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SUMMARY 

Protonation of acylferrocenes (FeCOR) in FSO,H-SO,CIF(SOJ solution 
was studied by PMR spectroscopy. The site of protonation is found to be at the 
carbon)1 oxygen atom. Temperature dependent PMR spectra of protonated acyl- 
ferrocenes FeCROH+ (R=CH,, C,H,, C,H,, OCH,) were observed indicating 
intermolecular hydrogen exchange with the acid solvent system. In addition the 
PMR spectra of acylferrocenes in FSOsH-SOrClF(SOr) were found to be dependent 
upon the acid concentration. 

INTRODUCTION 

Protonation of metallocene& including ferrocene, in strong acids such as 
BF, -Hz0 and CF,COOH was reported by Curphey, Santer, Rosenblum and 
Richards’. The site of protonation, as revealed by PMR spectroscopy, was found to 
be at metals. Similar results were reported by Pavlik and co-workers on infrared 
spectroscopic study of the protonation of ferrocene in strong acid$. The Lewis 
basicity of transition metal complexes is known and has been reviewed by Kotz and 
Pedrotty recently’. A series of a-ferrocenylcarbenium ions- has been directly 
observed by PMR spectroscopy. Their behavior has been attributed to the nucleo- 
philic participation of the non-bonding electrons on the iron atom On the other hand, 
an infrared investigation of the protonation of acylferrocenes by HCI or DC1 (in gas 
phase) was reported by Rubalcava and Thomson’. However, their results were 
inconclusive since the structure of the ions formed is questionable. Thus, protonation 
of acylferrocenes in strong acid solution is of particular interest because the site of 
protonation and the participation of the metal atom in a-ferrocenylcarbenium ions 
(FeCROH+) are not yet well understood in these systems. 

l For Part IV see ref. 1. 
* Post-doctoral research xsociate 1972-1973. 

* For a discussion oi the general concept of carbocatioos and dilrerentiatioo of trivalent caxbenium 
ion kom penta- (or tetra-)coordinated carbenium ions see ref. 5. For a review concerning a-ferrocenyl- 
carbeuium ions see reT. 6. 
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RESULTS.AND DISCUSSION 

We presently wish to report our results of protonation of a series of acyl- 
ferrocenes (FeCOR R=H, CH,, C,H,, C,H,, OCH, and CH,Cl, Ia-It) in FSOJH- 
SO,CIF(SO,) at low temperature. The PMR parameters of the six protonated acyl- 
ferrocenes (FeCROH+) and their precursors (FeCOR, Ia-If) are summarized in 
Table 1. 

(Ia) R=H (IIa) R=H 
(Ib) R=CH3 (IIb) R=CH, 
(Ic) R =CIH, (11~) R=&Hs 
(Id) R=C,H, (Ild) R=C,H, 
(Ie) R= OCH, (IIe) R = OCH, 
(If) R=CH,Cl (IIf) R=CH,Cl 
Attempted protonation of acylferrocenes in FSO,H-SbFs-SO,ClF solution 

generally gave only tar or unidentified solid materials, presumably due to oxidative 
side reactions of the sensitive ferrocene system by antimony pentafluoride. In FSO, H- 
SOICIF(SOI), h owever; clear solutions were obtained and the site of protonation 
was found at the carbonyl oxygen atom (not at the iron atom) as the =O+H proton 
generally shows a PMR absorption more deshielded than 5 10.0. Protons attached 
to a metal (as in protonated ferrocene’) are highly shielded. For example, protonated 
ferrocene shows an FeH PMR absorption’ at d - 2.03. In protonated acylferrocenes 
IIa-III, the lone-pair of the iron atom can stabilize the ions by hydrogen bonding 
(III)4 and also by charge delocalization (IV) as in cr-ferrocenylcarbenium ions6. 

The unusual stability of protonated acylferrocenes (FeCROH+) is reflected by 
the fact that some acylferrocenes (III, R=CHs, CIH,, C,H, and OCH,) can be 
proton&d in FSO,H-SO,ClF(SO,) solution to form the static non-exchangers at 
low temperatures, while aliphatic aldehydes and. ketones do not. On the other hand, 
they behave similarly to aromatic aldehydes and ketones in the same acid solvent 
system. 

