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The First Anionic Thia-Fries Rearrangement at the
Cobaltocenium Cation
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Dedicated to Professor K. Peter C. Vollhardt on the occasion of his 76th birthday.

While the chemistry of ferrocene is rich and widely explored,
this is not the case for the isoelectronic cobaltocenium cation.
Here we report the first syntheses of triflate substituted
cobaltocenium cations based on respective (cyclopenta-
dienone)(cylopentadienyl)cobalt(I) complexes, which have first
been reported by Vollhardt et al. ca. forty years ago. Reaction
with triflic anhydride affords the triflate substituted cobaltoce-
nium cations, which upon treatment with lithium diisopropyla-
mide undergo the first anionic thia-Fries rearrangements of

cobaltocenium complexes. To our knowledge, this is, in
addition, the first case of a deprotonation of a cobaltocenium
complex by a lithium base. Alternatively, desilylation of silyl
derivatives with cesium fluoride caused anion formation leading
to the rearrangement products in higher yields. The 2-
(trifluoromethylsulfonyl)(cyclopentadienone) complexes ob-
tained were fully characterized including a crystal structure
analysis. As with ferrocene, respective mesylates or tosylates do
not undergo the rearrangement.

Introduction

The discovery of ferrocene in 1952[1,2] inspired the search for
other metallocenes, many of which were published only a short
time thereafter.[3] Cobaltocene [bis(cyclopentadienyl)cobalt(II)]
was prepared by reaction of the cyclopentadienyl anion with
cobalt(II) salts and was found to be highly air sensitive.[4] The
oxidation of cobaltocene resulted in the formation of cobalto-
cenium salts, the cobaltocenium cation being isoelectronic with
ferrocene.[5] While a very rich chemistry of ferrocene followed its
discovery over 70 years,[6,7] the chemistry of the cobaltocenium
system has been explored to a much lesser extent, in spite of
recent advances in the field.[8] Although similarities can be
expected, the cationic nature of the cobaltocenium system
might also lead to properties different from those of ferrocene.
While the nucleophilic addition at the cobaltocenium cation
represents one of its most prominent reactivities, electrophilic
substitution at ferrocene is highly favored due to its electron
rich nature. Whereas a deprotonation of ferrocene and its
derivatives by lithium bases is quite common, a respective
reactivity of the cobaltocenium cation has, to the best of our
knowledge, not yet been reported.[9,10]

We have investigated the chemistry of ferrocene under a
variety of aspects for a longer period of time.[11–25] Among these,

the first anionic thia-Fries rearrangements at ferrocene were
reported, which start from ferrocenyl triflate (1) or from 1,1’-
ferrocenediyl ditriflate (3) and gave rearranged products 2 or 4,
respectively in high yields under very mild reaction conditions
(Scheme 1).[24] Remarkably, 4 was exclusively formed as the
meso diastereomer, an unprecedented interannular stereo-
induction, which was recently investigated by theoretical
calculations.[22]

A number of electron rich derivatives of 1 were shown to
undergo this reaction,[25] and most recently, ferrocenyl fluorosul-
fonate was shown to react accordingly.[23] The first step of the
reaction is a deprotonation by the strong non-nucleophilic
lithium base at the ortho position next to the sulfonate group,
which acts as an ortho directing group. Important reviews
covering this chemistry have recently been published.[26,27]

In the course of the investigation, we reasoned that due to
the positive charge the anionic thia-Fries rearrangement
starting from the cationic cobaltocenium triflate salt might be
facilitated making possible the use of a less strong base. Here
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Scheme 1. Anionic thia-Fries rearrangements of ferrocenyl triflate (1) and
1,1’-ferrocenediyl ditriflate (3). OTf = OSO2CF3.[24]
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we report the first anionic thia-Fries rearrangements at
cobaltocenium salts.

Results and Discussion

According to the procedure by Vollhardt et al.,[28]

dicarbonyl(cyclopentadienyl)cobalt(I) (5)[29] was treated with
trimethylsilylethyne under photochemical reaction conditions
affording cyclopentadienone complexes 6 and 7 in 83 % and
13 %, respectively (Scheme 2). The significantly increased yield
and regioselectivity as compared to the original work is
presumably due to longer reaction time and the use of a 150 W
lamp instead of a 450 W lamp. Treatment of 6 with cesium

fluoride in dimethyl formamide at 110 °C afforded the unsub-
stituted cyclopentadienone complex 8 in 84 % yield, the proton
source being unclear. Possibly, dimethylamine formed from
DMF served as the proton source. In contrast to the first report
of 8 as a monohydrate by Vollhardt et al.[28] 8 was obtained here
without any crystal water; however, 8 is highly hygroscopic as
indicated by IR measurements 0 min, 10 min and 16 h after
isolation (Figure 1). In addition to formulas 8 of the cyclo-
pentadienone complex there is a resonance formula 9, which
indicates the propensity of the complex for an electrophilic
attack at the oxygen atom.[30] This has been exploited by Gleiter
et al. in the synthesis of alkoxycobaltocenium salts.[31]

Reaction of cyclopentadienone complex 8 with triflic
anhydride at low temperature afforded (trifluorometh-
ylsulfonyloxy)cobaltocenium triflate (10) in 81 % yield as a
yellow, air stable solid. Upon treatment of 10 with the non-
nucleophilic base lithium diisopropylamide (LDA) starting
material was consumed, and (cyclopentadienyl)[(trifluorometh-
ylsulfonyl)cyclopentadienone]cobalt(I) (rac-11) was obtained in
a moderate yield of 31 % in spite of full consumption of starting
material (Scheme 3). Nevertheless, this reaction is the first case
of an anionic thia-Fries rearrangement at a cobalt complex. So
far, (aryl triflate)tricarbonylchromium and ferrocenyl triflates
were the only organometallic complexes, at which it had been
observed.[22–25,32, 33]

