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And | saw all the work of the God, how mankind @ao¢ able to find out the work that has
been done under the sun; however much mankindwespng hard to seek, yet they do not
find out. And even if they should say they are wsmugh to know, they would be unable to

find out.

Ecclesiastes 8:17



Kurzfassung

Auf dem Wege zum Ferrocin und zu Benz-im-Komplexen.

Im Rahmen der vorliegenden Arbeit wird die Suchechnaz(Arin) Metalkomplexen
vorgestellt, dabei wurden die bekannten Konzeptdaustellung der Arine auf Ferrocen und
(Aren)Cr(CO} ubertragen. Es wurden Eliminierungsreaktionen am derschiedenen
Halogenbenzolen und Phenylsulfonaten sowie Fragarengsreaktionen von 1,2-Ferrocen-
dicarbonséureanhydrid getestet, auch die Darstelion Arinen aus Zwitterionen wurde
versucht.Bekannt ist, dass die Cr(@®henyltriflate unter Einwirkung von Basen keine
Eliminierungsreaktionen sondern anionische thiad-timlagerung eingehen. Da die niedrige
Elektronendichte im aromatischen Ring, verursacinthl elektronenziehende Eigenschaft der
Cr(CO)%-Gruppe, fur dieses ungewdhnliche Verhalten verarttish gemacht wird, wurden
im Rahmen dieser Arbeit zahlreiche elektronenreh€omplexe dargestellt. Dies wurde
zum einen durch Einfuhrung elektronenschiebend&udastituenten wie Methoxy-Gruppen
erreicht und zum anderen durch den LigandenaugtaarscChromatom, initiiert durch UV-
Bestrahlung, indem die elektronenziehende CO Ligaralrch elektronenreichere Phosphin-
Liganden ersetzt wurden.

Des Weiteren wurden Ferrocenyltriflate fir entsheswle Untersuchungen herangezogen. Da
Ferrocen ein besonders elektronreicher Aromat wairde eine effektive Eliminierung
erwartet. Entgegen allen Erwartungen fanden jeduathfast quantitativen Ausbeuten die
thia-Fries-Umlagerungen statt. Um die elektronem#icdn Cyclopentadienylliganden noch
weiter zu erhOhen, wurden weitere Ferrocenylteflaynthetisiert, indem elektronen-
liefernde Gruppen wie Methyl und Methoxy eingefuhrturden. Diese extrem
elektronenreichen Ferrocenyltriflate gingen jedodle thia-Fries-Umlagerung mit der
gleichen Effektivitat ein wie die unsubstituiertsfertreter. Dieses Ergebnis zeigt, dass die
Erklarung fur dieses Verhalten im Falle des Femacaicht in der Elektronendichte des
aromatischen Systems zu suchen ist, sondern mehrdaa gespannte System eines
funfgliedriges Ringes zurUckzufihren ist. Die thides-Umlagerung an 1,1-
Ferrocendiylditriflat fuhrte ausschlie8lich zur ding eines meseProdukts, was
offensichtlich ein sehr seltener Fall einer intenalarer Stereoinduktion zwischen den Cp-
Liganden ist. Wahrend die Metallierung der Halogerdcene ergebnislos blieb, zeigte das
ortho lithiierte Fluorbenzol Cr(CQ)Komplex die erwiinschte Reaktivitdt und lieferta ei
Kopplungsprodukt, das als Ergebnis der Eliminiermog LiF gedeutet werden kann. Die
UV-Bestrahlung von 1,2-Ferrocendicarbonsaureantlydiinrte zur Bildung des 1,2-
Ferrocendiradikals, das formal als Ferrocin betetoerden kann.

Schlusselworter: 7C-Arin)tricarbonylchromium(0), Ferrocin, anionischieia-Fries Umlage-

rung, Ferrocenderivate, Photochemische Reactidn@rannulare Stereoinduktion



Abstract
Towards Ferrocyne and Benzyner-Complexes.

In this research project the search for mearyne metal complexes is presented, in which the
known methods for the preparation of arynes wemdieg to ferrocene and (arene)Cr(GO)
complexes. The elimination of various halobenzeares phenyl sulphonates, fragmentation
reactions of 1,2-ferrocene dicarboxylic anhydriderev tested, and the synthesis from
zwitterions was also tried.

It is known that (phenyl triflate)Cr(C®)complexes undergo the anionic thia-Fries
rearrangement rather than elimination reactionscesthe electron withdrawing nature of the
tricarbonylchromium group is the major factor foetanionic thia-Fries rearrangement, the
electron density of phenyl triflate tricarbonylchnomm complexes was increased via two
ways. Firstly, by introduction of electron donatiggoups at the aromatic system and,
secondly, the electron withdrawing carbonyl ligangsre substituted by more electron rich
triphenyl phosphine ligands, initiated by UV-irraton.

This result stimulated the idea to try the reactwoth a more electron rich ferrocene system
with the perspective to obtain ferrocyne or ferreadiyne. However, treatment of ferrocenyl
triflate with different bases gave in an instantarereaction products of anionic thia-Fries
rearrangements in nearly quantitative yields. T¥as the first case of this kind of reaction at
a five membered ring. In order to increase thetedacdensity in the Cp ligands some even
more electron rich ferrocenyl triflates bearing aremore electron donating groups were
synthesized, which underwent the thia-Fries regearent with the same efficiency as the
unsubstituted ferrocenyl triflate. The result shothat this phenomenon cannot only be
explained by electronic effects but also by thaistm the five-membered ring. The thia-Fries
rearrangement of 1,1'-ferrocendiyl ditriflate exslely led to the formation of theneso
product. This is a rare case of an interannulaesteduction between both Cp ligands.

While the metallation of various haloferrocenes agmad unsuccessful, tleetho-lithiation of
(fluorobenzene)Cr(CQ)showed the desired reactivity and delivered theplog product,
which can be interpreted as the product of elinnomadf LiF.

The fragmentation reaction of 1,2-ferrocene dicaybo acid anhydride afforded the forma-
tion of the 1,2-ferrocene diradical under photocivahreaction conditions, which can be for-

mally regarded as ferrocyne (1,2-didehydroferrotene

Key words:  §°Aryne)tricarbonylchromium(0),  Ferrocyne,  Anionic hid-Fries
Rearrangement, Ferrocene Derivates, PhotochemiedctRns, Transannular Stereo-

induction
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aq.
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Bn
br
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Me
mL
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MS
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PE
Ph

ppm

rac

TBME
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High-resolution Mass Spectrometry
Heteronuclear Multiple Quantum Coherence
Heteronuclear Multiple Bond Correlation
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Infrared

Coupling Constant in NMR Spectroscopy
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Lithium Diisopropylamide

Lithium 2,2,5,5-Tetramethylpiperidine
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Multiplet (spectral)

Medium (IR spectra)

Molar (moles per liter)

Parent Molecular Cation (mass spectrometry)
Methyl
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Melting point

Mass spectrometry
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Tetrahydrofuran

Thin Layer Chromatography
N,N,N’,N*-Tetramethylethane-1,2-diamine
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Ultraviolet

Watt
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Introduction

A. Introduction

1. Arynes: a historical overview

Nowadays arynes play an important role in the mogeeparative organic chemistry. They
are primarily used for the generation of mono- patycyclic aromatic hydrocarbons, thus re-
presenting a powerful tool for the synthesis ofiaias important compounds for material

e __ (IIry
L K 4o (b — Lt
o/

science, medicine, and other fieltlsThe synthesis of Taiwanin C is an exam@eheme )L
¢}
Taiwanin C

Scheme 1The Synthesis of Taiwanin C (a pharmaceuticatferstruggle against tumour celfs).

Though arynes represent such a central means irs lenokganic chemists, they have not
been known for a very long time. Their existence weally postulated only in the 1936s,
was proven in the 195@%,” and one more decade has passed before they veteensyically
applied in synthesd¥.%! The reason for such a late development lies iarg kigh reactivity
of these compounds.

Arynes are neutral intermediates in which two agljicatoms of an aromatic ring lack
substituents, leaving thus two aromatic orbitalsiclv generate two molecular orbitatsand

7 . The best known representative of the arynes igyre (GH,4). Nevertheless, this name
implies the existence of a rigid triple bond, whishonly one part of a resonance formula

shown inScheme 2
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0— 0 —0U

4

Scheme 2Resonance formula of benzyne

The name 1,2-didehydrobenzene is also common atel loerresponds to the real structure

of the compound, which is usually shown as follows:

@)

4c

Oner bond is just a part of the aromatic system, thebt@xhal z bond is localised and stands
orthogonally to ther orbitals of the aromatic system. As expected fonmal C,C triple bond
in benzyne is extensively weaker than in unstraim&gines as shown by tl&C stretching
vibration (1846 crit for benzyne, whereas this band for normal alkyreslly occurs in the
range about 2150 ci).

Benzyne is sometimes illustrated also as a dirgdidale thex bond is homolyticly split.

@)

4d

In the meantime, i one of the most thoroughly examined reactive meafiate, the
available experimental data enclose infrared spsctipy*® photoelectron spectroscofy,
121 negative ions photoelectron spectroscopy (NIPES)! CID (collision-induced
dissociation threshold}® microwave spectroscof§ and NMR spectroscopy.*®! With
NIPES detected singlet-triplet splitting amounts3@5 kcal mot',*® a data, which is also
calculated.

The diradical characteld is insignificant, the electronic structure is befgiven as a strained
cyclic alkyne or a cumulerf®! whereas the alkyne charactdr predominatesvide infrg).*”

The high angular strain #his responsible for its high reactivity becauséhef direct conse-

2
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guence for the low lying LUMOSs, so that the eneggp between the HOMO and the LUMO
is relatively small. For that reason benzynes sti@\properties of extremely reactive alkynes
participating in cycloaddition anéne reactions with alkenes. The other reason for the
reactivity of benzynes is that the low lying LUM@uses a very high electrophilicity!

Because 1,2-didehydrobenzene and its derivativeesxdremely reactive species appearing in
chemical processes only as short-lived intermesliateey cannot usually be dedicated
directly.

The reason of this extremely high reactivity ofreey remained unrecognized for a long time.
Only at the end of the 19th century the first sigifpan was made concerning the existence of
unknown intermediates, with which, under the pregstion that they have the substructure of
the didehydrobenzene, many experiments could biaiexgl.

Thus a GHg-intermediate was postulated in 1870 for understendf the origin of biphenyl
during the pyrolysis of diphenylmercufy! Also the formation of triphenylene and
polyphenyl in the Wurtz-Fittig reaction of chloratmene was formulated using the 1,gH4¢
diradical as an intermediafe?

The generation of didehydroarene with a triple bevas formulated for the first time by
Stoermer and Kahlert, who explained the rearrangémie3 with 2,3-didehydrobenzofuran
(6) as an intermediat&¢theme 322

Br
©j\g NaOGHs ©f\>\ C,HeOH mooﬁs
(@] o] (O]
5 6 7

Scheme 3Formation of 2,3-didehydrobenzofuras).(

In spite of all these first signs no attempt wadartaken until to the half of the 20th century
to synthesize and to research didehydroarenestigelgcuntil two phenomena struck in the
investigation of the nucleophilic aromatic subsidgnt

Firstly, phenyl lithium reacted clearly faster witfluorobenzene than with any other
halobenzene generating biphelylThe detection of 2-biphenyllithiuml{) as the actual
product of this reaction led to the hypothesis,t the?-didehydrobenzenel@ as an

intermediate was
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formed SGcheme ¥® The reason for such a reaction path is the higlegtity of ortho H

atom in fluorobenzene, which results in a highecten rate.

O =0 CR 2 O
Li - LiF © .

Li

11

Scheme 4

The second phenomenon was that the reaction betderobenzene with potassium amide
in liquid ammonia led to the formation of two prats; which could be distinguished only by
use of isotope labelling with'C in theipso position!® 232° The formation of both aniline iso-
topomers {2aand12b) can be explained only by the appearance of dekgidrobenzenel)

(Scheme )X
@CI KNH, Cl { ‘ ]
lig. NH3 © ~ CCP i:
4

13
NH,
-14cjabel
NH,
- L
NH,
14a 14b

Scheme 5Formation of two aniline isotopomers

These results confirmed unambiguously the existencikdehydrobenzene and opened a new
"age" of the didehydrobenzene chemistry. Differdittehydroarenes could be synthesized
since then, not only for investigations but seledti for preparative organic chemistry.

The important developments in this period were toafirmation of didehydroaromatic
intermediates in the reactions of haloarenes whknpl lithium by Huisgef® and the

intercept
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tion of 1,2-didehydrobenzenrewith a diene (furari5) generatinga cycloaddition product6
via Diels Alder reactions by WittigScheme 6"

O

4 15 16

Scheme 6

The interest for the 1,2-didehydrobenzene chemisicyeased a decade later with the
discovery of the possibilities to generate 1,2-Higkobenzene without use of organometallic
reagents’® %

The methods for the synthesis of didehydroarenés;hmvere developed in the following

decades, are summarisedSicheme 7’32

NS
@ N\
COz | “N
MgBr :

heat 6,5\\
N\
N
Ll / l\\l
-20°C Pb(OAc) NH,
BusNF
X/ TMS
strong @
Base Bu,NF oTf
n-BuLi

Mg or

RMgX | o Ph
X é_) OoTf
X :
xt @ ™
oTf

Scheme 7 Possibilities for synthesis of benzWé
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Basically, these various methods can be generatisidin 5 types of reactions. As shown in
Scheme &rynes can be generated from aryl anions, arybrstiaryl radical, zwitterions and

by fragmentation reactions.

aryl radicals
Cx
Cx R G
aryl anions @ : “ zwitterions
€] \ l / YO
H / [ ] \ é : tati
. : ragmentatio
aryl cations @g ©52§ reactions
Scheme 8

Furthermore the methods, which led to benzyne, vaei@pted in the chemistry of a five-
membered aromatic system. In the experiment ofr@@eand Kahlert§cheme B2,3-dide-
hydrobenzofuran was already formed.

In 1964 G. Wittig managed the synthesis of didebiydten&? and in 1970
didehydrocyclopentadienyl was synthesised by Maatid Block® as an intermediate for a

Diels Alder reaction and then converted it sucadgs{Scheme P

®
N, T
AL —[T] +rev e
CO,
©
1 18 bn ph
o)
_ . -
Ph Ph |/
= P
' 1.-CO
= O 2.+ H Q
PH Ph
Ph
86 % L |
20 19
Scheme 9
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Except that arynes have been proved as producshsequent reaction (Diels-Alder) or in
experiments of mark with’C atoms indirectly, experiments have been undemtaégrove
them directly by using spectroscopic identificatrapthods.

With the investigation of the pyrolysis of threeodiobenzene isomeres Fisher and Lossing
detected 1,2-didehydrobenzene mass spectrometribgllmeasurement of the ionisation
potential Scheme 133

@ @%@'
O N e e

24 27 26

Scheme 10

In all three cases a product was identified with enolar massn / z 76. The ionisation
potential of4 amounted to 9.75 eV, while of both other pyrolysieducts, identified later as
25,10 9.46 eV.

Moreover, in the first pyrolysis a product withiz 152 was found, which corresponds to the
biphenylene28 and could be formed only by a [2+2] cycloadditiohtwo 1,2-didehydro-

benzene molecules(Scheme 1)1

O — 00

4 28

Scheme 11

Also in UV and mass spectrometry experimehtsuld be identified in the gas phd¥e.

The first direct IR-spectroscopic characterisatbbdrl,2-didehydrobenzene was carried out by
Chapman et al. in 1973 with the help of the maisi@lation spectroscopy at very deep
temperatures through photolysis of phthaloylperoX@¥) and benzocyclobutenedion®6)
(Scheme 12%®
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Scheme 12

He assigned a band at 2085 tnto the GC stretching vibration; this allocation was
confirmed also several times because of the relgtisemplicated photochemistry of the
involved moleculesgcheme 1)3severely affected an exact measurement.

However, in 1992 in a more careful investigatiordifferent phthalic anhydride isotopomeres
Radziszewski et al. identified the suitable bandl@&46 cm®, which is in a very good
agreement with theoretical calculations (196 T3/

This frequency is closer to the C,C stretching afilon of ethyne (1974 ¢ as to ethene
(1623 cm'). As expected, the formal C,C triple bond is diaveaker in4 than in usual
alkynes, its €C stretching vibration usually appears in the aeaut 2150 cit. The GC
stretching vibration of cyclooctyne (the smallesisubstituted cycloalkyne that can be
isolated in a free state) amounts to 2260 / 2208.cm

Based ort®C NMR spectra oft in an argon matrix Orendt et al. deduced a Cl-8tadce of
124 + 2 pm, indicating a partial triple bond chaeat”

Warmuth performed the first measuring »f and **C NMR spectra of4, enclosed in a
hemicarceranf® This method allows locking up very reactive molesulin so-called
molecular "containers". Furthermore Warmuth etdatermined with quantum-mechanical
calculations of magnetic susceptibilities and nustendependent chemical shift (NICS)4&
CI-C2-bond length, which lies within the margin efror of 0.02 AP according to the

experimental value of Orenf!
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Now, as arynes have been proved and investigataddans of spectrometry, the attention
was focused on the formation mechanism of arynes farenes bearing one or several
substituents. Because the effect of the substguentlso vital for electrophilic aromatic
substitutions, it was a logical consequence to lchibe effect of substituents also for
elimination reactions.

The first investigations of this kind were carriedt by Flemin§®, when he synthesized
arynes from phenyltosylates under impact of thericgty hindered base Li-TMP.
Nevertheless, yields of benzyne were very low bexanfsthe ortho lithiation and the

following side reactions3cheme 1)3

@OTS OTs
X Li :
32 4

33

|

other reactions
Scheme 13

In order to handle this problem, Scott and WickKdnused aryltriflates, which do not

undergo these annoying side reactid®sheme 1442

OoTf AN
X LDA, DIPA R I
= N

34 35
Scheme 14

They received yields dfi,N-diisopropylaniline 85) between 67 % and 93 %.

Suzuki used in his experimerdgho-haloaryl triflates 86) and generated arynes per lithiation
with n-BuLi. He trapped the arynes with 1,3-diphenylisuburan 37 via Diels-Alder
reaction and received the corresponding cycloamdiproducts 38) with yields between 73
% and 93 % $cheme 15+
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n-BuLi Fh
N OTf THF,-78 °C | N
R—u/ R— P
Br Ph O
| )—Ph Ph
36 38
37
Scheme 15

The substituent R in all experiments wasetectronpushing group like methyl, methoxy or
phenyl.

The question concerning the influence of eleciraindrawing substituents in reactions of
aryltriflates with strong bases was answered forfitisetime by Guy C. Lloyd-Jones e. al. in
2003 If an aryltriflate with an electrowithdrawing substituent like Cl transacts with siach
strong base like LDA, it does not undergo elimioati but an anionic thia-Fries

rearrangemeniScheme 16

LDA, THF
cl ~78°C to 25 °C cl
64 % T
39 40
Scheme 16

Especially interesting in this work was, that amelation can occur, if the reaction is carried
out in DIPA as a solventScheme 1)7 This is probably a consequence of the formatibn

aggregates between DIPA and lithiated aryltriflatppearing as intermediates:

10
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c LDA, THF  Cl LDA DIPA ¢ o
Tt 80 % 65% N(i-Pr), N(@i-Pr),
41 42 43 44

Scheme 17

Taking into account this result, the effects of &itbents in the benzene ring of the

aryltriflates can be summarised as folloBstfeme 134

0OSO,CF; OH
_— OMe Base—- 78 °C R 1. Base;- 78 °C F3CO, Cl
O e (Y e Y
R=Cl
45 46 47
Scheme 18

Electron rich aryltriflates undergo elimination céan, in contrast, electron poor aryltriflates

prefer anionic thia-Fries rearrangement.

2. Aryltriflate Metal Complexes

Arenes in transition metal complexes with the favi{y"-CH,)mL| areos,z-donorsz-acceptor
ligands. They often show other properties tharhanftee state. Iron(ll) is valid in general as
electron delivering and iron complexes of cyctiperimeter like ferrocene are regarded as
activated arenes.

Ferrocene shows a stronger aromatic characterttbanené® it is very electron rich and
undergoes electrophilic aromatic substitutions $*1@mes faster than benzene.
Aminoferrocene is more basic than aniline, ferrates less acidic than phenol and ferrocene

carboxylic acid is less acidic than benzoic atid”!

11
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In contrast, the tricarbonylchromium group in arémearbonylchromium complexes is very
electron withdrawing and is comparable in this @ff® a nitro group in thpara-position in
benzene$cheme 19

@COZH @cozH OZN@CQH

(CO) Cr
48 49 50
pPKa 5.68 4.77 4.48
Scheme 19

The effect of the tricarbonylchromium group arigesm three carbonyl ligands, which as
strong z-acceptors draw the electron density from the mitaiard theirz*-orbitals. The
metal itself also plays an important role, so chtomn{0) is comparatively electron poor.

The comparison of the tricarbonyliron group witle tinicarbonylchromium group shows that
in contrast to Cr(CQ)Fe(CO)} is still electron-pushing as seen from FriedelfCaaylation
(Scheme 20 The acylation occurs in thpara position!*®!

Fe(CO} Fe (CO)3

. H,CCOCI ‘ o
\\_//_© AICI3, CHCl, \_/
86 %
51 52
Scheme 20

The comparison of the influence of metals coordiddb arene complexes with the influence
of substituents indicates that Cr(GOgroup will perform the same impact as other
withdrawing groups.

Indeed, this prediction applies in case of the ateicarbonylchrom complexes and, as shown
in Scheme 21the conversion of a tricarbonylchromium compldxpbenyltriflate delivers
exclusively a product of the anionic thia Friesrraagement under mild conditioRi.

12
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OSOZCFg OH
o~ R Ry FsCO,S R
1. Base
R3 RS 2. HZO R3
RZ RZ R2
Cr(CO) Cr(CO) Cr(CO)
53 54 55
Scheme 21

Since the electron poorness in such complexesusechprimarily by carbonyl ligands, it
could be possible to increase the electron densitlye ring by exchanging of one or several
carbonyl ligands by phosphines. The photochemicdistitution of carbonyl groups by
phosphane ligands in (arene)tricarbonylchromium meses is well knowf* Either the
known triflate compleX67 undergoes a photochemical exchange or the congplpikenol56
can be subjected to the ligand exchange generatimplexe58 and then transformed to the

corresponding triflat®&9 (Scheme 22).

OSO,CF5
CH,Cly/pyridine , X PRs
Cr ~TTToTTTTTTTTT K
OH oc Ico ™ ! OSOCFy
cr > i |c (COM(PRy)
Vs | T----- > r
Ocoé //CO i E 3/m
: OH : 59
PR _ CHyClo/pyridine] n=0-2
hv m=1-3
Cr(COQPR)m
58
Scheme 22

The electron poorness in the tricarbonylchromiunmpgiexes could be alternatively
encountered by introducing of electron-pushing Stunts into the arene ring. It should be
mentioned, that our group has already made attetmpfsnerate (aryne) tricarbonylchromium

13
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complexes from phenyltriflates complexes bearing electron pushing substituent. However
all the efforts led to the anionic thia-Fries reagement product® Hence the introduction
of two or more substituents is required. Also bafiproaches, the introduction of electron-
pushing substituents into the arene ring as wetifadectron-pushing ligands, together may
not be underestimate&¢heme 24)

R 0 R 0SO,CFs ¥
D soem . B Base | &>
lCr (CO)Lm ér (COlLm lCr (COlLm
61 60 62
n=0-2
m=1-3
L = electron-pushing Ligands
R = two ore more
electron-pushing substituents
Scheme 24

Because the electron rich phenyltriflates readigergo elimination reaction§¢heme 18 it
is also interesting to try such reactions with here electron rich ferrocene syste6&and

64 with the perspective to obtain ferrocyi@®) or ferrocenediynegp) (Scheme 25)

N i N i
Fe .

| Base
Fe W > or e
R | I I
T~ = =
63 R=H 65 66
64 R =OTf
Scheme 25

Other leaving groups which can not undergo anyraegements can be used too, in order to
initiate the elimination reactionS¢heme 26)

14
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X t
L -
r Cr
1
oc” | o oc” | 4
ocC | o
67 68
) |
| X Base | |
F|e ........... > F,e or F,e
R
i - N\
69 R=H 65 66
70 R=X
X=F,Cl, Br, |
Scheme 26

The objective of this investigation is the syntBesf the unknown aryna complexes,
especially (benzyne) tricarbonyl chromiu®8), 1,2-didehydroferrocenes%) and 1,1',2,2’-
tetra- dehydroferrocen®&). We expect a very high reactivity of these comysj therefore
they must be trapped by dienes via the Diels-Atdaction Scheme 6or by aminegScheme
15) or alcohols $cheme B With the absence of such intercepting reageetexpect to found
[2+2] cycloaddition productsScheme 12
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B. Results and discussion

1. Synthesis of arene tricarbonylchromium complexes

Arene tricarbonylchromium complexes are yellow &al,rusually crystalline, sometimes
liquid (vide infrgd compounds that are often stable in the air indbkd state but, in the

majority of cases, very sensitive to the light.

1.1  Direct complexation of arenes by hexacarbonylcbmium and its derivates

The most common method for the generation of atdnarbonylchromium complexes is
thermolysis of Cr(CQ)in the presence of excess of an arene in a higim¢psolvent under
inert atmosphere (mostly nitrogen or argon). Thenarcan be used as the solvent with other
high-boiling solvents, solvent mixtures are suitabs well. The most commonly established
method is the use of mixture of dibutylether andFT{0:1)!*¥! though dioxane and diglyme
can be applied td8” The polar-high boiling ether supports the therraisly promotes
carbonyl dissociation, stabilizes intermediatesnele the reflux of the lower boiling additive
brings back sublimed Cr(C@)ack into the reaction mixture. This method allothe
preparation of arene complexes in high yields (BG4 with reaction times of typically 2-4
days. Many complexes such as phenol deriva6¥, acetals of bezocyclobuteno@@®,
benzocyclobutendiong*®, 1,3-indandion@3°", 1,2-indandiong4°®, 1,2,3-indantrion&5
and 76°", N-methyl-3,3-dimethoxyisativ7°® and phthalimides78®” have been already
synthesized by our group using this proced&ehéme 27

o/z (\00/2 o o

< & &8 5

| | | |

Cr Cr Cr Cr
oc | co  oc ™ oc” | o oc” | “co
oC oc ° oC C
56 71 72 73
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[\ [\ EtEt
o0O. O 00 Ooj (OO 00
) @) (@) (@) )

C Cr ¢
r r
e s
oc” | co oc” | co oc” |
C oC oc ©°
74 75 76
MeO. % |I?
€ >< E _ N
Me N—Me Oz 50
CIZ |
r Cr
1"
oc” | co oc” | “co
77 78

Scheme 27Complexe$6, 71-78

Complexation reagentg9-82 (Scheme 28can be used for the generation of complexes,

which are synthesized from arenes with heat-seesgroups. This method makes possible

shorter reaction times and lower temperattffés.

Ha NCCH, O CO H
oc. | | oN

N
C| NH3 oC,,, |r_\\NCCH3 0C.,,

- OC” | YNCCH, oc’ | ‘ oc” 1 \
CO CO O _ H

79 80 81 82
Scheme 28complexation reagents

Complexation of arenes to Cr(G{)an also be carried out photochemically. UV-irgdicin
of a solution of hexacarbonylchromium and an aieneHF is performed at 25 °C and thus

allows the application of thermally sensitive arenkhe yields (15-50 %) are

17
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generally lower than those obtained by usual thermethods, but the lower reaction

temperature compensaté®f.

1.2  Complexation via arene exchange

Complexation of arenes can also be carried out bgnea exchange using
(naphthalene)Cr(CQ@)Kiindig reagent®3 instead of Cr(CQ) **

cr
I

S
oC To
C

83

This method allows the complexation under mildeact®n conditions and delivers
sometimes even higher yields than the direct coxapilen with Cr(COg. For example, the
direct complexation 084 using Cr(COj provides 18 % vyield, while the reaction with Kigdi
reagent improves the yield up to 53 Selieme 29°°

1 equiv. 83
THF, 65 °C, 15 h MeO OMe
MeQ owme 53 % @*ﬁo
N
So -
N 18 % Cr
CHs oc” | co

1.1 equiv Cr(CQy ocC

84 Bu,O/THF (10:1) 77
20h, 120 °C

Scheme 29Complexation reaction df-methyl-3,3-dimethoxyisatfr?’
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1.3  Synthesis though intramolecular [3 + 2 + 1] bemannulation of the Fischer cabene

complexes

Carbenes are very reactive compounds, but theyeatabilized as complexes of transition
metals®® These species are divided into two classes: thehBi-typE® and the Schrock-
type®® The Fischer-type complexes such8&svhich contain an unsaturated carbene ligand
can add an alkyne under loss of two CO moleculesdativer an alkyne-carbene-carbonyl
complex86, which, as a reactive intermediate, undergoeschagidition reaction generating

an aromatic six-membered ringgbonded to the met&7 (Scheme 3d°" "

Rl

olo \ OH
— RL=—R? (CO)}Cr/ R? Rt
(CO)Cr | - . —Cr(CO)
OMe Me R?
O/\|D OMe

85 86 87

Scheme 30

1.4  Synthesis of (aryltriflate)tricarbonylchromium complexes

Some highly substituted arene-Cr(G@pmplexes have been synthesized as precursors for
palladium-catalyzed cross coupling reactions ugtiggher carbenes for the first time by
Wulff and co-workers. The highly substituted andstable arene-Cr(CQjriflate complexes
88a-c were synthesized in moderate to good yields frambene complexe89a-c and 1-
pentyne in a one-pot sequential benzannulatiokatioh procedure using triflic anhydride and
Huinig's base§cheme 31, Tablg.f?
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X 1. nPrC=CH X OSOCF3
o Y nPr
Y]\WOCHS CH,Cl, 50 °C, 1d @
LN 2. THO, iPrL,NE H3CO cr
r(COX CHClp, 25°C, 12150 oc | “co
co
88a-c 89a-c

Scheme 31

Table 1. Aryltriflate complexes prepared by benzannulatidftettion.>?

Carbene Aryltriflate complexes
complexes X Y (% Yield)
88a H SiMe; 89a(81 %)
88b H CHs 89b (66 %)
88c —(CHp)- 89c (43 %)

Previously our group developed a common and gensgghod using commercially available
hexacarbonylchromium and phenols for the preparatd phenyl triflate chromium
complexe®® This method is based on direct complexation of npke 90-97 by
hexacarbonylchromium. The phenol complex68-105 are then converted to the
phenyltriflates complexe407-114 The direct complexation of phenyl triflatd96 with
Cr(CO) gave no access to the required complegSehéme 32°°

TH,0 oTf Cr(CO)g
THF/pyridine R Bu 9/THF
3 /élux
OH Rl R R2 " oTf
— 106 . R3<®Rl
R — — R /CIZ[,
R? Cr(CO) OH oc g0
90-97 BuO/THF R3@R1 T$,0 107-114
RS m
CO
98-105
Scheme 38”
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The tricarbonylchromium phenol complex@8-105were prepared in yields between 48 and
90 % by treatment of phenoB0-97 with hexacarbonylchromium in dibutyl ether / THF
(10:1) under reflux for 2-3 daysTéble 3. They are bright yellow solid compounds
susceptible to oxidation and sensitive to light.gkeneral, they should be used as soon as
possible in the next reaction since they cannostbeed for a longer period of time. The
phenyltriflate complexe$07-114were synthesized by treatment of the corresponalinmols
with triflic anhydride in THF/pyridine (3:1) resirig in 39-88% yield Table 3.

Table 2.Phenol and phenyl triflate tricarbonylchromium quexes>®

Entry R? R? R® Product (yield) Product (yield)
1 H H H 98 (90 %) 107 (69 %)
2 H OMe H 99 (73 %) 108(75 %)
3 H Me H 100(65 %) 109(72 %)
4 SiMe; H H 101 (48 %) 110(39 %)
5 OMe allyl H 102 (88 %) 111(88 %)
6 iPr H Me 103(81 %) 112 (74 %)
7 Me H iPr 104(74 %) 113(48 %)
8 F H H 105(78 %) 114(53 %)

The reason for low yields in the preparation of pteres107-114is the use of THF as
solvent, because of side reactions between tafiltydride and THF.

In this work dichloromethylene is used instead BT so that the yields of triflates increased
up to almost 100 %v{deinfra). Phenols bearing a methoxy group in ¢ino position to the
OH group 02 and others) are hardly deprotonated by pyridimis,is presumably due to the
hydrogen bonds between the oxygen atom of the megtip@up and the hydrogen atom of the
OH group. In these cases stronger bases are rdgbia¢i turned out to be a good reagent for

the deprotonation of such compounds and will be us¢his work yide infra).
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1.5 Anionic thia-Fries rearrangement of (aryltriflate)tricarbonylchromium
complexes

The Fries rearrangement is a conversion of pheestiers into hydroxyaryl ketones catalyzed
by protonic acids or Lewis acids at elevated terpees and thus related to the Friedel-
Crafts acylatiod’*"® The thia-Fries rearrangements are effected bygaation of a sulphur
atom!’”!

The anionic Fries rearrangements differ from usBeaks rearrangements in reaction
conditions and in the mechanism. These reactiomsisually carried out at low temperatures
(in general at — 78 °C) and in basic mediura a different mechanism involvingrtho-
directed metallation and regio-specifically givithg ortho-disubstituted aromati¢&8”

The anionic Fries rearrangement was reported #@ffitht time by Snieckus and Sibi. They
found out thato-arylcarbamates arertho-metallated withs-BuLi/TMEDA and undergo
rearrangement under migration of 1,3-carbamoyl grpuoviding salicylamides in good
yields Scheme 33%°

s-BuLi/TMEDA

| N O\H/NEtZ THF,- 78 °C | O~ NEB
= O o)
~ Iz
115 116
R=H
6 - OMe 62 - 88 % 1.25°C
5- OMe 2. H,0
4 - OMe
3-OMe
5.-Cl | O
3-Me AN NE
R O
117
Scheme 387

Kindig described an anionic Fries rearrangemenghainylcarbamate tricarbonylchromium
complex 1188Y After the lithiation of complexL18 at — 78 °C the reaction mixture was
warmed up to — 20 °C, whereby the rearrangemetiiteo€arbamoyl group was observed. The
generated intermediate anionic phenolkl® was trapped with electrophiles giving complex
120in 65 % yield Scheme 356

22



Results and discussion

1. n-BuLi, THF
OCON(Pr), -78°C,1h OLi
@ @)}compr)2
, 2.-20°C, 12 h .
oc/clr'”co OC/%K,/CO
Lx CO
118 119
RX, THF
R= tl\gif\:A(;Si 65% | —70°Cto-20°C
X = Cl OR
oTf @)}compr)2
|
/Crv,
oC é Lo
120
Scheme 344

As already mentioned above, the first anionic tigs rearrangement was reported by G.
Lloyd-Jones yide supra.!*!! He investigated the behaviour of various pheriffates toward
such strong bases as LDA. He found out that aiffdtes bearing an electron withdrawing
group, especiallyortho to the triflate group, readily undergo the anionita-Fries
rearrangement. In contrast, phenyl triflates widteon donating groups exclusively undergo

elimination reactions with formation benzyrgcheme 35

OSO,CFy OH

gz OMe Base,-78 °C R 1.Base;i-78°C F3CO,S Cl
©/ R =OMe 2. H,0
R=Cl
45 46 47
Scheme 35

Our group set about to investigate the reactivitypbenyl triflate tricarbonylchromium
complexes toward bases. It turned out that thetimaof bases with phenyl triflate
tricarbonylchromium complexes exclusively delivéng thia-Fries rearrangement products,
wheareas no elimination products were obtaineds Tésult is accord with the report of G.
Lloyd-Jones

23



Results and discussion

and the electron withdrawing effects of tricarbamybmium group$cheme 36 (Table 3.°¢

. oTf 1.Base  F3CO.ES OH
R & R ¢ RZ Cr
oc” L co oc” L co oc” L co
CO CcO CO
121 107-109, 111-114 122-128
Scheme 36

Table 3.ortho-Trifluoromethylsulfonylphenol complexes from phemgflate complexe&”

Triflate Product
Entry R* R? R® complex (yield)
1 H H H 107 122(90 %)
2 H OMe H 108 123(82 %)
3 H Me H 109 124.(94 %)
4 OMe allyl H 111 125(88 %)
5 iPr H Me 112 126/(80 %)
6 Me H iPr 113 127 (47 %)
7 F H H 114 128(92 %)

In all these reactions butyllithium was used as lihse. In the course of this work it was
found that use of LDA instead of butyl lithium affied much higher yield, in many cases up
to almost 100 %wuide infra).

In an alternative approach to synthesize a benzgmaplex o-trimethylsilylphenyl triflate
tricarbonylchromium complex 110) was treated with tetrabutylammonium fluoride in
acetonitrile at 25 °C. Because of the high affimtysilicon to fluorine the trimethylsilyl group
was efficiently removed. This led to generationmiérmediatel29 the same intermediate in
the treatment of phenyl triflate complexlOf) with a base. The intermediat®29
instantaneously undergoes a thia-Fries rearrangemiéotding the phenolatd30. The

following quenching with water generates the thie$ rearrangement produt?22 (Scheme

37).
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MesSi TBAF/CH3CN
e3 | OTf 25 °C
:. 86 %
Cr,
oc L co o
CO o OTf FiCOS o) F2CO,S OH
| | |
Cr Cr Cr
S , / ‘7 /1
oc L7 (o Jofll IK( L
COCO COCO oC COCO
. 129 130 122
oT
@ n-BulLi
|
/(fr" 90 %
oC i
COCO
107
Scheme 377

In order to synthesize a benzyne tricarbonylchromizomplex, more electron rich phenyl
triflate complexes were treated with base. Compl@kseemed to be very promising.

OTf

meo—~<C ) ome

<,
oC ’
¢ OCO

131

The electron donating methoxy groups make the atomag electron rich. Moreover, the
methoxy group in thenetaposition to the triflate group could hinder tham@angement.