The PMR spectrum of protonated formylferrocene (IIa) in excess FSOsH- 
SO,ClP(SO,) solution (Fig 1) shows a sharp singlet at S 5.01 (5H) for the unsub- 
stituted ring protons, two doublets at 5 4.67 (H,, J 2 Hz), and 5.42 (Hb, J 2 Hz) and 
two triplets at 6 6.00 (H,, J 2 Hz) agd 6.35 (Hd. J 2 Hz) for the substituted ring protons. 
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R=H, CH,, C,H,, C,H,, OCH,, CH,Cl 

The assignment of these protons is based on comparison with the reported Ph4R 
data of a-ferrocenylcarbenium ions ‘. Our results show that the substituted ferrocenyl 
ring as well as the CFe=C. partial double bond are rigid. The H, and H, protons 
closer to the protonated carbonyl group (C=O+-H) are less deshielded than the H, 
and & proto= presumably due to the partial charge delocalization into the ring 
(resonance effect). Furthermore due to the anisotropy effect of the protonated carbonyl 

A 
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I.... I . . ..I.. . . I.. 
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Fig 1. PMR specua of formylhmcene (upper trace) and its protonated species (lower trace). 
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group, H, and Hd protons are more deshielded than H, and H, protons, respectively. 
The OH proton was not observable (in the range -90” to - loo), presumably due to 
rapid hydrogen exchange with the acid solvent system In order to slow down the 
exchange procesq we attempted to protonate Ia in FSO,H-SbF,-SO,ClF solution. 
Due to obvious oxidative side reactions the solution became viscous and the PMR 
absorption lines were too broad to he interpreted. The PhlR of IIa in excess FSOsH- 
SO,ClF(SO,) is temperature independent ranging from -90 to -10”. 

Protonation of acetylferrocene (Ib) and propionylferrocene (Ic) takes place 
similarly in excess FSO,H-SO,ClF(SO,). The PMR spectrum of protonated acetyl- 
ferrocene is temperature dependent and is shown in Fig. 2. At - lOlo, the “frozen-out” 

* 
1 I I I 0 

I 4 I 
I 
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Fig. 2. Temperature dependent PMR spectra orprotonated acetylferroeene in FSO,H-SO,CIF (left) and 
in neat FSOIH (right). 

T$’ 

protonated acetylferrocene IIb was observed, the OH proton showing a broadened 
singlet at 5 11.2. The OH-resonance becomes very broad at - 90” and merges with the 
acid peak at higher temperatures ( > - 80’). The unsubstituted ring protons and the 
CH,CO protons display two singlets at S 4.75 and 2.28, respectively. They are slightly 
deshielded when compared with the parent compound, indicating.the inductive effect 
upon protonation of Ib (Table 1). Due to the anisotropy effect of the carbonyl group, 
we assign the H, proton to the broadened one-proton singlet at 8 5.17 and the H, 
proton to the other more deshielded broadened singlet at S 5.42. Such effect diminishes 
in the H, proton as both H, and H, protons display a broadened two-proton singlet at 
6 6.03. 

. . 
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The temperature dependent PMR spectra of protonated acetylferrocene in 
FSO,H-SO,CIF(SO,) solution (Fig. 2, left) and in neat FSO,H (Fig. 2, right) are 
interesting. Due to the relatively low boiling point of SO,ClF, protonation of Ib in 
neat FSO,H was chosen for the -22 to 20” temperature range. This sol.ution became 
very viscous at lower temperature (ca. -30’). However, the PMR spectra of IIb in 
FSO,H and in FSO,H-SO,ClF(SOJ are.identical at - 22”. It was thus’possible to 
study the temperature dependent PMR spectra of IIb in the two media from - 101 to 
20”. Above 20”, acetylferrocene decomposes to yet unidentified products in neat 
FS03H solution_ 