The first step of the anionic thia-Fries rearrangement is the
deprotonation at the ortho position next to the triflate
substituent. In view of the positive charge of the cobaltocenium
ion anticipating an increased C� H acidity we saw the chance to
realize the rearrangement with a weaker base than LDA.
Accordingly, 10 was treated with 1,8-diazabicyclo[5.4.0]undec-Scheme 2. Synthesis of cyclopentadienone complexes 6–8.[28]

Figure 1. IR spectra of hygroscopic (cyclopentadienone)(cyclopentadienyl)cobalt(I) (8) 0 min (green, sample not exposed to the air), 10 min (black, sample
exposed to the air), and 16 h (red, sample exposed to the air) after isolation. The increase in water content is reflected by an increase of the absorption band
at >3000 cm� 1.
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7-ene (DBU) under various reaction conditions. Upon addition,
the yellow solution immediately turned red. However, due to
decomposition during the chromatographic separation, it was
not possible to isolate the red product. As DBU can react as a
nucleophile, we speculate that DBU might have attacked the
electrophilic sulfur atom eventually causing decomposition with
formation of 8, which has been observed by thin layer
chromatography.

It was possible to obtain a crystal structure analysis of the
rearrangement product rac-11 (Figure 2). The structure shows a
monoclinic crystal system [space group Cc (9)] with two
enantiomeric molecules of 11 connected by a water molecule
forming hydrogen bridges to the two carbonyl oxygen atoms.
The cyclopentadienone ligand is not completely planar with the

carbonyl group being bent away from the cobalt atom by about
13.3°. This is in accord with a change in hapticity from η5 to η4

in the course of the reaction, which is also reflected by the
bond lengths between the cobalt atom and the cyclopenta-
dienyl carbon atoms with Co–C2 showing the largest bond
length [227.8(5) pm]. For obvious steric reasons the
trifluoromethyl group points away from the cyclopentadienyl
ligand, thereby maximizing the distance between the electro-
negative carbonyl oxygen atom and those at the sulfur atom.

In addition to the fact that the first anionic thia-Fries
rearrangement at a cobalt complex has been found, it deserves
mention, that the ortho deprotonation of 10 with LDA is, to the
best of our knowledge, the first case of a deprotonation of a
cobaltocenium complex with a lithium base. Usually, the
reaction of cobaltocenium complexes with organometallic
bases including lithium bases such as alkyllithium and even
lithium piperidide results in a nucleophilic attack at one of the
cyclopentadienyl ligands finally resulting in respective exo
substituted (cyclopentadiene)(cyclopentadienyl)cobalt(I)
complexes,[35,36] thereby significantly contrasting the reactivity
of isoelectronic ferrocene analogues.[37,38]

Next, the bis(trimethylsilyl) substituted cyclopentadienone
complex 6 was treated with triflic anhydride affording cobalto-
cenium complex 12 in 87 % yield as an air stable yellow solid
(Scheme 4).

Compound 12 was then treated with cesium fluoride in
dimethyl formamide at 28 °C. The yellow solution immediately
turned red, and after chromatographic separation of the
resulting mixture rac-13 was obtained in 59 % yield in addition
to rac-11 (18 %) and 6 (9 %) (Scheme 5). rac-13 and rac-11 are
the result of an anionic thia-Fries rearrangement with an overall
yield of 77 %, the formation of rac-11 resulting from a
desilylation.

As a decomplexation of cyclopentadienones from their
cyclopentadienylcobalt(I) complexes is possible by treatment

Scheme 3. Synthesis of 10 followed by the first anionic thia-Fries rearrange-
ment at a cobaltocenium complex. OTf = OSO2CF3.

Figure 2. Structure of rac-11 in the crystal at 50 % ellipsoid probability
level.[34] Two enantiomeric molecules are connected by a water molecule
forming hydrogen bridges to the carbonyl oxygen atoms. Color code: C
blue, O red, Co green, S yellow, F bright green, H white. Corresponding
atoms are marked with an asterisk (*). Selected bond lengths (pm), bond
angles (°), and dihedral angles (°): Co1� C1 202.1(5), Co1� C2 227.8(5),
Co1� C3 204.8(6), Co1� C4 201.4(6), Co1� C5 199.5(6), C1� S1 172.2(6), C2� O1
123.0(7), S1� O2 142.2(4), S2� O3 143.0(6), S1� C11 183.1(7), C11� F1 132(1),
C11� F2 132.4(9), C11� F3 130.5(9), O1� H1 210(10), O5� H2 190(10), O4� H1
80(10), O4-H2 90(20); C1� C2� O1 129.2(5), O2� S1� O3 121.0(3), C1� S1� C11
103.8(3), C3� C2� O1 129.3(5), C1� S1� O2 111.5(3), C1� S1� O3 109.8(3),;
Co1� C1� S1-C11 � 178.1(3), O1� C2� C1� S1 7.8(9).

Scheme 4. Synthesis of cobaltocenium complex 12.

Scheme 5. Fluoride induced anionic thia-Fries rearrangement of 12.
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with cerium ammonium nitrate,[28] the reaction provides a new
access to substituted cyclopentadienone derivatives as building
blocks for further syntheses of compounds such as interesting
aromatic systems,[39,40] cycloheptatrienes,[41,42] anellated
cyclopentanones,[43] norbornenones,[44] triptycenes,[45] and vari-
ous heterocycles,[46,47] often by Diels-Alder cycloadditions.[48]

In the course of our investigations with ferrocene systems it
was shown that the anionic thia-Fries rearrangement does not
take place with ferrocenyl mesylate or tosylate.[23] This gave rise
to check, if the corresponding cobaltocenium salts behave
accordingly, or if the rearrangement took place with them.
When cyclopentadienone complex 6 was treated with meth-
anesulfonic anhydride, the required reaction temperature was
higher than with triflic anhydride, presumably due to the
decreased electrophilicity of the anhydride. Cobaltocenium
mesylate 14 was obtained as an air stable, hygroscopic yellow
solid in 74 % yield; a small amount of 6 could not be removed.
It is unclear if this is an impurity or a result of an equilibrium
under the reaction conditions. The corresponding reaction of 6
with tolylsulfonyl anhydride gave 15 in 73 % yield based on
NMR measurements; as before, a small amount of 6 could not
be removed (Scheme 6). Unfortunately, it was not possible to
induce an anionic thia-Fries rearrangement with 15 or 16 upon
addition of cesium fluoride under various reaction conditions.

