r position in methylferrocene* allowed assignment of the 
lower absorption to the a protons. It is significant that these a proton absorptions 
generally lie below, but very close to the position of the unsubstituted rings, while the 
p protons are higher by 0.22 to 0.32 ppm_ Similarity between the a protons and the 
unsubstituted rings is expected, since time averaging of the unsubstituted ring protons 
indicates that they each spend 3 of their time in the “pinch position”, which is only 
slightly more than expected for the a protons. The jI protons, on the other hand, spend 
a predominant fraction of their time very close to the plane of the iron hybrid orbitals 
which could account for their increased shielding, although their immediate proximity 
to the 7~ electrons of the second ring may be an equally significant contributing factor. 
It is hoped that studies of the protonated ferrocenophanes will help to clarify this last 
point. 

In addition to the A,B2 pattern, other features of these spectra warrant com- 
ment at this time. If it can be assumed, to a first .approximation, that the difference in 
chemical shift between a and B protons represents a measure of the degree of ring 
tilt, as noted previously for the ferrocenophane series, then the order of decreasing 
tilt : Me > Me, > MeEt > Et > Et, can be established_ This pattern is similar to that 
observed for the order ofdecreasing z for the Fe-H protons : Me, > Me > Et, > MeEt 
> Et > H. Although it is tempting to seek to relate trends to relative metal basicity”, 
it is still not clear to what extent steric interactions of the alkyl groups might be affect- 

* Under the experimental conditions, the deuterated methylferrocene compound was found to 
undergo hydrogen exchange and complete loss of deuterium within 20 minutes. 

* This pattern follows the order of decreasing basic&y, Ets > Et > H, observed by Sorokin” for pKa 
measurements. 
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ing the degree of tilting, or what importance dielectric shielding by the alkyls might 
play in determining the position of the Fe-H resonance15. 

A further consequence of protonation is that the alkyl substituent resonance 
tends to shift slightly upfield, while the ring protons (as observed for other protonated 
transition metal complexes7) shift significantly downfield. The reasons for the alkyl 
shift are not yet fully understood, but may be a combination of inductive electronic 
effects and Fe-H dielectric shielding l5 We regard the major factor contributing to _ 
the downfield shift of the ring protons to be electron withdrawal from the metal to 
ligand bands as a result of the formation of the metal-proton bond. The forward o and 
IL bonding appears to play only a small part in the observed shiftI’. A full discussion 
of the role and consequences of the metal to ligand bonding in ferrocene and related 
compounds will be presented at a later time. 

There are several conclusions and speculations which appear to be justified 
at this time. First, the spectra which we have presented appear to dispel absolutely 
the suggestion by Traylor and Ware ” that the observed NMR for unsubstituted ferro- 
cenonium arises from a rapid exchange of the proton between the cyclopentadienyl 
rings. Such behavior would result in far more complicated spectra for the substituted 
rings than are, in fact, observed. 

It is also clear from the absence of absorptions attriburable to a 0 ring complex 
that this complex has a lifetime which is very short compared to that of the protonated 
species and thus a concentration below the detectable limit for NMR. The immediate 
proximity of the metal bound proton to the ring in ferrocenonium would also obvio,us- 
ly facilitate exchange. It appears highly probable that hydrogen exchange (and other 
reactions involving electrophilic proton attack) occur via rearrangement of the 
ferrocenonium species. This mechanism is outlined in Scheme 1, where Et is HC, 
and, as described by Setkina and Kursanov “, is consistent with the known kinetic data. 

It is also interesting to speculate on the effect that the observed ring tilting 
might have on the relative site reactivity of ferrocene. It is clear from the earlier dis- 
cussion that if the rings are free to oscillate, then the o! position will be adjacent to a 
metal bound electrophile for a statistically longer period than the fi position. However, 
if the electrophile is sufficiently large the possibility arises that the ring substituent 
might be constrained to the positions shown in Fig. 3a and 3c thus placing both the 
a and /l positions in convenient proximity for attack. The experimental evidence 
available at this timez2 is insufficient to enable us to draw any conclusions on this 
intramolecular steric effect and we present it here only as an indication to those 
attempting to interpret site reactivities in electrophilic reactions of ferrocene. 
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