The corresponding phendB4 is not commercially available and had to be sysittesl. The
preparation of the phen&B4 was carried out via hydrolysis of the correspogdinetatel 33
which was generated from 1-(2,5-dimethoxy-phenttaaone 132 via Baeyer-Villiger

oxidation Gcheme 382
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OH O OAC OH
AICI3 AIClg HS0O,
AcCl CHy p Ac,0
98 % 64 % 52 %
OH OAc OH
137 136 135
91 9| acetone, M50,
NaOH
OMe O OMe OMe
Me  H.po, TsOH/H,0, EtOH/H,O
AC20 Hy CHCOMH CH3COH O CHs KOH OH
87 % 97 % (@] 98 %
OMe OMe
138 132 133 134
Scheme 38

Two ways are possible to prepdr@2 Hydroquinone 135 can be used as starting material
and in four steps 1-(2,5-dimethoxy-phenyl)-ethanf8?) is obtained in 30 % overall yield.
(Scheme 3d%°

The other possibility is the direct Friedel-Cratisylation of commercial available 1,4-
dimethoxy-benzenelB8). Since the Lewis acids result the demethylatibvey should be
avoided Scheme 38 So, the generated 1-(2,5-dihydroxy-phenyl)-ethan(t®) can be
used, of course, in the synthesisl8R (Scheme 38 but we found out that the most efficient
method is the direct Friedel-Crafts acylation ef-dimethoxy-benzenel 88) with phosphoric
acid as catalyst. The high yield and one step i@achake this method more useful than the
described abovesgcheme 43

Firstly, the uncomplexed liganti38 synthesized from the corresponding pheh®4, was
treated with LDA in the presence of 1,5-dimethydfioras trapping reagent for benzyne
(Scheme 42

26



Results and discussion

Tf,0
OMe  ch,cl,/pyridine  QMe
_ 78 oC OTf
100 %
OMe OMe
134 138
LDA, THF

ol
OMe U OMe CHy

OTf
e DC)
100 %
OMe OMe CHg
138 139

Scheme 42

The elimination occurred very efficiently. The ayatdition product was generated
guantitatively at mild conditions and very fasts@dghan 10 sec. detected via TLC).

The 2,5-dimethoxy-phenyl triflate tricarbonylchramm complex 131) was prepared from the
corresponding phenol compledd0, which was generated from the 2,5-dimethoxyphenol
(134 and Cr(COy in Bwp,O / THF (10:1). Compared to the earlier methodrepgring triflate
complexed®® the use of NaH instead of pyridine and methylehleride instead of THF
improved the yield dramatically (the yield in therleer method was in range of 39 — 88%%%)
(Scheme 43

1. NaH
Cr(COk CHZCIZ’
OMe Bu,O / THF (10:1) OH 2. THO oTf
OH 3 days MeO@OMe CH)Cl; -78°C MeO@OMe
| |
87 % Cr. 99 % G,
oc” L7 oc L co

OMe COCO CO

134 140 131
Scheme 43
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The triflate tricarbonylchromium compled81was treated with LDA in THF at — 78 °C in the
presence of various trapping reagents for the plesienzyne. However the reaction leads
exclusively to the anionic thia-Fries rearrangemprdduct, no elimination product was
observed. The product was characterized as acki@ebecause the actual rearrangement

productl4lis extremely sensitive against oxidation and li@theme 44

. 0 CHs
OTf LDA, ~78°C  F4CO,S o) F3CO,S o)
MeO@OMe THF MeO—@OMe AcCl MeO—@OMe
| | |
Cr diene Cr Cr
T 1 100 % AL
oc | A .,
COCO 99 % oC COCO oc (‘:OCO
131 141 142
. 0 o)
diene = U | P
Ph__ o 0
| P Ph Ph
Ph
P
Ph
Scheme 44

The same reaction was also carried out in diisgpramine as the solvent. This idea was
stimulated by a report of G. Lloyd-Jones, who déss an elimination reaction on an
electron poor system in diisopropyl amiricheme 1j7**! Nevertheless, in case of triflate
complex 131, these conditions did not achieve elimination. iAgaonly thia-Fries

rearrangement produt#1was obtained, but in lower yields¢heme 45

o
OTf LDA, 25°C F3sCO, o}
MeO—@OMe DIPA Me OMe

/(if., 52 % /Cir,
oC 1 “
¢ OCO oC ¢ OCO
131 141
Scheme 45
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Since the introduction of electron donating grodpses not result in elimination, some triflate
complexes were subjected to photochemical ligandhaxge, in which one CO was

substituted by electron rich phosphines PR

1.6  Photochemical ligand exchange reaction of (atyiflate)tricarbonylchromium

complexes

For various studies quite a number of arene tramaylthromium complexes have been
subjected to the ligand exchange, in which one igantl was substituted by an electron rich
phosphines PR These studies include the research of metal-aretation barrier€*%°
investigations of catalytic behaviour of phenanie@r(CO)L complexed®”! sterid®® and
electroni®® ¥ effects in synthesis.

In terms of steric and electronic effects, (aremgO)LPPh can be used for stereoselective
ortho lithiation reactions. The less electron deficiesttiral dicarbonyl(triphenylphosphane)
chromium oxazoline complexes, unlike the electroargarene)Cr(CQ)complexes, undergo
ortho lithiation (Scheme 46

Bu '‘Bu Bu
N|/g 1.s-BulLi or n-BuLi N|/g Nfg
O 2. PPhCI PhP 0 o]
PPh
] Y |
/(i[ 59 % /C‘r, /(Iir'
oc L pp oc L’ g
CcoO E COPP@ oc COPPhg
143 144 a 144 b
d.r. 18 1

Scheme 46Diastereoselective lithiation on dicarbonyl(tripfshosphane) chromium oxazoline

complexe¥®

Another example for the electronic effect of th@gpbhine ligand is the Sonogashira coupling
with the (chlorobenzene)Cr(C&PPh complex 145 Because the substitution of one CO
ligand by a phosphane ligand decreases the deoliverds the oxidative addition of the pal-

29



Results and discussion

ladium(0) into C-ClI bond, the reaction time mustex¢ended to 24 hours in boiling THF and
trietyhalamine, while the same coupling with (cbloenzene)Cr(CQ)complex is completed
after 3 hours$cheme 47 !

Pd', cd

¢ THE/NEY o—= O NO,

| |

Cr Cr

Pt reflux, 24 h Pard
oc L ’pp oc L’

co 41 % co

145 146

Scheme 47Sonogashira coupling with the (chlorobenzene)O)EPh complex146°

As already mentioned, the electron density in tlem@ ring can be detected by measurement
of pKy values of comparable benzoic acidglé supra. The effect of Cr(CQ)is similar to

the electron withdrawing effect of thgara nitro group?*® The substitution of CO ligand by
phosphines can also cause the increase givpkie, and therefore the electron density in the

aromatic ring ofL47 (Scheme 483

o

I
Cr,

oc” I co
L

L PKa 147
para-nitro benzoic acid 4,48
CcoO 4,77
POMe 5,52
POEg 5,62
benzoic acid 5,68
PP, 6,15

Scheme 48pK, values of different complexed and non complexatzbi acid® *!

Because the triphenyl phosphine effects the maxinmarease of electron density in arene

ring, it seems to be the most adequate liganddoresearch, e. making phenyl triflate
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complexes so far electron rich that they underguiehtion reactions instead of the anionic
thia-Fries rearrangement.

A couple of mixed ligand complexes of the type (FRGr(CO)LPPh were synthesized
photochemically, starting from (PhOTf)Cr(CGQgnd 3 equivalents of triphenyl phosphine in
toluene or THF. The reaction mixture was irradidi@d25 minutes with a 125 W mercury
lamp placed in a quartz tube which was cooled wititer. The reaction mixture was
continuously flushed with argon and cooled usingewaondenser. The reaction progress was
monitored by TLC. After the completed consumtiortted starting material (generally ca. 25
minutes) the reaction mixture was irradiated furtt@ minutes, and although 3 equiva- lents
of triphenyl phosphine were used, no triple or deublibstitution was observed. Subse-
guently the solvent was removed at reduced pressudehe crude product was purified by
column chromatography. The products are very stabtecan be purified in the air, so that

the degassed silica gel, inert atmosphere of agtm@are not necessar¢heme 49
3 eq. FFhg, toluene

hy, 25 min
R<C 0T quarz r—<C o

| |
Cr 92 -95 % Cr
e ’ 7
[ oc L~
oC Lo COPPE
107 R=H 148 R=H
108 =OMe 149 =0OMe
Scheme 49

The new complexes48 andl149are deep orange while the starting materialsigin¢ yellow.
The reason is the extension of the conjugation wighenyl phosphine. Both mixed ligand
complexes are readily identified by inspectiontit spectral data. TH&l NMR, **C NMR
and IR spectral data a#8and149clearly show the powerful electron donating aniélsing
properties of the phosphine ligand.

In comparison to the tricarbonylchromium compled€§ and 108 the signals of aromatic
protons of148and149in *H NMR reside in higher field (ca. 0.9 ppm), thiscused by the
high shielding effect of triphenyl phosphine grolp.the**C NMR all the aromatic signals
are also shifted to the higher field (about 3 ppMpreover the’*C NMR signal of the
carbonyl ligands in (PhOTf)Cr(CePPHh are shifted to the higher field even stronger at&
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ppm. These signals were split to a doublet dudeophosphorous-carbonyl couplinfaple
4).

QQ
IS

11

Table 4. TheH NMR and**C NMR spectra of triflate tricarbonylchromium corapés and triflate

dicarbonyl triphenylphosphine chromium complexes

Dicarbonyl triphenylphosphine chromium
Tricarbonylchromium complexes complexes
107, 108° 148, 149
Substituents
'H NMR C NMR 'H NMR C NMR
3(5)-H, C-3(5), C-2(6)| Cr(CO) 3(5)-H, C-3(5), C-2(6)| Cr(CO)PPh
2(6)-H J(ppm) J(ppm) 2(6)-H J(ppm) J(ppm)
(ppm) o (ppm)
R=H 5.46 84.3,91.3 230.2 5.01 82.1, 90.1 238.5
R = OMe 5.10, 5,72 74.8,87.4 230.2 421,491 ,/a3B 238.5

The IR spectra of the complex#48 and 149 show also the donor ability of the phosphine
ligand, which decreases the stretching frequenofeshe remaining carbonyl groups in
comparison to tricarbonyl chromium complexd9®7 and 108 The reason for this
phenomenon is the increasing of the electron demasithe carbonyl group caused by ttae
donor capability of a phosphine ligand leadinghte tlecrease of the stretching frequencies of

CO group Table 5

32



Results and discussion

Table 5. Carbonyl stretching frequencies (¢jrchange after of triphenyl phosphine ligand

Substituents Tricarbonyl chromium Dicarbonyl triphenyl phosphine
complexesl07, 108% chromium complexe$48, 149
R=H 1971 1880 1891 1848
R = OMe 1974 1886 1892 1832

The mass spectra (LC-MS and UPLC-MS) of the congdé&®8 and149 show the molecular
ion peak with very low intensity (10 %) becausetltd instability of such compounds. The
base peak is assigned to the free triphenyl phosphihe peak with the second largest
intensity belongs to the CrP¥Phmoiety. The absence of PhCr(GOand PhCrCO and the
presence of CrPRhand PhCrPP#i suggests that the Cr-P bond is much stronger@me®O
bond. The peak of PhCis also lackingTable §.

Table 6. The characteristic peaks in the mass spectra (IS}-&f complexed448and149

Fragment ionsn/z (%)

lon Assigment 148 149
a M* 596 (10) 626 (10)
b M*-CO 568 (5) 598 (6)
c M*-2(CO) 540 (25) 570 (20)
d M*-PPh 334 (0) 363,9 (0)

The complexed48and149were treated with LDA in THF in the presence araé or excess
of diisobutylamine at — 78 °C. Again, the thia-Brieearrangement occurred generating
complexesl50and151 (Scheme 50

1.LDA, THF
- 78 °cdiene SOLFs
R_@OTf 2. HO R—@OH
|
oc/(ir"PP /Clr"
el 95 - 98 % oC 4 PPh
R=H 148 150
= OMe 149 151
Scheme 50
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In the following an attempt to substitute two carfoligands shall be demonstrated. As
already mentioned, all efforts to replace two caybdigands by two triphenyl phosphane
were unavailing. Although three equivalents of tapyl phosphane are used in the photo-
chemical ligand exchange reactions, only compléesing one triphenyl phosphatd8
and 149 were obtained. On this account we tried the reacivith 1,1'-bis-(diphenyl-
phosphino)ferrocene (dppf) expecting the replaceérémwo carbonyl ligands by one dppf
molecule with the driving force being the increasentropy Scheme 51
MeO—@OTf
oc/cir'"co
co
108

~ PPh hy, toluene

PhP Fe quarz, 40 min MeE
M
e C/r(CO)ZOSOZCFS
\
MeO. PP
(e 0L :
) OSOCF; O’F"}@

PP /
h Phy p»Cr-\.,CO

PhyP
G'H“@ @ PP " cr(coy,

~
Fe F,CO,SO
LA ]
154 OMe

152 153

Scheme 51

The primary application of dppf is the use as an)in catalytic reactions. The phosphorus
atoms in dppf can bond to another transition metaitre!®>*® A prima facieit must be
possible to bond the chromium atom too.

The reaction was carried out in toluene startimmfrl08 and 2 equivalents of dppf. The
reaction mixture was irradiated for 40 minutes vatth25 W mercury lamp placed in a quartz
tube which was cooled with water. The reaction omtwas continuously flushed with argon
and cooled using water condenser. The reactionr@ssgwas monitored by the TLC.
Theoretically, three compounds can be expeclé®-154 (Scheme 51 The trimetallic

complex154was obtained in ca. 1 % yield and could be ideatibnly by its mass spectrum.
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The main product of the reaction was the bimetakimplex152in 86 % yield. The desired

complex153bearing one carbonyl ligand was not obtained.

The compoundl52 was fully characterized spectroscopically. It vedgained as a yellow

solid, which is very stable to oxidation and cobédhandled without protecting atmosphere.

Because of the very small amount of the compol®® it could not be used for the next
reaction.

Since neither the introduction of methoxy groupghe ring nor the ligand exchange with
electron donating triphenyl phosphine ligand causleel elimination of phenyl triflate

complexes, other good leaving groups were congiderhich cannot undergo any

rearrangements. Halogens, especially the fluogeemed to be very promising.

2. Fluorobenzene tricarbonylchromium complexes

Fluorobenzene, which is metallated in trého position to the fluorine, is a frequently used
precursor for synthesis of benzynes. Three reagmnsesponsible for it. Firstly fluorine is a
good leaving group. Secondly, in contrast to swdfengroups, fluorine does not undergo
rearrangement nor hydrolysis. Thirdly fluorine @asily beortho-metallated, without metal-
halogen exchange reactions, in contrast to the imand iodine.

In general, there are three possibilities for ontinetallation of a fluorobenzene. The fluorine
can be used as amrtho directing metallating group, thus fluorobenzene @& directly
metallated. In this case very reactive metallasgstems are required, g.n-BuLi/KO'Bu.
The second possibility is the use of an even sepagho directing metallating groupe( g
oxazoline), which is in thenetaposition to the fluorine. At least, the fluorobene should
bear a substituent in thetho position, which can be easily exchanged by a m&etheme
52).
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DMG

@j‘ metallation ©\/“ metallation
F F

155 \ / 8

n-BuLi M n-BuLi / KO'Bu

F M = Li, K, Na, Mg
156 7

n-BuLi ‘

X =— metal-halogen exchange or
@ transmetallation
F

X = Sm-Bug 157
Br 158
| 159

Scheme 52rtho metallation of the fluorobenzene
Using the direct metallation of fluorobenze®vith n-BuLi/NaOBu, triphenylene {61) can

be synthesized as a result of [2 + 2 + 2] cyclogalliof benzyned in the absence of a diene
(Scheme 53§°

©\ n-BuLi / NaOBu @Na - 100 °C to ©|
FTHF,—lOO C F -30°C
8 160 4

66%J

161

Scheme 53ynthesis of triphenyleR&
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The use of aryl halides witin-substituents, which are either electron-drawingoaho
directing metallating groups (DMG), allows the gglective metallation. A. I. Meyers and
W. Rieker reported the synthesis of benzyne derfvaoh m-chlorophenyl oxazolinel@2),
which is subsequently trapped birmethylpyrrole generating the Diels Alder addué5
(Scheme 54°"

~

O N nBuLi
-78°C

-10°Cto 25 °C N-methylpyrrole M

| 57 %

Z/CD

Cl

162 164 165

Scheme 54he synthesis of benzyne derived framthlorophenyl oxazolile’

Although they used chlorobenzene, fluorobenzenddvalso undergo this reaction. Metalla-
tion of 1,2-fluorohalobenzenes with Grignard orydlithium is a helpful method to generate
arynes. The initial metal halogen exchange alsoeaeli the total regiocontrol. In the
presence of more halogens at the ring, the moretrepmsitive halogen exchanges first
(Scheme 55

n-BuLi

/@Br - 78°C, E40 /@Li - 7810 25 °C /©|
F F F F F
168

166 167

94 % | furan

R

169

Scheme 5%ynthesis of benzyne via metal bromine exchandeZimbromofluorobenzefd
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We developed a similar possibility for metallatiohfluorobenzene via the transmetallation
of tributyl(2-fluorophenyl)stannanel{0) which was synthesized from fluorobenze® (
(Scheme 56

1. nBuLi / KO'Bu
THF, — 98 °C, 15 min.

©\ 2. BusSnCl @Sn(n-Bu)3
. 82 % .

8 170
Scheme 56

The advantage of the compouhd0 over fluorobenzeneBj is the transmetallation at milder
conditions, what is more utile for the chemistrythwiricarbonylchromium complexes. The
other plus of the tributyl-(2-fluoro-phenyl)-stam@a( 70) is the facility for preparation of the
corresponding chromium complex, because the bronmdre tricarbonylchromium

complexes can not be generated by the direct a@nelexation $cheme 57

Cr(CO)g .
Bu,O / THF
O O
|
Cr
Br reflux 1
oC
COCO
171 172
Scheme 57

Before the tributyl(2-fluorophenyl)stannang7() was subjected to the complexation with
Cr(CO)s, we tested the trasmetallation with butyl lithias well in the presence of a diene as
without diene. The aim of this experiment was tobgr the optimised conditions for the

preparation of benzyne. If the reaction was caragatiwithout a trapping reagent, only the

triphenylene 161) is obtained, and no biphenyler#8) was observedScheme 538 Although

in the pyrolysis experiments with phtalic acid adifigte the biphenylene was always obtained

as the main producvigde supra.
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1.n-BuLi, THF,-78 °C ‘
@Sﬂ(ﬂ-Buk 2.t0 25 °C OO 0.0
F J

170 161 28

93 % not observed

Scheme 58

The yield of161in the scheme 58 correspomd to the consumptid @f

With the presence of 2,5-dimethylfuran as the tragppegent, we obtained the Diels-Alder
adduct173 and triphenylenel6l). An interesting result of these experiments wes the
kind of the used solvent exerts an influence onatmeunt of these products. The less polar

solvent induces the larger amount of [2 + 4] cydbhact Scheme 59

<j:8n(n-8u)3 n-BulLi, solvent, -78 °C OO
+
Q
F
) 9

CH3
170 161 173
Solvent = THF 83% 17%
n-hexane 28 % 72 %
Scheme 59

The complexation o170was carried out by heating in g/ THF (7:3) with 1.2 equivalents

of Cr(CO) for 4 days. These are the best reaction conditibhe usual solvent mixture of

Bu,O / THF (10:1) resulted in lower yield. The atteniptperform the reaction in a micro-

wave reactor under the same reaction conditionsdiddeliver any products. But the use of
THF as a solvent causes the generation of the remjwomplex in 15 % vyield, what is

compensated by short reaction time of 6 ho8chéme 60
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Cr(CO)g Cr(CO)g
Bu,O / THF (7:3) Sn(-Bu); THF, W
©:Sn(n-BU)3 reflux, 4 d @F 200 W, 80 °C, 6 h Sn(-Bu)s
|
92 % Cr 15%
F Y F
o Jofll UK
& Oco
170 174 170
Scheme 60

The new compleX 74 was obtained as a light yellow viscous liquidslvery stable and can
be purified by column chromatography under air, ushould be stored under inert
atmosphere in the dark for a longer period of time.

The complext74was subjected to transmetallation with butyl lithiin THF at — 78 °C for 1
hour, warmed up to 25 °C and quenched with watke main product was fluorobenzene
tricarbonylchromium 175, which is the result of the transmetallation aswubsequent

guenching with waterScheme 61

CoO
OC,y_Co
. Cf
Sn{-Bu)s 1.n-BuLi, THF
-78°C, 1h
F ' <: :>—|=
, 2. H,0 , N
F
/(irv /Cili |
oC ’ “
co-® OC L0 o C/(if,,co
Cco
174 175 176
87 % 7%
Scheme 61

The formation of the produdt76is potentially due to the emergence of dngne chromium
T-complex. This is the first case of formation akthpecies. The proposed mechanism for the

formation of complexi76is shown in the scheme 62.
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Sn(n-Bu);
-
|
Cr
/)
oc” L7
o Lo
Sn(-Bu); Li
. 174
. N
cr Cr ~HF cr n-BuLi
Ve / ., Sy -
ool B 1 oc” Lo
COco oC COco o
174 177 178 Li
F
|
Cr
Sy
(o Jofll K
COco
177
CcO
0C,y_co oc,,?c/)co
Cr Cf
D wo i~
F — LiOH E
| |
Cr, Cr
Ve / S ‘Y
oc L7 1
COco oC Lo
176 179
Scheme 62

The transmetallation of the tributyl-(2-fluoro-phlyrstannane tricarbonylchromium complex
(174 with butyl lithium leads to the formation @irtho metallated fluorobenzene complex
177. Under release of LiF aryne tricarbonyl chromiusngenerated, which immediately
undergoes an addition with another moleculd 7. The quenching of the addition product
179 with water delivers the compleéx’6.

The complexi76 and its synthesis were already descriB&dhe aim of the authors was the
synthesis of the heterotrimetallic complex of titem 180. Although the analogous reaction
with the simple lithiated benzene tricarbonylchromiwas successful, the compl&X7 did
not deliver the desired complé80 Instead of that, they obtained bimetallic compl&4d
and the comple£76in very low yield Scheme 63
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S ==,
Li CO
180
o+

| oc -
i, co”
OoC ’
CC§X)
176 181
Scheme 657

The authors attribute the formation 1576 to the reaction of lithiated fluorobenzene complex
with a non lithiated fluorobenzene complex presenthe reaction mixture. They give no

consideration to the possible emergence of arycartronylchromium complex.

3. Ferrocyne and ferrocenyl triflate

The word “ferrocyne” means by analogy with benzyime 1,2-didehydroferrocenég) and
appeared in the scientific literature for the fitiste in 1964. Huffmaret. al. pointed to the
possible existence of ferrocyne reporting the simiéaction like Wittig §cheme Junder use
of ferrocene system. They treated the chlorofemecdl82 with butyl lithium in
hexane/THF, affording butylferrocend85), biferocenyl {88 and some minor reaction
productd®”
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The formation of butyl ferrocene was explained dgiaon of butyl lithium to ferrocyne and

the formation of biferrocenyl via addition of liiferrocene to ferrocyné&¢heme 64

B\
T /4 % %557
@I Cl / @ > >
é + n-BuLi 65 Fle Fle
A .
H,0 Fe Li

é Ie Ie
F

e 187 188
@ n-BuCl
@C4Hg

¢
¢

Scheme 64Proposed mechanism for formation of butyl ferrec@85) and biferroceny{188)™”

Although this process can be described as a sikvjplez's Fittig reaction or through radical

reactions, the emergence of 1,2-didehydroferroczarenot be excluded here. In the next
report J. W. Huffman and J. F. Cope described anatkperiment providing the first strong

evidence for ferrocyne6g). The reaction of 2-methylchloroferrocene with ess of butyl

lithium gave a mixture of approximately equal parit2-methyl- and 3-methylbutylferrocene
(201and202) (Scheme 684
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Cl CsH csH
@\ excess oh-BulLi @\4 o 4 9@\
| CHs  hexane, 0 °C CHz CHs
F

e Fe Fe
199 201 202
6 % 9 %
n-BuLl

_ 1

@\ 1. n-BuLi
CHs 2. H

e

<

|
F
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Scheme 65°Y

Our aim is to develop an adequate method for tikhegis of ferrocyne for the preparative
scale. Triflate elimination in ferrocenyl triflaeems to be a good possibility for this goal.
The ortho deprotonation of aryl triflate tricarbonylchromiuocomplexes caused exclusively
anionic thia-Fries rearrangement, and no evideoicariyne complex formation was observed.
This is due to the electron withdrawing propertyGs{CO) group. Since ferrocene derivates
are regarded as rather electron rich, we were Yiglotivated to synthesize ferrocenyltriflates
and to subject tthese tortho deprotonation or metallation. We expected an #ffec

formation of ferrocyne@b) (1,2-didehydroferrocene) and ferrocenediy®® (1,1',2,2’-tetra-

dehydroferrocene) via elimination of triflate.

3.1  Synthesis of 1-ferrocenyltriflate

Since the ferrocenyl triflate6B) is the ester of the triflic acid, it can be syglzed by
esterification of ferrocenoRQ4) by treatment with triflic anhydride in the preserof a base.
Ferrocenol can be obtained via hydrolysis of fezrod acetate203) (Scheme 66
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)
Tf,0
F: e: hydrolysis :Fe: esterification Fe
203 204 63

Scheme 66

A widely used synthetic method for the preparavbphenyl acetates is the Baeyer-Villiger
oxidation of phenyl ketoné¥? Using of peroxytrifluoracetic aciéh situ prepared from
hydrogen peroxide and trifluoracetic acid or thetachloroperoxybenzoic acid (MCPBA)
are the frequently used reagents to perform thetioea A Lewis acid is mostly used as a
catalyst. Olalet al. reported the Baeyer-Villiger oxidation with sodiyparcarbonate (SPC)
in trifluoracetic acid. This system has been fouadbe a very effective reagent for the
Baeyer-Villiger oxidatiod'®®! Many attempts were undertaken to perform the Bawifiger
oxidation on acetyl ferrocene. Most of them ledth@ complete decomposition of the
complex, so that only inorganic iron (lll) composndere obtained, no ferrocenyl acetate

was found $cheme 67

0o
CH, Oxidation systems )\\
<L BF3 (gat) o CHs
Fe

Fe o
< 4 <=
205 203
oxidation systems: GEO,H / H,0,
MCPBA
SPC
Scheme 67

Though, ferrocenyl acetat@(@3 is a known and well investigated compound. Nesaney
et. al. described the preparation of ferrocenyl acetate frdmoroferrocene 182 and
bromofer- rocene206) or ferrocene boronic aci@@7) by heating at reflux with Cu(OAg)n
EtOH/H,0 or in water, respectivel\stheme 6g8*"
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Cu(OAc), S)X\ CUOAS

C EtOH / H,0 (1:1) C\ u(OAc Q
. X reflux, 20 min. . o CHs H,0, ca 80 °C , B(OH),
Fe Fe Fe

@ X=Cl 84% CdD 59 % @

Br 90 %
X=Cl 182 203 207
Br 206

Scheme 687

We could increase the yield of ferrocenyl acetat¢he preparation from ferrocene boronic
acid to 75 % by use of J@/DMSO (1:1) mixture as the solvent and under miawosv
irradiation.

In the course of the preparation of 1,1’-ferroceylddthcetate 208) (vide infrg we found out,
that the reaction starting from 1,1’-ferrocenediytionic acid 209 gave monoacetatz03
as a valu- able side product in 20 % vyield. Altéredy, reaction of 1,1’-diiodoferrocene
(210) with CwO / acetic acid in CECN afforded203in 20% and208in 60% yield Gcheme
69).

Cu(OAC),
H,O / DMSO
@B(OH)Z AW, 100 °C I@\OAC @\OAC
Fe ) Fe + Fe
(HO)ZB\© 20min  AcO~ ::b: +
209 208 203
59 % 20 %
c Cw,0 / CH;CO,H C
. I CHLCN, reflux . OAc I@\OAC
Fe Fe + Fe
|\Cd>: 3h AcO— :dD: +
210 208 203
60 % 20 %

Scheme 6Qlternative achievement for ferrocenyl acetas(

lodoferrocene Z11) proved to be the best starting material for theppration of ferrocenyl
acetate 203, the reaction delivered the highest yield ofnaéithods $cheme 70
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CU2O / CH3C02H
.@\| CH3CN, reflux I@\OAC
Fe 30 min Fe
N 2% o
211 203
Scheme 70

The compound&06, 207 and211 were obtained by treatment of monometallated feremes
by the corresponding electrophifés.®* %! Ferrocene boronic acid®?@7) can also be
directly generated from ferrocen&8@) by heating with boron trichloride in hexane otttwi
boron tribromide in Csunder reflux and subsequent quenching with w&ehg¢me 71>

@ M . Q. ~X
Fe —E -~ Fe
M = Li 183 X=Br 206 E=1
ZnCl 212 | 211 Brz
SnBy 213 NBS
HgCl 214 C,Cl4Br, (possible only if M = Li or ZnCl)

25 %471 only if M = Li or ZnCl
1. B(OR)
2. H,0
1. BX3, CS or hexane

,@\B(OH)Z reflux, 24 h @

Fe 2. H,0 F'e
X=Cl 30 % §<b7
207 Br 40% 186

Scheme 747 104-107]

Using of monometallated ferrocenes it should bedothat the compound@i2 and213 are
synthesized from the lithiated ferrocet@3°”! sothat the lithiation of ferrocene can not be
avoided. The advantage of the compo@a@ over lithioferrocenel83) is the higher yield of
bromoferrocene 2060 and iodoferrocene2(1) after addition of the electrophile. The
advantage of the compouriL3'®¥ are also the higher yields @06 and 211 and the
possibility and
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purify it before the treatment with electrophilehl@omercurioferrocene2(4) is synthesized
directly from ferrocenel186) by mercuration with Hg(OAg)and following treatment with
LiCl or KCI (Scheme 72'%°

t-BuLi / KO'Bu (10:1) ZnCl,
& THF,-78 °C — Li &zc

I to 25 °C I
Fe Fe Fe
(@j 90 % (@} 80 % (d?
186 183 212
1. Hg(OAc) must be used immidiately
toluene / MeOH - for the next reaction
‘ 40 % 20 % CISn(-Bu)z
2. LiCl or KCI to 25 °C
EtOH / H,O
@\ HgCl :I Sn(n-Buy)
Fe Fe
214 213
can be isolated can be isolated
Scheme 72

Ferrocenyl acetate2Q3 was hydrolyzed. Subsequently, Ferrocergil4f was treated with
triflic anhydride in methylene chloride / pyridiégfording the new ferrocenyl triflaté3) in
90 % yield Gcheme 73

1. KOH
EtOH / H,0 (3:2) Tf,0

4: :> 70 °C, 30 min CH,CI, / pyridine C

T OAC 2 Hel, KO ,@\OH -78°C — ~OTf

e Fe Fe

CdDD 100 % . . 920 % . .

203 204 63

Scheme 73
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The new complexX3 was obtained as dark yellow liquid. It is veryldégaand can be purified
by column chromatography under air, but for a ldinge period it should be stored under
protecting atmosphere.

CV-measuring of the ferrocenyl triflaté3) shows quasi reversible waveRyj, = 296.8 mV
indicating the F&FE" redox process, which is in accord with the moddyaelectron
withdrawing effect of the triflate grodp’? In addition, there is a reduction wave-&92.0

mV due to an irreversibe reduction, which we assigthme triflate substituenk{gure 1).

I3 mv

01

0.08

0.04

HpA)

0.0z

-0.02

0,04 5920 mv

24133 mv
-0.08

-1500,00 -1000,00 500,00 0.00 500,00 1000.00

E (m\} vs. FeH/FeH"

Figure 1 Cyclovoltammogram o63. Cyclovoltammetry data (potentials in nW¢. FcH/FcH', v = 100
mV/s, T =25 °C, 2 mmol/L, 0.1 mol/L NB#F;, solvent acetonitrile).

3.2 Anionic thia-Fries rearrangement of 1-ferrocenytriflate

An ortho deprotonation of ferrocenyl trifla&3 with various bases was performed in order to
induce triflate elimination with formation of ferrpge. Several reaction conditions including
in situ quenching with diverse dienes or access of digogramine to trap ferrocyne were
tested. However, in contrast to our anticipation,evidence for ferrocyne formation was
observed. Instead of that, the anionic thia-Frieasrrangement took place generating 2-
(trifluoromethylsulfonyl)ferrocenol415) in high yield Gcheme 74
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1.LDA, THF 1.LDA, THF
diene (diene)
\ -78°C -78°C SO,CF; AC20; CHCl SO,CF;
@ @\ @\ pyridine @\
OTf 2 Hot OH OR
! ' ! 99 % :
Fe <+ Fe Fe Fe
99 % or

=< <= < 1. NaH, THF <=

2. MeSOy

65 63 215 216 R=Ac
0,
70% 217 R = Me
‘ 1. LDA, THF,- 78 °C 2. AcCl (99 %) or M&Oy (82 %) T
0
0 0 Ph (o) Ph
diene = U | | )—Ph Ph
P
Ph
Scheme 74

Although various bases were used, LDA turned outeédhe best option for this procedure
generating almost a quantitative yield of the thiees rearrangement produ2i5 The
efficiency of this reaction exceeded all expectaidecause in spite of the more electron rich
substrate, ferrocenyl triflate undergoes rather ghlii effective anionic thia-Fries
rearrangement than triflate elimination. The saresult was obtained in the absence of
trapping reagents.

Since ferrocenols are known to be susceptible tolation!*® 4" 1% for a comfortable
handling215 can be treated with acetiohydride/pyridine and with dimethyl sulphate/sodium
hydride, affording 2-(trifluoromethylsulfonyl)fercenyl acetate216) and 1-methoxy-2-(tri-
fluoromethylsulfonyl)ferrocene2(l7) in 99 % and 70 % yield, respectively. The isaatof
intermediate215 is unnecessary, treatment of the reaction mixwith acetyl chloride or
dimethyl sulphate afford®16 and217in 99 % and 82 %ield, respectively$cheme 71The
new compoundgl15-217were fully characterized spectroscopically.

The compoun@15differs from63in that it bears a trifluoromethylsulfonyl subgént. This
circumstance is reflected in the cyclovoltammog(&igure 2.
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012 SO,CF3

0.1 @\OH

24273 mV

HpA}

44577 m\v

59647 my

~1040.27 mb/

-1500,00 -1000,00 -500,00 0.00 500,00 1000.00

E {mV) vs. FeHiFeH")

Figure 2 Cyclovoltammogram o215 Cyclovoltammetry data (potentials in nvg. FcH/FcH, v =
100 mV/s,T = 25 °C, 2 mmol/L, 0.1 mol/L NB#F;, solvent acetonitrile).

Compound 215 is irreversibly oxidized at f& = 242.7 mV, a value smaller than the
corresponding one in63 signifying that the electron withdrawing effect ahe
trifluoromethylsulfonyl group is partially compensd by the electron deliverance from the
hydroxyl substituent. This indicates the ring sligpdipolar, presumably hydrogen-bridged
resonance formul218 (Scheme 75 In addition, the cyclovoltammogram shows oxidati
and reduction processes at lower potential, whiclay mbe attributed to the

trifluoromethylsulfonyl group.

S
o o
SS-CFRs ~S~Chs
~ H
— ~OH = 0
Fe -~ » Fe @
215 218

Scheme 79Resonance formulae f@l5and218
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The rearrangement produ2tl5 can be also treated with triflic anhydride in nyétine
chloride/pyridine generating the much less election triflate 219, which is obtained in 99
% yield. Following treatment with LDA in THF af78 °C results in another anionic thia-Fries
rearrangement with formation of the symmetric 2 &thbifluoromethylsulfonyl)- ferrocenol
(220) in nearly quantitative yield. The correspondingthyl ether221 can either be obtained
by in situ quench with dimethyl sulphate or by methylatior220 (Scheme 76

Fgcozsg :OH
I
Fe
<=

215

Tf,0, CH,Cl,
pyridine,— 78 °C| 99 %

FLCO,S ot L LDATHF Eco, OH
@ ~78°C SO.CF,
2. HO"
Fe e Fe
<= 99 %
219 220
1. NaH, TH

2.MeSQ, | 1°%

1. LDA, THF,- 78 °C F3COZS@SM9
2. M&;S0, SO,CF;

|
75 % Fe
221
Scheme 76

As already mentioned, various bases were used g@titegnthe eliminiation with ferrocenyl
triflate, but all efforts led to the same resuliymrely to the formation of the anionic thia-Fries
rearrangement product. The only divergence waslifferent yields of215. A different result
was obtained using potassiugrt-butoxide in THF and potassium methoxide in methanol
Treatment of ferrocenyl triflate with KBu led to the formation of 2-(trifluoromethyl-
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sulfonyl)ferrocenol 215) with 70 % yield and (4ert-butoxy-butoxy)-ferrocene2@?2) with 30
% yield Scheme 77

1. KOBu SO,CF; o

| 2. H30+ ] ]

Fe Fe + Fe
< <= <
63 215 222
70 % 30%

Scheme 77

Obviously, one THF molecule takes part in this psst Two reactions explaining the
formation of the compoun@22 are conceivable. Firstly, the generation of feyracis open,
which is formed via triflate elimination by potassi tert-butoxide. Anothertert-butoxide
anion charges the THF in tleetho position to the oxygen atom, while the oxygendsdiag
on the triple bond of the ferrocyn@5j generating the zwitterioB23. After the transfer of the
hydrogen (4tert-butoxy-butoxy)-ferrocene2@?) is generated3cheme 73

>LO@ H
\/\> < b%
@\OTf KO'BU @ 0/3 FI@\O/\/\/ ®

Fle Fe
<= <= <=
63 65 223

g~
-

222

Scheme 78a proposed mechanism fort he formatio222
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The other explanation is based on the series déaphilic substitutions. Theert-butanolate
charges the sulphur atom of the triflate groughmferrocenyl triflate@3) and releases a fer-
rocenolate anior2Q4) generating théert butyl triflate 25). The ferocenolate2@4) attacks a
THF molecule in the@rtho position to the oxygen atom, while the oxygenhaf THF attacks

thetert butyl triflate 25 via §2 reaction generating (#rt-butoxy-butoxy)-ferrocene2@?)
and triflate anion§cheme 79

OQ\S//O Q0
@o/gﬁ &> X
o)

Pe Fe . 9 R
& v &= A
63 224 225
I@\@ﬂ I@\O/\/\/O\i
224 Q/ﬂ\@ 222
O
225

Scheme 79another proposed mechanism fort he formatic22af
The similar result was obtained with the treatmainthe ferrocenyl triflate with KOMe (or

KO'Bu or metallic potassium) in the methanol. Apadnirthe usual rearrangement product
(215 methoxy ferrocene2@6) was obtainedScheme 80

1. KOMe SO,CF3
LDy Meon-18c LI, D e

Fle 2. H0" Fle + Fle
<= <> <=
63 215 226

70 % 30 %
Scheme 80
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Again, two reactions explaining the formation o ttompound®26 are conceivable. Firstly,
ferrocyne 65) is generatediia the triflate elimination induced by the methane]atvhich

undergoes subsequently an addition with methaéadi€éme 81

Scheme 81

The other explanation is based on the series diaphilic substitutions. The methanolate
charges the sulphur atom of the triflate grouphe terrocenyl triflate €3) and releases a
ferocenolate anion 2@4) generating the methytriflate (227), which is attacked by
ferrocenolateria S\2 reaction generating methoxy ferroce@2) and triflate anion§cheme
82).