Conclusions

In conclusion, we reported the first anionic this-Fries rearrange-
ments with cobaltocenium complexes. The reaction takes place
with cobaltocenium triflates either by an unprecedented
deprotonation of the ortho position or by fluoride induced
desilylation of the respective silyl-substituted cobaltocenium
cations. Starting materials were obtained in high yields from
the respective (cyclopentadienone)(cyclopentadienyl)cobalt(I)
complexes by treatment with triflic anhydride. As with the
respective ferrocene derivatives, the reaction does not take
place when triflate is replaced by mesylate or tosylate.

Experimental Section
General: All reactions were carried out in an inert atmosphere
(Argon) using the Schlenk technique. THF was dried at reflux over
sodium/benzophenone, dichloromethane by stirring over calcium
hydride, and diisopropylamine (DIPA) by stirring over potassium
hydroxide. All solvents were freshly distilled before use. Dimeth-
ylformamide (DMF) was purchased from commercial suppliers and
used without further purification. Deuterated chloroform was dried
by heating at reflux over calcium hydride and distilled in an inert
atmosphere. IR: Fourier transform infrared spectrophotometer
Shimadzu IRAffinity 1S with quest ATR unit (32 scans). Signal
intensities: strong (s), medium (m), weak (w), broad (br). High
resolution electron ionization (HR-EI) mass spectra were measured
using a Micromass GCT spectrometer with direct insertion probe,
70 eV electron ionization energy and 250 °C source temperature.
High resolution electrospray ionization (HR-ESI) mass spectra were
measured using a Waters LCT Premier instrument with Alliance
2695 HPLC (Waters), 2700 V capillary voltage, 650 l/h desolvation
gas and 250 °C desolvation temperature. NMR: Bruker Ascend (1H:
600.1 MHz, 13C: 150.9 MHz, 19F: 376.5 MHz) with Avance NEO
Console at 298 K, Ascend (1H: 400.1 MHz, 13C: 100.6 MHz) with
Avance III Console or Ascend with Avance III HD Console and
Ultrashield (1H: 500.1 MHz, 13C: 125.8 MHz) with Avance-III HD
console. The chemical shift of the residual solvent signal of the
deuterated solvent (CDCl3: 1H δ= 7.26 ppm, 13C 77.16 ppm; CD3OD:
1H δ= 3.31 ppm, 13C 49.00 ppm; C6D6: 1H δ= 7.16 ppm, 13C
128.06 ppm; CD2Cl2, 1H: δ= 5.32 ppm) was used as the internal
standard. 19F NMR: Spectrometer frequency for 1H was multiplied by
0.94094008 and the resulting value entered as the spectrometer
frequency for 19F according to the IUPAC convention.[49] Cp’ refers
to the unsubstituted cyclopentadienyl ligand (C5H5). Melting points
(m. p.) were measured using Electrothermal IA 9000 Series Melting
Point Apparatus. Medium pressure liquid chromatography (MPLC):
Büchi Chromatography Pump 688, Büchi gradient Former B687,
Büchi Fraction collector B684 and a Knauer UV detector K-2501.
Cyclopentadiene was used freshly after distillation.
Cyclopentadienylcobalt(I) dicarbonyl used in this work was synthe-
sized based on Bergman’s[50] adapted procedure of Rausch et al.[29]

LDA was always prepared from freshly distilled diisopropylamine.
All other reagents were bought from commercial suppliers and
used without further purification.

(Cyclopentadienone)(cyclopentadienyl)cobalt(I) (8):[28] A suspen-
sion of [2,5-bis(trimethylsilyl)cyclopentadienone](cyclopentadi-
enyl)cobalt(I)[28] (6, 867 mg, 2.5 mmol) and cesium fluoride
(1134 mg, 7.5 mmol) in DMF (40 mL) was vigorously stirred at
110 °C (oil bath) in a two-neck PTFE 100 mL flask for 16 h. The
mixture was filtered through a P3 frit into a Schlenk flask. After
solvent removal at reduced pressure at 70 °C (oil bath) ethyl acetate
(3 × 20 mL) was added to the crude mixture, which was filtered into
another Schlenk flask through a P3 frit. The solvent was removed at
reduced pressure, and the remaining red solid was recrystallized by
slow diffusion of hexane (50 mL) into the ethyl acetate solution of 8
(10 mL) at 21 °C. The remaining solution was transferred into
another Schlenk flask, and after solvent removal at reduced
pressure the recrystallization was repeated using half of the volume
of solvents used previously. After removal of the supernatant the
remaining solvent was removed at reduced pressure, and
(cyclopentadienone)(cyclopentadienyl)cobalt(I) (8, 428 mg,
2.1 mmol, 84 %) was obtained as a crystalline red/orange solid (m.
p. 46 °C). The data diverges a little from the literature data, because
8 was obtained anhydrous as compared with the monohydrated
product from the literature.[28]

1H NMR (400.1 MHz, CDCl3): @= 4.45 + 5.07 (AA’BB’, J= 2.1 Hz, 2 ×
2H, C5H4O), 5.11 (s, 5H, Cp’) ppm. 13C NMR (100.6 MHz, CDCl3, HSQC,
HMBC): @= 64.4 (OCCHCH), 75.1 (OCCH), 81.4 (Cp’), 161.6 (C=O)

Scheme 6. Syntheses of cobaltocenium salts 14 and 15 as substrates for
attempted anionic thia-Fries rearrangements.
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ppm. IR: ~n= 3098 (m), 3049 (m), 1589 (m), 1545 (s), 1422 (m), 1410
(m), 1396 (m), 1348 (m), 1310 (m), 1260 (m), 1175 (m), 1109 (m),
1072 (m), 1045 (m), 1022 (m), 1003 (m), 901 (m), 853 (m), 827 (s),
685 (s), 667 (s), 588 (m), 484 (s), 457 (m), 426 (m) cm� 1. HRMS (EI):
Calcd. for C10H9CoO [M+] 203.9985, found 203.9989.