The CH,CO proton absorption of protonated acetylferrocene IIb gradually 
becomes more shielded from - 101’ (at 6 2.52) to -20’ (at S 2.18). In sharp Contras< 
the unsubstituted ring proton absorption is broadened and gradually becomes 
deshielded from - lOlo (at S 4.75) to 20’ (at S 5.24). These data indicate that de- 
protonation of the protonated carbonyl oxygen atom takes place with increasing 
temperature, and, at the same time, C-protonation of the unsubstituted ring does 
occur. The two broadened absorptions of protons H, and H, also collapse to a 
broadened peak at O”, indicating the CFe=CZ bond is freely rotating at this temperature. 
Thus, these data indicate that protonated acetylferrocene IJb undergoes hydrogen 
exchange with the acid solvent system at higher temperature. _ 

FeCOR+H+ * FeCROH+ 

(Ib) (II’4 

Protonation of propionylferrocene Ic in FSOsH-SOICIF(SO1) also gave the 
corresponding carbonyl-protonated species 11~. The PMR data of IIc are tabulated 
in Table 1. Temperature dependent PMR spectra of IIc were also observed and showed 
close similarity to those of Ilb. 

Benzoylferrocene (Id) was protonated- in FSO,H-SO,ClF solution at low 
temperature to give ion IId. The “frozen-out” ion IId could only be observed at 
- 109, the .OH proton showing a broadened singlet absorption at 5 11.3 (Fig- 3, 
bottom trace). It is of interest to note that the four protons of the substituted ring, 
display only three slightly broadened singlets at 5 5.1, 6.0 and 6.3 (1/2/l). The most 
deshielded absorption can be assigned to proton Hd and the most shielded absorption 
to proton H,. Protons H, and H, are assigned to the two-proton absorption at 8 6.0. 
The deshielding effect of proton H, could be caused by the anisotropy effect of the 
phenyl ring_ The aromatic protons show a broadened multiplet centered at b ,8.2. 
The aromatic proton absorption is much different from that of protonated aceto- 
phenone in FSO,H-SOICIF at - 100”. In protonated acetophenone, the aromatic 
proton absorptions are well separated in the deshielding order ortho > para > nrefa. 
These data indicate IId has lesser charge delocalization into the phenyl ring than 
protonated acetophenone. 

Temperature dependent PMR spectra o_f IId were also observed (Fig. 3). As 
the temperature increased from - 105 to -84”, the OH absorption disappeared. At 
the same time, all other PMR absorptions became slightly broadened, and they 
became very broad at - 63O. Further raising of the temperature (ca. - 21’) caused the 
ferrocenyl protons of both rings to collapse to a very broad peak at 5 5.1. This could be 
due to ferrocenyl ring C-protonation taking place at this temperature (or IId may 
undergo hydrogen exchange with the solvent sys tern). The broadening and deshielding 
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I I . I I I 
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Fig. 3. Temperature dependent PMR spectm ofprotonated benzoylkrrocene in FSO,H-SO,CIF. 

of the unsubstituted ferrocenyl ring proton absorption as the temperature increased 
suggests ring C-protonation. Furthermore, the aromatic pro~n absorption of IId in 
FS03H-SOICIF at -21’ remains similar to its precursor (Id) in SO,CIF. 

Methyl ferrocenoate (Ie) was also protonated in FSO,H-SOiCIF(SOI) 
solution at - 106’ to give ion IIe. The PMR spectrum of ion IIe is shown in Fig. 4 
(bottom trace). The OH proton shows a very broad PMR absorption at 6 13.0 
indicating slow hydrogen exchange with the solvent system The methoxy and the 
unsubstituted ring protons show two singlets at b 4.40 and 4.66, respectively. There are 
only two broadened singlet absorptious at d 5.3 and 5.6 in a ratio of 3/l for the four 
protons in the substituted ferrocenyl ring. Due to the similar anisotropy effect of the 
two carbonyl groups in ion IIe, protons H, and H, display the same PMR absorption 
at d 5.3 (broadened sing-et). Proton H, also shows a coincidental PMR absorption at 
b 5.3. The most desbielded, broadened singlet at 6 5.6 is assigned to, proton H,. The 
PMR spectrum of ion IIe is again temperature dependent (Fig. 4). The methoxy PMR 
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+m 14.0 . 