O o (—\‘ 0]
\ Me
\ UL_-0O
.@\O/ N er, .@\8 (o5
Fe Q@OMe Fe Ch
<= <= 227
63

h S
e + OTf
<=
226
Scheme 82

The experimentum crucis this context is the carrying out of the reagctia the deuterated
methanol as the solvent. With appearance of fem@agitermediate in the reaction mixture
the ortho deuterated metoxy ferrocene as the product togetitie the rearrangement product

is to be expected. However, the treatment of thred¢enyl triflate with metallic potassium in
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the deuterated methanol delivers the rearrangememtuct 215 and methoxy ferrocene

(226). Theortho deuterated methoxy ferrocene was not obserSedgme3).

1. K/ MeOD SO,CF3 D
I@\OTf 2_|—T3E(;)+C @\OH I@\OMe @\OMe
Fe - Fe + Fe Fe
<= < N <=
63 215 226 228
70 % 30 % not observed
Scheme 83

This result leaves no room for doubt, that the tieas with KOBu or KOMe are performed
only through a series of nucleophilic substitutigeserating compound?2 and226 and no
elimination took placeScheme39 and 82.

In an alternative approach to synthesize the fgnmedheo-trimethylsilylferrocenyl triflate
(229 should be used.

SiM €3
o

2
<=

229

The established method for the synthesi®-timethylsilylphenyl triflate 231) is based on
the double deprotonation of the pher@d)(with tert butyl lithium in tetrahydropyrane (THP)
and subsequent interception with two equivalentriaiethylsilylchloride, generating the-
trimethysilylphenoxytrimethylsilane2g0),% *which is treated with excess molar amounts
of butyl lithium and subsequently with triflic ac&thhydride $cheme 842
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1. 2 eq. tert-BuLi

THP,- 78 °C
©/OH 2. 2 eq. MgSiCl @OTMS
67 % ™S
90 230
. | 1rBuLiERO, 0T
86% | 5 2eq. T30, 0°C
OTf
: :TMS
231
Scheme 8410112

We adopted this method for the synthesis oafrimethylsilylferrocenyl triflate 229.
However, the yield of the required compound wasreatly satisfying $cheme 85 This is
due to the circumstance, which is always assocmattdthe ferrocene chemistry, namely a

part of the used base deprotonates the seconchGp-ri

1.2,2 eq. t-BuLi SiMes SiMes
>N THF, - 78 °C, 1h @\ 1.n-Bui, Et0, 0°C @\
OH oTf

g 2. Me;Sicl g OSiMes 5 5 eq. T0, 0 °C te
<= 34 % <= 53 % <=
204 232 229
Scheme 85

Rogerset. al. reported the synthesis of the “ferrocenyl aspirinhey protected ferrocenol
with THP group, which acts not only as a protectgrgup but also as an excellemtho
directing metallating group. After th@tho lithiation, following interception with the dry éc
and the deprotection of the OH group, the 2-hydiexgcenecaboxylic acid284) was
obtained, which could be transformed to the regu@cetoxyferrocenecarboxylic ackiBg
(Scheme 86}
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HCI, EtOACc
=
Do ) Sy
Fe Fe
& o &
204 233

1.n-BulLi, Et,;0,-78°C, 2 h

69 %| 2- CO
3. HCI EtOH / HO, 25 °C 1h

COH
@fozH Acz0, pyridine @\OZ
OH 70 °C, 10 min OAc

| |
Fe

Fe
&< P &
234 235

"ferrocenyl aspirin”
Scheme 86"

We adopted this procedure for our scope and olutagaen higher yields in our reactions. The
lithiation of the tetrahydropyran-2-yloxyferroceri233 and the following trapping with
MesSICl delivered the trimethyl-[2-(tetrahydro-pyrany®xy)-ferrocenyl]-silane Z36) in
almost quantitative yield. The deprotection and fibleowing esterification with the triflic
anhydride are performed with nearby quantitativeldyias well generating the required
trimethylsilylferrocenyl triflate 229 (Scheme 87

1.n-Buli, Et,0,-78 °C, 2

2. Me;SiCl 95 % 1. HCI EtOH / HO,
25 °C1h
SiMey 2. TH,0 SiMey
@\O/m CH,Cly / pyridine @ ot
Fe —r8°C Fe
99 %
236 229
Scheme 87
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The new compound236 and 229 are fully characterized spectroscopically. The pound
236is a red solid and compourz29is a yellow liquid. The both are very stable aan be
handled under air.

The o-trimethylsilylferrocenyl triflate 229) was treated with tetrabutylammonium fluoride in
acetonitrile at 25 °C. Because of high affinitysiicon to fluorine the trimethylsilyl group
was removed efficiently. This lead to generatiomboérmediate237, the same intermediate in
the treatment of ferrocenyl triflate6y) with a base. The intermedia®37 undergoes
instantaneously thia Fries rearrangement affordimg ferrocenolate238 The following

guenching with water generates the thia Fries aegement produ@15 (Scheme 88

SiMes
@OTf TBAF / CHCN

Fe 25°C
<= v |
229 o SO.CFs @\SOZCF3
Fe Fe Fe
<= <= <=
237 238 215
I@\OTf LDA, THF T
Fe
99 %
63
Scheme 88

3.3  Enantioselective ortho-deprotonation of 1-ferroenyltriflate

Ferrocenol derivative®15-217 and 219 are planar chirdf” and, with respect to the
possibility of their use as ligands in asymmetatatysis, their formation in non racemic form
is of prime interest. This requires a differentatof the two enantiotopiartho protons in63.
The enantiotopic protons can be distinguished bsatbases. The one of the frequently used
bases for this strategy is the enantiomericallyegithium amide239/**® which was used by

Simpkins for the enantioselectivetho deprotonation of (anisole)tricarbonyl chromiumfol
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lowed by in situ quenching with MeSiGl as an electrophile. Enantiomerically enriched

tricarbonylchromium complexes were obtained in up/®de (Scheme 89}¢

X 239, MeSiClg

X
| | A
cr Cr, P~ N Ph
oc” L co oc” L co I,
Co Co Li
o) (R, R - 239
X= Mg 240 (+)243 36 % 84 Y%ee
cl 241 (+)-244 27 % 15 %ee
F 175 (-)245  57% 16 %ee
CON(Pr), 242 (-)-246  87% 48 %ee

Scheme 889

Widdowson and co-workers describe a successfuicgtigin of ¢)-sparteine / butyl lithium
in the enantioselectivertho lithiation of complex247. After the deprotonation and quenching
with an electrophile the planar chiral complex$%)-248 was obtained in 58 % vyield and
92 %ee (Scheme 90Y!"! The following research showed, that the use ofegySivalents of
(-)-sparteine / butyl lithium can reverse the stesbmgivity, so that (@R)-249 could be
synthesizedn 30 % yield and 95 %e!**®!

OMOM 4. (-)-spartein / BuLi OMGOM
<< 2. (CHO), o

|
Cr
ey
(o Jofll BK(
COco
247

1. 2.5 eq. £)-spartein / BuLi
2. DMF

OHC OMOM
c
r
/ ‘Y
(o Jofll UK
Leo

(1pR)-249 30 % 95 %ee

Scheme 988

|
Cr
/)
(o Jofll BK(
¢ Oco
(1pS)-248

58 % 92 %ee

(-)-sparteine
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Previously, the enantioselectiwetho deprotonation on phenyl triflate tricarbonylchromi
complexes were adopted by our group. Phenyl teiftatmplex107 was treated with lithium-
(R, R-di(1-phenylethyl-amide) (Simkins’ base). Inspentiof the NMR spectra'd, **C) of
the respective Mosher esters revealed that phesmoplex 122 had been obtained in only

30%ee(Scheme 91°°
Me l\:/le

Ph/'\ll\l/\Ph
- SO,CFy
@OTf (R, Fgljlzsg @OH

|
Cr Cr
71 THF, - 78 °C 1
oc’ | , A
COCO oC & OCo
107 122 70 % 30 %ee

Scheme 91enantioselectivertho deprotonation of phenyl triflate tricarbonyl chriom®™”

We attempted to achieve the differentiation of eioéopic ortho protons on the ferrocenyl
triflate by using lithiated Simpkins’ base instes#d_DA at — 78 °C gave an only unsatisfac-
tory enantiomeric excess (108§ determined by NMR of the Mosher estefSglfeme 92

|

Li SO,CFs
L2 or (R R239 @\OH
Fe

é:: THF-78 °C C‘_‘D:

63 215 95% 10 %ee

Scheme 92attempt to achieve the differentiation of enantiid¢mrtho protons with the Simpkins’

base

The extreme low enantioselective excess might leetola pre-coordination of the chiral base
at the Lewis basic oxygen atoms of the triflateugro

(-)-Sparteine / butyl lithium has also been usedtlier enantioselective deprotonation. This

attempt gave no positive results (instead of, aaegement product ferrocenol was formed).
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3.4  Metallation vs. deprotonation in the ortho-podion of phenyltriflates

Guy C. Lloyd-Jone®t al. demonstrated that the differentiation between talla¢gion and a
deprotonation of phenyl triflates plays a cruc@erin terms of following reaction§® While
the deprotonation of phenyl triflates can leadlimi@ation products as well as the thia-Fries
rearrangement produdfé! all examples obrtho-metallated aryltriflates (Mg, Zn) generate
exclusively aryne§2°'? For example, the reaction of a phenyl trifl&63 bearing an
electron withdrawing group, with LDA in the preseraf 1,3-diphenylisobenzofuran (DPIBF)
gave the rearrangement prod2éd (80 % vyield), while the reaction of the phenyllate 250,
bearing theortho bromine, with butyl lithium at — 78 °C resulted & quantitative aryne

generation, as evidenced by thesitu trapping with (DPIBF) to give53 (Scheme 93

) Fh
Br n-BuLi, THF
—mee | I
oTi DPIBF
Cl then HO* Cl Ph
250 251 252
100 % Ph
—78°C ppieF= I )>—p
OTf DPIBF OH
Cl then HO* Cl
253 254

80 %

Scheme 989

3.4.1 Metallation of ferrocenyltriflate in the ortho position

Since allortho metallated phenyl sulphonates (among also tri)atendergo elimination

reactions****®!we set about to synthesize the 2-tributylstanegioceny! triflate 255).
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Sn(n-Bu);

OTf

(-4

255

The same method from the synthesis of diteémethylsilylferrocenyl triflate 229 (Scheme
87) was used. The lithiation of the tetrahydropyrayléxyferrocene 233 and the following
trapping with BySnCl delivered the tributyl-[2-(tetrahydro-pyrany@xy)-ferrocenyl]-
stannaned56) in almost quantitative yield. The deprotectior dhe following esterification
with the triflic anhydride are performed with negriguantitative yield, generating the

required 2-tributylstannyl ferrocenyl triflat8%5 (Scheme 94

{
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Scheme 94

The new compounda55 and256 are fully characterized spectroscopically. Compo2bilis

an orange liquid and the compowieb is a yellow liquid. The both are very stable aad be
handled in air.

The tributylstannyl group can be efficiently traregailated by butyl lithium, so that tleetho
position to the triflate group is lithiated. This the essential difference to the previous
experiments with ferrocenyl triflate and LDA, in gh the ortho position was always
deprotonatedvide supra. In the light of the described divergence betweeprotonation and
metallation
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eventually the elimination of the triflate was egga. However, the treatment of 2(-
tributylstannyl)ferrocenyl triflate255 with butyl lithium in THF at — 78 °C in the pres=
of DPIBF quantitatively resulted in the anionicattries rearrangement prod@ds (Scheme

95).

1. n-BuLi, THF

Snnh-B SO,CF
@\ (-Bu)s DPIBF, - 78 °C @\ OCFs
. oTf 2. HO* . OH

Fe Fe
(d>> 100 % (é)
255 Ph 215
/ (@]
DPIBF = _~ph
Scheme 95

This is the first case that tleetho metallation of a phenyl triflate (here, the ferayl triflate)
exclusively leads to the rearrangement, while tlaelie¥ examples resulted in aryne
generationt**-12%!

In an alternative approach to esmetallated ferrocenyl triflate we applied the noethwhich
was presented by M. Uchiyaned al. describing the metallation of halobenzenes arehyh
triflates!*?® They used TMP-zincates as very efficient reagéotsmetallation, which are
preparedin situ by treatment of ZnGlsolution in diethyl ether with Li-TMP. The TMP-
zincates effectively caused thanetallation quantitatively generating arynes as@&wed by

thein situtrapping with 1,3-diphenylisobenzofurgBcheme 962!

Ph
Me,Zn(TMP)Li, THF

Q| Q) = CEC
OTf DPIBF 100 %

Ph

256
Ph 4 252
0]

DPIBF = // oh

Scheme 96
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This method was executed with ferrocenyl trifladgain, the treatment of ferrocenyl triflate

63 with the TMP-zincate caused the anionic thia-FressrangemenScheme 97

1. Me,Zn(TMP)Li, THF SO,CF: Bh
D> DPIBF.25°C, 12h @\ o
OH -
g 2. HO* g pPiBF= | > o,
<= 3% <>
63 215
Scheme 97

3.5  Syntheses of more electron rich ferrocenyl tiiftes

In the next step, we synthesized ferrocenyl teffabearing one or more electron donating
groups, in order to increase the electron densitthé aromatic system. The introduction of
different groups in the ferrocene molecule turnatito be a challenge. The simplest reaction

path was the synthesis of the 2-methoxyferroceifidte (257).

oTf

@\OMe

The central compound in this synthesis is l-iodoe€thoxyferrocene268), which can be
then transformed to 2-methoxyferrocenyl acete260( There are two alternatives to
synthesize this compound. Firstly, methoxyferrocéz6) is used as the starting material,

which is subjected to-metallation and subsequently trapped by iodBehéme 98
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OH

NaH, THF
Me,SQy, reflux

1h 1.n-BuLi / t-BuOK

> THF, - 78 °C j'
OMe 2.1, OMe

|
Fe Fe
<= R

226 258

Scheme 98

Although this method leads to the required compo(23®), the low yield leaves a room for
improvement. For the better results we applied riethod, which we already used for
preparation of 2-trimethylsilylferrocenyl trifla{@29 and 2-tributylstannyl ferrocenyl triflate
(255 (Schemes 87 and p4

Tributyl-[2-(tetrahydro-pyran-2-yloxy)-phenyl]-staane 256),prepared fron233was treated
with iodine in methylene chloride at 25 °C delivayiin quantitative yield 2-(2-iodo-
ferrocenoxy)-tetrahydro-pyrar%9. The deprotection and the following methylatiofthw
dimethyl sulphate were performed with nearly guatitie yield generating the required 1-
iodo-2-methoxyferrocene268) (Scheme 99 The lithiated tetrahydropyran-2-yloxyferrocene
(233 can also directly be trapped with iodine giveis, but the lower yield and problematic

separation fron233 make the deviation throug@b6 much more attractive.
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Fe
33 1.n-BuLi, Et,0,- 78 °C, 2 h
2.1
o5 0| 1 MBULI, EO,~ 78 °C, 2 86%
°| 2. BusSnCl
1. HCI EtOH / O,
@\Sn(n-Bu)g L CHACI I 25 °C1lh |
o) 2, CHCl, 4::::;; o 2.NaH,THF,MQSCh<::::£;
0 o
FI m 25°C 1h I O/m reflux, 1h I OMe
€ Fe Fe
100 % C@: 99 %
256 259 258
Scheme 99

Heating of 1-iodo-2-methoxy ferrocen25@) in acetonitrile at reflux with 1.2 equivalents of
CwO and 3 equivalents of acetic acid generated thmethoxyferrocenyl acetat@g0) in 89
% vyield, which was hydrolyzed and esterificatedwiriflic anhydride giving the 2-methoxy-

ferrocenyl triflate 257) (Scheme 100

| CH3CN / CH3CO.H OAC
S Cu0 ">
F' OMe reflux, 3 h | OMe
e Fe
< 89 % <=
258 260
1. KOH
EtOH / H,0
70 °C
0,
9% 1 5 NaH, THO
CH,Cl,
-78°C
OTf
e
o5
257
Scheme 100
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The new compound&57-260were fully characterized spectroscopically. Compm2b7 and
258 are yellow liquids259 and 260 are orange solids. In general, they are stablecancbhe
handled in air, but they should be stored in antiaeBnosphere for the longer period of time.
Compound®60and259 are the first examples of a ferrocene with twanatoxygen atoms,
thus derivates of 1,2-ferrocenediol.

The other even more electron rich ferrocenyl tiiflés the 2-trifluoromethanesulfonyloxy-
ferrocenolate 462, which was generatedh situ from 2-trifluoromethanesulfonyloxy-
ferrocenyl acetate261) (Scheme 101

@\Oﬁ n-BuLi, THF @\Oﬁ
OAc C§)

I -78°C ]
Fe Fe
<= 100 % <=
261 262

Scheme 101

2-Trifluoromethanesulfonyloxy-ferrocenyl acetate6]) was synthesized from 2-acetoxy-
ferrocenyl acetate263 via a single hydrolysis with one equivalent of thyd lithium.
However, the double hydrolysis could not be congiyetivoided, so that apart from the
required produck61lalso the 1,2-ferrocenyl diaceta@68) was recovered as well as the 1,2-
ferrocendiyl ditriflate 264) was obtained. The 2-acetoxy-ferrocenyl acet&@3)( was
prepared from 1,2-diiodoferrocen26§) (for the synthesis of 1,2-diiodoferrocevide infrg
by heating in acetonitrile at reflux in the presenaf 2.4 equivalents of GO and 5

equivalents of acetic aci®¢heme 102
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=

Fe

265
CHaCN / CHiCOH
Cw0O 0
reflux, 3 h 88 %

1.1 eq. MeLi, EO

OAc -78°C oTf OTf @OAC
@OAC 2.TH,0,- 78 °C @\OAC @\Oﬁ >~ 0ac
Fe Fe + Fe + Fe
263 261 264 263
76 % 12% 12 %
Scheme 102

The new compound®6l, 263 and264 were fully characterized. Compou83 is a yellow
solid with a very low melting point (23 °C), compuls 261 and264 are yellow liquids. In
general they are stable and can be handled undedoutithey should be stored in an inert
atmosphere for the longer period of time. All thomempounds are the further examples for
ferrocenes with two vicinal oxygen atoms, thushgas of 1,2-ferrocenediol.

The next electron rich ferrocenyl triflate, was 2;8jmethyl-ferrocenyl triflate Z66). The
three electron donating methyl groups make the aticnming electron rich. Moreover, the

methyl at C-4 could hinder the rearrangement.

The ferrocene carboxylic acb7 is the starting material of the choice for the hgsis of
266. The widely used method for the preparation26¥ is based on the lithiation with a
strong base, subsequent interception with the cadomxide and the concluding acidification.
As far as we are aware, the best method is preseyt8. Breit and D. Breuning&” They

used for the metallation a mixture of two equivasenittert-butyllithium and 0.1 equivalents
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of potassiuntert-butoxide (known as the Schlosser base). The daddithioferrocene was
trapped with carbon dioxide to give after acidicrkvap ferrocene carboxylic aci@§7) in 90
% yield Scheme 103

1. 2 eq. t-BuLi

0,1 eq. KCBu
THF,-78°C,1h

(D> 2C01025°C -
. 3. H3%+ ’ COH
(d? 90 % (@7

Scheme 108%"

Although this synthesis is very fast and effecieve,developed another method, which allows
the preparation of ferrocene carboxylic acb?) in multigram quantities. This method is
based on the so called bromoform reaction, whicpeidormed with the acetyl ferrocene
(205 as the starting material in the dioxane / watet)(mixture and with ten equivalents of
sodium hydroxide and three equivalents of bromiAeetyl ferrocene Z05 is easily
accessible from ferrocen&86) via Friedel-Crafts acylatiorBcheme 104

0+

AICl 3, AcCl
CH,Cl,, 0°C | 88 %
30 min 1. NaOH, Bp
dioxane / HO
CHs °°C
Fe 0O Fe
(d)} 95 % (d?
205 267
Scheme 104

70



Results and discussion

This is the first case, that the oxidative cleavags used with a ferrocene system, which is,
probably, due to the fear that the acetyl ferroceme not withstand such strong oxidation
conditions.

The ferrocene carboxylic aci@q7) can be effectively ortho metallated with two eqlents

of secbutyl lithium!?” 2! The adjacent addition of iodomethane gave afteli@evork-up

the 2-methyl ferrocene carboxylic acb@) in 80 % yield. The repeated procedure delivered

the 2,5-dimethyl ferrocene carboxylic aci69) in 60 % yield Scheme 105

H02C 1. SeCBULi, HO-C C 1 Sec-BULi, HO,C CH
THF,-78°C - ) " Thr-78eC 2‘/@ :
! 2. Mel ! 2. Mel HsC .
\/_ée_\/ 80% :Fi:e 60% :Fie:
0 0
267 268 269
Scheme 105

The new compound69is fully characterized spectroscopically. It ighli orange solid, very
stable in air.

Since the carboxylic acid group is electron withdray, it can disturb in our effort to design a
more electron rich ferrocenyl triflate. Hence it inbe removed or reduced. T-Jeong Katn
al. presented the borane-dimethyl sulphide (BMS) a®rg efficient reducing reagelit”
They carried out reductive deoxygenation of varitersocenyl aldehydes, ketones, alcohols,

and carboxylic acids into the corresponding alleytdcenesTable 7.2
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Table 7.reductive deoxygenation of ferrocenyl derivativgsBils SMe,*?!

entry substrate time (h) product yield (%)
1 FcCHO 3 FcCH 95
2 1,1'-Fc(CHO) 3 1,1'-Fc(CH), 95
3 FcCOCH 3,5 FcCHCH3 95
4 FcCOPh 6 FcCHPh 93
5 FcCOCHCI 30 Fc(CH).CI 92
6 FcCOCHCOCH; 30 Fc(CH),CH(OH)CH, 31
Fc(CHy)sCHs 20
FCCH(OH)(CH),CH, 17
1,1'-F¢(CHOH), 3 1,1'-Fc(CH), 95
FCCH(OH)CH 3,5 FCCHCH; 95
FCCH(OH)CHCI 8 FCCHCH,CI 92
10 FCcCH(OH)CHOH 3,5 FCCHCH,OH 95
12 1,1-Fc(CQH), 6 1,1-Fc(CH), 83

This method seems to be ideal for our aim, esggdiathe light of entry 12T able 3. The
2,5-dimethyl ferrocene carboxylic acidd9 was treated with the two equivalent of BMS in
methylene chloride at 25 °C for 78 hours to give tequired reduction produ2?0in 75 %
yield (Scheme 106

HO,C CH
2/@ ®  (BHg)SMey, CH,Cly, Hf@c'h
HsC™ ™ 25°C, 78h HaC™ =S
Fe Fe
<= 5% <=
269 270

Scheme 106

The new compoun@870is fully characterized spectroscopically. It ghl yellow oil, stable in
air for a short time and should be stored in a coaler protecting atmosphere.

In the next step the 1,2,3-trimethyl ferroce@&() was subjected to the mercuration. Since
the mercuration proceeds more readily on the mietren rich arene$?®*% we expected
the mercuration on the cyclopentadienyl ring begtire three methyl group. Indeed, the main
product of this conversion was the required compaifi, while many side products were
also obtained, which gravely decreased the yieRIraf(Scheme 107
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1. Hg(OCAc),
Hf@(}b toluene / MeOH Hf@i}b
H3C . 2. LiCl H3C . HgCl
Fe Fe +  higher mercurated ferrocene
<> 15 % <= (dentified only with MB
270 271
Scheme 107

The mercurated produ@71 was treated with iodine in methylene chloride &t°2 for 30

minutes, the quantitative conversion delivered th®do-2,3,4-trimethyl ferrocene27?2),

which was heated in acetonitrile under reflux witR equivalents of GO and 3 equivalents

of acetic acid generating the 2,3,4-trimethyl feemoyl acetate73) in 89 % yield , which is,

as usually, hydrolyzed and esterificated withitriinhydride giving quantitatively the 2,3,4-
trimethyl ferrocenyl triflate Z66) (Scheme 108

HaC CHs

H3C/|@\ HgCl
Fe
<

271

I, CH,Cl,
25 °C, 30 min

HaC CHs

<N
<&
272

100 %

1. KOH, EtOH / HO

70 °C, 30 min
2. HO*
CH,CN/CH;COH HsC CHs CH.Cl,/ pyr@me HsC CHgz
reﬂUX, 3h Hsc/l@\OAc -78 °C, 30 min H3C’ 7:| _/<\0Tf
Fe Fe
89 % 99 %
273 266
Scheme 108

The new compound®66, 271-273 are fully identified spectroscopically. The compdy1

is light yellow powder, which is stable in air. Tbempound266 272 and273were obtained

as yellow oils, stable in air for a short time hbey should be stored in a cool under

protecting atmosphere.
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3.6  Anionic thia-Fries rearrangement of more electon rich ferrocenyl triflates

The prepared electron rich ferrocenyl triflates evéreated with bases in the presence of
dienes, in order to prove their ability to undegdionination reaction.

The treatment of the 2-methoxy ferrocenyl trifl§287) with LDA in THF at — 78 °C in the
presence of 2,5-dimethylfuran resulted in the awidhia-Fries rearrangement generating the
2-methoxy-5-(trifluoromethylsulfonyl)ferrocenolat@74), which was methylated delivering

the dimethylated anionic thia-Fries rearrangemendiypet275 (Scheme.09).

1. LDA, THF
-78°C o
OTf o) F3CO,S o) F3CO,S OMe

(N | X e M X

~— ~OMe Y " ~OMe reflux ~ OMe

Fe Fe Fe
(@) (d? 99 %

257 274 275

Scheme 109

The 2-trifluoromethanesulfonyloxy-ferrocenola6®), which was generated situ from 2-
trifluoromethanesulfonyloxy-ferrocenyl aceta@6{) was treated with LDA in THF at — 78
°C in the presence of 2,5-dimethylfuran, after tbbowing methylation with dimethyl
sulphate 1,2-dimethoxy-5-(trifluoromethylsulfon@jfocene Z75) was obtained in 85 %
yield (Schemd.10).

oTf
S,
o
261
nBuLi 1. n-BuLi, THF
THF,-78° ~78°C
o)
@\ng | FsCO.S OMe
0 2. Me;SQOy 7: “OMe

-
D
T
D

85 % <=

¢

Scheme 111
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In the reaction of the 2,3,4-trimethyl-ferrocenyflate (266) with LDA anthracene was used
as the diene, because of the doubt, that the mgtbylps 0f266 and the methyl groups of
2,5-dimethyl furan or phenyl groups of DPIBF wouldsturb each other. However, the
treatment of the 2,3,4-trimethyl-ferrocenyl tridaf66) with LDA in THF at — 78 °C in the
presence of anthracene and the following acidificatresulted in the anionic thia-Fries
rearrangement generating the 2,3,4-trimethyl-Bhforomethylsulfonyl)ferrocenol 276)
(Schemd.12).

1.LDA, THF
-78°C
e, o [T
ch’@\ow 2. HO" ’Q\
Fe OzCFB
(d>> 99 %
266
Scheme 112

The new compoundg74-276 are entirely characterized spectroscopically. Taey yellow
solids, stable in air for a short time but they iddobe stored in a cool under protecting

atmosphere.

3.7  Attempts for palladium(0)-catalyzed cross-coujg of 1-ferrocenyl triflate

The palladium(0)-catalyzed cross coupling reactiares widely used for the preparation of
various arenas, representing thus a powerful toothe hands of organic chemists. The
combination of palladium catalysis and arene thoaglchromium complexes gravely
enriched this area in the organic preparative chegwilt has been found that the electron
drawing property of Cr(CQ)group significantly increases the oxidative additiof the

palladium(0) into the arene-halogen bond becauskeoflecrease of theelectron density in

the aromatic system. This circumstance makes tiledpan(0)-catalyzed cross coupling

reactions more
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attractive, because they can be carried out fastgrat milder conditions. The phenyl triflates
tricarbonylchromium complexes are not exceptiores. €&xample, Wulffet al reported that

the Stille coupling with electron rich phenyl tates complexed with tricarbonylchromium
proceeded easily and efficiently, while the couphmth the uncomplexed phenyl triflates did
not take place at all. The same tricarbonylchromzomplexes also readily underwent the

Suzuki coupling reactiorSchemé.13).

BusSIT X

2 mol % Pd(PP%),

3 eq. LiCl, THF,
65 °C, 13 h Me <

‘ o oc:/C‘lr"’(:r;Pr
Co
278
Me OTf
oc/clr'”czpr
Co
277

1,5 eq. PhB(OH)

2 mol % Pd(PPY), >
1,5 eq. NgPOy, THF Me0—< )D>—<C_ )

65 °C, 40 h T on-Pr
/C‘ﬁ,
71 % oc” L co
0 Co
279

Scheme 113

Previously, some palladium(0)-catalyzed cross aagpieactions of the Suzuki and the Stille
type were successfully performed by our group witkarious phenyl triflate

tricarbonylchromium complexeS¢hemé.14).
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BusSH X
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I
q
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Scheme 114

Since ferrocenes are very electron rich arewviele §uprg, and the low electron density in the
aromatic system is necessary for the successfdatxe addition of palladium, it is a hardly
surprising result that no cross coupling reactiath the ferrocenyl triflate took plac&¢heme
115).

Bu3Sn/\

2 mol % Pd(PP%),

3 eq. LiCl, THF,
@\OTf 65 °C, 18 h @ Ph

@ =
282
1,5 eq. PhB(OH)
2 mol % Pd(PP¥),
1,5 eq. NgPQy, THF
65°C,30h

&

=

283
Scheme 115
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3.8  Synthesis of ferrocenyl nonaflate and tosylat@and corresponding reactions with
bases

Since the ferrocenyl triflates undergo the aniothéa-Fries rearrangement rather than
elimination, we considered whether this kind ofrreagement will be extended to other
ferrocenyl sulphonates, such as nonafluorobutafteste (nonaflate) or toluenesulfonate
(tosylate).

The ferrocenyl nonaflate284) was prepared by treatment of the ferrocerif)4) with
nonafluorobutanesulfonic anhydride in methyleneogtle and pyridine at — 78 °C in 90 %
yields Schemd.16).

CaFg< /O\S/ CaFo

S
02 02
CH,Cl, / pyridine
Fe Fe
<= 90 % <=
204 284
Scheme 116

The ferrocenyl tosylate285) was obtained in 95 % yield from deprotonateddesnol ang-
toluenesulfonic chloride in THFSChemd.17).

H3C\©\
SO,CI (o)

D>, NeH.THF @\OES\

-78°C

|
Fe
<= 95 % <= CH,
204 285
Scheme 117

The new compoun@84 and 285 were completely characterized spectroscopicallyeyTare

very stable yellow solids.
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The treatment of the ferrocenyl nonaflat284) with LDA resulted in the thia-Fries
rearrangement delivering the prod@&6 after the acetylation with acetyl chloride. Thiasv
not the case in the reaction with ferrocenyl toylahe treatment of ferrocenyl tosyla289)
with LDA did not achieve any reaction, only ther8teg material could be reisolated. The

excess of didisopropyl amine was used as a trappiagent for ferrocyneSgheme.18).

1. LDA, THF
diisopropylamine

S~
=0
D v e
: OSO,CyFy 2. AcCl OAc

Fe > Fe
< v by

284 286

1. LDA, THF H3C\©\
diisopropylamine O
>y 2. AcCl @
— O /, . — ~OAc
Fe // Fe

N cH, N

285 287

Scheme 118

The ferrocenyl nonaflate284) shows the same property as the ferrocenyl teiftatvards the

LDA, and no evidence for the formation of ferrocyomld be detected.

4. 1,1'-ferrocenediyl ditriflate

As already mentioned before, in the best methodpfeparation of the 1,1’-ferrocenediyl
diacetate Z08) 1,1'-diiodeferrocene 210 was used as the starting materi@tlfeme 69
which was synthesized from 1,1-bis(tributylstannyérrocene 288 by treatment with
iodine. The 1,1’-bis(tributylstannyl) ferrocen288 was prepared by lithiation of ferrocene
with butyl lithium in the presence of tetramethisdenediamine (TMEDA) and followed by
guenching with BgSnCl Schemd.19).
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1. 2 eg. n-BuLi
hexane
3 eq. TMEDA
65 °C, 20 h

2. Bu;SnCl />
25°C, 5 h =~ Sn(Buy

Fe Fe
& 91
186 2ogg on(Buy
Io CHYCly

100% | 25°C,5h

Cw,0 / CH,CO,H
L cHeNrefux LD,
! 30 min !
Fe Fe
210 208
Scheme 119

The 1,1'-ferrocenediyl diacetat2d8 was hydrolyzed. Ferrocenedi@89) was subsequently
treated with two equivalents of triflic anhydridemethylene chloride / pyridine affording the
new 1,1’-ferrocenediyl ditriflate2@0) in 90 % yield Scheme 120

1. KCH
EtOH / H,0 (3:2) Tf,0
Q 70 °C, 30 min 4: :> CH,CI, / pyridine 4: :>
] OAc 2, HCIl, HO | ) OH 3728 Jé:y FI OTf
Fe Fe e
P 100 % HO@ 90 % TfO\Cdy
208 289 290

Scheme 120

The new complexX290 was obtained as dark yellow liquid. It is moderattable and can be
purified by column chromatography in air, but fdoag time period it should be stored under
protecting atmosphere.

In contrast to63, the CV-measurement of the 1,1'-ditriflaB90 shows two irreversible

processes: an oxidation wave at 827.5 mV is as digmeéhe Fe(ll)-Fe(lll) oxidation, and a
reduc-
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tion wave at — 370 mV as well as a barely visillewdder at ca. — 500 mV are, similar@s,
as signed to the triflate substituents. The highedation potential as compared @8 is in
accord with the fact th&90 is less electron-rich tha#3. In particular, the irreversibility of
the oxidation shows thd90 is not simply a higher homologue 68, but has distinctly
different propertiesKigure 3.

0.1 @ oTf
Fe
0.08 TfO@
0.06 290

3846 mv

[Ty
o
o S
|

-B18.1 my

0.04

-0.06 T T
-1500,00 -10:00.00 -500.00 0,00 500,00 1000.00
E (mV)vs. FeHIFcH

Figure 3 Cyclovoltammogram c290. Cyclovoltammetry data (potentials in nWg. FcH/FcH', v =
100 mV/s,T = 25 °C, 2 mmol/L, 0.1 mol/L NB#F;, solvent acetonitrile).

4.1  Anionic thia-Fries rearrangement of 1,1’-Ferroenediyl ditriflate

The treatment of the 1,1’-ferrocenediyl ditrifld290) with 2.2 equivalents of LDA at — 78 °C
led to a double anionic thia-Fries rearrangemer5n% yield, which could, in principle,

afford two diastereomeric rearrangement prod28tsand292 (Scheme 121).
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SO,CF3 SOCF3
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Scheme 121

The 'H NMR data of the rearrangement product shows only of the two diastereomers,
mese291 andrac-292 (Figure 4). The peak at 4.92 ppm is clearly single and &ttdse

existence of only one diastereomer.
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Figure 4. The™H NMR data of the double rearrangement product

For a more cleafH NMR spectrum the rearrangement product can hesfisamed to the
corresponding diaceta®3 by quenching of the reaction mixture with acetiocide instead
of with water Schemel21). The 'H NMR spectrum shows one peak at 2.3 ppm, which

belongs
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to the methyl group of the acetate group and alearly attests the existence of only one

diastereomerKigure 5).
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Figure 5. The'H NMR data of the diaceta93

4.2  ldentification of the double rearrangement prodict from 1,1’-ferrocenediyl
ditriflate

As the spectroscopic data of the rearrangementuptaatre in accord with either one of the
two diastereomersnese291 andrac-292 transformations leading to the products allowang
clear-cut spectroscopic identification were trieldwever, in contrast to other ferrocenols, the
ferrocene-1,1'-diol formed is a comparatively seabbmpound. The product was treated with
dihalomethanes, acetone/TsOH, dichlorodimethylsjlanelichlorodimethylstannane in order
to obtain a ferrocenophane with either enantiotd¢fsmm 292 or diastereotopic (fror291)
hydrogen atoms or methyl groups. However, only #tarting ferrocene-1,1'-diol was
recovered in almost quantitative yields. Also, tirgatment with Mosher acid chloride gave no
reaction.