[(Trifluoromethylsulfonyl)oxy]cobaltocenium trifluoromethane-
sulfonate (10): At � 78 °C, triflic anhydride in dichloromethane
(1.0 M, 0.88 mL, 0.9 mmol) was added dropwise to a solution of
(cyclopentadienone)(cyclopentadienyl)cobalt(I)[28] (8, 60 mg,
0.3 mmol) in dichloromethane (10 mL). The red solution immedi-
ately turned yellow. The solution was stirred at � 78 °C for 15 min,
slowly warmed to 21 °C and further stirred for another 15 min. The
solvent was evaporated and collected in a cold trap (to be later
carefully quenched and neutralized), and a yellow oil was obtained.
The oil was washed with diethyl ether (110 mL), and
[(trifluoromethylsulfonyl)oxy]cobaltocenium trifluoromethanesulfo-
nate (10, 116 mg, 81 %) was obtained as a yellow solid (m. p. 176 °C,
dec.).
1H NMR (400.1 MHz, CD3OD): @= 5.79 + 6.32 (AA’BB’, J= 2.3 Hz, 2 ×
2H, OCCH, OCCHCH), 6.01 (s, 5H, Cp’) ppm. 13C NMR (100.6 MHz,
CD3OD, HSQC, HMBC): @= 78.1 (OCCHCH), 81.8 (OCCH), 88.1 (Cp’),
119.8 (q, 1JC,F = 320.5 Hz, CF3), 121.8 (q, 1JC,F = 321.5 Hz, CF3), 125.9
(CO) ppm. 19F NMR (376.5 MHz, CD3OD): @= � 74.1 (OSO2CF3), � 80.1
(OSO2CF3) ppm. IR: ~n= 3120 (m), 1441 (m), 1420 (m), 1375 (w), 1279
(m), 1213 (s), 1165 (s), 1132 (s), 1022 (s), 932 (m), 870 (m), 839 (m),
814 (m), 768 (m), 712 (m), 635 (m), 617 (s), 598 (s), 573 (m), 517 (s),
463 (s), 424 (m) cm� 1. HRMS (ESI, MeOH): Calcd. for C11H9CoF3O3S
[M+] 336.9556, found 336.9557. Calcd. for CF3O3S [M� ] 148.9520,
found 148.9516.

rac-(Cyclopentadieny)[2-(trifluoromethylsulfonyl)cyclopenta-
dienone]cobalt(I) (rac-11): At � 78 °C lithium diisopropylamide
[prepared from butyllithium in hexane (2.5 M, 0.78 mL, 1.9 mmol)
and diisopropylamine (0.82 mL, 5.8 mmol) in THF (5 mL)] was added
dropwise to [(trifluoromethylsulfonyl)oxy]cobaltocenium trifluoro-
methanesulfonate (10, 315 mg, 0.6 mmol) in THF (5 mL). The dark
yellow solution immediately turned red and then brown. The
solution was stirred at � 78 °C for 30 min, slowly warmed to 25 °C
and further stirred for another 15 min. The solvent was removed at
reduced pressure and the remaining solid redissolved in dichloro-
methane (20 mL). The solution was acidified by addition of oxygen
free 37 % aq. HCl under pH control until pH 6. After solvent and
water removal at reduced pressure the crude product was purified
by column chromatography {3 × 10 cm, alumina [deactivated with
water (15 % w/v)], ethyl acetate followed by acetone/ methanol
7 : 3} affording (cyclopentadienyl)[2-(trifluoromethylsul-
fonyl)cyclopentadienone]cobalt(I) (rac-11, 67 mg, 0.2 mmol, 31 %)
as a red/orange solid (m. p. 158 °C, dec.).
1H NMR (400.1 MHz, CDCl3): @= 4.76 (dd, J= 3.3 Hz, J= 1.7 Hz, 1H,
OCCHCHCH), 5.41 (t, J= 3.3 Hz, 1H, OCCHCH), 5.42 (s, 5H, Cp’), 5.73
(dd, J= 3.3 Hz, J= 1.7 Hz, 1H, OCCH) ppm. 13C NMR (100.6 MHz,
CDCl3, HSQC, HMBC): @= 65.5 (OCCHCHCH), 70.2 (OCCS), 76.0
(OCCHCH or OCCH), 77.7 (OCCH or OCHCH), 83.3 (Cp’), 119.2 (q,
1JC,F = 325.6 Hz, CF3), 158.6 (CO) ppm. 19F NMR (376.5 MHz, CDCl3):
@= � 78.0 (SO2CF3) ppm. IR: ~n= 3078 (w), 2922 (w), 2856 (w), 1734
(w), 1612 (s), 1584 (m), 1364 (s), 1198 (s), 1186 (s), 1175 (s), 1113 (s),
1080 (m), 997 (m), 837 (m), 793 (w), 764 (w), 708 (m), 692 (s), 631
(m), 610 (s), 569 (m), 517 (m), 503 (m), 469 (m), 432 (m), 413 (m)
cm� 1. HRMS (ESI, MeCN): Calcd. for C11H8CoF3O3SNa [M+ + Na]
358.9376, found 358.9391.