Fig 4. Temperat- dependent PMFL spectra or protonated methyl rerrbcenare in FSO,H-SO,CIF. 

singlet absorption becomes broadened and shielded at higher temperature indicating 
a protonation-deprotonation process (hydrogen exchange with the solvent system). 
The unsubstituted ring proton absorption is however deshielded and also broadened 
at higher temperatures. The two PMR absorptions of the substituted ring protons 
collapsed at -79 and finally merged with the unsubstituted ring proton absorption 
to give a single broadened peak (centered at 8 4.90) at -21”. These data suggest that 
protonation-deprotonation processes occur at the carbonyl oxygen as well as at the 
unsubstituted ring. 

Protonation of chloroacetylferrocene (If) in FSO,H-SOICIF(SOJ solution 
was also studied. The PMR spectrum of the resulting solution shows two sets of 
doublets (AB quartet) at 5 4.50 and 4.90 for the methylene protons. The metbylene 
protons are non-equivalent and couple to each other with a geminal. coupling 
constant of 16 Hz”. These data show the rigidity of the methylene group in IIf. In 
contrast, the methylene protons of its parent (If) show a singlet at 6 4.37. The un- 
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substituted ferrocenyl ring protons display a singlet at 8 5.10 (0.94 ppm deshielded 
from its parent). There are three one-proton PMR absorptions at b 5.6 (broadened 
singlet); 6.28 (triplet, J 3 Hz) and 6.50 (triplet, J 3 Hz) which are assigned to the sub- 
stituted ferrocenyl ring protons (Hbr H, and Hds respectively). Proton H, shows a 
coincident PMR absorption with the unsubstituted ring absorption at 8 5.1. The OH 
proton was not observed even at the lowest accessible temperature (ca. -96”) 
probably due to the rapid hydrogen exchange with the solvent system. Furthermore, 
the PM?% spectrum of IIf is temperature independent in the range from - 96 to - 10’. 
This behavior of chloroacetylferrocene in FSO,H-SO,CIF(SO,) solution is similar 
to that of formylferrocene (Ia). 

Dependence of PMR spectra 011 acid conceritrarioJr_ The PMR spectra of 
acylferrocenes in FS03H-SO,CIF(SO,) solution was found to be dependent on 
acid concentration. For example, the PMR spectrum of formylferrocene in SO,CIF 
at -200 shows a singlet at S 4.37 (5 H) for the unsubstituted ring protons and two 
triplets at ~5 4.71 (2 H) and 4.86 (2 H) for the substituted ring protons. The more 
deshielded triplet is assigned to the protons H, and H, and the shielded triplet to the 
protons H, and Hd (relative to the formyl group)g. When 10 mol % of FS03H was 
added to the above solution, each ofthe PMR absorption lines was slightly deshielded, 
and a very deshielded OH absorption was found at 6 13.8. When 20 mol % of FSO, H 
was added, the four substituted ring protons became accidentally equivalent and 
display a sharp singlet at S 4.90. The OH absorption was slightly further shielded to 
b 13.4. The unsubstituted ring proton absorption is a singlet at S 4.43. The PMR 
spectra of the above solutions were found temperature independent in the range from 
-90 to - 10’. From the results it may be interpreted that an intermolecular proton 
exchange between fonnylferrocene and protonated formylferrocene takes place 