The first reflection on the structure of the doubdarrangement product was thé NMR
measurement in the presence of a chiral shift rdagehich shows no signal splitting. This

fact suggests the structure correspondingése291.
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The rearrangement product was finally identifiedaoyX-ray crystal structure analysis of the
respective diacetat293 (Figure 6. The analysis clearly indicated that the mesapcb291
had been formed; no chiral rearrangement pro@92twas observedSchemel2?). In the
crystal structure of the substituted ferroc@®3 the iron atom occupies a crystallographic
inversion centre, affording a staggered confornmatibthe cyclopentadienyl ligands. Only a

mesoconfiguration is compatible with the presencehef inversion centre.

Figure 6. Structure of293 in the crystal. Selected bond lengths [pm] andlend°]: Fel-C1
201.78(10), Fe-C2 203.74(9), Fe-C3 207.19(9), FeZDb6.69(9), Fe-C5 204.70(10), C1-S1
172.84(10), S1-O1 142.86(9), S1-O2 143.51(9), S1485.01(11), C6-F1 132.10(13), C6-F2
132.42(13), C6-F3 133.14(15), C2-03 137.86(11),G734138.52(12), C7-O4 119.78(13), C7-C8
149.09(14); C1-S1-C6 103.47(5), O1-S1-02 121.23(H);S1-01 111.10(5), C1-S1-02 109.49(5),
C2-03-C7 114.49(8).
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SO,C
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Scheme 122

For a better understanding of the remarkably drastelective reaction leading fra290
exclusively t0291 we attempted a single anionic thia-Fries rearraregde in order to
obtain294 and subsequentBO5 after quenching with acetyl chloride. Howeveratraent

of 290 with 1 equivalent of LDA under otherwise unchangedction conditions gave an
equimolar mixture of the starting materia0 and the trapped double rearrangement
product 293 (Schemel23). This clearly indicates that the second anio@a-Fries

rearrangement leading 896is significantly faster than the first onle &> kj)

1. 0.5 equiv. LDA

1 equiv. LDA C chzCFg THF, = 78°C @ e
equiv.
LDy Led 3 2. AcCl OAc

THF, - 78 °C !
Fe —" X 05 Fe — A Fe
o> kg o> o>
64 204 205

1. 0.5 equiv. LDA
ko

THF,- 78 °C
oK S5
e
3 Acc X
0.5 ! . 05 OAc
o Fe +0.5291 He + 05290
F,CO,S
3CO; 206 F,C0,S 203
50 % 50 %

Scheme 123the double thia-Fries rearrangement with 1 equfi.DA
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The exclusive formation of thmesoproduct291 from 290 with no racemi@292 indicates
an unusually high grade of interannular stereoitidn¢ exerted by the already rearranged
cyclopentadienyl ligand in the intermedid@84. Such an induction is very rare and has
first been observed by Vollhardt for a nucleophditack at a planar chiral cobaltocenium
ion, albeit to a much lesser extélit! Jendralld®*¥ and Sniecku$¥ observed
stereoselective metalation reactions at ferrocetiedicarboxamides using butyllithium /
(-)sparteine complexes as a base. Manoury and &akaperformed diastereoselective
deprotonation of 1,1'-disubstituted ferrocenecasmoiies bearing a chiral auxiliay>
Ikeda found highly diastereoselectiveortho metalation of chiral 1,1'-
bis(oxazolinyl)ferrocened®® However, in all of these cases it remains unciéahe
stereoselectivity observed for the second depratomais a result of an interannular
stereoinduction or of the present chiral auxiliary.
With regard to the stereoselectivity and the rdtéhe formation 0f291 we envisage two
possible explanation©ne reason might be that the extremely differeattebnic nature
of the directing substituents in294 — a highly electron withdrawing
trifluoromethylsulfonyl and a highly electron pusgialcoholate — is responsible for this
unusual result. In this case, these electronic ¢gniogs are transferred to the opposite
cyclopentadienyl ring via the centrosymmeteg orbitals causing thereby a significant
increase in kinetic acidity of the protamtho to the triflate substituent (drawn in a cycle)
in contrast to the other one.
SO,CF4
X3

Fe
H increase of the kinetic
O acidity
294

Alternatively one might take into considerationttB@4 exists as a complex with the lithium
cation coordinated to diisopropylamine, or, aftesr deprotonation, to LDA. Although the
structure and possible dynamics of such an aggregatnot known in detail, it might act as a
base abstracting the black or the red proto894 in an intramolecular way thereby nicely
explaining the rate acceleration of the secondaegement. If so, steric interactions in a bis-

eclipsed ferrocene conformation will prevent alittom of the proton drawn in black in favor
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of the one drawn in red. However, a more profourtdrpretation of our findings requires a
theoretical treatment of the reactions.

As with the triflates63 and 290, the cyclovoltammogram of the rearrangement prodadg,
which bears a trifluoromethylsulfonyl and a hydrosybstituent at both cyclopentadienyl
ligands, differs considerably from the cyclovoltamgram of215 with this set of substituents
at only one of the cyclopentadienyl ligands. Onhatner weak, irreversible oxidation process
is observed at a potential of 497.2 mV, reducticosparable to those observed &i/5 are
found at very low potential (Figure 7). The measuats of the rearrangement produzi®
and 291 are accompanied by an irreversible change in colathe sample solution from

yellow to red-brown.

SO,CF;

o Son

Fe
008 HO

o F3CO,S 201

0.02 497.21 mV

—

1 ()

-0,02

125 mv
-1088.39 mV
-0.04

-0.06
-1500,00 -1000,00 -500,00 0.00 500,00 1000.00

E (mV) vs. FeHIFeH'

Figure 7 Cyclovoltammogram 0291.Cyclovoltammetry data (potentials in nwg. FcH/FcH, v =
100 mV/s,T = 25 °C, 2 mmol/L, 0.1 mol/L NB#fF;, solvent acetonitrile).

4.3  Chemo enzymatic desymmetrization aheso-diols and meso diol diacetates

Because of the unique three-dimensional shapemésocompounds291 and 293 are
potentially attractive as ligands for metal com@gxEnantioselective desymmetrization
strategies offer most interesting possibilities tte synthesis of enantiopure, chiral
derivatives. Functionalization of one of the twodhyxy groups in291 or hydrolysis of

one of the two acetate groupsA@3would give a chiral derivative.
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4.3.1 Introduction

Mesoand prochiral compounds have in general the poeseheither two enantiotopic groups
or a planar trigonal group with two enantiotopicda. In course of the enantioselective
enzymatic desymmetrization of a meso or a prockwaipound, the enzymatic reaction takes
place faster at one of the enantiotopic groupsaced$ of the substrate affording the two
enantiomers in unequal amounts. This different Gfteeaction arises from the different
energy of the diastereomeric transition states éetwhe enzyme and the substrate along the
reaction coordinate®”!

Hydrolases are one of the kinds of enzymes most ussynthetic chemistry, which catalyze
hydrolysis ofmesocand prochiral alcohols, carboxylic acid esters amialydrides, and nitriles.
Ester hydrolyses and transesterifications have beserccessfully used for the
desymmetrization of diverseneso and prochiral alcohols. Two different methods were
developed. Firstly, anesoalcohol is subjected to an acylation with vinyletate in the
presence of an enzyme. Secondly, the diol diacesassymmetrically hydrolyzed with an
enzyme. For example, lzquierdo and co-workers hawecessfully desymmetrized the 2-
ethylpropane-1,3-diol207) and its diacetat@99 via PFL-catalyzed transesterifications and
hydrolysis obtaining the chiral monoacetd®-298 (Schemé.24) 18!

PFL PFL
Et vinyl acetate Et buffer pH 7.0 Et
H\ 25°C,4h A 25°C,15h
72 %, 46 %ee 0 0
OH OH ° OAc OH 85%.94%e () Oac
297 298 299

PFL = lipase fronPseudomonas fluorescens

Scheme 124°8

Chiral 1-aminocyclopropane-1-carboxylicacids andrtderivatives are interesting synthetic
goals because of the possibilities to use them &as pa the sequence of peptides. Both
enantiomers of 1l-amino-2,2-difluorocyclopropaneatboxylicacid have been prepared in
high yields and enantiomeric excess using the desnization of [1-(acetoxymethyl)-2,2-
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difluorocyclopropyllmethyl acetate300) and the corresponding dioBd2) by means of a
lipase PS-catalyzed hydrolysis and transesteridingScheme 25).[*!

lipase FS
= OAc phophate buffer (pH 7) F OAc F COMH
OAc OH ——= 3
F 25°C,9.5h F e F "NH;
300 (9-301
68 %, 93,5 %ee
lipase PS
= OH vinyl acetate = OH F  NH,
OH Ac =—— 3
F 35°C,1.5h F s F '‘COH
302 (R)-303

94 %, 91 %ee

lipase PS = lipase froBurkholderia cepacia

Scheme 128

4.3.2 Chemo enzymatic desymmetrization of the doublrearrangement product from

1,1'-ferrocendiyl ditriflate

We tried to adopt the chemo enzymatic desymmeimizatith use of thenesorearrangement
product291 and the corresponding diaceta®3 under the usual conditions of such reactions,
namely with water and water / alcohols mixtures@sents. The insolubility a291 and293

in such systems made the search for other solneatsssary. We obtained the best result with
the mixture of DMSO and water (1:1). The reactiaswarried out at 40 °C with PFL, as the
enzymatic catalyst, for 4 days. We obtained thapcowith only one hydroxy group. Since
the diol291 was not observed, it may be assumed, that thereglgdesymmetrization indeed
took place $chemd 26).
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PFL
SO,CF; DMSO / H,0, 40°C SO,CF3 SO,CF3
@OAC phoph;tdeasgffer (pH 7) @ @OAC
Fe or Fe
ACO\/ d): = 6% ﬁ HO\/ &): ~
F3COS F3CO,S F3CO,S
293
NaH, THF
100 % Me,SO, 100 %
reflux, 30 min
SOLCFs SO,CF3

PFL = lipase fronPseudomonas fluorescens

@ @
Acoﬁ Oﬁ
FsCO, 206 F3CO,S

Scheme 126

Because of the high susceptibility of ferrocengaiast oxidation\{ide suprg, the generated
alcohol was methylated via heating in THF with smdlihydride and dimethyl sulphate under
reflux for 30 minutes$cheme 26). The only conclusions reached so far are, that oné of
the two possible alcohoB04 and305 are generated. It was characterized as the methgt
306 or 307 by means ofH NMR and the mass spectrometry. The exactly chariaation of
this product is still pending.

5. 1,2-Dihaloferrocenes

Theortho-metallation of aromatic halides with strong baises firmly established route tw
arynes®” The use of fluorobenzene was already discusgee uprg).®® ° Chlorine can
also act as a leaving grolifl. The already mentioned evidence for the existefi¢ermcyne,
reported by J. W. Huffman and J. F. Cope, based afsthe elimination of chloride by
treatment of chloroferrocene with alkyl lithium gemts Schemes64 and 65).*%% 101
However, although the bromobenzene can also usedsésting material for generation of

benzyne, it can not be simpbytho metallated with alkyl lithium reagents.
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While the treatment of fluoro- or chlorobenzeneshwalkyl lithium leads to the ortho
lithiation, bromobenzene undergoes under theseitwonsl the halogen-metal exchange. In
view of this circumstance the use of 1,2-dibroma@ese or 1-bromo-2-iodo-benzene is
necessary. In this case one of two bromine atomghéoiodine atom) undergoes the halogen-
metal exchange with lithium or magnesium generatthg beneficial ortho lithiated
bromobenzene, which is subsequently transformededenzyne under release of lithium or

magnesium saliSchemd 27).1% 141

@Xl RLi or Mg @M ©|
2 A'Xz - MX?
4

1_
308 x1=1,Br, Cl 309
X2=Br, Cl, F
M = MgX? or Li
Scheme 127

Fluorine and chlorine can also efficiently usedtiis method®® what we already adopted in
our chromium chemistry using the tributylstannybyp for transmetallation and thus for
ortho lithiation of fluorobenzene and fluorobenzene arbonylchromium complexessifle
Schemes6, 58, 59, 61 and62).

5.1  Synthesis of 1,2-dihaloferrocenes

While there are myriad publications describing #ymthesis of 1,1'-dihaloferrocene, the
appearance of 1,2-dihaloferrocenes in scientiterdiure is pretty rare. P. V. Roling and M.
D. Rausch reported the preparation of 1,2-diiodof@ne via mercuration of iodoferrocene

followed by treatment with iodine&Scheme 28).[142
HgCl

D, 1 HgOA @
. I 2. cacp 2
<> @ s
8% 6
211 310 265

Scheme 128%%
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The extremely low yield 0810is due to the low regioselectivity of the mercigatreagent.

|. R Butler and M. G. B. Drew reported the preparabf 1,2-dibromoferrocene. They treated
sulfinylferrocene 311) with LDA and quenched with dibromotetrafluoroeteayenerating the
2-bromo-p-tolylsulfinylferrocene 312 in high yield. The subsequent reaction of this
compound with 2 equivalents o¢rt-butyl lithium in THF at ca. — 40 °C resulted ineth
removal of the sulfinyl group to give 1,2-dilithiofecene, which was treated situ with

dibromotetrafluoroethane generating the 1,2-dibremotene $cheme 29).1*4*!

CH3 CH3
1. LDA Br
> BT
, 2 2. BrR,CCFR,Br , 2
Fe (o) Fe @)
311 312
1. 2eqt-BuLi
overall .
32 % -78°C
2. BrR,CCFR,Br
Br
Br

(=41

313
Scheme 12*

The authors attribute the relative low yield of teed product to the reactivity of the
dilithioferrocene, which undergoes metathesis feastwith transient species in solutidt?’

A more advanced method for preparation of 1,2-ditwferrocene is described by I. R. Butler
in a article with the title The conversion of 1,1-dibromoferrocene to 1,2-diwéerrocene:
the ferrocene-chemist’s dream reactiBfi’! The “dream” of this synthesis is the use of the
very easily accessible 1,1-dibromoferrocene, wiscbonverted to the 1,2-dibromoferrocene
simply in one-pot reaction with 85 % yield (Schen3@)1
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Fe

Bt <= 85 %

314 315 313

Li Br
LD, LnBuLi(-70°C) @\ @\
Br 2. TMP ¢ 30 °C) Br  BrF,CCRBr , Br
Fe

Scheme 136*

The 1,1-dibromoferrocene is lithiated in 1’-positia halogen-metal exchange reaction. The
mono lithiated bromoferrocen816) is protonated with the 2,2,6,6-tetramethylpipiered The
generated bromoferrocen20@) is metallated by the LTMP and is subsequentlgpdeal with

a bromine donating reagent, dibromotetrafluoroett{@cbemd.31).

=N 3
Fe Fe
B> e
314 313

n-BuLi ] BrF,CCF,Br

Li

@Br T™MP @Br LiTMP :. Br
' Fe Fe Fe
g i o
316 206 315

Scheme 13Imechanism of the formation of 1,2-dibromoferrocéoen 1,1-dibromoferrocene

K. Menzel an co-workers reported an improvemerthefsynthesis of 1,2-dibromoarenes via
lithium-zinc transmetallation. While the quenchiofylithiated arenes with bromine delivers
1,2-dibromoarenes in low to moderate yield, thenghéng with bromine of zincated arenes
resulted in moderate to high yielddchemd 32).14°!
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Br

Br, 13-62 %

_ Li 319
R\©/ Br LTMP R i Br
317 318 \ ZnCl Br
ZnCl, R Br Br, R Br
68 - 95 %

—_—

320 319
Scheme 13%*!

We combined these two results and developed a netivaa for the efficient synthesis of 1,2-
dibromoferrocene 313 from bromoferrocene206). The bromoferrocene is lithiated with
LITMP in THF at — 25 °C for 3 hours and than traesafiated with ZnGl The subsequent
guenching with bromine at — 78 °C resulted in 90yi¢dd of 1,2-dibromoferrocene as the

main product. The compourd21was obtained as a by-product in 6 % yi&di{emd.33).

-78°Cto-25°C

3h Br
2.ZnCh 1h Br
D, 3Bn-78°C @
Br Br ' r
F

1. LITMP, THF B
Fe
B

. to 25 °C .

Fe Fe + e
== & =
206 313 321

85 % 12 %
Scheme 133

It should be mentioned that during the writing loége lines K.Sinkel and S. Bernhartzeder
published a report about the synthesis of 1,2-dioferrocene, which is almost identical with
our method $chemel 34).4?! However, they obtaine@13in lower yield and the formation
of the by-producB21is not reported§cheme 34).[14¢!
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1. LiTMF, THF
-30°C
3h
2. ZnCh, 30 min Br
LD, 3Bp-78°C @\
| Br to 25 °C ) Br
Fe Fe
<= 53 %
206 313

Scheme 1344

F. Monginet al. described an alike method for the preparation-bfdino-2-iodo-ferrocene
322 using LITMP and Zn(TMP) at room temperature yielding 1-bromo-3-iodo-feene
(323 as a by-product (Scheme 135’

1. LiTMP, (0,5 equiv.)
Zn(TMP), (0,5 equiv.)

l |
D, BT X D
Br 2.1, Br Br

| | |
Fe Fe + Fe

<= <= <=
206 322 323
64 % 7%

Scheme 1387

Using our method we synthesized 1,2-diiodoferro@gteand 1-bromo-2-iodo-ferrocerg22
with even higher yieldsScheméd 36).
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1. LITMF, THF
~ 78 °C to- 25 °C
3h
2.ZnCh 1h |
D, 3b-78C @
: Br to 25 °C : Br
Fe Fe
<= 89 %
206 32
1. LITMP, THF
- 78°C to- 25 °C
3h
2.ZnCh 1h |
D, 3h-T8C @
. ' to 25 °C . '
Fe Fe
90 % <=
211 265
Scheme 136

The 1-bromo-2-iodo-ferrocen822 can also be synthesized from 1,2-dibromoferrocene
(Schemd.37).

@BI’ 1. n—BuLi, THF, - 78 °C, 30 min @I
Br 2., Br

|
F

& &
313 322

Scheme 137
In the same manner, the preparation of 1-bromae2efiferrocene 324) was performed. The

1,2-dibromoferrocene was metallated with one edentaof butyl lithium and quenched with

a fluorinating reagenit\-fluorobenzenesulfonimidesScheme.38).
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@\Br 1. n-BuLi, THF, - 78 °C, 30 min @\F
Br 2. NFsI Br

|
Fe

Fle O O
d> o é NFSI = %\ N/%
- . Cr8ye)
Scheme 138

The new compound322 and324 are fully characterized. The compouB2R is dark yellow

oil and the324is light yellow solid.

5.1.1 Attempts towards ferrocyne from 1,2 dihaloferocene and from ortho metallated

haloferrocenes

In principle, already the lithiation and the follmg transmetallation with Znglof the
bromoferrocene delivers the required ortho metdldiromoferrocene, which can be trapped
with a diene instead with bromine, in order to io&pt the ferrocyneScheme. 34). However,
the treatment of the reaction mixture with 2,5-dimyéuran did not lead to the cycloaddition

product. After the quenching with water only theorboferrocene was recovere8cheme

139).
1. LITMP, THE \EO%
. LI :
~78°C to- 25 °C L Ly

ZnCl
3h THF, reflux, 3 h C
@\Br 2.ZnCh 1h @\Br 2. H,0 Br

: ! Fe
Fe Fe
206 325 206
Scheme 139

The treatment o065 313 322 and 324 with butyl lithium, Grignard reagents and metallic
magnesium in the presence of a diene did not ra@swdtimination, instead, only the mono
haloferrocenes after quenching with water wereinbth In order to be sure, that thgho

metallation indeed took place, the reaction mixdwere also quenched with iodine. The cor-
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responding iodoferrocenes were obtained in highdyiattesting thus the successtutho
lithiation (Schemé.40).

1. n-BuLi, Mg
x1 or RMgCl
diene
@\XZ 2. H,0 @\xz
Fe

1_
| 100% X =1, Br
== X2=1,Br, F
1. nBuLi, Mg

or.RMgCI 25-90 %
diene

Ph
0 0 o)
T o OB
X2 Et
s 2

=

Et

Scheme 140

With respect to our search for the ferrocyne, inieresting to mention the mass spectra of
265 313 322 and324 All the four mass spectra have the peak of tighdst intensity with
the mass of 126m/z in common, which corresponds to the 2,5-dihydroalyata-
dicyclopentene326, the [2 + 2]-cycloaddition product of two 1,2-did@lrocyclopentadienyl
anions. The second striking commonality is the pedk 84 m/z the molecular mass of
ferrocyne 65) or 1,2-ferrocenediradical éble §.

326a 326b
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Table 8.The characteristic peaks in the mass spectrarmplexes265, 313 322and324.

Fragment ionsn/z

lon Assignment 265 313 322 324
a M* 438 (98) 346 (40) 392 (92) 284 (50)
344 (75) 390(99) 282 (52)
342 (43)
b 65" 184 (25) 184 (25) 184 (29) 184 (16)
c 326" 126 (100) 126 (100) 126 (100) 126 (100)

Benzynes can be stabilized as transition metal éxep. This stabilization is based on the
deviation of the linearity of the triple bond, whby the ring strain is mindtf®***The usual
starting materials for such complexes are halobeweFor example, the zirconocene-
benzdiyne complex can be synthesized by treatment4adilithiobenzene328 (prepared
from 1,4-dibromobenzene) with 2 equivalents of @iracene (methyl) chloride to gid29in
90% vyield. The subsequent thermolysis3@P at 70 °C in the presence of excess trimethyl
phosphine leads to a mixture of the four ison33@a330d (Schemd 41).1148!

Br Li 2 equiv.
4 equiv.t-Buli CpZZr(Me)C|
_ THE _THE ©
Li CpZZr\
327 328 329
0
PMe, 90 %
330a 330b
,PMeg, PMe;
Zr 4
M63P’Zr© Me3P—Zr©
330c 330d

Scheme 14448
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Also the 1,2-halobenzenes can be used via stepithggtion and transmetallation with the
transition metal. Oxidative addition of 2,3-dibronapithalene to Ni(CODR)in the presence
of triethyl phosphine (2 equivalents) gives theb(@monaphthyl)nickel(ll) complexd32
Reduction of332 with 1% Na-amalgam delivers the aryne-Ni compl&33 In other
approach, the 2,3-dibromonaphthalene is metallaii¢al sonicated zinc in the presence of
NiBr,(PPh), generating the (3-bromonaphthyl)nickel@34, which is then heated with dcpe
giving the aryne-Ni comple®36 (Schemd 42).'%2

Br NI(COD)2
= O - CO
Ni
Br g PEg
/ r
331 Et3P 333
NIBrz(PP@)Z
Zn
AIBN
Br Br
dcpe
I o N'I
Ni.
PI‘QP’ Br Cy2P PCyz Cy2
334 335 336

Scheme 14%°2

We attempted to adopt this chemistry for the fezrec systems toward the synthesis of
ferrocyne-Ni complexes or ferrocyne-Zr complexes.the same manner as shown in the
scheme 140 lithioferrocene was treated with zircenec(methyl) chloride. The immediate
colour change of the reaction mixture from orangeléep red shows that the reaction took
place. However, the following heating in the present trimethyl phosphine shows no
progress of the reaction. The mass spectrum akthation mixture shows only the compound

337, meaning, that the crucial step, the eliminatiesction, did not took plac&¢hemd43).
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A

Me  pme, P2 pe;
@ Li CrZr(Me)Cl @\Zr THE. e @
] THF | sz y re UX ]
Fe Fe Fe
183 337 338
Scheme 143

The corresponding approach to the scheme 141 atemlit no satisfying results. The mono
lithiation of the 1,2-dibromoferrocengl3 and the following treatment with NiEPPh).
gave the compoun@39. The second lithiation took place, but did notivkl the required

product340. The compoun@®42was observed in the mass spectr@themed.44).

Br ) _
@Br 2 rIll-ilerlePP @\ Ni(PPh),Br  n-BulLi @NIPP%
] 2(PPhy)> > g
e — ﬁ}L N
< <

=
313 339 340
n-BuLi ‘
@ Ni(PPh),Br @ Ni(PPh),Br
Fe Fe
@ <
342

observed in the mrass spectrun

Scheme 144
In an alternative approach to synthesize a ferro®¥ineomplex we subjected the 1,2-

dibromoferrocene to the double lithiation. In order prove the efficiency of the double

lithiation, the 1,2-dilithioferrocene was quenclhveth different electrophilesScheme.44).
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Br 1. n-BuLi (4 equiv.)

R
2. T
Br 3. H30+ | Br
<=

(=41

313 R=1 322
1. t-BuLi (2 equiv.) COH 343
2. E TMS 344
3. HO*

R

R

R=I
COH 345
T™MS 346
D 347

Scheme 145

It turned out that the most suitable lithiationgeat istert butyl lithium, which removed the
both bromine atoms generating the 1,2-dilithiofeeroe in high yields (with only 2
equivalents). In contrast, even 4 equivalents oyldithium were able to remove only one of
the both Br atomsSchemd.45andTable9).

Table 9. the double halogen-lithium exchange of 1,2-dibsterrocene813with tert butyl lithium

entry electrophile R Generated compound  Yield (%)
1 > I 265 78
2 COo COH 345 76
3 MesSiCl TMS 346 89
4 MeOD D 347 87

The 1,2-dilithioferrocene was treated with Ni@tPh),. Again, only mono transmetallation

took place, no ferrocyne-Ni complex was form8di{emé.46).
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Br . . Li
4::::5; 1. t-BuLi (2 equiv.)
Br THF,- 78 °C , Li

|
Fe Fe

<= <=
313 348

NIBI’z(PP@)z

Li .

@\ NiBr(PPhy), @NIP%
Fe 7§ Fe

<= Y=

341 340
Scheme 146

Although the 1,2-dihalobenzenes are widely usedHerpreparation of benzynes, this is not
the case with 1,2-dihaloferrocenes. The reactioitis various metallation reagents delivered
only mono- or dimetallated products, no eliminatreaction took place and no evidence for
formation of ferrocyne was observed. Exceptions Hre mass spectra of the 1,2-
dihaloferrocenes, which clearly show the molecolasses of ferrocyn@&%) and 2,5-dihydro-
cyclobutadicyclopenten826, the [2 + 2]-cycloaddition product of two 1,2-dide&lrocyclo-
pentadienyl anions. Since this finding can not bedufor the synthetical scopes, we feel a

vocation to continue our search for ferrocyne.

6. Generation of arynes from zwitterions

Arynes may be obtained from zwitterions, mostly gyated from anthranilic acid$849),
which are readily diazotated by alkyl nitrites jpratic media to give the benzenediazonium-
2-carboxylate 50). This intermediate undergoes fragmentation todbesponding aryne

(351) under release of nitrogen and carbon dioxBheéme8 and147).13% 35 1541561
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/@NHZ CsH11ONO, CHCN, reflux
Br COH %
) <&

349
o N2 75 %
o g
Br Cco, Br
350 © 351
CO;

Scheme 1472

Instead of the carboxylate group every other g@alihg group bearing a negative charge

can be used. For example, W. Kwalwasser and coewerkeported the preparation of

benzyne 4) via the aprotic diazotization artho-aminophenylboronic acid363. Benzyne

(4) was generated rapidly under similar conditionsdufor anthranilic acié? and in the

presence of anthracene, triptycene was isolatd8 in 60 % yield scheme 148"

@
NHz  c.H,,0NO, CHCI N2
B(OH) GI?);/OH R=i | oH
2 < = isoamyl o
353 354 4, PR

2

Scheme 148°7

Backwards, instead of the diazonium group evergmogiood leaving group bearing a positive
charge can be used. E. Le Goff found, that diphedghium-2-carboxylate365 undergoes

a smooth thermal cleavage of carbon dioxide anehedzene under aprotic conditions

affording benzyne. Refluxing a mixture 85 and tetraphenylcyclopentadienone in diglyme
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for two hours afforded 1,2,3,4-tetraphenylnaphthal@56) in 68 % yield. Under the same
conditions anthracene triptyceng857) was obtained in 23% yield. Flash pyrolysis oficol

355at 325 °C afforded biphenylen28j (Scheme 1498 159

O

Ph
Ph Ph
P

Ph

68 % Ph
356 bh
@'\

23%

357

Scheme 14@58

In order to prepare a zwitterion with the ferrocesystem, we planned the synthesis of 2-
aminoferrocenecarboxylic aci®39. The 2-aminoferrocenecarboxylic aci@s@) could be
then oxidized and transformed into the ferrocermmhaum-2-carboxylate 368) (Scheme

150).
ND NH,

Ty Tcon

<= <=
358 359
Scheme 150

6.1  Synthesis of 2-aminoferrocenecarboxylic acid

Concerning the scientific literature, the situatiasith aminoferrocenecarboxylic acids is

similar to that with dihaloferrocenes. While thése myriad of publications describing the
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synthesis of  1’-aminoferrocenecarboxylic  acids, theappearance of 2-
aminoferrocenecarboxylic acids in scientific litien is pretty rare. Indeed, as far as we are
aware, the only one publication describing the lsgsis of various derivates of the 2-
aminoferrocenecarboxylic aci@%9) is the article of C. J. Richards and co-work&{$.The
ortho lithiated ferrocenyloxazoline 360) was treated with PO, giving 2-
nitroferrocenyloxazoline361), which was subsequently converted into the déviea of 2-

aminoferrocenecarboxylic aci®¢heme51).2%%

0/> 0/>
~ 2i-Pr ~ 2 "i-Pr
@/\N 1. n-BuLi, TMEDA d'\‘

I 2. NyOy I NO,

86 %
360 361
1. TFA
64%| 2.Ac0
3. NaOMe
CO,Me COMe
> POLH (N
. NO,  EtOH . NH;
Fe Fe
362 363

Scheme 15%%%

In order to avoid the toxic and badly to handleagéen oxides, we searched for another
suitable method for the synthesis of 2-aminofemecarboxylic acid359. In general, there
are two possibilities. Firstly, the ferrocene catyim acid 267) is used as the starting
material and is transformed into the 2-aminofemeoarboxylic acid359) via introducing of
the amino group into theortho position. Secondly, the synthesis is started with
aminoferrocene 364) and the carboxylic acid group is introduced ithe ortho position
(Scheme 150

CO,H CO,H
e Ty, P,
Fe ---eo--- - Fe B Fe
267 359 364
Scheme 150
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We started our search with the aminoferroc&@)( We used the method, which is described
by A. Nesmeyanoet all*”! The method is based on the Gabriel synthesisedfiferrocenyl
phthalimide 865), which is prepared from iodoferrocerzlq) and phthalimide via copper

mediated couplinggchemd 53147 161-163l

@]
C > phthalimide C H,N-NH, C
' , N EtOH, reflux NH;

I CwO, pyridine '
Fe Fe —F—F—F Fe
@ 81 % @ (0] 97 % @
211 365 364

Scheme 1587 1611631
The aminoferrocene364) was subsequently treated with 2,2-dimethyl-propiahloride in

dimethyl chloride and pyridine obtaining the 2,2aéthyl-N-ferrocenyl-propionamide366)
in high yield Schemd54).

o)
@ (CHg)CCOCI Q X\\é
= NHz cH,Cl, / pyridine '\|‘4
Fe

Fe
& o
364 366
Scheme 154

The 2,2-dimethyl-propionamide group is often usedaairecting metallating group for the
introducing of different groups into th@tho position to the amino group. 2,2-Dimeth-
phenyl-propionamides367) are deprotonated arattho metallated with two equivalents of
butyl lithium, whereby the three methyl groups pravéhe nucleophilic attack on the
carbonyl group. Quenching with one equivalent of #ectrophile delivers the required
compound369 (Schemd 55).116416¢1
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Li
m)< 2 equiv.n-BulLi ﬁ\{*
1 j

368

1.1 equiv. E
2. H,0

N
o
369
Scheme 15841691
However, in the case of 2,2-dimethydferrocenyl-propionamide3@6) the lithiation occurred

on the second cyclopentadienyl ring and not orothti® position to the amino grou¢heme
156).

1. 2 equivn-BulLi COH O
4: >\ 2.CO, @
»\é 3. HO*, NJS<

e Fe H
< 7 <=
366 370
1. 2 equivn-BuLi
2.CO, 86 %
3. HO"

(@)
D
Fe H
Mol >

371
Scheme 156

In an alternative approach we started the syntheisisthe ferrocene carboxylic aci@g?),
which can be efficiently deprotonated amsrtho metallated with two equivalents sécbutyl
lithium.*°”) The following trapping with iodine delivered thedloferrocene carboxylic acid
(372 in high yield Gchemd57).
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1. 2 equiv. s-BuLi

COH - thE -78°C COH
2.1, X

l 3. HO* |

Fe Fe

@ 84 % i

267 372
Scheme 157

The idea behind this synthesis was the preparati@aminoferrocenecarboxylic aci@59)
via Gabriel synthesi! from N-ferrocenyl phthalimide373 which shall be generated from

the 2-iodoferrocene carboxylic aci@7Q). However, this conversion did not take place
(Schemd58).

@\CQH phthalimide COH g
. I Cw0, pyridine @\N

Fe //// Fe o

372 373

Scheme 158

The next approach is based on the Curtius reamasge which requires a carboxylic acid
group. With the same method, which was alreadyessfally used for the preparation of 2-
iodoferrocene carboxylic acid372 (Schemel56), allows the synthesis of 1,2-ferrocene

dicarboxylic acid 845), the ferrocene analogue to the phthalic aSichemd.59).

1. 2 equiv. s-BuLi

COM  Thr,-78°C COMH
@ 2.CO, @\COZH

. 3. HO" !

Fe Fe
< B% by
267 345

Scheme 159
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This method allows the preparation of the 1,2-fegn@cdicarboxylic acid3d5) in multigram
scale. Of course345 can be also generated from 1,2-dihaloferrocerses)raady mentioned
above Schemel44 and Table 9). This method was also used by P. V. Roling andD\.
RauscH*?! However, our method is more advanced, becausdgbf Yields, less reaction
steps and working in multigram range.

The ferrocene carboxylic aci@q7) was treated with two equivalents sgcbutyl lithium at

— 78 °C in THF. The following add of dry ice delred 1,2-ferrocene dicarboxylic aci@74)

in very high yield. The little trouble, which apped in this synthesis, is the problematic
separation of374 from 375 It turned out, that the best solution of this peob is the
esterification of both compounds, smooth separatiarthe column chromatography and the

subsequent hydrolysiS¢hemd.60).

CO,H CO,H
:I C. ~CO,H
Fe + Fe
267 345
MeOH
TSOH (cat.) | 99 %
reflux, 8 h
CO,Me COMe
:I C. ~CO,Me
& =
1. KOH 1. KOH COH
COH EtOH/H0 374 375 EtOH / H,0 @\ ©
@ 70°C, 1h 70°C, 1h COH
| 2. HO* . . 2. HO* !
Fe separation via colummn chromatography Fe
:i: 100 % 100 %
267 345
can be used again
Scheme 160

One of the carboxylic groups has to be protecteor o the Curtius rearrangement. Two
possibilities are at our disposal. Firstly, the ieegi 1,2-ferrocene dicarboxylic acid mono
methyl ester376) can be directly prepared from the ferrocene caytimacid 267) via ortho

lithiation and interception with methyl chloroforteagiving very low yield oB76.
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The best suitable method is based on the alcolsolysithe 1,2-ferrocene dicarboxylic
anhydride 878 (Schemd 61).

1. 2 equiv. s-BuLi

THF,-78 °C
2. MeQ
COH CI>:O COH O=0~—-0
@ @ ROH /@
I 3. HO" I COR reflux, 1 h ]
Fe . Fe - Fe
j: 15% @ 100 % :i:
267 R=Me 376 378
Et 377
Scheme 161

P. V. Roling and M. D. Rausch describe the preparabf 1,2-ferrocene dicarboxylic
anhydride 878 via treatment of 1,2-ferrocene dicarboxylic ac{@45 with N,N-
dicyclohexylcarbodiimide (DCC) in acetone giviag8in 36 % vield:*? In our approach we
prepared for the first time the 2-chlorocarbonykdeene carboxylic acid3y9 by treatment
of 1,2-ferrocene dicarboxylic aci®45 with oxalyl chloride and catalytic amount bfN-
dimethylformamide (DMF). The subsequent addition pyfidine delivered the required
product378in almost quantitative yieldSchemé. 62).

COH  (COCI),, CH,Cl, COH O0=—0-—-0
@\COZH DMF (cat.) @\\//O
Fle 25 °C, 30 min Fle Cl pyridine Fle
é: > 100 % Cé: >99 % :i:
345 379 378
Scheme 162

Remarkably, the 1,2-ferrocene dicarboxylic anhyd(i&8) is very stable against water and

alcohols at ambient temperature. In contrast tora@hkydrides, the hydrolysis and alcoholy-
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sis of 378 occur only via heating under reflux conditions,awls, probably, due to a value
ratio of the bond lengths to the angles in thisenole Schemd 61).

We applied the Curtius rearrangement for the pegar of the aminoferrocene3§4)
described by A. Togrt®”

The 1,2-ferrocene dicarboxylic acid mono methyke@76) was treated with oxalyl chloride
and catalytic amount ofN,N-dimethylformamide (DMF) in methylene chloride. The
subsequent addition of aqueous solution of NaNthe presence of catalytic amount of
tetrabutylammonium bromide delivered the acyl ad8@in 90 % vyields. The heating 880

in toluene in the presence of benzyl alcohol undeflux conditions gave the 2-
benzyloxycarbonylamino-ferrocene carboxylic acidtimgke ester 881), which was then
subjected to the catalytic hydrogenation usinggoflim on charcoal delivering the 2-amino-
ferrocene carboxylic acid methyl est868) (Schemd.63).

1. (COCl 2, CH2C|2 COMe
COMe ™ SvF 2cat.) 020
2. NaN;, CH,Cl,/H,0
COH
I TBAB !