Crystal structure analysis:[34] Single crystals suitable for X-ray
analysis were obtained by slow evaporation of an ethyl acetate
solution of rac-11. C22H18Co2F6O7S2 (Two enantiomeric molecules of
11 and one water molecule), orange plate, Mr = 690.34, crystal

system monoclinic, space group C1c1, a= 9.750(6), b= 9.775(5), c=

26.071(15) Å, α= 90°, b= 97.54(3)°, γ= 90°, V= 2463.0(3) Å3, Z= 4,
dcalc = 1.861 g·cm� 3, μ= 1.605 mm� 1, crystal size 0.25 × 0.21 ×
0.10 mm3, F(000) = 1384, Bruker SMART X2S diffractometer, graphite
crystal monochromator, T= 300 K, Mo-Ka radiation (l= 0.71073 Å),
2.96°�θ�29.70°, index ranges � 13�h�13, � 13�k�13, � 36�
l�36, reflections collected/unique 6795/5358, numerical absorption
correction, structure solution and refinement with SHELXL-2018/
3,[51] parameter/restraints 361/2, R1 = 0.0458 [I>2σ(I)], wR2 = 0.0980
(all data), S= 0.983, finals maximum/minimum difference electron
density 0.379/� 0.478 eÅ� 3.

1-[(Trifluoromethylsulfonyl)oxy]-2,5-bis(trimethylsilyl)cobaltoce-
nium trifluoromethanesulfonate (12): At � 78 °C triflic anhydride
(0.03 mL, 0.2 mmol) was added dropwise to [2,5-bis(trimeth-
ylsilyl)cyclopentadienone](cyclopentadienyl)cobalt(I)[28] (6, 40 mg,
0.1 mmol) in dichloromethane (8 mL). The red solution immediately
turned yellow. The solution was stirred at � 78 °C for 15 min, slowly
warmed to 22 °C and further stirred for another 15 min. The solvent
was evaporated and collected in a cold trap (to be later carefully
quenched and neutralized). The remaining yellow greenish solid
was washed with diethyl ether (3 × 5 mL). The remaining solvent
was removed at reduced pressure and the residue redissolved in
dichloromethane (1 mL). Diethyl ether (1 mL) was added, and the
mixture was left at � 30 °C for 48 h. The solvent was removed with a
syringe and 1-[(trifluoromethylsulfonyl)oxy]-2,5-bis(trimeth-
ylsilyl)cobaltocenium trifluoromethanesulfonate (12, 63 mg,
0.1 mmol, 87 %) was obtained as a yellow crystalline solid (m. p.
178 °C, dec.).
1H NMR (600.3 MHz, CD3OD): @= 0.51 (s, 18 H, 2 × SiMe3), 5.87 (s, 2H,
SiCCH), 6.00 (s, 5H, Cp’) ppm. 13C NMR (150.9 MHz, CD3OD, HSQC,
HMBC): @= � 0.7 (2 SiMe3), 87.9 (Cp’), 90.2 (SiCCH), 92.0 (CCpSi), 119.4
(q, 1JC,F = 319.6 Hz, CF3), 121.8 (q, 1JC,F = 318.4 Hz, CF3), 130.5 (CCpO)
ppm. 19F NMR (376.5 MHz, CD2Cl2): @= � 72.6 (SO2CF3), � 78.9
(SO2CF3) ppm. IR: ~n= 3107 (w), 3071 (w), 1412 (m), 1304 (m), 1263
(s), 1217 (s), 1148 (s), 1126 (s), 1088 (m), 1032 (s), 1015 (m), 891 (m),
835 (s), 822 (s), 764 (m), 723 (m), 708 (m), 637 (s), 611 (s), 573 (m),
536 (m), 517 (m), 503 (m), 474 (m), 424 (s) cm� 1. HRMS (ESI, MeOH):
Calcd. for C17H25CoF3O3SSi2 [M+] 481.0347, found 481.0347. Calcd.
for CF3O3S [M� ] 148.9520, found 148.9524.

rac-(Cyclopentadienyl)[2-(trifluoromethylsulfonyl)-5-(trimeth-
ylsilyl)cyclopentadienone]cobalt(I) (rac-13): At 25 °C 1-[(trifluoro-
methylsulfonyl)oxy]-2,5-bis(trimethylsilyl)cobaltocenium trifluoro-
methanesulfonate (12, 148 mg, 0.2 mmol) in DMF (5 mL) was added
to a suspension of cesium fluoride (36 mg, 0.2 mmol) in DMF
(1 mL). The yellow solution immediately turned red. The mixture
was stirred for 1 h at 28 °C, and the solvent was removed at 70 °C
(oil bath temperature) at reduced pressure. Dichloromethane
(25 mL) was added, and the solution was filtered. The solvent was
removed at reduced pressure. Column chromatography [3 × 25 cm,
SiO2, (deactivated with Et3N), petroleum ether/ethyl acetate 6 : 4
gradient to 8 : 2 (v/v)] afforded three products.

I: 6, 8 mg, 0.02 mmol, 9 %

II: (Cyclopentadienyl)[2-(trifluoromethylsulfonyl)-5-(trimethylsilyl)-
cyclopentadienone]cobalt(I) (rac-13, 57 mg, 0.1 mmol, 59 %), orange
solid (m. p. 130 °C, dec.). 1H NMR (600.3 MHz, C6D6): @= 0.14 (s, 9H,
CH3), 4.40 (d, 3J= 3.1 Hz, 1H, SiCCH), 4.57 (s, 5H, Cp’), 5.28 (d, 3J=

3.1 Hz, 1H, SCCH) ppm. 13C NMR (150.9 MHz, C6D6, HSQC, HMBC):
@= � 1.3 (SiMe3), 69.8 (OCCS or OCCSi), 72.0 (OCCS or OCCSi), 77.4
(SiCCH), 82.2 (Cp’), 82.4 (SCCH), 120.0 (q, 1JC,F = 326.2 Hz, CF3), 162.9
(CO) ppm. 19F NMR (376.5 MHz, C6D6): @= � 78.2 (SO2CF3) ppm. IR:
~n= 3115 (w), 2959 (w), 1614 (s), 1358 (s), 1252 (m), 1209 (s), 1186
(s), 1146 (m), 1125 (m), 1111 (m), 1094 (m), 1011 (m), 866 (m), 824
(s), 762 (m), 727 (m), 706 (m), 692 (m), 669 (m), 619 (s), 569 (s), 523
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(m), 509 (m), 474 (m), 455 (m), 412 (m) cm� 1. HRMS (ESI, MeCN):
Calcd. for C14H16CoF3O3SSiNa [M+ + Na] 430.9771, found 430.9758.