*FeCHO+FeCHOH’ + *FeCHOH++FeCHO 

When the concentration of FS03H was increased to 50 mol%, the sharp 
singlet for the four equivalent substituted ring protons split into two PMR absorptions 
at 5 5.00 and 5.31. The unsubstituted ring protons showed again a singlet at 6 4.63. 
The OH proton displayed a slightly broadened singlet at b 14.4. The two PMR ab- 
sorptions of the four substituted ring protons are further split into four one-proton 
absorptions at d 4.78,5.41,5.8 1 and 6.20 whenequimolar FSO,H was used to pro tonate 
formylferrocene in SO,ClF at - 60”. The OH proton displayed a slightly broadened 
singlet at 5 14.1. Indeed, the PMR spectrum of this solution is similar to that of formyl- 
ferrocene in excess FSOjH-S02CIF(S02) solution, except that each PMR absorption 
is slightly deshielded in the latter (Table 1). The study of acid concentration dependent 
PMR spectra of acylferrocenes in FSOsH-S02CIF(S02) solution further suggests 
the previously discussed PMR assignment of ion IIa. 

Acid concentration dependent PMR spectra of other acylferrocenes (Ib-Il) 
were also observed The results are again in accord with the PMR assignments 
of protonate+ acylferroccnes (IIb-IIf), i.e, protons H, and H, of all the six acyl- 
ferrocenes (Ia-If) studied are more deshielded than protons H, and H,, while in their 
protonated derivatives the deshieldings are reversed. 
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CONCLUSIONS 

The site of protonation of acylferrocenes in FSOsH-SOICIF(SO,) solution’ 
was found to be at the carbonyl oxygen atom. The stability of the ions formed is related. 
to the nature of the acyl group. The ‘frozen-out-- ions can be observed only when the 
substituents (R) of the acyl group are capable of stabilizing the ions formed (as in case 
of IIb-Ire). In addition, these “frozen-out’- ions can be only observed at very low 
temperature (< - 90°) and their PMR spectra are temperature dependent (Figs. 24). 

Protonation of the iron atom in acyllerrocenes was not observed, although the 
proton attached to the carbonyl oxygen (in ions IIa-IIf) could, at the same time, be 
associated (via hydrogen bonding) with the iron atom Protonation of ferrocene itself 
inFSOsH-SOICIP(SO1)solutionat - 800 also shows no evidence of Fe-protonation. 
However, the PMR spectrum of the solution shows a deshielded (0.9 ppm from ferro- 
cene in SOICIF(SO,)) singlet absorption at 5 5.00, indicating hydrogen exchange 
with the acid solvent system. On the other hand, from the temperature dependent 
study ofions IIb-IIe, the deshielding ofthe substituted ring protons at higher tempera- 
ture suggest that ring protdnation may occur under these conditions_ Obviously 
C-protonation is a higher ener,T process than n-protonation in these systems*. We 
were, however, unable to observe the static C-protonated forms of acylferrocenes 

under the experimental conditions. Data concerning the protonation ofacylferrocenes 
in FSO,H-S0,ClF(S02)solution under stable ion conditions give useful information 
related to the electrophilic reactivity of these compounds. 

EXPERIMENTAL 

Materials 
All acylferrocenes used were commercially available materials (Aldrich 

Chemical Company, Research Organic/Inorganic Chem. Corp. or Wind River 
Chemicals). Fluorosulfuric acid (Allied Chemical Co.) was twice distilled before use. 

NMR Spectra 
A Varian Associate Model A56/6ClA NMR spectrometer equipped with 

a variable temperature probe was used to obtain the PMR spectra. Proton chemical 
shifts are referred to external (capillary) TMS. 

Preparation of the ions 
Samples of protonated acylferrocenes were prepared by dissolving approxim- 

ately 0.2 g of acylferrocenes to 1.5 ml of fluorosulfuric acid-sulfuryl chloride fluoride 
solution at -78”. The reaction mixture was vigorously stirred until a clear homo- 
geneous solution was obtained and was then transferred to an NMR tu& for spectral 
studies. 

Quenching of FSO,H-SOICIF solutions of protonated acylferrocenes with 
ice-water regenerated the starting acylferrocenes, showing that no protolytic cleavage 
reactions took place under the experimental conditions. 

l n-Protonation of phenol and anisole was observed only at low temperature (cil. - 109) while 

C-protonation was found at higher temprraturc (-60’) see ref. 10. 
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