Fe Fe N3

90%

376 380

toluene, BnOH
86% | reflux

CoOM
S ke
eOH, °
FI ;‘i 24 h FI NH2
°© g O 88 % ©
381 363
Scheme 163

The salt of the required 2-aminoferrocenecarboxaticl 382 was obtained via hydrolysis of
363in EtOH / HO mixture and potassium hydroxideéchemd. 64).
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o D
COMe koH CO; K H3PO, COH
@\ NH. EtOH / H,O @\ NH, extraction with @\ NH,

Lome e
0 0
363 382 359
Scheme 164

The problematic situation in this synthesis is olngi 2-aminoferrocenecarboxylic acRb9)

is an ampholyte, meaning, tH2#9 can act either as a base or as an acid, makingffibent
extraction from the aqueous solution extremelyicliff. As long as the isoelectric point of
this aminoacid is not known, it is not possiblectmvert359 completely into its neutral form
(Schemd.65).

cS; COH
: NH; + @NH
H 2
OH™
382 383
Scheme 165

In order to encounter this problem, to the aquesalstion of 382 was added methylene
chloride and under vigorous stirring, the mixturaswslowly acidified with phosphoric acid
(15 %) until the colour change from deep red tbtligellow. The further addition of the acid
changes the colour again to deep red. With thisqoae 88 % 08859 could be extracted
(Scheme 164

In another approach for the synthesis36f we used the method for the preparation of the
aminoferrocene364) described by V. Rapic and co-worké&f§!

The acyl azide&84 was prepared via the same procedure as the acg 380 (vide suprg.
The heating o884 in toluene and in the presenceteft butanol under reflux gave 2-tert-
butoxycarbonylamino-ferrocene carboxylicacid etbsier 885), which was then deprotected
with HCI delivering the chloride salt of the recgdr 2-aminoferrocenecarboxylic acig8@)
(Schemd 66).
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CO,Et 1. (COCl),, CHCl, CO,Et

&0 o R oo S oon

|
Fe N3 TBAB Fe
<
384 377

toluene t-BuOH
87% | reflux

o emne y chaer o
aq. N\
NH >< reflux. 1(hq) | NH, extraction with NH,

I ©) CH,CI !
Fe )\O Fe 22 Fe
100 %
(dy © ’ (d)} < 80 % @
385 383 359
Scheme 166

In the same manner, as described befaideGuprg, 359 was extracted by slow addition of
agueous solution of potassium hydroxide (1 N) i/8@ield Schemé. 66). The advantage of
this method against the described method befotheisdeprotection of the carboxylic acid
group and the amino group in one step via refluk wie aqueous solution of HES?!

The new compoun@d59 is yellow solid, which is extremely sensitive agsithe oxidation
and should be handled only under protecting atmaspBzcause of the high instability, this

compound could be characterized only withNMR and mass spectra.

6.1.1 Attempts towards ferrocyne from 2-aminoferroenecarboxylic acid

The aprotic diazotization of the 2-aminoferrocemeoaylic acid 359 was performed in the
same manner, which is widely used in the preparatidienzyne via aprotic diazotization of
the anthranilic acid§® 3 #1567 solution of the 2-aminoferrocenecarboxylic ag#69 in
THF was added to a refluxing mixture of anthracand amyl nitrite in methylene chloride.
The complete decomposition 86569 was immediately observed. The investigation of the

reaction mixture showed only inorganic iron (llpmapounds $chemd.67).
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: NH2  c.H,,ONO, THF, reflux
copleted decomposition

@ OOO (Fe** -compounds found)
359

Scheme 167

As already mentioned359 is extremely susceptible to oxidation. Obvioudhis reaction
condition is very destructive for the compound, ebhis already decomposed under impact of
the air.

Although the derivates of the anthranilic acid &rdely used for the preparation of benzynes,
this is not the case with 2-aminoferrocenecarboxgtid359. The reaction with amyl nitrite
leads to the complete decomposition of the compmce this attempt did not lead to the

required result, we feel a vocation to continue smrarch for ferrocyne.

7. Generation of arynes via fragmentation reactions

Benzynes can also be prepared by fragmentation yalicc systems by electronic
rearrangements. This kind of reactions is onlyatl# for compounds bearing functional
groups, which are stable against high temperaturgradiation. The high temperature or
irradiation are mostly required for initiation ofagjmentation reactionS€Chemes 12 and
168)'[38, 170]

700°c %
N, >40 °C orhv
N | g
s ) ) C
38 - N, SO 4 Co, CO O 3g7

Scheme 1687

C. W. Rees and C. D. Campbell found a possibilitygénerate arynes via fragmentation
reaction at milder conditions. The oxidation of framinobenzotriazole with Pb(OA@ives

115



Results and discussion

benzyne at — 80 °C. This reaction is probably basedhe generation of an aminonitrene

followed by fragmentation under loss of two mol@subf nitrogen$cheme 169"

N\
\/ N
N

388  NH,
Pb(OAc)
N -80°C
O =0
N
389 N: 2N, 4

Scheme 169"

Because of the sensitivity of ferrocene derivagairest oxidation, this reaction is not under
consideration for our aim. We planned to subjegtférrocene dicarboxylic anhydrid878)

to the fragmentation via heating or irradiation.

7.1  Photochemical fragmentation reaction of 1,2-feocene dicarboxylic anhydride

The synthesis of 1,2-ferrocene dicarboxylic anldelri378) was already describediide
suprd. 1,2-Ferrocene dicarboxylic anhydrid#/8) was subjected to the irradiation with UV
light in benzene in the presence of 1,5-dimethgfurThe reaction mixture was irradiated for
25 minutes with a 125 W mercury lamp placed in artputube which was cooled with water.
The reaction mixture was continuously flushed véitgon and cooled using water condenser.
After 25 minutes only the complete decompositiontted compound could be determined.
Only the metallic iron as suspension was formedeMdence for the formation of ferrocyne
was observed.

Another result was obtained using of toluene andr B solvent instead of benzene. After 25
minutes of irradiation ferrocene with 24 % yieldsMaund in the reaction mixtur&g¢heme
170).
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o ,
O 0 hv, 25 min.
quarz iy
, decomposition

benzene
Fe

(formation of metallic iron as a suspension)

378

7
| hy, 25 min.

24 % |quarz

toluene or THF

<&

Fe

.
Scheme 170
Obviously, the two hydrogen atom arose from theeutks (or from another molecul8398).
For a better understanding of this conversion,dta@e reaction was carried out under the
same conditions in the deuterated toluene andendduterated THF. Instead of ferrocene
(186) the 1,2-dideuterio ferrocen847) was generated in the same vyield. This resultriglea
shows, that the both H or the both D atoms areveled indeed by the solvents. Since the
both solvents, toluene and THF, are aprotic, tlusversion can be only explained by a
radical mechanism. The irradiation of 1,2-ferrocei@rboxylic anhydride378) effects the
fragmentation reaction generating ferrocy68) (under release of one carbon dioxide and one
carbon monoxide molecules. Because of the higlnstfaferrocyne (the strain in ferrocyne
must be much higher as the strain in the benzyhe)riple bond undergoes the homolytic
splitting generating two vicingd-orbitals with unpaired electrons, thus 1,2-diradidhe 1,2-

ferrocene diradical get the both protons or D atémos the solvent giving the ferrocene or
the 1,2-dideuterio ferrocen8¢hemd.71).
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o} O—o0
B hv, 25 min. D D
quarz @

| toluene-¢ |
Fe ——€ .
<> 24 % <=
378 347
Co,
co hv toluene-¢
Fe Fe
65a 65b
Scheme 171

This procedure can be also explained with a stepwischanism. Carbon monoxide and
carbon dioxide are released not simultaneously,pbbobably one by ondn this case the
generated intermediate290 and 391 should also abstract the protons from the solvent,
generating the ferrocene aldehy@82 and the ferrocene carboxylic ackb7 or the
compounds393and394 (Schemd.72).

T-
D

& "o T
<=

Fe Fle ( e Fe
393 391 CO, 378 Co 390
not observed not observed
toluene toluene
OHCE
! )
Fe Fe
2
not observed not observed
Scheme 172
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However, neither the compound87, 392-394were found in the reaction mixture. This result
clearly suggests the formation of ferrocyn&5)( by irradiation of the 1,2-ferrocene
dicarboxylic anhydride378) (Schemd.73).

o) O—o _
6 hv, 25 min. @
|

Fle quarz Fe
@ 24 % @
378 65
Scheme 173

Although the investigation of this conversion idl $ar from being closed, it is safe to suggest
that the fragmentation reaction of the 1,2-ferrocdi@arboxylic anhydride 378 indeed

works.
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C. Summary and outlook

Ferrocyne and’-aryne tricarbonylchromium(0) complexes are stiknown.. The attempt to
synthesize n°-aryne tricarbonylchromium(0) complexes from phenytriflate
tricarbonylchromium complexes was already undertaig our group previously andled to
the discovery of the thia-Fries rearrangement aahwmplexe$£® While this was the first
case of an anionic thia-Fries rearrangement at &lneemplex, Lloyd-Jones had earlier
reported such rearrangements for purely organiayheiflates*! It was found that the
anionic thia-Fries rearrangement is preferred ie firesence of electron withdrawing
substituents, while the elimination to an arynevpiis in electron rich systems.

Having in mind that the electron withdrawing natofehe tricarbonylchromium group was a
major factor for the anionic thia-Fries rearrangetrte overcome the desired elimination we
decided to increase the electron density of pheifldte tricarbonylchromium complexes via
two ways. Firstly, the electron withdrawing carbbhgands should be substituted by more
electron rich triphenyl phosphine ligands and sdbgrby introducing of electron donating
groups into the aromatic system.

A couple of mixed ligand complexes of the type (FRGr(CO)LPPh were synthesized
photochemically, starting from (PhOTf)Cr(C{gnd 3 equivalents of triphenyl phosphine in
toluene or THF by irradiation for 25 minutes witid25 W mercury lamp placed in a quartz
tube. Although 3 equivalents of triphenyl phosphimere used, no triple or double
substitution was observed. The new complexes ofyie (PhOT)Cr(COPPh, which were

successfully synthesized in high yield, are veapl against oxidation.

3 equiv. FFhg, toluene

hv, 25 min
R—CLD—OTr quarz R~ o

|
Cr, 92 -95 % Cr,
/ . /
I oc L’
oC & O(:o COPP@
107 R=H 148 R=H
108 =OMe 149 R=0OMe
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Subsequently, aortho deprotonation of aryl triflate dicarbonyl triphéplgosphine chromium
complexes (PhOTH)Cr(C@PPHh with lithium diisopropylamide in the presence ofl&ne
was carried out to induce the triflate lithium ealm@tion with formation of the respecting
aryne complexes. However, in contrast to our extiect no evidence for the formation of
aryne complexes was observed. Instead, the comdsmp trifluoromethylsulfonyl phenol

complexes, products of the anionic thia-Fries seagement, were achieved in high yields.

LDA, THF SO,CF3

r<C—o1r _-mc _ R< )0

| . , ©
_Cr diene Cr
oC” L ‘PPhy oc’ L’

co 95-98 % Pl

R=H 148 150
= OMe 149 151

In another approach electron donating groups wereduced into the aromatic ring. The 2,5-
dimethoxy phenyl triflate tricarbonyl chromium colep was prepared by arene complexation

and the following esterification with triflic anhgide in high yield, using the improved

synthesis.
1. NaH
Cr(CO); CH,Cly
OMe Bu,O / THF (10:1) OH 2. THO oTf
OH 3 days MeO@OMe CHy)Cl, -78°C MeO@OMe
| |
87 % Cr. 99 % G,
oc L% oc L co

OMe co© Co
134 140 131

The triflate tricarbonylchromium compled81was treated with LDA in THF at — 78 °C in the
presence of various trapping reagents for the plesdienzyne. Again, the reaction leads
exclusively to the anionic thia-Fries rearrangemprdduct, no elimination product was

observed.
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0 CHs
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e 1, 100 % v
oc | i ,
L co 99 % oC ele oC éoco
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Ph 0
| O Ph
/ Ph
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P
Fh

These results suggest that the electron drawingactea of the tricarbonylchromium and the
dicarbonylchromium was not vanquished.

And again, having in mind that the electron witlvdray nature of the tricarbonylchromium
group was a major factor for the anionic thia-Friearrangement to overcome the desired
elimination we concluded that the more electroh ferrocene system might better be suited
for triflate elimination.

The new ferrocenyl triflate 68) and 1,1'-ferrocendiyl ditriflate 64) were prepared via
transesterification from ferrocenyl aceta203 and 1,1’-ferrocendiyl diacetat@d8 in 90 %

yield. Synthesis 0203 and208were improved$cheme 174
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D D
@B(OH) 207 186
Fe 2 g
| S0 J |
@ B(OH) @ one onc h a>N
Fe — Fe Fe Fe
o = &, s
186 / 208 203 X =B %
Q J, Ji I 211
Fe Fe
Doy S
64 63

Scheme 174Synthesis of the ferrocenyl triflat®3) and 1,1'-ferrocendiyl ditriflate64) from the ferrocene
(186): (a) TMEDA, n-BuLi (2 equiv.), THF,~78 °C then B(OR)then water;§) TMEDA, n-BuLi (2 equiv.)
THF, =78 °C then CISn{-Bu); then b or TMEDA, n-BuLi (2 equiv.) then gCl4Br,; (c) and §) Cu(OAc), H,O
/ DMSO (1:1),zA\V, 100 °C, 20 min, 200 Wdj and f) with X = Br: Cu(OAc)}, EtOH / HO (1:1), reflux 1 h;
with X = I: Cw,O / CH,COH, CH3CN, reflux 3 h;€) tert-BuLi / KO'Bu (10 :1) THF~78 °C, then B(OR)then
water; €) tert-BuLi / KO'Bu (10 :1) THF~78 °C, then4 or Br, or Hg(OAc), toluene / MeOH then LiCl then |
or NBS; {) KOH EtOH / HO, 70 °C, 30 min then F®, CH,CI, / pyridine,-78 °C, 30 min.

An ortho deprotonation of ferrocenyl trifla&3 with various bases was performed in order to
induce triflate elimination with formation of ferrpige. Several reaction conditions including
in situ quenching with diverse dienes or excess of digoyramine to trap ferrocyne were
tested. However, in contrast to our anticipation,evidence for ferrocyne formation was
observed. Instead of that, the anionic thia-Friearrangement took place generating 2-
(trifluoromethylsulfonyl)ferrocenol415) in high yield.
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1. LDA, THF 1.LDA, THF
i diene
diene (diene) SO,CF, Ac,0, CH,Cl,

g0 _7g8° o SOCR3
@\ o @OTf 2. H;)Ei - @\OH pyridine @\OR

Fe 4+ Fe Fe 99 % g
99 % or
<= < < 1. NaH, THF <
65 63 215 2 '\/'722304 216  R=Ac
° 217 R=Me

‘ 1. LDA, THF,- 78 °C 2. AcClI (99 %) or M&SO, (82 %)
O
0 0 Ph 0 Ph
p
Ph

Since ferrocenols are known to be susceptible toladion!*® 4" % for a comfortable

handling215 can be treated with acetiohydride/pyridine and with dimethyl sulphate/sodium
hydride, affording 2-(trifluoromethylsulfonyl)fercenyl acetate216) and 1-methoxy-2-(tri-
fluoromethylsulfonyl)ferrocene2(l7) in 99 % and 70 % yield, respectively. The isaatof
intermediate215 is unnecessary, treatment of the reaction mixwith acetyl chloride or
dimethyl sulphate afford816and217in 99 % and 82 %ield, respectively.

A different result was obtained using potassitent-butoxide in THF and potassium
methoxide in methanol. Treatment of ferrocenyldté with KOBu led to the formation of 2-
(trifluoromethyl-sulfonyl)ferrocenol 215 with 70 % yield and (4ert-butoxybutoxy)-
ferrocene 222 with 30 % yield caused by the THF ring opening.

1. KOBu SO,CF; o

] 2. H30+ ] ]

Fe Fe + Fe
<= < ==
63 215 222

70 % 30%

In alternative approaches we synthesized the m&énmethylsilylferrocenyl triflate 229 and
the new 2-tributylstannyl ferrocenyl triflat€%5 in high yields starting from the known
tetrahydropyran-2-yloxyferrocen233) (Scheme 175
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a
@\SN% o Sn(-Bu)s
N, o \ed | &o\o,

|
Fe

<= <= <>
236 233 256
d d
jSiMeg Sn(-Bu)s
— Off @, ;OTf
Fe Fe
<= <=
229 255

Scheme 175Synthesis of 2-tributylstannyl ferrocenyl trifla@55 and 2-tributylstannyl ferrocenyl triflate
(259 from the ferrocenol204): (a) HCI, EtOAc, 3,4-Dihydro-B-pyran; ¢) n-BuLi, Et,O, — 78 °C, 2 h then
MesSiCl; (c) n-BulLi, Et,O, — 78 °C, 2 h then B#snCl; @) HCI, EtOH / BO, 25 °C, 1 h then 3© CH,CI, /
pyridine- 78 °C

The o-trimethyilsilylferrocenyl triflate 229) was treated with tetrabutylammonium fluoride in
acetonitrile at 25 °C in the presence of DPIBF #mal 2-tributylstannyl ferrocenyl triflate
(255 was treated with butyl lithium in THF at — 78 f€the presence of DPIBF. In the both
cases the reactions resulted in the anionic thesFearrangement produ15s.

@Sﬂ(ﬂ'BU)g @SOzCFg @SiMEg
oTf a OH p oTf

Fe Fe —  Fe

<= <= <=
255 215 229
Ph
o)
pPiBF= |/ —ph
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As the next step we synthesized ferrocenyl trifldbearing one or more electron donating
groups, in order to increase the electron densitthé aromatic system. The introduction of
different groups at the ferrocene molecule turnedto be a challenge. The new compounds
257,262 and266 were generated.

QT @\OTf HaC CHs
@\OMe 3 ch@\OTf

Fle Fle Fle
N < =
257 262 266

The 2-methoxy ferrocenyl triflat$7) was synthesized from the new tributyl-[2-(tetrdioy
pyran-2-yloxy)phenyl]stannane26) (vide infra), over the new 2-(2-iodoferrocenoxy)-
tetrahydropyran 259, the new 1-iodo-2-methoxyferrocen25@) and the new 2-methoxy
ferrocenyl acetate260) (Schemé.76).

Sn(n-Bu)s
o0\

| e ot
=0\ A @OMe . — ~OMe @\OMe
Fe [ - Fe d Fle
== <= <= <=
259 258 260 257

Scheme 176Synthesis of the 2-methoxy ferrocenyl trifla@gs{): (a) 1, CH,Cl, 25 °C 1 h; i) HCI, EtOH /
H,0, 25 °C, 1 h then. NaH, M8Q,, THF reflux, 1 h; ¢) CH;CN / CH:CO,H, Cw0, reflux, 3 h; ¢) KOH EtOH
/ H,0, 70 °C, 30 min then 3®, CH,CI, / pyridine,-78 °C, 30 min.

The other even more electron rich ferrocenyl tiiflas the 2-trifluoromethanesulfonyloxy-
ferrocenol anion 262, which was generatedin situ from the new 2-
trifluoromethanesulfonyloxy-ferrocenyl aceta@6y), which was prepared from the new 2-
acetoxy-ferrocenyl acetat2qd) via a single hydrolysis with one equivalent ofthy lithium
and following esterification with triflic anhydrid@he 2-acetoxy-ferrocenyl acetag68) was
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prepared from 1,2-diiodoferrocen26f) (for the synthesis of 1,2-diiodoferrocevide infra
by heating in acetonitrile under reflux with 2,4 eglent of CyO and 5 equivalents acetic
acid Schemd.77).

fl

Fe

N

265

a
OAc OTf OTf
@O A @O A @\O@
) b | c ]

Fe Fe —— > Fe

< <= <

263 261 262

Scheme 177Synthesis of the 2-trifluoromethanesulfonyloxy-terenol anionZ62): (@) CHsCN / CH;CO,H,
Cuw,0, reflux, 3 h; b) MeLi, EtLO, — 78 °C then TfO; (c) n-BuLi, THF, - 78 °C.

The next electron rich ferrocenyl triflate, what vegnthesized is the 2,3,4-trimethyl-
ferrocenyl triflate 266). The three electron donating methyl groups méleearomatic ring
electron rich. Moreover, the methyl group in timeta position to the triflate group could
hinder the rearrangement. Starting material forsyrghesis 0266 is the ferrocenecarboxylic
acid 267.The ferrocene carboxylic aci@g7) could be effectively ortho metallated with two
equivalents ofsec butyllithium*°” 2 The subsequent addition of iodomethane gave after
acidic work-up the 2-methylferrocenecarboxylic a¢gb8 in 80 % vyield. The repeated
procedure delivered the new 2,5-dimethylferrocermmeylic acid 69 in 60 % yield. The
2,5-dimethylferrocenecarboxylic aci@q9 was treated with the two equivalent of BMS in
methylenechloride at 25 °C for 78 hours to give riguired reduction produ@70in 75 %.

In the next step the 1,2,3-trimethylferroce@&d) was subjected to the mercuration. Since the
mercuration proceeds more readily on the more releaich arene&?4*! we expected the
mercuration on the cyclopentadienyl ring bearing three methyl group. Indeed, the main
product of this conversion was the required compaifi, while many side products were
also obtained, which gravely decreased the yiel@7f The mercurated produ@1 was

treated with iodine in methylenechloride at 25 &30 min, the quantitative conversion
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delivered the 1-iodo-2,3,4-trimethylferrocerig/®, which was heated in acetonitrile under
reflux with 1,2 equivalent GO and 3 equivalents acetic acid generating thel-2rBnethyl
ferrocenyl acetate2{3) in 89 % yield , which is, as usually, hydrolyzaad esterificated with
triflic anhydride giving quantitatively the 2,3,drhethylferrocenyl triflate 266 (Scheme
178).

HOzC@ HO,C CHs H4C CHs
Fe &b Fe —°— Fe
267 269 270
‘d

HsC CHs HsC CHs HsC CHg

H3C/@\OAC g ch/©\| HsC/@\ HgCl

Fe Fe ~—f Fe
273 272 271

|
HaC CHs
H3C©\0Tf
e

<=

266

|n

Scheme 178Synthesis of the 2,3,4-trimethyl-ferrocenyl trila66): (a) seeBuLi, THF, — 78 °C then Mel;
(b) secBuLi, THF, — 78 °C then Mel; ) (BH;)SMe,, CH,Cl,, 25 °C, 78 h;d) Hg(OAc), toluene / MeOH then
LiClI; (f) I, CH,Cly, 25 °C, 1 h; @) CH;CN / CHCOH, CwO, reflux, 3 h; ) KOH EtOH / HO, 70 °C, 30 min
then T£O, CHCI, / pyridine,=78 °C, 30 min.

The prepared electron rich ferrocenyl triflates evéreated with bases in the presence of
dienes, in order to prove their ability to undegdionination reaction.

The treatment of the 2-methoxy ferrocenyl trifl§287) with LDA in THF at — 78 °C in the
presence of 2,5-dimethylfuran following acidifieati resulted the anionic thia-Fries

rearrangement generating the 2-methoxy-5-(trifluathlsulfonyl)ferrocenol474).
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1.LDA, THF
78 °C
o
oTf U F4CO,S OH
@OME 2 |_‘30+ @\OME
Fe Fe
= 99 % <
257 274

The 2-trifluoromethanesulfonyloxy-ferrocenola6®), which was generated situ from 2-
trifluoromethanesulfonyloxy-ferrocenyl aceta() was treated with LDA in THF at — 78
°C in the presence of 2,5-dimethylfuran, after ftbbowing methylation with dimethyl
sulphate the dimethylated anionic thia-Fries reaeanent produc75was obtained in 85 %
yield.

OAc

Fe

261
n-BuLi 1.n-BuLi, THF
THF, - 78 ° ~78°C
Q
@\ng | FsCOS OMe
, o 2. M&SO, C, “OMe
Fe Fe
<= 85 % <
262 275

In the reaction of the 2,3,4-trimethylferrocenyflate (266) with LDA anthracene was used
as the diene, because of the doubt, if the metlogls 0f266 and the methyl groups of 2,5-
dimethyl furan or phenyl groups of DPIBF would dikt each other. However, the treatment
of the 2,3,4-trimethyl-ferrocenyl triflat&66) with LDA in THF at — 78 °C in the presence of
anthracene following acidification resulted theaamc thia-Fries rearrangement generating

the 2,3,4-trimethyl-5-(trifluoromethylsulfonyl)feycenol £76).
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1.LDA, THF
-78°C
HaC CHs OOO HaC CHs
ch’@\ow 2. HO* HgC’Q\OH
ng TsOCH,
<= 99 % <
266 276

In spite of the more electron rich substrate, fezngt triflate and even more electron rich
ferrocenyl triflates undergo a highly efficient anic thia-Fries rearrangement rather than
triflate elimination. This is the first case of amionic thia-Fries rearrangement at a five-
membered ring.

With the extreme efficiency of the anionic thiadgirearrangement of ferrocenyl triflate
in mind, we turned our attention to the 1,1'-di&i€ 64. Three possible outcomes could be
expected: double elimination, single thia-Friesrraagement and single elimination, and
a double thia-Fries rearrangement at either orteetyclopentadienyl ligands.

The treatment of the 1,1’-ferrocenediyl ditrifl{&) with 2,2 equivalents of LDA at — 78 °C,
led a double anionic thia-Fries rearrangement i¥8gield, which could in principle afford

two diastereomeric rearrangement prod@&sand292 (Scheme 121).

SO,CF; SO,CF3
1. 2.2 equiv. LDA @\ @\
(- OH > OH

. THF, - 78 °C :
Fe e o F,COS— o
TfO— :_{;: 2. HO* HO}; =S, Q2 S@
85% F-C HO
64 €02 201 292
meso rac

1. 2.2 equiv. LDA

THF, - 78 °C @\SOZCFS
2. AcCl , OAc

Fe
% S ==
F1COS
3C02 293

Remarkably, the reaction takes place with full tiesoselectivity affording only one of the
two diastereomers. The rearrangement product wanified by an X-ray crystal structure

analysis of the respective diaceta®3 The analysis clearly indicated that meso pro@9dt
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had been formed; no chiral rearrangement prodf@2twas observed. In the crystal structure
of the substituted ferrocer#93 the iron atom occupies a crystallographic inverstentre,
affording a staggered conformation of the cyclopdnyl ligands. Only ameso

configuration is compatible with the presence ofitiversion centre.

Figure 8

For better understanding the remarkably diasteteoBee reaction leading fron290
exclusively t0291 we attempted a single anionic thia-Fries rearrarege in order to
obtain294 and subsequentBA5 after quench with acetyl chloride. However, treatiof

290 with 1.0 equiv. of LDA under otherwise unchangezhation conditions gave a
equimolar mixture of starting materiaB0 and the trapped double rearrangement product
293 (Schemel23). This clearly indicates that the second aniohia-fries rearrangement

leading t0296is significantly faster than the first onle, &> k;)
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&or Lo LD
MOS Fle + Fle
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SOCF;

L eauiv. LDA ngCFs THF,-78°C
equiv.
d @\o 2. AcCl @\OAC

294 295

1. 0.5 equiv. LDA

THF, - 78 °C ko
sgzca SO,CF;
0.5 ' — . 05 C

° Pe +0.5291 o + 05290
== S ==

FsC

L 296 FCOS™ g
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The exclusive formation ofmesoproduct291 from 290 with no racemic292 indicates an

unusually high grade of interannular stereoindugctiererted by the already rearranged

cyclopentadienyl ligand in the intermedi2@4.

Because of the unique three-dimensional shapemégsocompounds?291 and 293 are

potentially attractive as a ligand for metal conxgle. Enantioselective desymmetrization

strategies offer most interesting possibilities ftie synthesis of enantiopure, chiral

derivatives. Functionalization of one of the twodhyxy groups in291 or hydrolysis of

one of the two acetate groupsZ@3would give a chiral derivative.

We tried to adopt the chemo enzymatic desymmeinizatith use of thenesorearrangement

product291 and the corresponding diaceta®3 under the usual conditions of such reactions,

namely with water and water / alcohols mixturesa@isents. The insolubility a291 and293

in such systems made the searching for other salvestessary. The best result we obtained
with the mixture of DMSO and water (1:1). The réattwas carried out at 40 °C with PFL as

the enzymatic catalyst, lasted for 4 days. We abthia product with only one hydroxy group.

Since the dioR91 was not observed, it may be assumed that theresjdesymmetrization

indeed took place.
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PFL
SO,CF;  DMSO / H,0, 40°C

SOCFs SOLH
@OAC phophate buffer (pH 7) @OH @OAC

3 days I

| |
Fe Fe or Fe
Ao~ 6% ACO\/ — HO
FaC s: F2CO,S FiC s:
COS™ o, ST 4 €05 505
NaH, THF
100 % M,SO; 100 %

reflux, 30 min

SO,C
PFL = lipase fronPseudomonas fluorescens @S;j;% @;}:c%
ACO Fe or Meoé
FSCOZS% F;CO,S 207
Because of the high susceptibility of ferrocenaaiast oxidation\{ide suprg, the generated
alcohol was methylated via heating in THF with smaihydride and dimethyl sulphate under
reflux for 30 minutes§cheme 26). The only conclusions reached so far are that oné of
the two possible alcoho®04 and305 is generated. It was characterized as the methglr e
306 or 307 by means ofH NMR and mass spectrometry. The exactly charaetgoin of this
product is still pending.
In another approach we used halobenzene tricarbmmmyhium complexes towards the aryne
complexes and haloferrocenes for synthesis of ¢grne.
We developed a similar possibility for metallatiohfluorobenzene via the transmetallation
of tributyl-(2-fluoro-phenyl)-stannanel70), which was synthesized from fluorobenze8g (
Before the tributyl-(2-fluoro-phenyl)-stannank7() was subjected to the complexation with
Cr(CO)s, we tested the trasmetallation with butyl lithias well in the presence of a diene as
without diene. The aim of this experiment was tobgr the optimised conditions for the
preparation of benzyne. With the presence of 2yethylfuran as the trapping regent, we
obtained the Diels-Alder addudfZ73 and triphenylenel@l). An interesting result of these

experiments was that the kind of the used solveette an influence on the amount of these

products. The more non polar solvent induces tlgeetaamount of [2 + 4] cycloadduct.

133



Summary and outlook

‘ CHs
@Sn(n—Bu)g n-BuLi, solvent, -78 °C OO
+
Q
F
RS J

CHs3
170 161 173
Solvent = THF 83% 17%

n-hexane 28 % 72 %

The complexation o1 70was carried out via heating in Bx/ THF (7:3) with 1.2 equivalents
of Cr(CO); lasted for 4 days. These are the best reactioditiams. The usual solvent mixture
of Bu,O / THF (10:1) resulted lower yield. The attemptpirform the reaction in a micro-
wave reactor with the same conditions did not eéelany products. But the use of THF as a
solvent causes the generation of the required acampith 15 % yields, what is compensated
by short reaction time of 6 hours.

Cr(CO)s Cr(CO)s
Bu,O / THF (7:3) Sn@-Bu); THF, ZW
@:Sn(n-BU)s reflux, 4 d @F 200 W, 80 °C, 6 h Sn{-Bu)s
|
92 % Cr 15 %
F - F
oC™ L7
L co
170 174 170

The complexl74 was subjected to transmetallation with butyl lithiin THF at — 78 °C for 1
hour, warmed up to 25 °C and quenched with watke main product was fluorobenzene
tricarbonylchromium 175, which is the result of the transmetallation aswbsequent
guenching with water.

CO
OC,y_CO
. Cr
Sn-Bu)g L MBuLi, THF
-78°C,1h
F 5 o o
| ) |
/(i[, /Cif + , F
oC 1 “
co-© oC &5° o C/(ir'"co
CcO
174 175 176
87 % 7%
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The formation of the produdt76is potentially due to the emergence of dngne chromium
T-complex. This is the first case of formation of Isigpecies. The proposed mechanism for

the formation of complet76is shown in the scheme 62.
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|
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Ve /1 /1 -
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|
Cr
ey
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! |
Cr Cr
7L e
oc L7 I
oo oC COco
176 179

While there are myriad publications describing #ymthesis of 1,1’-dihaloferrocene, the
appearance of 1,2-dihaloferrocenes in scientifezditure is pretty rare. For the preparation of
1,1’-dihaloferrocene we improved an already knowethd** which allows the synthesis
of the required 1,1-dihaloferrocene in high yieM/e prepared the 1,2-dibromoferrocene
(313 from bromoferrocene206). The bromoferrocene is lithiated with LITMP in FHat —

25 °C for 3 hours and than transmetallated with [ZnThe subsequent quenching with
bromine at — 78 °C resulted in 90 % yield of 1,Brdmoferrocene as the main product. Using
this method we synthesized 1,2 diiodoferroce2@5)( and 1-bromo-2-iodo-ferrocen842)
also in higher yields. The new 1-bromo-2-fliororterene 824) was prepared from the 1,2-
dibromoferrocene313 (Schemd79.
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——— Fe ——
<=

206 313 324

32 211 265

Scheme 179Synthesis of different 1,2-dihaloferroceneay (iTMP, THF, =30 °C, 3 h then ZnGlthen Bg;
(b) LITMP, THF, =30 °C, 3 h then ZnGlthen b; (c) n-BuLi, THF, — 78 °C then 4 (d) ) n-BuLi, THF, - 78 °C
then NFSI; {) LITMP, THF, =30 °C, 3 h then ZnGlhen }.

The treatment with butyl lithium, Grignard reageat&l metallic magnesium 865, 313 322
and 324 in the presence of a diene did not result elinibmat but only the mono
haloferrocenes after quenching with water wereinbth In order to be sure, that the ortho
metallation indeed took place, the reaction mixduweere also quenched with iodine. The

corresponding iodoferrocenes were obtained in lighd, what attests the successfutho

lithiation.
1. n-BuLi, Mg
x1 or RMgCl
diene
e e B
Fe Fe 1_
é 100 % @ X+ = |, Br

\ X2=1 Br, F

1. nBuLi, Mg
or RMgCl
9 75-90 %

diene

Ph
(@) (@) (@)
T OO
X2 E
Fle t\/\m

Et
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Although the 1,2-dihalobenzenes are widely usedHerpreparation of benzynes, this is not
the case with 1,2-dihaloferrocenes. The reactioitls various metallation reagents delivered
only mono- or dimetallated products, no eliminatreaction took place and no evidence for
formation of ferrocyne was observed. Exceptions Hre mass spectra of the 1,2-
dihaloferrocenes, which clearly show the molecuolasses of ferrocyn®%) and 2,5-dihydro-
cyclobutadicyclopentene, the [2 + 2]-cycloadditiomoduct of two 1,2-didehydrocyclopenta-
dienyl anions.

In another approach we tried to prepare the ferrecyfrom the zwitterion
ferrocenediazonium-2-carboxylate5g). During this search we developed a new method for
the synthesis of the 2-aminoferrocenecarboxylia 4869). We started with the ferrocene
carboxylic acid 267) and prepared the 2-ferrocene dicarboxylic a8icd) in very high yield

by treatment o267 with two equivalents okecbutyl lithium at — 78 °C in THF and the
following addition of dry ice. The 2-ferrocene dibaxylic acid 874 was converted into the
new 1,2-ferrocene dicarboxylic acid mono methyleesB76) or the new 1,2-ferrocene
dicarboxylic acid mono ethyl esteé847) via alcoholysis. The following formation of theyh
azide 380, Curtius’ rearrangement and basic or acidic indudeprotection delievered the

desired 2-aminoferrocenecarboxylic acd$9 (Schemd.80).
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CO,H O=—0—=0
oy
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oD

345 378
c
COMe j COH CO,Et
0 X 0
| <L | COZR d |
Fe N Fe —  Fe N3
380 R=Me 376 384
Et 377

D
—

CO,Me COH
Fe

363 359

Scheme 180Synthesis of the 2-aminoferrocenecarboxylic aG89(: (a) 2 equiv.seeBulLi, THF, — 78 °C,
then CQ then HO"; (b) oxalyl chloride, CHCI,, DMF then pyridine;€) EtOH or MeOH reflux, 1 h;d) oxalyl
chloride, CHCI,, DMF then Nal in water, TBAB; €) toluene / BnOH, reflux, 2 hf) toluene /tert-BuOH,
reflux, 2 h; g) Hy, Pd / C, MeOH, 24 hih) 6 M HCI, reflux, 1h then KOH;iY KOH, EtOH / HO, 70 °C, 1 h

The aprotic diazotization of the 2-aminoferrocemboaylic acid 359 was performed in the

same manner, which is widely used in the preparatfdienzyne via aprotic diazotization of

the anthranilic acid§> 3 1*15€IA solution of the 2-aminoferrocenecarboxylic ag69 in

THF was added to a refluxing mixture of anthracand amyl nitrite in methylene chloride.

The completed decomposition 869 was immediately observed. The investigation of the

reaction mixture showed only inorganic iron (llrapounds.
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: NH2  c.H,,ONO, THF, reflux

|
Fe copleted decomposition

@ OOO (Fe** -compounds found)
359

Although the derivates of the anthranilic acid &ridely used for the preparation of benzynes,

this is not the case with 2-aminoferrocenecarboxgtiid359. The reaction with amyl nitrite
leads to the completed decomposition of the complex

In the last approach we planed 1,2-ferrocene dwaiit anhydride 878 to subject to the
fragmentation via heating or irradiation.

The 1,2-ferrocene dicarboxylic anhydrid 8) was subjected to the irradiation with UV light
in benzene and in the presence of 1,5-dimethylfufae reaction mixture was irradiated for
25 minutes with a 125 W mercury lamp placed in atgquab. After the 25 minutes only the
completed decomposition of the compound could lernened. Only the metallic iron as a
suspension was formed. No evidence for the formaifderrocyne was observed.

Another result was obtained with using of toluend &HF as the solvent instead of benzene.

After 25 minutes of irradiation ferrocene with 24yiéld was found in the reaction mixture.