III: rac-11 (14 mg, 0.04 mmol, 18 %).

1-(Methanesulfonyloxy)-2,5-bis(trimethylsilyl)cobaltocenium
methanesulfonate (14): At 25 °C [2,5-bis(trimethyl-
silyl)cyclopentadienone](cyclopentadienyl)cobalt(I)[28] (6, 26 mg,
0.07 mmol) in dichloromethane (6 mL) was added to methanesul-
fonic anhydride (13 mg, 0.07 mmol) in dichloromethane (1 mL). The
red solution turned orange/yellow after approximately 2 h. The
solution was stirred at 25 °C for 16 h. The solvent was evaporated
and collected in a cold trap (to be later carefully quenched and
neutralized). The remaining yellow solid was washed with diethyl
ether (0 °C, 3 × 5 mL). The remaining solvent was removed at
reduced pressure and the residue redissolved in dichloromethane
(1 mL). Diethyl ether (1 mL) was added, and the mixture was left at
� 30 °C for 48 h. The solvent was removed with a syringe and 1-
[(methanesulfonyl)oxy]-2,5-bis(trimethylsilyl)cobaltocenium metha-
nesulfonate [14, 29 mg, 0.05 mmol (89 % based on NMR integra-
tion), isolated yield 66 %] was obtained as a yellow crystalline solid
containing residual 6 and methanesulfonic anhydride (1H NMR)
1H NMR (400.1 MHz, CDCl3): @= 0.45 (s, 18 H, SiCH3), 2.95 (s, 3H,
� OSO2CH3), 3.32 (s, 3H, SiCCOSO2CH3), 5.81 (s, 5H, Cp’), 5.92 (s, 2H,
SiCCH) ppm. 13C NMR (100.6 MHz, CDCl3, HSQC, HMBC): @= � 0.3
(SiMe3), 39.6 (SiCCOSO2CH3), 39.6 (� OSO2CH3), 86.3 (Cp’), 89.4 (CCpH),
90.8 (SiCCO), 129.2 (SiCCO) ppm. IR: ~n= 3422 (w), 3096 (w), 3015
(w), 1418 (m), 1356 (m), 1341 (m), 1323 (m), 1252 (m), 1180 (s), 1136
(m), 1096 (m), 1022 (m), 972 (m), 893 (m), 833 (s), 814 (s), 770 (s),
752 (s), 700 (m), 640 (m), 540 (s), 517 (s), 473 (m), 420 (s) cm� 1.
HRMS (ESI, MeCN): Calcd. for C17H28CoO3SSi2 [M+] 427.0624, found
427.0629. Calcd. for CH3O3S [M� ] 97.9803, found 94.9803.

1-(p-Toluenesulfonyloxy)-2,5-bis(trimethylsilyl)cobaltocenium p-
toluenesulfonate (15): At 25 °C [2,5-bis(trimethylsilyl)cyclo-
pentadienone](cyclopentadienyl)cobalt(I)[28] (6, 98 mg, 0.3 mmol) in
dichloromethane (5 mL) was added to toluenesulfonic anhydride
(92 mg, 0.3 mmol) in dichloromethane (2 mL) at 25 °C. The red
solution turned orange/yellow after approx. 2 h. After stirring at
25 °C for 16 h the solvent was evaporated and collected in a cold
trap (to be later carefully quenched and neutralized). The remaining
yellow solid was washed with diethyl ether (0 °C, 3 × 5 mL). As
crystallization attempts failed, the remaining solvent was removed
at reduced pressure. 1-(p-Toluenesulfonyloxy)-2,5-bis(trimeth-
ylsilyl)cobaltocenium p-toluenesulfonate (15, 138 mg, 73 %, based
on NMR integration) was obtained as a mixture with starting
material and p-toluenesulfonic anhydride as a yellow solid. Most of
the 13C NMR peaks were assigned, but due to the mixture and an
unclear HMBC, signals of two quartenary carbon atoms (COS and
COSO2C) could not be assigned.
1H NMR (400.1 MHz, CDCl3): @= 0.40 (s, 18 H, SiMe3), 2.34 (s, 3H,
� OSO2CCHCHCCH3), 2.50 (s, 3H, COSO2CCHCHCCH3), 5.79 (s, 5H,
Cp’), 6.10 (s, 2H, SiCCH), 7.14 + 7.78 (2d, J= 7.8 Hz, 2 × 2H,
� OSO2CCHCHCH3), 7.43 + 7.83 (2d, J= 8.2 Hz, 2 × 2H, CpOSO2

CCHCHCH3) ppm. 13C NMR (100.6 MHz, CDCl3, HSQC, HMBC): @=

� 0.17 (SiMe3), 21.5 (� OSO2CCHCHCCH3), 22.0 (CpOSO2CCHCHCCH3),
86.3 (Cp’), 90.2 (SiCCH), 90.3 (SiCCH), 126.5 (� OSO2CCH or
� OSO2CCHCH), 128.6 (CPh), 129.0 (� OSO2CCH or � OSO2CCHCH), 130.6
(OSO2CCH or OSO2CCHCH), 140.8 (� OSO2CCHCHC), 141.0 (� OSO2C),
147.3 (OSO2CCHCHC) ppm. IR: ~n= 2955 (m), 2920 (s), 2853 (m), 1715
(w), 1458 (m), 1418 (m), 1377 (m), 1364 (m), 1319 (m), 1258 (m),
1192 (m), 1177 (m), 1059 (m), 1024 (m), 1009 (m), 893 (m), 833 (m),
812 (s), 800 (s), 758 (m), 704 (m), 679 (m), 664 (m), 640 (m), 615 (m),
565 (m), 546 (m), 496 (m), 463 (m), 407 (m) cm� 1. HRMS (ESI, MeCN):
Calcd. for C23H32CoO3SSi2 [M+] 503.0937, found 503.0939.

Acknowledgements

We thank Dr. Gerald Dräger, Institut für Organische Chemie,
Leibniz Universität Hannover, for performing the crystallographic
measurement. Open Access funding enabled and organized by
Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Anionic thia-Fries rearrangement · Cobalt ·
Cobaltocenium · Cyclopentadienyl ligands · ortho Lithiation

[1] T. J. Kealy, P. L. Pauson, Nature 1951, 168, 1039–1040.
[2] S. A. Miller, J. A. Tebboth, J. F. Tremaine, J. Chem. Soc. 1952, 632–635.
[3] Metallocenes, Vol. 1 + 2; A. Togni, R. L. Halterman, Ed.; Wiley-VCH:

Weinheim, 1998.
[4] E. O. Fischer, R. Jira, Z. Naturforsch. B 1953, 8b, 327–328.
[5] G. Wilkinson, J. Am. Chem. Soc. 1952, 74, 6148.
[6] Ferrocenes - Homogeneous Catalysis, Organic Synthesis, Materials Science;

A. Togni, T. Hayashi, Ed.; VCH: Weinheim, 1995.
[7] Ferrocenes: Ligands, Materials and Biomolecules; P. Stepnicka, Ed.; John

Wiley & Sons: Chichester, 2008.
[8] M. Jochriem, D. Bosch, H. Kopacka, B. Bildstein, Organometallics 2019,

38, 2278–2279.
[9] J. Hartwig, Organotransition Metal Chemistry, University Science Books,

Sausalito 2010.
[10] C. Elschenbroich, Organometallchemie, 6 ed., Teubner, Wiesbaden 2007.
[11] J. R. Garabatos Perera, R. Wartchow, H. Butenschön, J. Organomet. Chem.

2004, 689, 3541–3549.
[12] B. Koszarna, H. Butenschön, D. T. Gryko, Org. Biomol. Chem. 2005, 3,

2640–2645.
[13] M. Schwarz, M. Vollmann, R. Wartchow, H. Butenschön, J. Organomet.

Chem. 2005, 690, 2300–2308.
[14] M. Vollmann, H. Butenschön, C. R. Chim. 2005, 8, 1282–1285.
[15] D. T. Gryko, J. Piechowska, J. S. Jaworski, M. Galezowski, M. Tasior, M.

Cembor, H. Butenschön, New J. Chem. 2007, 31, 1613–1619.
[16] J. R. Garabatos-Perera, H. Butenschön, J. Organomet. Chem. 2008, 693,

357–360.
[17] J. Ma, M. Vollmann, H. Menzel, S. Pohle, H. Butenschön, J. Inorg.

Organomet. Polym. 2008, 18, 41–50.
[18] J. R. Garabatos-Perera, R. Wartchow, H. Butenschön, Adv. Synth. Catal.

2009, 351, 1139–1147.
[19] D. Schmiel, R. Gathy, H. Butenschön, Organometallics 2018, 37, 2095–

2110.
[20] I. Werner, S. L. Heinisch, I. Nowik, R. H. Herber, H. Butenschön,

ChemistrySelect 2018, 3, 13132–13139.
[21] B. Elmuradov, G. Dräger, H. Butenschön, Eur. J. Org. Chem. 2020, 3430–

3440.
[22] G. M. R. Boston, I. Frank, H. Butenschön, Helv. Chim. Acta 2021, 104,

e2100025.
[23] G. M. R. Boston, H. M. Philipp, H. Butenschon, Eur. J. Inorg. Chem. 2021,

4903–4914.
[24] G. Werner, C. W. Lehmann, H. Butenschön, Adv. Synth. Catal. 2010, 352,

1345–1355.
[25] G. Werner, H. Butenschön, Organometallics 2013, 32, 5798–5809.
[26] M. Korb, H. Lang, Chem. Soc. Rev. 2019, 48, 2829–2882.
[27] M. Korb, H. Lang, Eur. J. Inorg. Chem. 2022, 2022, e202100946.

Research Article
doi.org/10.1002/ejic.202200143

Eur. J. Inorg. Chem. 2022, e202200143 (6 of 7) © 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.05.2022

2216 / 245170 [S. 75/76] 1

 10990682c, 2022, 16, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202200143 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/1681039b0
https://doi.org/10.1039/jr9520000632
https://doi.org/10.1515/znb-1953-0615
https://doi.org/10.1021/ja01143a539
https://doi.org/10.1021/acs.organomet.9b00205
https://doi.org/10.1021/acs.organomet.9b00205
https://doi.org/10.1016/j.jorganchem.2004.07.059
https://doi.org/10.1016/j.jorganchem.2004.07.059
https://doi.org/10.1039/b505366h
https://doi.org/10.1039/b505366h
https://doi.org/10.1016/j.crci.2005.02.019
https://doi.org/10.1039/b618631a
https://doi.org/10.1016/j.jorganchem.2007.10.053
https://doi.org/10.1016/j.jorganchem.2007.10.053
https://doi.org/10.1007/s10904-007-9189-1
https://doi.org/10.1007/s10904-007-9189-1
https://doi.org/10.1002/adsc.200800780
https://doi.org/10.1002/adsc.200800780
https://doi.org/10.1021/acs.organomet.8b00243
https://doi.org/10.1021/acs.organomet.8b00243
https://doi.org/10.1002/slct.201802793
https://doi.org/10.1002/ejoc.202000414
https://doi.org/10.1002/ejoc.202000414
https://doi.org/10.1002/ejic.202100785
https://doi.org/10.1002/ejic.202100785
https://doi.org/10.1002/adsc.201000068
https://doi.org/10.1002/adsc.201000068
https://doi.org/10.1021/om400339t
https://doi.org/10.1039/C8CS00830B


[28] E. R. F. Gesing, J. P. Tane, K. P. C. Vollhardt, Angew. Chem. 1980, 92,
1057–1058; Angew. Chem. Int. Ed. Engl. 1980, 19, 1023–1024.