O
o O hy, 25 min.
quarz N
| benzene decomposition

Fe

(formation of metallic iron as asuspension)

378

7
hv, 25 min.
24 % |quarz

toluene or THF

|
Fe

<

186
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For the better understand of this conversion, #mesreaction was carried out under the same
conditions in the deuterated toluene and in theedtated THF. Instead of ferroceri86) the
1,2-dideuterio ferrocen&47) was generated in the same yield. This resultlgishows, that
the both H or the both D atoms are delivered bysthleents. Since the both solvents, toluene
and THF, are aprotic, this conversion can be omjylaened by a radical mechanism. The
irradiation of 1,2-ferrocene dicarboxylic anhydri(g/8) effects the fragmentation reaction
generating ferrocyne6b) under release of one carbon dioxide and one narbonoxide
molecules. Because of the high strain of ferrocfthe strain in ferrocyne must be much
higher as the strain in the benzyne), the tripledboamdergoes the homolytic splitting
generating two vicinalp-orbitals with unpaired electrons, thus 1,2-diratlicThe 1,2-
ferrocene diradical draw the both protons or D a&drom the solvent giving the ferrocene
and the 1,2-dideuterio ferrocene respectively.

o} O—o0
\8 hv, 25 min. D D
quarz @

| toluene-¢ |
Fe ——€ .
<= 24 % <=
378 347
Co,
co hv toluene-¢
Fe Fe
<= <=
65a 65b

To sum up, the present work was very successfelptanned primary objective to synthesize
an aryne tricarbonylchromium complex and the feynecis basically achieved. Although

instead of the authentic ferrocyne we obtainedltRedideuterio ferrocene, this molecule can
be regarded as ferrocyne. Since the usual elingimagactions of triflate and halides did not
work, it can be concluded that ferrocyne is a vasgable and very energy rich system, why
the ferrocenyl triflates avoid the elimination amddergo readily the anionic thia-Fries
rearrangement. Because the haloferrocene do net thé possibility, they do not undergo

any reactions.
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The chemo enzymatic desymmetrization of thesorearrangement produ@91 and the
corresponding diaceta93 is really promising and this research has to llevie@d up. The
desymmetrization produB06 or 307 should be fully investigated and can be probakBdu

as an additive in asymmetric synthesis. The newpooamds263 375, 395 and known345

can be also subjected to the chemo enzymatic desymzation. The obtained ferrocene

derivates with the planar chirality can be usedh@ asymmetric catalysis too. The chiral

compound376 can be also converted to the chiral amino acidth& described method

before.

OAc
OAc

4

COoMe
COMe

(=41

263 375
; chemo-enzymatic ' chemo-enzymatic
: desymmetrization . desymmetrization
' _oac ' ;COzMe ;COZH
:. oH asymmetric , COH , NH,
Fe catalysis ~°77 Fe  --ee-o-oooo---- -~ Fe
3?6 376 359
' chemo-enzymatic } chemo-enzymatic chiral amino acids
. desymmetrization ' desymmetrization
' __OH ! _COH
@\. OH @\. COH
395 345

The 1,2-ferrocene diol can be used for the prejparadf ferrocyne via a McMurry like

reaction using various titanium reagents.

€]
O ~Ti
@\O@ Tich, @O/ @\
Fe  --------- - Fe - —----- Fe
< = T |
395 396 65
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The 1,2-diiodo ferrocene can be irradiated to pephe 1,2-ferrocene diradic@bb too.
Such radicals can be also generated from the comtpd87, because of the weak bond

between the oxygen atom and the silver atom.

COA CO,- . I
@\Cozig hy @COZ' @ @I

Fe "_'A‘g"" Fe ."—_é_C-(-);* Fe <MW Fe
<= <= <= <=
397 398 65 265

The triflate elimination should not yet be given ltpcan be probably performed, if the ratio
of bonds length to angles is improved. It can d@eaed by introducing of bulky group into
the ferrocene molecule (Compourg89 and400)

push off /7
But ‘Bu ( But©t|3u
Bu— CI oTf LDA But >
Fe = -mmimm-- > Fe~” compress
399 400

Although we synthesized the aryne tricarbonylchromcomplex from the tributyl-(2-fluoro-
phenyl)-stannane tricarbonylchromiurh74), it can be not yet used preparatively and this
kind of reaction is still in its infancy. Other #n conditions such as other solvents,
temperature, metallating reagesats should be tried.

Since the electron withdrawing nature of the ttoerylchromium group is a major factor for
the anionic thia-Fries rearrangement to overcoreeddsired elimination, it should be tried to

prepare further phenyl triflate complexes bearimgrerelectron rich substituents and ligands
(401and402

oTf OTf
Me OMe MeOQOMe
Me /éf.,/ OMe MeO /é[/ OMe
ocC éoco ocC (‘.:OPP@
401 402
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The corresponding phenols can be synthesized usatigods described in this work. Parallel
to phosphine ligands Arduengo carbenes could lmeiatiioduced as not less electron pushing
ligands403

-
OSO.CE N\/N—Mes 0SQCR
|
———————————————————— > Cr
] ane
Cr hy oC /CO
oc” | “co Mes~ N~ -Mes
57 403

143



Experimental section

D. Experimental section

1. General remarks

All operations with involving sensitive compounder® performed in a nitrogen or argon
atmosphere using the Schlenk technique. Reactisgselse were heated at reduced pressure
with a heat gun and flushed with nitrogen. This pthoe was repeated three times.
Tetrahydrofuran (THF) and diethyl ether were distilwith sodium wire / benzophenone in a
nitrogen atmosphere. Ethanol and methanol werdlelistwith sodium wire in a nitrogen
atmosphere. C¥Ll, and diisopropylamine (DIPA) were distilled from @a in a nitrogen
atmosphere. Petroleum ether (PE) terttbutylmethyl ether (TBME) were dried over CaCl

and distilled. Unless otherwise noted, chiral coommbwere obtained as racemates.

Preparative column chromatographywas carried out using flash chromatography. For the
chromatography of chromium compounds the silica(@€l4 — 0.063 mm) was degassed by
heating with a heat gun at reduced pressure atidgsétunder normal pressure with argon.
All the solvents used for column chromatographyendistilled over drying agents and then
argonated for ca. 20 min by flushing with a constargon stream. For the ferrocene
chemistry all these procedures were carried out witrogen. The silica gel was neutralized
with the solvents containing 5 % triethylamine (@picthe column chromatography of acids

and phenols).

Thin layer chromatography (TLC) was carried out using aluminum TLC plates coatéd w
the silica gel 60f,4 from Merck. The detection of substances was daitie twe help of UV-

lamp A = 254 nm) or developed with Ce(lV) sulphate reagent

Infrared spectra (IR) were obtained using the spectrometer Perkin-ElRlerl710. The
following abbreviations were used to indicate thiemsity of absorption bands: br = broad, s

= strong, m = medium, w = weak.

Mass spectra(MS) was carried out using a Finnegan AM 400 (ionizapotential 70 eV).
LC-MS (ESI) mass spectra were recorded on a Micesnh& T with Lock-Spray unit (ESI).
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The injection was done in the Loop-modes in a HRAllEnce 2695 column. All values are
given in atomic units of mass per elemental chamé). The intensity is given as a

percentage of the base peak.

High resolution mass spectrgHRMS) were recorded with the peak-matching method using
perfluorokerosene (PFK) as the internal standanigus VG-Autospec spectrometer (NBA-
Matrix) or with the peak—matching method in a Micasa LCT spectrometer with Lock-
Spray-Unit (ESI).

'H NMR spectrawere measured using instruments Bruker WP 200 {201B{z) and AVS
400 (400.1 MHz) at 25 °C. The chemical shifts rééeresidual solvent signals of acetode (
= 2.05 ppm, chloroformd = 7.26 ppm, benzen& = 7.16 ppm) as internal standards. The
multiplicity of the peaks were abbreviated as sdi&t), d (doublet), t (triplet), g (quartet), m
(multiplet), br (broad).

13C NMR spectra were measured using instruments Bruker WP 200.12@D MHz) and
AVS 400 (400.1, 100 MHz) The chemical shifts referesidual solvent signals (acetane
29.8 ppm, chlorofornd = 77.2 ppm, benzerte= 128.1 ppm) as internal standards.

%P NMR spectrawere measured using instruments Bruker AVS 400 {@5i2). A solution

of H:POy 30 % in water was used as external reference.

Cyclovoltammetry was performed using Gamry Instruments Reference 600
potentiostat/galvanostat/ZRA with 0.1 mol/L tetrapfanmonium hexafluorophosphate
electrolyte in acetonitrile at 25 °C, referencecetade Ag/Ad (AgNOs) electrode in
acetonitrile  with  0.01 mol/L AgN® and 0.1 mol/lL tetrabutylammonium
hexafluorophosphate. Electrode material for the kimgr and counter electrodes was
platinum. The system was calibrated with ferrociemegdcinium, and the measured potentialy
refer to FCH/FcH.

Elemenental analyseswere carried out for CHN Rapid (Heraeus) with angide as
standard. All values are given as mass percentages.

Melting points (m. p.) were determined with Electrothermal IA 9200 Sebxgital Melting
Point Apparatus.
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Photochemical reactions were carried out using apparatus “Labor-UV-Reahtstem
1"from UV-Consulting Pescfi] a mercury lamp (TQ-150), 150 W placed in a quare.

Microwave reactor (¢W). The microwave reactions were carried out with Biscovef
LabMaté™ from CEM Corporation.
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2.

2.1

Preparation of arenes

1-(2,5-Dimethoxyphenyl)ethanone (132)

132

1,4-Dimethoxybenzene (5.00 g, 36.0 mmol) was diblin acetic anhydride (20 mL).
H3PO, (85 %, 7.4 mL) were added to the solution. Thetiea mixture was stirred at 65 °C

for 30 min. after cooling to 25 °C sodium hydroxi@00 g, 150.0 mmol)) in 50 mL water
was added. After addition of water (50 mL) the mietwas extracted with TBME (3 x 50

mL). The collected organic layers were washed wititer (3 x 20 mL) and dried over

anhydrous MgSQ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SI®OE/TBME 7:3).132(5.64 g, 31.3 mmol, 87 %)

was isolated as a colourless oil, identified by parison with literature data{ NMR).*"2

'H NMR (400.1 MHz, CDGJ): d= 2.61 (s, 3H, 8-H), 3.79 (s, 3H, 10-H), 3.8738, 9-H),
6.90 (d,J = 9.0 Hz, 1H, 3-H), 7.02 (dd, = 8.9 Hz, 1H, 4-H), 7.28 (d} = 3.2 Hz, 1H, 6-H),

ppm.
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2.2

2,5-Dimethoxyphenyl acetate (1385

4 6 O
5
10_0
HsC”
133

1-(2,5-dimethoxyphenyl)ethanoii&32) (5.64 g, 31.3 mmol) was dissolved in 100 mL aceti
acid. HO, (30 %, 20 mL) and TsOH (1.30 g, 7.3 mmol) wereeattb the solution. The

reaction mixture was stirred at 25 °C for 12 h. 8odthiosulphate (6.00 g) in water (50 mL)
was added. After addition of water (50 mL) the miet was extracted with TBME (3 x 50

mL). The collected organic layers were washed witdier(3 x 20 mL) and dried over

anhydrous MgSQ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SIOE/TBME 7:3).133(5.95 g, 30.4 mmol, 97 %)
was isolated as colourless solid, identified by parison with literature dataH NMR).2?

'H NMR (400.1 MHz, CDGJ): 5= 2.31 (s, 3H, 8-H), 3.75 (s, 3H, 10-H), 3.7638, 9-H),
6.64 (d,J = 3.0 Hz, 1H, 3-H), 6.73 (dd, = 9.0 Hz, 1H, 4-H), 6.89 (d} = 8.9 Hz, 1H, 6-H),

ppm.
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2.3 2,5-Dimethoxyphenol (134%

4 N\
7
H3C
2
3 1_OH
4 6
5
8 _O
HsC™
134
. J

Water (40 mL) was added to 2,5-dimethoxyphenyl a&teqtl33) (5.95 g, 30.4 mmol) in
ethanol (60 mL) and the mixture was heated to 7O\WW&h stirring potassium hydroxide (8.5
g, 150.0 mmol) was added and the mixture was dtate/0 °C for 30 min. After cooling to
25 °C HCI (37 % aqu., ca. 20 mL) was added with qatrol till pH 6. After addition of
water (50 mL) the mixture was extracted with TBMEX 50 mL). The collected organic
layers were washed (3 x 20 mL) and dried over arduglMgSQ. After solvent removal at
reduced pressure, the crude product was purified¢dbymn chromatography (30 x 3 cm,
SiO,, PE/TBME 7:3).134(4.58 g, 29.7 mmol, 98 %) was isolated as colsgrkl, identified
by comparision wit literature datd{ NMR).[??

'H NMR (400.1 MHz, CDGJ): &= 3.75(s, 3H, 8-H), 3.84(s, 3H, 7-H§,37(dd,J = 9.0 Hz,
1H, 4-H), 6.56(d,] = 2.9 Hz, 1H, 3-H),6.77(d} = 8.8 Hz, 1H, 6-H),ppm
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2.4  2,5-Dimethoxyphenyl triflate (138)

2,5-dimethoxy phenoll34) (0.82 g, 5.3 mmol) was dissolved in &k, (50 mL), and after
addition of pyridine (2.1 mL, 26.0 mmol) the mix¢uwas cooled to —78 °C. With stirring
Tf,0 (1.1 mL, 6.4 mmol) was added. The mixture wasestifor 30 min at —78 °C, then for
30 min at 25 °C. After addition of water (50 mLpetmixture was extracted with GEIl, (3 x
50 mL). The collected organic layers were washea @) mL) and dried over anhydrous
MgSQ,. After solvent removal at reduced pressure, thdeproduct was purified by column
chromatography (30 x 3 cm, SIOPE/CHCI, 8:2). 138 (1.52 g, 5.3 mmol, 100 %) was

isolated as colourless oil

'H NMR (400.1 MHz, CDGJ): d= 3.78 (s, 3H, 5-OC#), 3.87 (s, 3H, 2-OC}), 6.78-6.80
(m, 1H, 6-H), 6.84-6.87 (m, 1H, 3-H), 6.94-6.97 (i, 3-H)ppm=°C NMR (400.1 MHz,
CDClL): d= 56.1 (C-9), 56.9 (C-8), 109.2 (C-6), 109.5 (C-#)4.1 (C-3), 118.9 (dJcr =
320.4 Hz, CE), 138.9 (C-1), 145.7 (C-5) 153.7 (C-2)ppiR: i = 2954 (w), 1597 (w), 1501
(m), 1417 (m), 1302 (w), 1248 (m), 1204 (s), 1169,(1133 (s), 1032 (m), 882 (s), 833 (s)
cmHRMS (ESI, acetonitrile):calcd. for ¢HoF;055286.0123; found 286.0123.
C1gH23FeN(y(286.01):calcd. C 37.77, H 3.17; found: C 37.653.84.
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2.5 1,4-Dihydro-6,9-dimethoxy-1,4-dimethyl-1,4-epamnaphthalene (139)

At —78 °C LDA in THF [prepared from 2.5 M-BuLi (1.10 mL, 2.7 mmol) in hexane and
diisopropylamine (0.4 mL, 2.7 mmol) in THF (20 mhyps added dropwise over 40 min to
2,5-dimethoxyphenyl triflat€138) (0.76 g, 2.7 mmol) and 2,5-dimethylfuran (1,14 ,nll
mmol) in THF (20 mL). After warming to 25 °C andidification by addition of 10 % aq.
HCI (until pH 6) CHClI, (50 mL) was added. After addition of water (50 nithg mixture was
extracted with CKCl, (3 x 50 mL). The collected organic layers were lweas(3 x 20 mL)
and dried over anhydrous MgaQAfter solvent removal at reduced pressure, theler
product was purified by column chromatography (3®om, SiQ, PE/TBME 7:3).139(0.62

g, 2.7 mmol, 100 %) was isolated as awhite solid.

M. p. 72 °C;*H NMR (400.1 MHz, CDGJ): 0= 1.99 (s, 6H, 11-H), 3.74 (s, 6H, 12-H), 6.54
[s, 2H, 2(3)-H], 6.83 [s, 2H, 7(8)-H] ppm.*3C NMR (400.1 MHz, CDGJ, DEPT 90, BB):d

= 17.2 (C-11), 56.4 (C-12), 89.5 [C-1(4)], 112.0-2(3)] 140.9 [C-5(10)], 147.3 [C-7(8)],
148.4 [C-6(9)] ppm= IR: ¥ = 3787 (w), 2931 (m), 1602 (w), 1490 (s), 1443 (981 (W),
1294 (w), 1251 (s), 1215 (m), 1177 (m), 1147 (¥4.(s), 927 (w), 859 (m) cth — MS (70
eV): m/z(%): 232 (37) M'], 201 (46) M* — OCHy], 187 (100) M* — OCH; - O], 170 (14)
[M* — 20CH], 156 (24) M* — 20CH, - O] - HRMS calcd. for G4H1¢O0s: 232.1098; found

232.1098 - Elemental analysis calcd. (%) fog#:603: C 72.39, H 6.94; found: C 72.07, H
7.27.
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2.6  Tributyl(2-fluorophenyl)stannane (170)

170

Fluorobenzene (10.0 mL, 10.2 g, 106.0 mmol) wasalv®d in THF (250 mL), and after
addition of KOBu (11.9 g, 106.0 mmol) the mixture was cooled 98 =C. With stirring the
solution ofn-BuLi in hexane (2.5 M, 42.5 mL, 106.0 mmol) wagled. The mixture was
stirred for 30 min at —98 °C, then BuSsQ@®95 %, 33.0 mL, 116.0 mmol) was added. After
warming to 25 °C and addition of water (50 mL) th&ture was extracted with PE (3 x 50
mL). The collected organic layers were washed (30xmL) and dried over anhydrous
MgSQO. After solvent removal at reduced pressure, thdeiproduct was purified by column
chromatography (30 x 3 cm, SICPE) and distilled (I& mbar, 145 °C)170 (33.5 g, 86.9

mmol, 82 %) was isolated as colourless oil

'H NMR (400.1 MHz, CDGJ): = 0.89 (t,J = 7.17 Hz, 9H, Ck), 1.07-1.62 (m, 18H, CH),
6.95-7.42 (m, 4H, Ph-H) ppm.**C NMR (400.1 MHz, CDGJ, DEPT 90, DEPT 135, BBY
=10.0 (C-7), 13.8 (C-10), 27.4 (C-9), 29.1 (CB)4.4 (m, C-3), 124.2 (m, C-5), 127.0 {d,
= 46.0 Hz, C-1), 130.4 (m, C-4), 137.4 (m, C-6)7.56(d,J = 234.3 Hz, C-2) ppm: IR: P =
3064 (w), 2956 (s), 2922 (s), 2852 (m), 1592 (W§72 (w), 1461 (s), 1433 (s), 1377 (W),
1289 (w), 1254 (w), 1200 (s), 1103 (w), 1074 (W52 (w), 1019 (w), 961 (w), 870 (m), 813
(m) cni. = MS (70 eV):m/z (%): 386 (1) M*], 329 (100) M* — CuHg], 272 (65) M* —
2C4Hg], 214 (88) M™ — 3CHg]. — HRMS calcd. for GsHz1FSn: 386.1432; found 386.1429.
Elemental analysis calcd. (%) fofdEi3;FSn: C 56.13, H 8.11; found: C 56.18, H 8.07.
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2.7 Triphenylene (1615 and 1,4-Dihydro-1,4-dimethyl-1,4-
epoxynaphthalene(173j7% 1"

161

At —78 °Cn-Buli in hexanes (2.5 M, 1.5 mL, 3.7 mmol) was atide tributyl-(2-fluoro-
phenyl)stannanel0) (1.0 mL, 1.3 g, 3.5 mmol) and 2,5-dimethylfurar8(inL, 17 mmol) in
THF (20 mL). After warming to 25 °C and addition wfter (50 mL) the mixture was
extracted with TBME (3 x 50 mL). The collected angalayers were washed (3 x 20 mL) and
dried over anhydrous MgSOAfter solvent removal at reduced pressure, thelemproduct
was purified by column chromatography (30 x 3 cmQ.SPE/TBME 7:3)

l. 161(0.22 g, 2.9 mmol, 83 %) was isolated as a wlotal sidentified by comparison
with literature data’d NMR).*®

'H NMR (400.1 MHz, GDe¢): 0=7.45 (ddJ = 9.6 Hz, 6H, 2-H), 8.41 (dd, J = 9.5 Hz, 6H, 3-
H) ppm.
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Il 1,4-Dihydro-1,4-dimethyl-1,4-epoxynaphthalei&3 (0.1 g, 0.6 mmol, 17 %) was

isolated as a colourless oil, identified by comgami with literature datati NMR).[F70 174

153



Experimental section

'H NMR (400.1 MHz, CDGJ): 5= 1.89 (s, 6H, 11-H), 6.77 [s, 2H, 2(3)-H], 6.99% [m,
2H, 6(9)-H], 7.10-7.15 [m, 2H, 7(8)-H] ppm.

Triphenylene (161§°® and 1,4-Dihydro-1,4-dimethyl-1,4-epoxynaphthalene(178y% *"1]
reaction in hexane

161

At —78 °Cn-Buli in hexanes (2.5 M, 1.5 mL, 3.7 mmol) was atide tributyl-(2-fluoro-
phenyl)stannanel0) (1.0 mL, 1.3 g, 3.5 mmol) and 2,5-dimethylfurar8(inL, 17 mmol) in
hexane (20 mL). After warming to 25 °C and additmhwater (50 mL) the mixture was
extracted with TBME (3 x 50 mL). The collected angalayers were washed (3 x 20 mL) and
dried over anhydrous MgSOAfter solvent removal at reduced pressure, thelemproduct
was purified by column chromatography (30 x 3 cmQ.SPE/TBME 7:3)

l. 161(0.07 g, 0.9 mmol, 28 %) was isolated as a wlotal sidentified by comparison
with literature data’d NMR).*®
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Il 1,4-Dihydro-1,4-dimethyl-1,4-epoxynaphthalefi&3 (0.43 g, 2.5 mmol, 72 %) was
isolated as a colourless oil, identified by comsami with literature datdi NMR).*7% 171
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Triphenylene (163¥°® and 1,4-Dihydro-1,4-dimethyl-1,4-epoxynaphthalene(175y° *"

reaction in hexane without dienes

161

At —78 °Cn-Buli in hexanes (2.5 M, 1.5 mL, 3.7 mmol) was atide tributyl-(2-fluoro-
phenyl)stannan€ely0 (1.0 mL, 1.3 g, 3.5 mmol) in hexane (20 mL). Aftearming to 25 °C
and addition of water (50 mL) the mixture was estied with TBME (3 x 50 mL). The
collected organic layers were washed (3 x 20 mld dmed over anhydrous MgQQOAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SIPE/TBME 7:3).161(0.25 g, 3.6 mmol, 93 %) was isolated

as a white solid, identified by comparison witletéture datalt NMR).°®!

3. Synthesis of arene tricarbonylchromium complexes

3.1  Tricarbonyl(2,5-dimethoxyphenol)chromium(0) (10)

4 N\
. 6 1O
5 7
HsC 2_OCH;
4 3
Cr,
oc” | “co
s CO
140
|\ J

2,5-Dimethoxypheno(134) (2.5 g, 16 mmol) and hexacarbonylchromium (4.3%,mmol)
were heated in dibutyl ether and THF (10:1) atwefbr 3 d. After cooling to 25 °C the
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rection mixture was carefully filtered through a #itt covered with 2 cm thick layer of silica

gel. The solvents were removed at reduced pressutehe crude product was purified by
flash chromatography (30 x 3 cm, SJ®E/TBME 3:7).140(4.01 g, 13.9 mmol, 87 %) was

isolated as a yellow solid, very sensitive agamxstiation and light.

M. p. 47 °C (decomp.): *H NMR (400.1 MHz, CDGJ): 5= 3.68 (s, 3H, 8-H), 3.78 (s, 3H, 7-
H), 4.64 (s, 1H, 6-H), 5.37 (s, 1H, 4-H), 5.48 18], 3-H) ppm.— **C NMR (400.1 MHz,
CDCls, DEPT 90, BB):d = 56.1 (C-8), 58.6 (C-7), 68.9 (C-6), 69.6 (C-43,5 (C-3) 122.2
(C-2), 132.9 (C-1), 139.7 (C-5), 234.0 (C-9) ppmIR: ¥ = 3095 (br), 2946 (w), 1953 (s,
CO), 1863 (s, CO), 1521 (w), 1512 (m), 1490 (m§p7A2m), 1180 (m), 1140 (w), 1088 (w),
1011 (m), 924 (w), 871 (w), 827 (w), 724 (m), 80) cm™ (s).— MS (70 eV):m/z(%): 290
(58) [M*], 262 (16) M* — COJ, 234 (65)}1* — 2CO], 206 (74)M* — 3CO], 154 (45)§1" —
Cr(CO)] — HRMS calcd. for @H10CrOs: 289.9882; found 289.9874, Elemental analysis
calcd. (%) for GiH10CrOs: C 45.53, H 3.47; found: C 45.18, H 3.07.

3.2 Tricarbonyl[tributyl-(2-fluorophenyl)stannane]c hromium(0) (174)

Tributyl(2-fluorophenyl)stannanél70) (10.0 mL, 11.7 g, 30.0 mmol) and hexacarbonyl-
chromium (8.0 g, 36.0 mmol) were heated in dibetiler and THF (7:3) at reflux for 4 days.
After cooling to 25 °C the reaction mixture wasefally filtered through a P4 frit covered

with 2 cm thick layer of silica gel. The solventene removed at reduced pressure and the
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crude product was purified by flash chromatogra(8%/x 3 cm, SiQ, PE).174(14.4 g, 27.6

mmol, 92 %) was isolated as a yellow oil, modeyasthble against oxidation and light.

'H NMR (400.1 MHz, CDGJ): = 0.93 (t,J = 7.3 Hz, 9H, 10-H), 1.15-1.64 (m, 18H, Bu-H),
4.82-4.86 (m, 1H, Ph-H), 5.30-5.33 (m, 1H, Ph-HB%5.46 (m, 1H, Ph-H) 5.57-5.61 (m,
1H, Ph-H) ppm= *°C NMR (400.1 MHz, CDG, DEPT 90, BB):J= 11.1 (C-7), 13.7 (C-10),
27.4 (C-9), 28.9 (C-8), 79.7-79.9 (m, C-3), 86.278@n, C-5), 87.6-87.8 (M, C-1), 94.7-94.9
(m, C-4), 100.3-100.5 (m, C-6), 149.0-151.5 (m,)C283.0 (C-11) ppm.= IR: § = 2957
(m), 2929 (m), 2860 (m), 1971 (s, CO), 1893 (s, CIAB2 (M), 1374 (m), 1234 (w), 1199
(w), 1117 (m), 873 (w), 813 (w) cth — MS (70 eV):m/z(%): 522 (7) M"], 438 (10) M* —
3CQ], 386 (15) 1" — Cr(CO}], 329 (100) M" — Cr(CO} - Bu], 272 (65) M" — Cr(CO} —
2Bu], 215 (83) \* — Cr(CO}% - 3Bu] — HRMS calcd. for gHs;CrFO;Sn: 522.0684; found
522.0683.— Elemental analysis calcd. (%) forE3,CrFO;Sn: C 48.40, H 6.00; found: C
48.46, H 5.99.

* The multiplets are due to the coupling betweers€and F.

3.3 Tricarbonyl(fluorobenzene)chromium(0) (175Y"® and hexacarbonyl-(2-

fluorobiphenyl) #% #®-dichromium°

At —78 °Cn-BulLi in hexanes (2.5 M, 0.8 mL, 2.1 mmol) was atitie tricarbonyl[tributyl-(2-
fluorophenyl)stannane]chromium(@744) (0.6 mL, 0.97 g, 1.8 mmol) in THF (20 mL). After
warming to 25 °C and addition of water (50 mL) thexture was extracted with TBME (3 x
50 mL). The collected organic layers were washedZB8 mL) and dried over anhydrous
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MgSQO;. After solvent removal at reduced pressure, thdeiproduct was purified by column
chromatography (30 x 3 cm, SIPE/TBME 7:3).

l. 175(0.37 g, 1.6 mmol, 87 %) was isolated as a yeBolid, identified by comparison
with literature data’d NMR).2"!

'H NMR (400.1 MHz, [R]benzene)d= 4.27 (m, 4H, Ph-H), 4.63 (m, 1H, Ph-H) ppm.

ocof co
APz
Cr
F
d
r
/ ‘e,
oc” | "co
Co
\ 176 )

Il 176 (0.06 g, 0.13 mmol, 7 %) was isolated as a yeBolid, identified by comparison
with literature data’d NMR).*®!

'H NMR (400.1 MHz, CDGJ): 5= 4.96 (m, 2H, Ph-H), 5.32 (m, 1H, Ph-H), 5.38 (tH, Ph-
H), 5.44 (m, 1H, Ph-H), 5.59 (m, 1H, Ph-H), 5.71, @th, Ph-H), 5.81 (m, 1H, Ph-H), ppm. -
MS (70 eV):m/z (%):443 (30) ('], 360 (23) M" — 3CO], 332 (20)N\I* — 4CO], 304 (54)
[M* — 5CO], 276 (40)NI* — 6CO], 224 (87)j1" — Cr(CO} — 3CO], 172 (10) |1* — Cr(CO}

— Cr(COY], 52 (100) [CH].
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4 Tricarbonylchromium phenyl triflate complexes

4.1  Tricarbonyl(2,5-dimethoxyphenyl)chromium(0) triflate (131)

4 \
7
O\\S/CFg
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9 5 2 8
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Tricarbonyl(2,5-dimethoxyphenol)chromium((40 (4.01 g, 13.9 mmol) was dissolved in
CH.CI, (50 mL), and after addition of pyridine (85 % iih, @.56 g, 20.0 mmol) the mixture
was cooled to —78 °C. With stirring ;0 (2.4 mL, 14.2 mmol) was added. The mixture was
stirred for 30 min at —78 °C, then for 30 min at°Za After addition of water (50 mL) the
mixture was extracted with GBI, (3 x 50 mL). The collected organic layers were veas(3

x 20 mL) and dried over anhydrous MgS@fter solvent removal at reduced pressure, the
crude product was purified by column chromatogra3®yx 3 cm, Si@ PE/TBME 7:3).131

(5.8 g, 13.8 mmol, 99 %) was isolated as a yelldw o

H NMR (400.1 MHz, CDGJ): 0= 3.69 (s, 3H, 9-H), 3.78 (s, 3H, 8-H), 4.94 J& 5.3 Hz,
1H, 6-H), 5.39-5.44 [m, 2H, 3(4)-H] ppm.2*C NMR (400.1 MHz, CDG}, DEPT 90, BB):0

= 56.6 (C-9), 58.4 (C-8), 73.4 (C-6), 74.1 (C-4%.& (C-3) 118.6 (qJ = 320.9 Hz, C-7),
123.4 (C-1), 128.8 (C-5) 136.4 (C-2), 231.6 (C-ppn— IR: 7 = 3368 (W), 2936 (w), 1978
(s, CO), 1898 (s, CO), 1531 (w), 1524 (m), 1480, (k@37 (m), 1191 (m), 1138 (w), 1078
(w), 1005 (m), 918 (w), 861 (w), 819 (w), 734 (R0 (m) cm® (s).— MS (70 eV):m/z(%):
422 (12) M™], 394 (16) M" — CO], 366 (47)]1" — 2C0O], 338 (62)f1" — 3CO], 286 (44)\1*

— Cr(COY], 286 (23) M — Cr(CO} — SQCF;] - HRMS calcd. for @HoCrR;0sS: 421.9375;
found 421.9374- Elemental analysis calcd. (%) foi HyCr0sS: C 34.13, H 2.15; found:
C 34.18, H 2.12.
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5. Photochemical ligand exchange of the phenyl ttdte complexes 107 and 108

5.1 [Dicarbonylphenyltriflate(triphenylphosphine)]chromium(0) (148)

Triphenylphophine (6.5 g 24.9 mmol) was added tmlation of tricarbonyl(phenyltriflate)-
chromium(0) 107" (3.0 g, 8.3 mmol) in toluene (200 mL). The reattimixture was
irradiated for 25 min with a 125 W mercury lampgad in a quartz tube, which was cooled
with water. The reaction mixture was continuouslysified with argon and cooled using a
water condenser. The reaction progress was moditoyethe TLC. After the completed
consumption of the starting material (ca. 25 migutbe reaction mixture was irradiated for
further 20 minutes. The solvent was removed ataedypressure and the crude product was
purified by column chromatography (30 x 3 cm, SIPE/TBME 7:3).148 (4.6 g, 7.6 mmol,

92 %) was isolated as an orange solid.
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M. p. 105 °C (decomp3H NMR (400.1 MHz, acetonegd = 4.57-4.63 (m 1H, 4-H), 4.97-
5.04[m 2H, 2(6)], 5.09-5.13 [m, 2H, 3(5)-H], 7.42-7.58,[15H, P(GHs)s] ppm*C NMR
(400.1 MHz, acetonegt 5= 80.9 [C-3(5)], 87.9 (C-4), 88.9 [C-2(6)], 118 "Jcr = 321.9
Hz, CR), 127.9 (d,2Jcp = 9.0 Hz, CPCH), 129.3 (C-PCHCIBH) 129.5 (C-1), 132.8 (d,
3Jcp = 10.5 Hz, PCIEH), 138.3 (d,*Jcp = 35.7 Hz PC), 238.5 (CO) ppitP NMR (162
MHz, CDCk): 6= 87.74 ppmIR: { = 2362 (w), 1920 (s, CO), 1891 (s, CO), 1848 G),C
1480 (w), 1416 (m), 1218 (m), 1125 (m), 1090 (v§5%w), 870 (w) crm’. MS (70 eV):m/z
(%): 596 (10) M™], 568 (5) M" — CO], 540 (25)}* — 2C0O], 314 (90) [CrPRH, 263 (100)
[PPh]. HRMS:calcd. forG/H,oCris0sPS596.0126; found 596.0124. ,78,0CrF0sPS
(596.48):calcd. C 54.37, H 3.38; found: C 54.33.H4iL.

5.2  [Dicarbonyl(4-methoxyphenyl triflate)triphenylphosphine]chromium(0) (149)
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Triphenylphophine (6.1 g 23.1 mmol) was added tsohution of tricarbonyl(4-methoxy-

phenyl)chromium(0) triflate 108°% (3.0 g, 7.7 mmol) in toluene (200 mL). The reautio
mixture was irradiated for 25 min with a 125 W mesclamp placed in a quartz tube which
was cooled with water. The reaction mixture was iooiously flushed with argon and cooled
using water condenser. The reaction progress wasoned by the TLC. After the completed
exhaustion of the starting material (generally 28. minutes) the reaction mixture was

irradiated further 20 minutes.
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The solvent was removed at reduced pressure anctulde product was purified by column
chromatography (30 x 3 cm, SIPE/TBME 7:3).149 (4.6 g, 7.3 mmol, 95 %) was isolated

as an orange solid.

M. p. 115 °C (decomp®H NMR (400.1 MHz, CDGJ): o= 3.49 (s, 3H, OCH), 4.20-4.21[m,
2H, 3(5)-H], 4.90-4.92 [m, 2H, 2(6)-H], 7.36-7.52[t6H, P(GHs)s] ppm~-*C NMR (400.1
MHz, CDChk): J = 55.8 (OCH), 71.6 [C-3(5)], 83.6 [C-2(6)], 121.7 (QJcr = 321.2 Hz,
CFs), 122.5 (C-1), 128.3 (fJcp = 9.6 Hz, PCH), 129.5 (PCCHCIH) 133.1 (d,3Jcp =
10.9 Hz, PCCIEH), 138.6 (d*Jcp = 35.4 Hz, PC), 238.5 (dJcp = 20.8 Hz, CO) ppm-.3'P
NMR (162 MHz, CDC}): = 87.73 ppmIR: i = 3059 (w), 1892 (s, CO), 1832 (s, CO),
1504 (m), 1463 (m), 1421 (m), 1244 (m), 1209 (4B83.(s), 1088 (m), 1018 (m), 872 (m)tm
1. MS (70 eV):m/z (%): 626 (10) "], 598 (6) M* — CO], 570 (20) \1* — 2CO], 314 (90)
[CrPPh'], 263 (100) [PPY. HRMS:calcd. for GgHCriRs0sPS 626.0232; found 626.0233.
CogH2,CrFs06PS (626.50): C 53.68, H 3.54; found: C 52.83, 183.4

5.3  [Dicarbonyl(4-methoxyphenyl)dppflchromium(0) triflate (152)
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Dppf (0.3 g 0.5 mmol) was added to a solution ieatbonyl(4-methoxyphenyl)chromium(0)
triflate (108" (0.1 g, 0.3 mmol) in toluene. The reaction mixtwas irradiated for 25 min
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with a 125 W mercury lamp placed in a quartz tubddctv was cooled with water. The
reaction mixture was continuously flushed with argmd cooled using water condenser. The
reaction progress was monitored by the TLC. After tompleted exhaustion of the starting
material (generally ca. 25 minutes) the reactiomtune was irradiated further 20 minutes.
The solvent was removed at reduced pressure anctulde product was purified by column
chromatography (30 x 3 cm, SIPE/TBME 7:3).152 (0.2 g, 0.2 mmol, 86 %) was isolated
as an orange solid. This amount was sufficient émyhe mass spectrum.

HRMS (ESI, acetonitrile) calcd. for,@H3sCrisFeQsP.S: 918.0336; found 918.0336.