[29] M. D. Rausch, R. A. Genetti, J. Org. Chem. 1970, 35, 3888–3897.
[30] R. Gleiter, D. B. Werz, Organometallics 2005, 24, 4316–4329.
[31] M. von der Gruen, C. Schaefer, R. Gleiter, Organometallics 2003, 22,

2370–2372.
[32] Z. Zhao, J. Messinger, U. Schön, R. Wartchow, H. Butenschön, Chem.

Commun. 2006, 3007–3009.
[33] G. Werner, H. Butenschön, Eur. J. Org. Chem. 2012, 3132–3141.
[34] Deposition Number 2132433 (for rac-11) contains the supplementary

crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service www.
ccdc.cam.ac.uk/structures.

[35] H. Lehmkuhl, H. F. Nehl, Chem. Ber. 1984, 117, 3443–3456.
[36] J. P. Tane, K. P. C. Vollhardt, Angew. Chem. 1982, 94, 642–643; Angew.

Chem. Int. Ed. Engl. 1982, 21, 617–618.
[37] M. D. Rausch, D. Ciappenelli, J. Organomet. Chem. 1967, 10, 127–136.
[38] D. Guillaneux, H. B. Kagan, J. Org. Chem. 1995, 60, 2502–2505.
[39] A. J. Pearson, J. B. Kim, Tetrahedron Lett. 2003, 44, 8525–8527.
[40] H.-J. Knölker, E. Baum, J. Heber, Tetrahedron Lett. 1995, 36, 7647.
[41] D. N. Platonov, A. Y. Belyy, I. V. Ananyev, Y. V. Tomilov, Eur. J. Org. Chem.

2016, 2016, 4105–4110.

[42] K. Saito, H. Ishihara, Bull. Chem. Soc. Jpn. 1985, 58, 2664.
[43] M. Harmata, M. G. Gomes, Eur. J. Org. Chem. 2006, 2273–2277.
[44] X. Zhang, L. Han, Y. Gao, J. Shi, Q. Suo, Chem. Res. Chin. Univ. 2016, 32,

775–780.
[45] B. Alameddine, N. Baig, S. Shetty, F. Al-Sagheer, S. Al-Mousawi, Asian J.

Org. Chem. 2018, 7, 378–382.
[46] A. Hassner, D. J. Anderson, J. Org. Chem. 1974, 39, 3070.
[47] R. Vanel, F. Berthiol, B. Bessieres, C. Einhorn, J. Einhorn, Synlett 2011,

1293–1295.
[48] F. Gavina, A. M. Costero, P. Gil, S. V. Luis, J. Am. Chem. Soc. 1984, 106,

2077.
[49] R. K. Harris, E. D. Becker, S. M. Cabral de Menezes, R. Goodfellow, P.

Granger, Solid State Nucl. Magn. Reson. 2002, 22, 458–483.
[50] C. Zhao, F. D. Toste, R. G. Bergman, J. Am. Chem. Soc. 2011, 133, 10787–

10789.
[51] G. M. Sheldrick, Acta Cryst. Sect. C 2015, 71, 3–8.

Manuscript received: March 3, 2022
Revised manuscript received: March 23, 2022
Accepted manuscript online: March 25, 2022

Research Article
doi.org/10.1002/ejic.202200143

Eur. J. Inorg. Chem. 2022, e202200143 (7 of 7) © 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.05.2022

2216 / 245170 [S. 76/76] 1

 10990682c, 2022, 16, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202200143 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/ange.19800921225
https://doi.org/10.1002/ange.19800921225
https://doi.org/10.1002/anie.198010231
https://doi.org/10.1021/jo00836a067
https://doi.org/10.1021/om0504351
https://doi.org/10.1021/om030182g
https://doi.org/10.1021/om030182g
https://doi.org/10.1039/B606092G
https://doi.org/10.1039/B606092G
https://doi.org/10.1002/ejoc.201200176
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202200143
https://www.ccdc.cam.ac.uk/structures/?
https://www.ccdc.cam.ac.uk/structures/?
https://doi.org/10.1002/cber.19841171213
https://doi.org/10.1002/anie.198206171
https://doi.org/10.1002/anie.198206171
https://doi.org/10.1016/S0022-328X(00)81725-8
https://doi.org/10.1021/jo00113a033
https://doi.org/10.1016/j.tetlet.2003.08.123
https://doi.org/10.1016/0040-4039(95)01614-N
https://doi.org/10.1246/bcsj.58.2664
https://doi.org/10.1002/ejoc.200600173
https://doi.org/10.1007/s40242-016-6158-7
https://doi.org/10.1007/s40242-016-6158-7
https://doi.org/10.1002/ajoc.201700655
https://doi.org/10.1002/ajoc.201700655
https://doi.org/10.1021/jo00935a002
https://doi.org/10.1021/ja00319a028
https://doi.org/10.1021/ja00319a028
https://doi.org/10.1006/snmr.2002.0063
https://doi.org/10.1021/ja204564z
https://doi.org/10.1021/ja204564z
https://doi.org/10.1107/S2053229614024218