6 Anionic thia-Fries rearrangement of phenyl triflate tricarbonylchromium
complexes and dicarbonyltriphenyl phosphinechromiuncomplexes

6.1  [Dicarbonyl(2-trifluoromethylsulfonylphenol)tri phenylphosphine]chromium(0)

(150)
4 )
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At —78 °C LDA in THF [prepared from 2.5 M-BuLi (1.36 mL, 3.4 mmol) in hexane and
diisopropyl amine (1.5 mL, 10.2 mmol) in THF (20 yhivas added dropwise over 40 min to
[dicarbonyl(phenyl)triphenyl phosphine]chromium¢@jlate (148) (2.0 g, 3.4 mmol) in THF

(20 mL). The colour changed from orange to deepAéér warming to 0 °C and
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acidification with oxygen free 10 % aqu. HCI (urpiH 6) CHCI, (50 mL) was added, and
the mixture was intensely stirred for 5 min. Affghase separation the organic layer was
collected with a syringe and filtered into a Scklflask through a P4 frit covered with a 5 cm
thick layer of MgSQ. The solvent was removed at reduced pressurelendrude product
was purified by column chromatography (30 x 3 cnQ,SPE/TBME 7:3).150 (1.9 g, 3.2

mmol, 95 %) was isolated as a red solid.

M. p. 150 °C (decompH NMR (400.1 MHz, acetonegll = 4.54 (dJ = 5.8 Hz, 1H, 6-H),
4.65(t,d = 5.5 Hz, 1H, 4H), 4.99 (¢, = 6.7 Hz, 1H, 5-H), 5.74 (d,= 6.0 Hz, 1H, 5-H), 7.43-
7.48 [m, 15H, P(gHs)s] ppm*C NMR (500.1 MHz, acetonesdd = 76.1 (C-6), 76.2 (C-4),
83.3 (C-2), 90.8 (C-5), 96.1 (C-3), 121.3 {Gcr = 326.5 Hz, Ck), 122.6 (C-1), 129.0 (d,
2Jep = 9.2 Hz, PCH), 130.4 (d,3Jcp = 1.7 Hz, PCCHCBH), 133.7 (d,"Jcp = 10.7 Hz,
PCCHCH), 138.7 (d?Jcp= 35.4 Hz PC), 238.9 (Jcp= 21.4 Hz, CO) ppm*'P NMR (162
MHz, CDCk): d= 85.15 ppmIR: i = 2891 (w), 1883 (s, CO), 1823 (s, CO), 1658 (1504
(s), 1411 (s), 1134 (m), 1008 (m), 997 (M) &MS (70 eV):m/z(%): 540 (10) M* — 2CO],
314 (32) [CrPPY, 277 (7) M* — 2CO- PPh], 262 (100) [PP4, 226 (3) M" — 2CO- PPh-
Cr], 184 (80) [PP}], 108 (43) [PPh], 94 (11M" — 2CO- PPh — Cr — SQCF], 77 (21) [Ph],
52 (33) [Cr].
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6.2  [Dicarbonyl(4-methoxy-2-trifluoromethylsulfonylphenol) triphenyl
phosphine]chromium(0) (151)

151

At —78 °C LDA in THF [prepared from 2.5 M-BuLi (1.3 mL, 3.2 mmol) in hexane and
diisopropyl amine (1.5 mL, 10.2 mmol) in THF (20 jhlvas added dropwise over 40 min to
[dicarbonyl(4-methoxy-phenyl)triphenyl phosphinejomium(0) triflate 49 (2.0 g, 3.2
mmol) in THF (20 mL). The colour changed from orarg deep red. After warming to 0 °C
and acidification with oxygen free 10 % aqu. HClt{upH 6) CHCl, (50 mL) was added,
and the mixture was intensely stirred for 5 minteAphase separation the organic layer was
collected with a syringe and filtered into a Scklflask through a P4 frit covered with a 5 cm
thick layer of MgSQ. The solvent was removed at reduced pressurelendrude product
was purified by column chromatography (30 x 3 cnQ,SPE/TBME 7:3).151 (1.9 g, 3.1

mmol, 98 %) was isolated as a red solid.
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M. p. 123 °C (decomp.YH NMR (400.1 MHz, CDGJ): 6= 3.61 (s, 3H, OCH), 3.99-4.01
(m, 1H, 6-H), 4.58-4.61 (m, 1H, 5-H), 5.22 (s, 18;H), 7.38-7.46 [m, 15H,
P(GsHs)slppm*C NMR (400.1 MHz, CDG): J= 56.6 (OCH), 68.2 (C-2), 70.8 (C-6), 76.7
(C-3), 82.6 (C-5), 125.3 (dJc,= 327.8 Hz, CE), 121.2 (C-4), 128.7 (C-1), 128.4 [@cp=
9.2 Hz, PCH), 129.8 (d2Jcp= 2.0 Hz, PCCHCEBH) 133.2 (d,"Jc = 10.9 Hz, PC), 137.3
(d, ®Jcp = 36.3 Hz, PCCBH), 238.0 (d,°Jcp = 20.9 Hz CO) ppm. *P NMR (162 MHz,
CDCly): = 82.26 ppmIR: § = 2932 (w), 2129 (w), 1916 (s, CO), 1850 (s, CT¥81 (m),
1432 (m), 1370 (m), 1201 (s), 1122 (m), 1090 (n@47L(m), 1024 (m), 895 (m), cMS
(70 eV):m/z(%): 570 (11) M* — 2CQJ, 314 (27) [CrPRh 308 (8) M — 2CG- PPh], 262
(100) [PPH], 256 (2) M* — 2CG- PPh- Cr], 184 (64) [PP4, 108 (41) [PPh], 77 (20) [Ph],
52 (35) [Cr].

6.3  Tricarbonyl(2,5-dimethoxy-2-trifluoromethylsufonylphenyl)chromium(0) acetate
(142)
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At —78 °C LDA in THF [prepared from 2.5 M-BuLi (1.0 mL, 2.4 mmol) in hexane and
diisopropyl amine (0.8 mL, 5.0 mmol) in THF (20 nhwas added dropwise over 40 min to
tricarbonyl(2,5-dimethoxyphenyl)chromium(0) trigai{131) (1.0 g, 2.4 mmol) in THF (20
mL). The colour changed from orange to deep reterAfrarming to 0 °C acetyl chloride (5
mL) was added. After addition of water (50 mL) thecture was extracted with GBI, (3 x
50 mL). The collected organic layers were washea @) mL) and dried over anhydrous

MgSQO. After solvent removal at reduced pressure, tbhdeproduct was purified by column
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chromatography (30 x 3 cm, SIPE/TBME 7:3).142 (1.1 g, 2.4 mmol, 99 %) was isolated

as ared oil.

'H NMR (400.1 MHz, CDGJ): 6= 2.32 [s, 3H, C(O)CH), 3.69 (s, 3H, 2-OCH}, 3.78 (s, 3H,
5-OCHs), 4.77 (d,J = 7.1 Hz, 1H, 3-H), 5.79 (dl = 7.2 Hz, 1H, 4-H) ppm°C NMR (400.1
MHz, CDChk): d= 20.6 [C(OTHS3], 57.4 (2-OCH), 58.6 (5-OCH), 65.7 (C-3), 77.9 (C-4),
120.2 (q,"Jc£= 328.0 Hz, CP), 125.2 (C-2), 139.9 (C-5), 168.6 (C-1), 228.9 J@Pm.IR: i

= 3129 (w), 2355 (w), 1985 (s, CO), 1938 (s, CAPA (s, CO), 1785 (m, C=0), 1492 (m),
1426 (m), 1366 (m), 1267 (m), 1207 (s), 1159 (410L(m), 1060 (m), 1033 (m), 879 (M),
844 (w), cmMS (70 eV):m/z (%): 464 (15) M*], 436 (17) M* — COJ, 408 (25) /1" —
2CO], 380 (34) M* — 3CO], 337 (100) NI* — 2CO-COCHg. HRMS:calcd. for
C14H11CrF300S463.9481; found 463.948Q4811:Cr00S (464.29) C 36.22, H 2.39; found: C
36.23, H 2.42.

7 Preparation of 1.2-dihaloferrocenes

7.1  1,2-Dibromoferrocene (313)*

Br Br

41
Fe

313

At —78 °C LITMP in THF [prepared from 1.6 M-BuLi (5.2 mL, 8.3 mmol) in hexane and
2,2,5,5-tetramethyl piperidine (1.6 mL, 9.1 mmal)THF (20 mL)] was added dropwise to
bromoferrocené® 1% (206) (2.00 g, 7.6 mmol) in THF (20 mL). The reactioiixtare was
warmed to — 25 °C and stirred 3 h. After cooling-t@8 °C a solution of Zng0.81 g, 7.6
mmol) in THF (20 mL) was added. The reaction migturas stirred at — 78 °C 1 h.,B0.4
mL, 7.6 mmol) was slowly added. The reaction migtwas warmed up to 25 °C. }03
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(1.87 g, 12.0 mmol) in water (10 mL) was added @nadreaction mixture was stirred for 10
min. After addition of water (50 mL) the mixture svaxtracted with ethyl acetate (3 x 50
mL). The collected organic layers were washed wititer (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SI®E). 1,2-Dibromoferrocen813 (2.21 g, 6.5
mmol, 85 % ) was isolated as red-brown solid, idiedt by comparison with literature data
(*H NMR) 1243

'H NMR (400.1 MHz, CDGJ): 0= 4.14 [t. 1H,J(H;H) = 2.7 Hz, 4-H], 4.27 (s, 5H, Cp’-H),
4.45 [d, 2H,J(H,H) = 2.7 Hz, 3(5)-H] ppm.

7.2 1,2-Diiodoferrocene (265"

41

265

At —78 °C LITMP in THF [prepared from 2.5 MBuLi (8.2 mL, 20.0 mmol) in hexane and
2,2,5,5-tetramethylpiperidine (3.8 mL, 20.2 mmal)TiIHF (50 mL)] was added dropwise to
iodoferrocenB® %% (211) (5.80 g, 19.0 mmol) in THF (50 mL). The reactimixture was
warmed to — 25 °C and stirred 3 h. After cooling-t@8 °C a solution of Zngl2.53 g, 19.0
mmol) in THF (20 mL) was added. The reaction migtwas stirred at — 78 °C 1 h.(#.72 g,
19.0 mmol) was slowly added. The reaction mixtueswarmed up to 25 °C. b&0Os; (3.74

g, 24.0 mmol) in water (10 mL) was added and tlaetien mixture was stirred for 10 min.
After addition of water (50 mL) the mixture was edted with ethyl acetate (3 x 50 mL). The
collected organic layers were washed with watex (30 mL) and dried over anhydrous
MgSQ,. After solvent removal at reduced pressure, thdeproduct was purified by column
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chromatography (30 x 3 cm, SIQPE). 1,2-Diiodoferrocen€65) (7.88 g, 18.0 mmol, 90 % )

was isolated as red solid, identified by comparisith literature datad NMR).1*4?!

'H NMR (400.1 MHz, CDG): = 4.19 (s, 5H, Cp™-H), 4.22 [t. 1H(H;H) = 2.7 Hz, 4-H],
451 [d, 2HJ(H,H) = 2.7 Hz, 3(5)-H] ppm.

7.3  1-Bromo-2-iodoferrocene (322)

Br |

41
Fe
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Method A:

At —78 °C LITMP in THF [prepared from 1.6 M-BuLi (5.2 mL, 8.3 mmol) in hexane and
2,2,5,5-tetramethylpiperidine (1.6 mL, 9.1 mmol)THF (20 mL)] was added dropwise to
bromoferrocené® 1% (206) (2.00 g, 7.6 mmol) in THF (20 mL). The reactioiixtare was
warmed to — 25 °C and stirred 3 h. After cooling-t@8 °C a solution of Zng0.81 g, 7.6
mmol) in THF (20 mL) was added. The reaction migtwas stirred at — 78 °C 1 h.(L.93 g,
7.6 mmol) was slowly added. The reaction mixtures wearmed up to 25 °C. N&O; (1.87
g, 12.0 mmol) in water (10 mL) was added and tlzetien mixture was stirred for 10 min.
After addition of water (50 mL) the mixture was edted with ethyl acetate (3 x 50 mL). The
collected organic layers were washed with watex (30 mL) and dried over anhydrous
MgSQ,. After solvent removal at reduced pressure, thdeproduct was purified by column
chromatography (30 x 3 cm, SICPE). 1-Bromo-2-iodoferrocen84?) (2.64 g, 6.8 mmol, 89

%) was isolated as red-brown solid.
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Method B:

At — 78 °C BuLi in hexane (2.5 M, 3.9 mL, 9.8 mmelas added to a solution of 1,2-
dibromoferrocene3l3) (2 g, 9.8 mmol) in THF (50 mL). The reaction mis¢ was stirred 30
min. I, (2.50 g, 9.8 mmol) was added. The reaction mixtwess warmed up to 25 °C.
NaS;05 (1.87 g, 12.0 mmol) in water (10 mL) was added @edreaction mixture was stirred
for 10 min. After addition of water (50 mL) the mixe was extracted with ethyl acetate (3 x
50 mL). The collected organic layers were washeith wiater (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, &I®E). 1-Bromo-2-iodoferrocen822) (3.74 g,

9.6 mmol, 98 %) was isolated as red-brown solid.

M. p. 59 °C.— H NMR (200.1 MHz, CDGJ)): 0= 4.19 [t. 1HJ(H;H) = 2.7 Hz, 4-H], 4.22 (s,
5H, Cp’-H), 4.42 [dd, 1H,) (H,H) = 2.7 Hz, Cp-H], 4.45 [dd, 1H, (H,H) = 2.7 Hz, Cp-H])
ppm. - *C NMR (400.1 MHz, CDG}, DEPT 90, BB):d = 46.4 (Cp), 68.6 (Cp), 69.9 (Cp),
73.8 (Cp), 73.9 (Cp’), 84.8 (Cp) ppm.R: i = 3095 (w), 1665 (W), 1478 (m), 1464 (s), 1412
(m), 1365 (m), 1368 (m), 1248 (m), 1107 (m), 10i@8,(1018 (w), 1110 (m), 960 (m), 830
(m), 790 (m).— MS (70 eV):m/z (%): 390 (92) M*], 310 (5) M* — Br], 263 (12) 1" — 1],
184 (30) M* — (Br + 1)], 126 (100) [2CP], 56 (15) [F&]. — HRMS calcd. for GoHgBrFel:
389.8203; found 389.820%.Elemental analysis calcd. (%) foidsBrFel: C 30.73, H 2.06;
found: C 31.06, H 2.06.

7.4  1-Bromo-2-fluoroferrocene (324)

Br F
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At — 78 °C BuLi in hexane (2.5 M, 3.9 mL, 9.8 mmelas added to a solution of 1,2-
dibromoferrocene31l3) (2 g, 9.8 mmol) in THF (50 mL). The reaction mis¢ was stirred 30
min. NFSI (3.10 g, 9.8 mmol) was added. The reactioxture was warmed up to 25 °C.
NaS,05 (1.87 g, 12.0 mmol) in water (10 mL) was added @nedreaction mixture was stirred
for 10 min. After addition of water (50 mL) the mixe was extracted with ethyl acetate (3 x
50 mL). The collected organic layers were washeith wiater (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, §i0BME). 1-Bromo-2-fluoroferrocene3g4)
(2.35 g, 8.3 mmol, 85 %) was isolated as yellovidsol

'H NMR (200.1 MHz, CDGJ): 6= 3.80-3.82 (m, 1H, Cp-H), 4.13-4.14 (m, 1H, Cp-K)80
(s, 5H, Cp'-H), 4.32-4.34 (m, 1H, Cp-H) ppm.”*C NMR (400.1 MHz, CDGJ, DEPT 90,
BB): J=54.8 [d,J(C,F) = 58.7 Hz, Cp], 59.4 [d(C,F) = 12,2 Hz, Cp], 63.8 [d(C,F) = 2,3
Hz, Cp], 66.3 [d,J(C,F) = 58,2 Hz, Cp], 72.1 (Cp"), 132.8 [#{C,F) = 539,2 Hz, C-2] ppm-
IR: ¥ = 3098 (W), 1665 (w), 1467 (s), 1411 (m), 1367,(4952 (m), 1107 (m), 1065 (w),
1018 (w), 1002 (m), 973 (m), 822 (m), 799 (MMS (70 eV):m/z(%): 282 (52) M'], 284
(48) [M'], 263 (3) M*™-F], 264 (3) M*-F], 203 (5) M" — Br], 184 (15) M* — (Br + F)], 126
(100) [2CB1, 56 (15) [F&] - HRMS calcd. for GHsBrFFe: 281.9143; found 281.9142
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8 Preparation of ferrocenyl sulfonates

8.1 Ferrocenyl triflate (63)

4 N\
32 R
1 S8
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Water (40 mL) was added to ferrocenyl acétdté203 (0.63 g, 2.6 mmol) in ethanol (60
mL) and the mixture was heated to 70 °C. With isgyrpotassium hydroxide (0.73 g, 13.0
mmol) was added and the mixture was stirred at@@ot 30 min. After cooling to 25 °C
oxygen free 37 % aqu. HCI (ca. 2 mL) was added piihcontrol till pH 6. After addition of
CH.Cl, (50 mL) the mixture was intensely stirred for 5nmiAfter phase separation the
organic layer was collected with a syringe ancrfdt through a P4 frit covered with a 5 cm
thick layer of MgSQ into a Schlenk flask. After solvent removal atueeld pressure the
remaining solid (ferrocenol) was dissolved in £LH (50 mL), and after addition of pyridine
(2.1 mL, 13.0 mmol) the mixture was cooled to —8 With stirring T6O (0.52 mL, 3.1
mmol) was added. The mixture was stirred for 30 atir-78 °C, then for 30 min at 25 °C.
After addition of water (50 mL) the mixture was edted with CHCI, (3 x 50 mL) The
collected organic layers were washed (3 x 20 mld dmed over anhydrous MgQQOAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SIPE/CHCI; 8:2). Ferrocenyl triflate6d) (0.78 g, 2.3 mmol,

90 %) was isolated as a light yellow oil.
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'H NMR (400.1 MHz, [R]acetone):d = 4.15 [t, 2H,J(H,H) = 1.95 Hz, Cp-H], 4.38 (s, 5H,
Cp’-H), 4.68 [t, 2H, J(H,H) = 1.88 Hz, Cp-H] ppm= *C NMR (400.1 MHz, [R]acetone,
DEPT 90, BB):d= 61.8 (Cp), 64.9 (Cp), 70.8 (Cp’), 118.6 t§(C,F) = 321 Hz, C§), 119.2
(C-1) ppm.— IR: § = 2927 (w, Cp-H), 1421 (s), 1250 (m), 1205 (s, ,CGA)38 (s, CF), 1108
(w), 1021 (w), 1003 (w), 921 (s), 848 (s), 826 &7 (W), 701 (w), 669 ci (w). — MS (70
eV): m/z(%): 334 (67) M'], 201 (84) M* — Tf], 173 (49) [CpOSELF'], 148 (24) [OTH],
121 (100) [FeCfl, 95 (9) [SOCE], 80 (22) [SQ'], 64 (24) [SQ'], 56 (37) [F&] — HRMS
calcd. for GiHgF3Fe(QS: 333.9574; found 333.9573. Elemental analysis calcd. (%) for
Ci1iHoFsFeGsS: C 39.55, H 2.72; found: C 39.46, H 2.61.

8.2  Trimethyl[2-(tetrahydropyran-2-yloxy)ferrocenyl]silane (236)

CH
S'./%:HC%
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To a solution of tetrahydropyran-2-yloxyferroce@83**¥ (1.62 g, 5.7 mmol) in EO (50
mL), n-BuLi solution in hexane (2.5 M, 2.5 mL, 6.2 mmolxsvadded at — 78°C. The reaction
mixture was stirred for 2 h. M8ICl (0.78 mL, 6.2 mmol) was added. The mixture si@sed

for 30 min at —78 °C, then for 30 min at 25 °C.ekfaddition of water (50 mL) the mixture
was extracted with PE (3 x 50 mL). The collectedamic layers were washed (3 x 20 mL)
and dried over anhydrous MgaQAfter solvent removal at reduced pressure, theler
product was purified by column chromatography (3@ xm, SiQ, PE). Trimethyl[2-
(tetrahydro-pyran-2-yloxy)ferrocenyl]silan236) (1.94 g, 5.4 mmol, 95 %) was isolated as an

orange oil.
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'H NMR (400.1 MHz, CDGJ): 6= 0.28 (s, 9H, 6-H), 1.55-1.89 (m, 6H, THP-B)96 [t,
1H, J(H,H) = 2.47 Hz, Cp-H], 4.04-4.18 (m, 8H, Cp-H, €& THP-H), 4.42-4.44 (m, 1H,
Cp-H), 4.89 [t, 1H,J(H,H) = 2.35 Hz, 7-H] ppm= *C NMR (400.1 MHz, CDGJ, DEPT 90,
BB): 5= -0.1 (C-6), 18.8 (C-9), 25.6 (C-10), 30.8 (C-83.3 (Cp), 59.2 (C-11), 59.8 (Cp),
61.9 (Cp’), 64.6 (Cp), 67.2 (Cp), 99.1 (C-7), 126102) ppm.— IR: i = 3092 (w), 2948 (m,
Cp-H), 1437 (s), 1412 (s), 1316 (m), 1241 (s), 1@0) 1111 (s), 1004 (s), 957 (s), 914 (m),
833 (s), 811 (s), cm — MS (70 eV):m/z(%): 358 (52) M*], 274 (100) M* — THP]- HRMS
calcd. for GgHosFeSi: 358.1051; found 358.1046. Elemental analysis calcd. (%) for
CigH26FeO:Si: C 60.33, H 7.31; found: C 60.31, H 7.32.

8.3  o-Trimethylsilylferrocenyl triflate (229)
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Trimethyl[2-(tetrahydropyran-2-yloxy)ferrocenyllaite 36) (1.94 g, 5.4 mmol) was solved
in ethanol and 3/ hydrochloric acid (30 mL) was added. The mixtures\stirred for 1 h and
diluted with water (50 mL). After addition of GBI, (50 mL) the mixture was intensely
stirred for 5 min. After phase separation the orgdayer was collected with a syringe and
filtered through a P4 frit covered with a 5 cm thiayer of MgSQ into a Schlenk flask. After
solvent removal at reduced pressure the remairohd was dissolved in C¥Cl, (50 mL),
and after addition of pyridine (1.1 mL, 13.0 mmthig mixture was cooled to —78 °C. With
stirring THO (0.52 mL, 6.5 mmol) was added. The mixture wasest for 30 min at —78 °C,

then for 30 min at 25 °C. After addition of wat&0(mL) the mixture was extracted with
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CH.Cl; (3 x 50 mL). The collected organic layers were ek (3 x 20 mL) and dried over
anhydrous MgSQ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SIGE/CHCI; 8:2). Theo-trimethylsilylferrocenyl
triflate (229 (2.17 g, 5.4 mmol, 99 %) was isolated as a ligibyeoil.

'H NMR (400.1 MHz, CDGJ): = 0.33 (s, 9H, 6-H), 3.9, 1H,J(H,H) = 1.25 Hz, Cp-H],
4.17 [t, 1H, J(H,H) = 2.6 Hz, Cp-H], 4.69 (s, 5H, Cp’-H), 4.69 (&H, Cp-H) ppm- °C
NMR (400.1 MHz, CDGJ, DEPT 90, BB):d = -0.2 (C-6), 63.1 (Cp), 65.3 (Cp), 66.7 (Cp),
69.4 (Cp), 70.5 (Cp’), 118.5 (§J(C,F) = 320.4 Hz, C§, 123.6 (C-1) ppm= IR: i = 2939
(m, Cp-H), 1429 (s), 1368 (w), 1205 (s), 1130 &35 (s), 844 (s), 820 (s), 833 (s), 811 (s)
cmt - HRMS (ESI, acetonitrile) calcd. foriH:7/FsFeQSSi: 405.9969; found 405.9988.
Elemental analysis calcd. (%) fof&;7/FsFeQ;SSi: C 41.39, H 4.22; found: C 41.31, H 4.24.

8.4  Tributyl-[2-(tetrahydro-pyran-2-yloxy)-ferrocen yl]-stannane (256)
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To a solution of tetrahydropyran-2-yloxyferroce283!**® (2.90 g, 10.2 mmol) in ED (50
mL), n-BuLi solution in hexane (2.5 M, 4.5 mL, 11.2 mmelps added at — 78 °C. The
reaction mixture was warmed to 25 °C and stirred2fd. The reaction mixture was cooled to
— 78 °C and Bs5SnCl (3.2 mL, 11.2 mmol, 95 %) was added. The mextuas stirred for 30
min at —78 °C, then for 30 min at 25 °C. After aanoi of water (50 mL) the mixture was
extracted with PE (3 x 50 mL). The collected orgdaiyers were washed with water (3 x 20

mL) and dried over anhydrous Mga@fter solvent removal at reduced pressure, thder
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product was purified by column chromatography (303xcm, SiQ, PE). Tributyl[2-
(tetrahydropyran-2-yloxy)ferrocenyl]stannargs ) (5.59 g, 9.7 mmol, 95 %) was isolated as
ared olil.

'H NMR (400.1 MHz, CDG)): 6= 0.92 [t, 9H,J(H,H) = 7.2, 15-H], 1.05-1.12 (m, 6H, Bu-
H), 1.26-1.51 (m, 6H, Bu-H), 1.57-1.90 (m, 12H, BuTHP-H), 3.66-3.71 (m, 2H, THP-H),
3.98 [t, 1H,J(H,H) = 2.56 Hz, Cp-H], 4.05-4.09 (m, 2H, THP-H)14 (s, 5H, Cp’-H), 4.35-
4.43 (m, 1H, Cp-H), 4.46-4.48 (m, 1H, Cp-H), 4.871H,J(H,H) = 2.56 Hz, 7-H] ppm= *C
NMR (400.1 MHz, CDQ, DEPT 90, BB):d= 10.5 (C-12), 13.9 (C-15), 18.7 (C-9), 25.6 (C-
10), 27.6 (C-14), 29.4 (C-13), 30.7 (C-8), 58.61(0); 61.8 (Cp), 65.2 (Cp), 67.9 (Cp), 68.3
(Cp), 68.8 (Cp’), 99.1 (C-7), 130.0 (C-2) ppmIR: { = 2953 (s Cp-H), 2924 (s Cp-H), 2871
(m), 2852 (m), 1652 (w), 1435 (s), 1399 (w), 13§, (1355 (w), 1316 (m), 1236 (w), 1202
(m), 1182 (w), 1153 (w), 1113 (s), 1074 (m), 108), 1020 (s), 999 (s), 987 (m), 844 (m),
832 (s) cm’. — MS (70 eV):m/z (%): 576 (63) M*], 519 (23) M* — Bu], 491 (51) \* -
THP], 434 (85)M™ - (THP + Bu)], 405 (15)M" - 3 Bu], 377 (10) " - (THP + 2 Bu)], 320
(69) [M* — (THP + 3 Bu)], 291 (11) [SnBt], 200 (39) [FcO], 120 (16) [Sf], 85 (100)
[THP'], 56 (35) [F€]. - HRMS calcd. for GHiFeQSn: 576.1713; found 576.1708.
Elemental analysis calcd. (%) fopE44FeGSn: C 56.38, H 7.71; found: C 54.88, H 7.68.

8.5 2-Tributylstannylferrocenyl triflate (255)
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Tributyl[2-(tetrahydropyran-2-yloxy)ferrocenyl]staame 256) (1.20 g, 2.1 mmol) was solved
in ethanol and 3/ hydrochloric acid (30 mL) was added. The mixtureswtrred for 1 h and
diluted with water (50 mL). After addition of GBI, (50 mL) the mixture was intensely
stirred for 5 min. After phase separation the orgdayer was collected with a syringe and
filtered through a P4 frit covered with a 5 cm thiayer of MgSQ into a Schlenk flask. After
solvent removal at reduced pressure the remairofid was dissolved in C¥Cl, (50 mL),
and after addition of pyridine (0.8 mL, 10.0 mmthig mixture was cooled to —78 °C. With
stirring THO (0.42 mL, 2.5 mmol) was added. The mixture wasest for 30 min at —78 °C,
then for 30 min at 25 °C. After addition of wat&0(mL) the mixture was extracted with
CH.Cl, (3 x 50 mL). The collected organic layers were hesswith water (3 x 20 mL) and
dried over anhydrous MgSOAfter solvent removal at reduced pressure, thelemproduct
was purified by column chromatography (30 x 3 cmQ.SPE/CHCI, 8:2). 2-Tributylstannyl
ferrocenyl triflate 255 (1.30 g, 2.1 mmol, 99 %) was isolated as a hgitiow oil.

'H NMR (400.1 MHz, CDGJ): = 0.93 (t, 9H,J = 7.15 Hz, 10-H), 1.04-1.7pn, 18H, Bu-
H], 3.82 [q, 1H,J(H,H) = 1.28 Hz, Cp-H], 4.17 [t, 1H)(H,H) = 2.54 Hz, Cp-H], 4.25 (s,
5H, Cp’-H), 4.68 (s, 1H, Cp-H) ppm- *C NMR (400.1 MHz, CDGJ DEPT 90, BB):J = -
10.7 (C-7), 13.8 (C-10), 27.5 (C-9), 29.2 (C-8),668Cp), 62.0 (Cp), 63.2 (Cp), 67.3 (Cp),
70.2 (Cp’), 118.6 (q'J(C,F) = 320.8 Hz, C-6), 124.9 (C-1) ppmIR: ¥ = 2957 (m Cp-H),
2924 (m Cp-H), 2854 (m), 1464 (w), 1421 (m), 13a§,(1248 (m), 1209 (s), 1141 (s), 1108
(w), 1073 (w), 1028 (w), 1002 (w), 998 (s), 980 (M43 (m), cm’. - HRMS (ESI,
acetonitrile) calcd. for gHssFsFeGSSn: 624.0630; found 624.0638.Elemental analysis
calcd. (%) for GsHasFsFeQSSn: C 44.33, H 5.66; found: C 44.61, H 5.87.
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8.6  2-(2-lodoferrocenoxy)tetrahydropyran (259)

To a solution of tributyl[2-(tetrahydropyran-2-ylperrocenyl]stannane266) (2.00 g, 3.5
mmol) in CHCI, (20 mL) was added iodine (1.00 g, 3.9 mmol). Téaction mixture was
stirred for 1 h. Ng5,03; (0.55 g, 3.5 mmol) in water (10 mL) was added #mal reaction
mixture was stirred for 10 min. After addition ofater (50 mL) the mixture was extracted
with PE (3 x 50 mL). The collected organic layemrgvwashed with water (3 x 20 mL) and
dried over anhydrous MgSOAfter solvent removal at reduced pressure, thelemproduct
was purified by column chromatography (30 x 3 c¢cmjO,S PE). 2-(2-
iodoferrocenoxy)tetrahydropyra@g9) (1.44 g, 3.5 mmol, 100 %) was isolated as red solid

'H NMR (400.1 MHz, CDG)): d= 1.61-2.04 (m, 6H, THP-H), 3.98 [t, 1B(H,H) = 2.73 Hz,
Cp-H], 4.09-4.16 (m, 3H, Cp-H, THP-H), 4.19 (s, &), 4.32-4.33 (m, 1H, Cp-H), 4.87 [t,
1H, J(H,H) = 3.24 Hz, 7-H] ppm= **C NMR (400.1 MHz, CDG| DEPT 90, BB):5= 18.9
(C-9), 25.5 (C-10), 30.7 (C-8), 57.5 (C-11), 62p), 63.5 (Cp), 68.4 (Cp), 71.5 (Cp’), 67.2
(Cp), 100.6 (C-7), 122.8 (C-2) ppm.IR: P = 3093 (w), 2941 (m Cp-H), 2871 (m Cp-H),
1456 (s), 1348 (m), 1247 (m), 1202 (m), 1112 (§}7AL(w), 1026 (s), 972 (s), 970 (s), 906
(s), 872 (m), 815 (s) cth — HRMS (ESI, acetonitrile) calcd. for,gHi/FelO,: 411.9623;
found 326.8969NI" — THP). — Elemental analysis calcd. (%) fors8:/FelOy: C 43.72, H
4.16; found: C 43.62, H 4.18.
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8.7 1-lodo-2-methoxy ferrocene (258)
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Method A:

Methoxyferrocen&” (226) (0.50 g, 2.3 mmol) was dissolved in THF (250 mahd after
addition of KOBu (0.26 g, 2.3 mmol) the mixture was cooled to =8 With stirring the
solution ofn-BuLi in hexane (2.5 M, 0.9 mL, 2.3 mmol) was addéde mixture was stirred
for 2 h at —78 °C, then, (1.16 g, 4.6 mmol) was added and the reactionurexivas stirred
for 30 min. After addition of N&,0s; (0.47 g, 3.5 mmol) in water (10 mL) the reaction
mixture was warmed to 25 °C and stirred for 10 nAifter addition of water (50 mL) the
mixture was extracted with TBME (3 x 50 mL). Thellected organic layers were washed
with water (3 x 20 mL) and dried over anhydrous M@gSAfter solvent removal at reduced
pressure, the crude product was purified by colwhromatography (30 x 3 cm, SIO
PE/TBME 7:3) 1-iodo-2-methoxyferrocen258) (0.50 g, 1.5 mmol, 64 %) was isolated as a

red oil.

Method B:

2-(2-iodoferrocenoxy)tetrahydropyra@s9 (1.44 g, 3.5 mmol) was dissolved in ethanol and
3 M hydrochloric acid (30 mL) was added. The mixtureswstrred for 1 h and diluted with
water (50 mL). After addition of C¥l, (50 mL) the mixture was intensely stirred for Smi
After phase separation the organic layer was deitbwith a syringe and filtered through a P4
frit covered with a 5 cm thick layer of MgQ@to a Schlenk flask. After solvent removal at
reduced pressure the remaining solid was dissatvddHF (50 mL). At 25 °C NaH (0.18 g,
6.0 mmol, 80 % in mineral oil) was added. The solutvas stirred for 1 h at 25 °C the colour
changing from light yellow to red. After additiof le,SO, (0.33 mL, 3.5 mmol) the mixture
was heated at reflux 24 h. Then 20 % aqu. KOH (RDpwas added at 25
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°C, and the mixture was heated at reflux for 1 lorider to eliminate unconsumed A&©.
After addition of water (50 mL) the mixture was edted with ethyl acetate (3 x 50 mL). The
collected organic layers were washed with watex (30 mL) and dried over anhydrous
MgSQ,. After solvent removal at reduced pressure theecprdduct was purified by column
chromatography (30 x 3 cm, SIQPE/TBME 7:3). 1-iodo-2-methoxyferrocerigbg) (1.19 g,

3.5 mmol, 99 %) was isolated as a red oil.

H NMR (400.1 MHz, CDGJ): 0= 3.72 (s, 3H, 6-H), 3.9, 1H, J(H,H)= 2.60 Hz, Cp-H],
4.07 [q, 1H,J(H,H) = 1.29 Hz, Cp-H], 4.16 [s, 1H, Cp-H], 4.19 &H, Cp’-H) ppm.—- :°C
NMR (400.1 MHz, CDGJ, DEPT 90, BB):0= 51.8 (C-6), 58.4 (Cp), 62.5 (Cp), 68.6 (Cp),
71.4 (Cp’), 71.5 (Cp), 126.3 (C-2) ppm.IR: § = 3093 (m), 2928 (s Cp-H), 2856 (s Cp-H),
1720 (w), 1483 (s), 1458 (s), 1416 (s), 1369 (rAhAL(s), 1203 (w), 1108 (m), 1071 (s), 1044
(s), 1020 (s), 975 (m), 947 (m), 908 (m), 872 (806 (s) cm*. — HRMS (ESI, acetonitrile)
calcd. for GiHiiFelO: 341.9204; found 341.849% Elemental analysis calcd. (%) for
Ci1Hi1FelO: C 38.64, H 3.24; found: C 38.61, H 3.27.

8.8  2-Methoxyferrocenyl acetate (260)
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To a solution of 1-iodo-2-methoxyferrocersg (1.19 g, 3.5 mmol) in acetonitrile (50 mL)
was added GO (0.61 g, 4.2 mmol) and acetic acid (0.63 mL, 0g6010.5 mmol). The
reaction mixture was heated at reflux 3 h. Aftediidn of water (50 mL) the mixture was
extracted with ethyl acetate (3 x 50 mL). The ailie organic layers were washed with water

(3 x 20 mL) and dried over anhydrous MgS@fter solvent removal at reduced pressure the
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crude product was purified by column chromatograf@d/x 3 cm, SiQ PE/TBME 3:7). 2-

methoxyferrocenyl acetat@g0 (0.85 g, 3.1 mmol, 89 %) was isolated as a rdid.so

M. p. 36 °C,*H NMR (400.1 MHz, CDGJ): d= 2.23 (s, 3H, 8-H), 3.6%, 1H, J(H,H)= 2.88
Hz, Cp-H], 3.69 (s, 3H, 6-H), 3.91q, 1H,J(H,H) = 1.46 Hz, Cp-H], 4.19[q, 1H,J(H,H) =
1.42 Hz, Cp-H], 4.26 (s, 5H, Cp’-H) ppm.*C NMR (400.1 MHz, CDG}, DEPT 90, BB):0

= 21.2 (C-8), 49.7 (C-6), 55.3 (Cp), 57.0 (Cp), F8(2p), 69.8 (Cp’), 105.1 (C-1), 118.0 (C-
2), 169.5 (C-7) ppm= IR: & = 3099 (w), 2940 (m Cp-H), 1755 (s), 1507 (s), 14%), 1422
(m), 1369 (m), 1286 (m), 1202 (s), 1125 (s), 102, 892 (m), 818 (w) cit — MS (70 eV):
m/z(%): 274 (41) "], 231 (100) M* — Ac], 121 (25) [FeC}j, 56 (22) [Fé]. - HRMS calcd.
for CisHusFeQs: 274.0292; found 274.029%.Elemental analysis calcd. (%) for814FeCs:

C 56.97, H 5.15; found: C 55.30, H 5.22.

8.9  2-Methoxy ferrocenyl triflate (257)
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Water (40 mL) was added to 2-methoxyferrocenylateef60) (0.85 g, 3.1 mmol) in ethanol
(60 mL) and the mixture was heated to 70 °C. Wthisg potassium hydroxide (0.87 g, 15.5
mmol) was added and the mixture was stirred at@@ot 30 min. After cooling to 25 °C
oxygen free 37 % aqu. HCI (ca. 4 mL) was added wiihcontrol till pH 6. After addition of
CH.Cl, (50 mL) the mixture was intensely stirred for 5nmiAfter phase separation the
organic layer was collected with a syringe anckifdd through a P4 frit covered with a 5 cm
thick layer of MgSQ into a Schlenk flask. After solvent removal at reell pressure the
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remaining solid was dissolved in @El, (50 mL), and after addition of pyridine (1.2 mL,
15.5 mmol) the mixture was cooled to —78 °C. Wiilriag Tf,0O (0.62 mL, 3.7 mmol) was
added. The mixture was stirred for 30 min at —78th@&n for 30 min at 25 °C. After addition
of water (50 mL) the mixture was extracted withygétacetate (3 x 50 mL). The collected
organic layers were washed with water (3 x 20 mig dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SICPE/CHCI, 8:2). 2-Methoxyferrocenyl triflate267) (1.13
g, 3.1 mmol, 99 %) was isolated as an orange solid.

M. p. 38 °C.- 'H NMR (400.1 MHz, [R]acetone):d = 3.77 (s, 3H, 6-H), 3.88, 1H,
J(H,H)= 2.95 Hz, Cp-H], 4.23q, 1H, J(H,H) = 1.50 Hz, Cp-H], 4.39 (s, 5H, Cp’-H), 4.42
[, 1H,J(H,H) = 1.42 Hz, Cp-H] ppm= *C NMR (400.1 MHz, [R]acetone, DEPT 90, BB):
0=51.1 (C-6), 56.6 (Cp), 57.3 (Cp), 58.9 (Cp), 7Cp"), 110.7 (C-1), 119.5 (qC,F) =
320.2 Hz, C-7), 121.1 (C-2) ppm.IR: i = 3398 (W), 2954 (m Cp-H), 1772 (m), 1727 (m),
1514 (m), 1421 (s), 1284 (w), 1212 (s), 1139 ($1,0L(m), 1043 (M), 992 (w), 861 (m) tm
- HRMS (ESI, acetonitrile) calcd. for 1€H;:FsFeQS: 363.9680; found 363.967F
Elemental analysis calcd. (%) fof8,FsFeQS: C 39.58, H 3.04; found: C 39.60, H 3.07.

8.10 1,2-Ferrocenediyl diacetate (263)
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To a solution of 1,2-diiodoferrocenegb) (0.60 g, 1.4 mmol) in acetonitrile (50 mL) was
added CpO (0.48 g, 3.4 mmol) and acetic acid (0.53 mL, 0g5B.4 mmol). The reaction

mixture was heated at reflux 3 h. After additionnaiter (50 mL) the mixture was extracted

182



Experimental section

with ethyl acetate (3 x 50 mL). The collected oigdayers were washed with water (3 x 20
mL) and dried over anhydrous Mga@\fter solvent removal at reduced pressure theecrud
product was purified by column chromatography (3@ xm, SiQ, PE/TBME 3:7). 1,2-
ferrocenediyl acetat@63) (0.37 g, 1.2 mmol, 88 %) was isolated as a réid.so

'H NMR (400.1 MHz, CDG)): d= 2.22 (s, 6H, 7-H), 3.8]t, 1H, J(H,H)= 2.92 Hz, 4-H],
4.21 (s, 5H, Cp’-H), 4.34d, 2H,J(H,H) = 2.95 Hz, 3(5)-H] ppm= *C NMR (400.1 MHz,
CDCls, DEPT 90, BB):d= 21.2 (C-7), 57.4 [C-3(5)], 57.7 (C-4), 70.8 (§;{106.8 [C-1(2)],
168.9 (C-6) ppm- IR: § = 3074 (w), 1755 (s), 1480 (m), 1435 (w), 1370,(4B78 (w),
1203 (s), 1104 (m), 1029 (m), 1006 (m), 893 (m)} &h) cm™. - HRMS (ESI, acetonitrile)
calcd. for G4Hi4FeQy: 302.0241; found 302.0232 Elemental analysis calcd. (%) for
Ci14H14FeQ: C 55.66, H 4.67; found: C 55.11, H 4.69.

8.11 2-Trifluoromethanesulfonyloxy-ferrocenyl acette (261) and 1,2-Ferrocendiyl
ditriflate (264)
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To a solution of 1,2-ferrocenediyl diacetag6® (0.19 g, 0.6 mmol) in EO (50 mL) was
added a solution of MeLi in hexane (1.6 M, 0.4 L6 mmol) at — 78 °C. The reaction
mixture was stirred 30 min. With stirring 20 (0.2 mL, 0.8 mmol) was added. The mixture
was stirred for 30 min at —78 °C, then for 30 mir2&a °C. After addition of water (50 mL)
the mixture was extracted with ethyl acetate (3 x125. The collected organic layers were

washed with water (3 x 20 mL) and dried over anbydrMgSQ. After solvent removal at
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reduced pressure, the crude product was purified¢dbymn chromatography (30 x 3 cm,
SiO,, PE/CHCI, 8:2).

I 2-trifluoromethanesulfonyloxy acetat2ql) (0.18 g, 0.46 mmol, 76 %) was isolated

as a light yellow oil.

'H NMR (400.1 MHz, [R]acetone):d= 2.24 (s, 3H, 8-H), 4.0R, 1H, J(H,H)= 3.07 Hz, Cp-
H], 4.26 [t, 1H,J(H,H) = 3.07 Hz, Cp-H], 4.41-4.43 (m, 6H, Cp’-H, €&p).ppm.- **C NMR
(400.1 MHz, [QJacetone, DEPT 90, BBY = 21.0 (C-8), 57.9 (Cp), 59.1 (Cp), 59.2 (Cp),
72.5 (Cp’), 111.2 (C-2), 111.5 (C-1), 119.5 C,F) = 320.1 Hz, C-6), 168.8 (C-7) ppm.
HRMS (ESI, acetonitrile) calcd. for,@H11FFeGS: 391.9629; found 391.9610.
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Il 1,2-Ferrocendiyl ditriflate 264) (0.04 g, 0.07 mmol, 12 %) was isolated as a light

yellow oil.

'H NMR (400.1 MHz, [R]acetone):d= 2.24 (s, 3H, 8-H), 4.0@, 1H, J(H,H)= 3.07 Hz, Cp-
H], 4.26 [t, 1H, J(H,H) = 3.07 Hz, Cp-H], 4.41-4.43 (m, 6H, Cp’-H, E&). ppm- *C NMR
(400.1 MHz, [Qyacetone, DEPT 90, BB) = 59.7 (Cp), 60.1 (Cp), 73.9 (Cp), 111.9 [C-
1(2)], 119.4 (q,J(C,F) = 319.9 Hz, C-6) ppm- HRMS (ESI, acetonitrile) calcd. for
Ci2HgFsFeS,: 481.9016; found 481.9016.
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8.12 Ferrocenecarboxylic acid (267"
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At 10 °C a solution of NaOH/Biin Water [prepared from 50 mL water, NaOH (36.820.0
mmol), and Bs (14.1 mL, 275.8 mmol)] was added slowly to a dolutof acetylferrocene
(205 (21 g, 92.1 mmol) in dioxan/water 1:1 (200 mLuridg the reaction the temperature
should not exceed 10 °C. If a precipitation is forghdioxane has to be added (in general 3 x
20 mL). After addition the reaction mixture wagretil for 1 h. NgS,03 (7.90 g, 50.0 mmol)

in water (10 mL) was added and the reaction mixivae stirred for 10 min. After addition of
water (50 mL) and acidification by addition of 20&4u. HCI (until pH 6) the mixture was
extracted with ethyl acetate (3 x 50 mL). The aiblie organic layers were washed with water
(3 x 20 mL) and dried over anhydrous MgS@fter the solvent removal errocene carboxylic
acid 67) (20.00 g, 87.5 mmol, 95 %) was isolated as red powidentified by comparison
with literature data’d NMR).1%"!

'H NMR (400.1 MHz, CDCI3):d = 4.26[s, 5H, Cp’-H], 4.47[t, 2H, J(H,H) = 1.70 Hz, Cp-
H], 4.86 [t, 2H,J(H,H) = 2.01 Hz, Cp-H] ppm.
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8.13 2-Methylferrocenecarboxylic acid (268)°" 174 17!

Ferrocene carboxylic aci@§?) (3.0 g, 13.1 mmol) in THF (140 mL) was cooled—+@8 °C.
To this clear red solution was adds®uLi (1.6 M in cyclohexane, 16.4 mL, 26.2 mmol)
during 10 min and the resulting suspension wasestiantil the solid was redissolved (about 2
h). Then Mel (1.86 g, 0.82 mL, 13.1 mmol) was added the solution was allowed to warm
slowly to 25 °C. After addition of water (50 mL) cgacidification by addition of 20 % aqu.
HCI (until pH 6) the mixture was extracted with gtlacetate (3 x 25 mL). The collected
organic layers were washed with water (3 x 20 mig dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SICPE/TBME 3:7). 2-Methylferrocene carboxylic ackb8)
(2.56 g, 10.5 mmol, 80 %) was isolated as a yelswld, identified by comparison with
literature data’d NMR).1274 17

'H NMR (200 MHz, CDCY): 6= 2.30 (s, 3H, CH), 4.18 (s, 5H, Cp™-H), 4.31 [t, 1H(H,H)

= 2.6 Hz, Cp-H], 4.38 [t, 1HJ (H,H) = 1.9 Hz, Cp-H], 4.79 [dd, 1H] (H,H) = 1.6 Hz,J
(H,H) = 2.6 Hz, Cp-H] ppm.
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8.14 2,5-Dimethylferrocene carboxylic acid (269)

4 \
OH 5
o=§ 1 2 :CH3
3
H3C6: | 4
é?
269
. J/

2-Methylferrocene carboxylic aci@§8) (2.56 g, 10.5 mmol) in THF (140 mL) was cooled to
— 78 °C. To this red solution was addeBuLi (1.6 M in cyclohexane, 13.2 mL, 21.0 mmol)
during 10 min and the resulting suspension wasestiantil the solid was redissolved (about 2
h). Then Mel (1.49 g, 0.66 mL, 10.5 mmol) was added the solution was allowed to warm
slowly to 25 °C. After addition of water (50 mL) cgacidification by addition of 20 % aqu.
HCI (until pH 6) the mixture was extracted with gtlacetate (3 x 25 mL). The collected
organic layers were washed with water (3 x 20 mig dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SIOPE/TBME 3:7). 2,5-Dimethylferrocenecarboxylic @ci
(269 (1.63 g, 6.3 mmol, 60 %) was isolated as a yellolids

'H NMR (200 MHz, CDCY): d= 2.56 (s, 6H, Ch), 4.11 (s, 5H, Cp’-H), 4.25 [s, 2H, 3(4)-H]
ppm. —C NMR (100 MHz, CDJ ): d= 15.5 (C-6), 67.7 [C-2(5)], 71.4 (Cp’), 72.0 [C-
3(4)], 87.8 (C-1), 180.4 (C-7) ppm.IR: § = 2589 (br, OH), 1671 (s, CO), 1435 (m), 1303
(m), 1257 (s), 1102 (m),), 814 (m) cm HRMS (ESI, acetonitrile): calcd. for:1gH14FeQ
258.0343; found: 258.034%1.Elemental analysis calcd. (%) foi#14FeG: C 60.50, H 5.47;
found: C 60.55, H 5.56.
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8.15 1,2,3-Trimethylferrocene (270)

To a solution of 2,5-dimethylferrocene carboxylmda(269 (1.63 g, 6.3 mmol) in CCl,
(20 mL) was added BHSMe (0.98 g, 1.20 mL, 12.6 mmol). The reaction mixtuvas
stirred at 25 °C for 78 h. After addition of wa{®) mL) the mixture was extracted with PE
(3 x 25 mL). The collected organic layers were veastith water (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SI®E). 1,2,3-Trimethylferrocen270 (1.07 g,

4.7 mmol, 75 %) was isolated as a yellow oil.

'H NMR (400.1 MHz, CDGJ): o= 1.87 (s, 9H, 6-H, 7-H), 3.94, 7H, 4(5)-H, Cp-H]- *C
NMR (400.1 MHz, CDGJ, DEPT 90, BB):d = 11.5 (C-7), 13.7 (C-6), 66.7 [C-4(5)], 70.5
(Cp), 82.9 (C-2), 83.1 [C-1(3)] ppm- IR: I = 3021 (w), 2920 (s, Cp-H), 2854 (Cp-H), 1465
(m), 1382 (m), 1295 (w), 1105 (m), 1029 (m), 108%),(893 (s), cm — MS (70 eV):m/z
(%): 228 (100) M'], 213 (8) M* — CHg], 163 (12) M* - Cp], 121 (18) [FeCf), 56 (15)
[Fe']. - HRMS calcd. for GsHigFe: 228,0601; found 228,0599.Elemental analysis calcd.
(%) for Ci3Hi6Fe: C 68.45, H 7.07; found: C 68.53, H 7.10.
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8.16 2,3,4-Trimethyl(chloromercury)ferrocene (271)

8 6
HSC 3 2 CH3

P
H3C73 z HgCl

|
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<

271

To a solution of 1,2,3-trimethylferrocene (1.636¢3 mmol) in toluene (50 mL) was added a
solution of Hg(OAc) (2.0 g, 6.3 mmol) in methanol (15 mL). The reactmixture was
stirred at 25 °C 48 h. After this time a solutioh lO0Cl (0.3 g, 7.0 mmol) in 10 mL
ethanol/water (1:1) was added and the reactionumgxtvas stirred at 25 °C 24 h. After
addition of water (50 mL) the mixture was extractgth CH,Cl, (3 x 25 mL). The collected
organic layers were washed with water (3 x 20 mig dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the mixture tled desired 2,3,4-trimethyl
chloromercuryferrocene2{l) and higher mercurated compounds was isolated hght
yellow powder, which was used for the next reactidme full characterization &71was not
possible. A very small amount 871 could be isolated by washing of the crude mixiuit
PE (3 x 100 mL) After removal of PE at reduced pues, the 2,3,4-trimethyl chloromercury-
ferrocene 271) was isolated as a yellow powder. This amount wafiicient for the

spectroscopic characterization except'fi@NMR and IR.

'H NMR (400.1 MHz, CDG)): o= 1.83 (s, 9H, 6-H, 7-H, 8-H), 4.08, 5H, Cp-H), 4.24 (s,
1H, 5-H) ppm.— MS (70 eV):m/z (%): 464 (63) M"], 227 (100) M* — HgClI], 121 (60)

[FeCp], 106 (41) [CpMeg'], 56 (40) [F€], — HRMS calcd. for @H:sCIFeHg: 463.9918;
found 463.9914- Elemental analysis calcd. (%) for#:5sCIFeHg: C 33.71, H 3.26; found:
C 33.76, H 3.06.
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8.17 1-lodo-2,3,4-trimethyl ferrocene (272)

7 6
H3C_3 2 _CHs
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272

To the solution of the mixture of the 2,3,4-trim@tbhloromercuryferrocene€2f1) and higher
mercurated compoundside suprg in CHCI, was addedI(3.0 g, 11.8 mmol) The reaction
mixture was stirred for 1 h. N&0O; (1.87 g, 12.0 mmol) in water (10 mL) was added ted
reaction mixture was stirred for 10 min. After adsh of water (50 mL) the mixture was
extracted with PE (3 x 50 mL). The collected orgdayers were washed with water (3 x 20
mL) and dried over anhydrous Mga@\fter solvent removal at reduced pressure, theer
product was purified by column chromatography (3@B>xm, SiQ, PE). 1-lodo-2,3,4-
trimethylferrocene272) [0.33 g, 0.94 mmol, 15 % (reffering &0 as the starting materiél)

was isolated as yellow oil.

'H NMR (400.1 MHz, [R]acetone):d= 1.89 (s, 3H, Ch), 1.95 (s, 3H, Ch), 1.98 (s, 3H,
CHs), 3.85 (s, 1H, 5-H), 3.9(s, 5H, Cp-H)~ *C NMR (400.1 MHz, CDGJ, DEPT 90, BB):
0=9.3 (C-7), 10.9 (C-6), 13.3 (C-8), 45.2 (C-19,3(Cp), 70.9 (Cp), 72.6 (Cp’), 72.7 (Cp),
75.7 (Cp) ppm= IR: ¥ = 3086 (w), 2947 (s, Cp-H), 2908 (Cp-H), 1703 (W64 (m), 1378
(m), 1340 (m), 1243 (m), 1144 (w), 1102 (m), 1089, @94 (s), 906 (w), 812 (s) Ch-
HRMS (ESI, acetonitrile) calcd. for ;6H;sFel: 353.9568; found 353.9565. Elemental
analysis calcd. (%) for gHieFe: C 44.11, H 4.27; found: C 43.53, H 5.12.
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8.18 2,3,4-Trimethylferrocenyl acetate (273)
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To a solution 1-iodo-2,3,4-trimethylferrocen27g) (0.33 g, 0.94 mmol) in acetonitrile (50
mL) was added GO (0.16 g, 1.13 mmol) and acetic acid (0.16 mL7Q12.8 mmol). The
reaction mixture was heated at reflux 3 h. Afteritoid of water (50 mL) the mixture was
extracted with ethyl acetate (3 x 50 mL). The aike organic layers were washed with water
(3 x 20 mL) and dried over anhydrous MgS@®fter solvent removal at reduced pressure the
crude product was purified by column chromatograf@y x 3 cm, SiQ, PE/TBME 7:3).
2,3,4-trimethylferrocenyl acetat243 (0.24 g, 0.84 mmol, 89 %) was isolated as a yello
oil.

'H NMR (400.1 MHz, CDGJ): 5= 1.88 (s, 3H, 8-H), 1.89 [s, 6H, 6(7)-H], 2.(9 3H, 10-H),
3.95 (s, 5H, Cp’-H), 4.19 (s, 1H, 5-H).**C NMR (400.1 MHz, CDGJ, DEPT 90, BB):J =
10.5 (C-8), 11.2 (C-7), 13.0 (C-6), 21.2 (C-10),4(Cp), 71.4 (Cp’), 75.1 (Cp), 78.1 (Cp),
113.3 (C-1), 170.4 (C-9) ppm.IR: = 2914 (m, Cp-H), 1753 (s), 1450 (m), 1368 (M))d2
(s), 1029 (m), 937 (m), 885 (w) Ch- MS (70 eV):m/z(%): 286 (49) M*], 244 (100) M* —
Ac], 121 (38) [FeCfl, 56 (10) [F&]. - HRMS calcd. for GsHigFeQy: 286.0656; found
286.0658
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8.19 2,3,4-Trimethyl ferrocenyl triflate (266)

To a solution of 2,3,4-trimethylferrocenyl aceté&3) (0.24 g, 0.84 mmol) in &D (20 mL)
was added a solution of MeLi in hexane (1.6 M, g 1.0 mmol) at — 78 °C. The reaction
mixture was stirred 30 min. With stirring 20 (0.2 mL, 1.8 mmol) was added. The mixture
was stirred for 30 min at —78 °C, then for 30 mir2& °C. After addition of water (50 mL)
the mixture was extracted with ethyl acetate (3 x125. The collected organic layers were
washed with water (3 x 20 mL) and dried over anbydrMgSQ. After solvent removal at
reduced pressure, the crude product was purifie¢dymn chromatography (30 x 3 cm,
SiO,, PE/CHCI; 8:2). 2,3,4-Trimethylferrocenyl triflat€66) (0.31 g, 0.83 mmol, 99 %) was

isolated as a light yellow oil.

'H NMR (400.1 MHz, CDG)): d= 1.87 (s, 3H, 8-H), 1.89 (s, 3H, 7-H), 2. 3H, 6-H),
4.05 (s, 5H, Cp’-H), 4.38 (s, 1H, 5-H).**C NMR (400.1 MHz, CDGJ, DEPT 90, BB):J =
10.4 (C-8), 11.0 (C-7), 12.8 (C-6), 59.9 (Cp), 78CD’), 75.3 (Cp), 77.4 (Cp), 78.9 (Cp),
118.0 (C-1), 118.6 (q)(C,F) = 320.9 Hz, C-9) ppm: IR: ¥ = 2920 (m, Cp-H), 1418 (s),
1385 (m), 1368 (m), 1243 (m), 1203 (s), 1140 (406L(m), 1059 (m), 1033 (w), 1001 (w),
940 (s), crit = MS (70 eV):m/z (%): 376 (45) M'], 244 (100) M* — SQCR], 121 (45)
[FeCp], 56 (14) [F&]. — HRMS calcd. for @HisFsFeQ;S: 376.0043; found 376.0041
elemental analysis calcd. (%) for81sFsFeS: C 44.70, H 4.02; found: C 45.42, H 4.29.
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8.20 Ferrocenyl nonaflate (284)
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Water (40 mL) was added to ferrocenyl acétdté203 (1.60 g, 6.5 mmol) in ethanol (60
mL) and the mixture was heated to 70 °C. With isiyrpotassium hydroxide (1.80 g, 32.0
mmol) was added and the mixture was stirred at@@ot 30 min. After cooling to 25 °C
oxygen free 37 % aqu. HCI (ca. 4 mL) was added wiihcontrol till pH 6. After addition of
CH.Cl, (50 mL) the mixture was intensely stirred for 5nmiAfter phase separation the
organic layer was collected with a syringe anckifdd through a P4 frit covered with a 5 cm
thick layer of MgSQ into a Schlenk flask. After solvent removal atueed pressure the
remaining solid was dissolved in @El; (50 mL), and after addition of pyridine (1.6 mL,
20.0 mmol) the mixture was cooled to —78 °C. Wiiriag Nf,O (3.8 mL, 7.9 mmol) was
added. The mixture was stirred for 30 min at —78th@n for 30 min at 25 °C. After addition
of water (50 mL) the mixture was extracted with LCH (3 x 50 mL). The collected organic
layers were washed (3 x 20 mL) and dried over arduglMgSQ. After solvent removal at
reduced pressure, the crude product was purified¢dymn chromatography (30 x 3 cm,
SiO,, PE/CHCI; 8:2). Ferrocenyl nonaflat284) (2.83 g, 5.9 mmol, 90 %) was isolated as a

yellow solid.
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'H NMR (400.1 MHz, CDGJ): d= 4.04][t, 2H, J(H,H)= 2.05 Hz, Cp-H], 4.33 (s, 5H, Cp’-H),
4.53[t, 2H,J(H,H) = 1.88 Hz, Cp-H] ppm **C NMR (400.1 MHz, CDGJ, DEPT 90, BB):d

= 61.3 (Cp), 61.4 (Cp), 64.2 (Cp’), 106.9-121.5 (®aks), 119.6 (C-1) ppm= IR: i = 2600
(w, Cp-H), 1425 (m), 1351 (m), 1291 (w), 1229 ()94 (s), 1142 (s), 1108 (w), 1021 (m),
1005 (m), 980 (s), ch— MS (70 eV):m/z (%): 484 (56) '], 201 (100) M* — SQC4F),
121 (45) [FeCfl, 56 (14) [Fé]. — HRMS calcd. for @HoFsFeQS: 483.9478; found
483.9480.—- Elemental analysis calcd. (%) fon8iFFeS: C 34.73, H 1.87; found: C
34.94, H 1.97.

8.21 Ferrocenyl tosylate (285)

\//
@ \Q
CH3
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To a solution of ferrocenyl acetéfé (203 (1.00 g, 4.1 mmol) in EO (20 mL) was added a
solution of MeLi in hexane (1.6 M, 2.8 mL, 4.5 mmat — 78 °C. The reaction mixture was
stirred 30 min. With stirring TsCI (1.02 g, 4.9 minwas added. The mixture was stirred for
30 min at =78 °C, then for 30 min at 25 °C. Aftdd#@ion of water (50 mL) the mixture was
extracted with ethyl acetate (3 x 25 mL). The aibie organic layers were washed with water
(3 x 20 mL) and dried over anhydrous MgS@&fter solvent removal at reduced pressure, the
crude product was purified by column chromatograf8® x 3 cm, SiQ, PE/TBME 3:7).
Ferrocenyl tosylate285) (1.39 g, 3.9 mmol, 95 %) was isolated as a hgitiow oil.
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'H NMR (400.1 MHz, CDGJ): 0= 2.43 (s, 3H, 12-H), 3.8[t, 2H, J(H,H)= 1.95 Hz, Cp-H],
4.17[t, 2H,J(H,H) = 1.91 Hz, Cp-H], 4.23 (s, 5H, Cp’-H), 7.p9, 2H,J(H,H) = 8.19 Hz, Ph-
H], 7.66[d, 2H, J(H,H) = 8.19 Hz, Ph-H] ppm **C NMR (400.1 MHz, CDG, DEPT 90,
BB): = 21.9 (C-12), 62.0 (Cp), 63.9 (Cp), 69.9 (Cp27L2 (C-1), 128.8 (Ph), 129.7 (Ph),
130.4 (C-6), 132.1 (C-9) ppm.IR: i = 2364 (w, Cp-H), 1596 (m), 1437 (m), 1366 (S)98.2
(w), 1221 (w), 1174 (s), 1092 (m), 1021 (m), 925 &24 (w), cm' — MS (70 eV):m/z (%):
356 (100) M'], 201 (57) M* — SQPhCHy], 121 (45) [FeCfl, 91 [PhCH'], 80 (14) [CpO],
65 (67) [CP], 56 (41) [F&]. - HRMS calcd. for GHigFeQsS: 356.0170; found 356.0174.
Elemental analysis calcd. (%) foi#16FeQS: C 57.32, H 4.53; found: C 57.17, H 4.27.

8.22 1,1'-Ferrocenediyl ditriflate (290)
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Water (40 mL) was added to 1,1'-ferrocenediyl diaed” (0.61 g, 2.0 mmol) ethanol (60
mL), and the mixture was heated at 70 °C. Potassiydnoxide (1.12 g, 20.0 mmol) was
added with stirring, and the mixture was stirred30 min at 70 °C. After cooling to 25 °C
the mixture was acidified by addition of oxygenefrg7 % aqu. HCI (ca. 3.5 mL) under pH
control (until pH 6). CHCI, (50 mL) was added and the mixture was intenselsedtfor 5
min. After phase separation the organic layer walected with a syringe and filtered into a
Schlenk flask through a P4 frit covered with a 5 tnitk layer of MgSQ. After solvent
removal at reduced pressure the remaining solid-fdrrocenediol) was dissolved in g,
(50 mL), pyridine (1.6 mL, 20.0 mmol) was added &8 °C with stirring TfO (0.8 mL, 4.8
mmol) was added. The mixture was stirred at —78dtC30 min, then for 30 min at 25 °C.
After addition of water (50 mL) the mixture was mxdted with CHCI, (3 x 50 mL). The

collected organic layers were washed with water 28 mL) and dried over anhydrous

195



Experimental section

MgSQO;. After solvent removal at reduced pressure, thdeiproduct was purified by column
chromatography (30 x 3 cm, SIQPE/CHCI, 8:3). 1,1'-Ferrocenediyl ditriflat90) (0.87 g,

1.8 mmol, 90 %) was isolated as light yellow oil.

'H NMR (400.1 MHz, CDGJ): 0= 4.22 (s, 4H, Cp-H, Cp’-H), 4.69 ppm (s, 4H, Cp&p'-
H) - 3C NMR (400.1 MHz, CDG, DEPT 90, BB):J = 63.3 (Cp), 66.5 (Cp), 118.6 (q,
1J(C,F) = 321 Hz, C§), 118.9 ppm (C-1,1'% IR: § = 3127 (w, Cp-H), 1422 (s), 1361 (W),
1252 (m), 1204 (s, CF), 1134 (s, CF), 1022 (m), @31831 (s), 768 (W), 704 cinw) — MS
(70 eV): m/z (%): 482 (34) M'], 269 (11) [FeCpOT{, 155 (100) [CpOSE'], 136 (12)
[FeCpO], 82 (12) [CpT], 69 (10) [CR'], 56 (12) [F&]. - HRMS calcd. for GHgFsFeQsS:
481.9016; found: 481.9026. Elemental analysis calcd. (%) for HsFsFeQS,: C 29.89, H
1.67; found: C 30.05, H 1.67.

9 Anionic thia-Fries rearrangement of ferrocenyl silfonates

9.1  2-(Trifluoromethylsulfonyl)ferrocenol (215)
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Method A:

At —78 °C LDA in THF [prepared from 1.6 M-BuLi (3.7 mL, 6.0 mmol) in hexane and
diisopropylamine (2.6 mL, 18.0 mmol) in THF (20 mlas added dropwise over 40 min to
ferrocenyl triflate 63) (2.0 g, 6.0 mmol) in THF (20 mL). The colour clgad from light
yellow to deep red. After warming to 0 °C and afddition by addition of oxygen free 10 %
agu. HCI (until pH 6) CKHCI, (50 mL) was added, and the mixture was intengéiyed for 5
min. After phase separation the organic layer vellected with a syringe and filtered into a
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Schlenk flask through a P4 frit covered with a 5 tnitk layer of MgSQ. After solvent
removal at reduced pressure 2-(trifluoromethylsuffiferrocenol 215 was obtained as an

orange solid (1.9 g, 5.9 mmol, 99 %).

Method B:

To a solution of 2-tributylstannyl ferrocenyl tafe @55) (0.06 g, 0.1 mmol) was added BuLi
in hexane (2.5 M, 0.05 mL, 0.12 mmol)-a78 °C. The colour changed from light yellow to
deep red. After warming to 0 °C and acidificationdzldition of oxygen free 10 % aqu. HCI
(until pH 6) CHCI, (20 mL) was added, and the mixture was intendehed for 5 min. After
phase separation the organic layer was collectél avisyringe and filtered into a Schlenk
flask through a P4 frit covered with a 5 cm thielydr of MgSQ. After solvent removal at
reduced pressure 2-(trifluoromethylsulfonyl)ferrock (215 was obtained as an orange solid
(0.03 g, 0.1 mmol, 99 %).

Method C:

To a solution ob-trimethylsilylferrocenyl triflate 229 (1.20 g, 2.9 mmol) in acetonitrile (20
mL) was added TBAF (0.78 g, 3.0 mmol) at 25 °C. Téaction mixture was stirred 24 h.
After acidification by addition of oxygen free 10 &yu. HCI (until pH 6) CbLCl, (20 mL)
was added, and the mixture was intensely stirre® foin. After phase separation the organic
layer was collected with a syringe and filterediat Schlenk flask through a P4 frit covered
with a 5 cm thick layer of MgS{Q After solvent removal at reduced pressure 2-
(trifluoromethylsulfonyl)ferrocenolq15 was obtained as an orange solid (0.81 g, 2.4 mmol
84 %).
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M. p. 72 °C.- 'H NMR (400.1 MHz, CDG)): d = 4.37 (s, 1H, Cp-H), 4.45 (s, 1H, Cp-H),
4.50 (s, 5H, Cp’-H), 4.71 (s, 1H, Cp-H), 5.18 (§{, 10-H) ppm.— **C NMR (400.1 MHz,
CDCl;, DEPT 90, BB, HMQC):d = 61.9 (Cp), 63.9 (Cp), 66.6 (Cp), 71.3 (C-2),27€Cp"),
119.4 (9.2J(C,F) = 324.7 Hz, Cf, 123.7 (C-1) ppm= IR: & = 3406 (br, O-H), 3103 (w, Cp-
H), 1496 (m), 1441 (s), 1384 (w), 1346 (m), 1332, (4264 (m), 1177 (s, GF 1108 (s),
1078 (s), 1032 (w), 1003 (m), 824 (m), 802 (m), T&Y, 685 cm* (w). — MS (70 eV):m/z
(%): 334 (100) 1], 333 (10) M" — H], 201 (47) [FcQ], 173 (12) [O-Cp-SECF], 147 (12)
[CpSCR], 121 (37) [CpF§, 95 (10) [SOCH, 81 (9) [CpT], 56 (19) [FE]. - HRMS calcd.
for CigHiiFsFeQyS: 333.9574; found 333.9575: Elemental analysis calcd. (%) for
CieH12FsFe3S,: C 39.55, H 2.72; found: C 39.50, H 2.72.

9.2  2-(Trifluoromethylsulfonyl)ferrocenyl acetate @16)

Method A:

At —78 °C LDA in THF [prepared from 1.6 M-BuLi (3.7 mL, 6.0 mmol) in hexane and
diisopropylamine (2.6 mL, 18.0 mmol) in THF (20 mlas added dropwise over 40 min to
ferrocenyl triflate 63) (2.00 g, 6.0 mmol) in THF (20 mL). The colour ogad from light
yellow to deep red. After warming to 0 °C and afedition by addition of oxygen free 10 %
aqu. HCI (until pH 6) CKHCI, (50 mL) was added, and the mixture was intengéiyed for 5
min. After phase separation the organic layer wadlected with a syringe and filtered into a
Schlenk flask through a P4 frit covered with a 5 tntk layer of MgSQ. After solvent
removal at reduced pressure the remaining solid@rifRioromethylsulfonyl)ferrocenol415)]
was dissolved in anhydrous g@El, (50 mL), and pyridine (2.2 mL, 26.0 mmol) was adlde
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At —78 °C acetic anhydride (0.6 mL, 6.4 mmol) wdded dropwise. The mixture was stirred
at —78 °C for 30 min, then at 25 °C for 30 min.ekfaddition of water (50 mL) the mixture
was extracted with ethyl acetate (3 x 50 mL). Thkected organic layers were washed with
water (3 x 20 mL) and dried over anhydrous MgS@&fter solvent removal at reduced
pressure, the crude product was purified by colwhromatography (30 x 3 cm, SIO
TBME). 2-(Trifluoromethylsulfonyl)ferrocenyl ace&at216) (2.20 g, 5.9 mmol, 99 %) was
isolated as a yellow solid: 2.2 g (5.9 mmol, 99%).

Method B:

At —78 °C LDA in THF [prepared from 1.6 M-BuLi (4.3 mL, 6.9 mmol) in hexane and
diisopropylamine (3.0 mL, 20.7 mmol) in THF (20 nmlas added dropwise over 40 min to
ferrocenyl triflate 63) (2.30 g, 6.9 mmol) in THF (20 mL). The colour bétmixture changed
from light yellow to deep red. Acetyl chloride (01, 7.1 mmol) was added, and the colour
changed from deep red to yellow. After stirring2&t°C for 30 min and addition of water (50
mL) the mixture was extracted with ethyl acetatex (30 mL). The collected organic layers
were washed (3 x 20 mL) and dried over anhydrouS®igAfter solvent removal at reduced
pressure, the crude product was purified by colwhromatography (30 x 3 cm, SIO
TBME). 2-(Trifluoromethylsulfonyl)ferrocenyl ace&at216) (2.6 g, 6.8 mmol, 99 %) was

isolated as yellow solid.

M. p. 74 °C.— 'H NMR (400.1 MHz, CDGJ): = 2.23 (s, 3H, Ch), 4.51 [t,J(H,H) = 2.9 Hz,
1H, Cp-H], 4.56 (s, 5H, Cp’-H), 4.59 [d(H,H) = 1.5 Hz, 1H, Cp-H], 4.96 [g}(H,H) = 1.3
Hz, 1H, Cp-H] ppm=- *C NMR (400.1 MHz, CDG, DEPT 90, BB):d = 21.0 (CH), 67.2
(Cp), 67.5 (Cp), 67.9 (Cp), 68.5 (m, C-2), 72.8'jCb15.4 (C-1), 119.4 (q.)(C,F) = 325.3
Hz, CR), 168.8 (CO) ppm= IR: § = 2924 (w, Cp-H), 1771 (s, C=0), 1443 (m), 1360, (m
1261 (w), 1246 (w), 1214 (s), 1182 (s,45A 119 (m), 1079 (m), 1012 (m), 872 (m), 833 (M),
813 (m), 769 (m) ciit. — MS (70 eV):m/z(%): 376 (30) 1], 334 (100) M* — Ac], 201 (68)
[FcO'], 173 (24) [O-Cp-SECF], 121 (55) [CpF§, 95 (10) [SOCH, 81 (15) [CpO], 56
(45) [FE€]. - HRMS calcd. for GHi:FsFeQS: 375.9680; found 375.9679. Elemental
analysis calcd. (%) for GH11FsFeQS: C 41.51, H 2.95; found: C 41.50, H 2.94.
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9.3 1-Methoxy-2-(trifluoromethylsulfonyl)ferrocene (217)

Method A:

At —78 °C LDA in THF [prepared from 1.6 M-BuLi (3.6 mL, 5.8 mmol) in hexane and
diisopropylamine (2.5 mL, 17.4 mmol) in THF (20 nmlas added dropwise over 40 min to
ferrocenyl triflate 63) (1.90 g, 5.8 mmol) in THF (20 mL). The colour ogad from light
yellow to deep red. After warming to O °C and afoidition with oxygen free 10 % aqu. HCI
(until pH 6) CHCI, (50 mL) was added, and the mixture was intendehed for 5 min. After
phase separation the organic phase was collectibdangyringe and filtered into a Schlenk
flask through a P4 frit covered with a 5 cm thielydr of MgSQ. After solvent removal at
reuced pressure the remaining solid [2-(trifluortdmybsulfonyl)ferrocenol 215] was
dissolved in THF (50 mL). At 25 °C NaH (0.18 g, 6m®nol, 80 % in mineral oil) was added.
The solution was stirred for 1 h at 25 °C the colchianging from light yellow to red. After
addition of MeSQ, (0.55 mL, 5.8 mmol) the mixture was heated atuse24 h. Then 20 %
aqu. KOH (20 mL) was added at 25 °C, and the mextuas heated at reflux for 1 h in order
to eliminate unconsumed MRO,. After addition of water (50 mL) water the mixtuneas
extracted ethyl acetate (3 x 50 mIhe collected organic layers were washed water 28 x
mL) and dried over anhydrous Mga@\fter solvent removal at reduced pressure theecrud
product was purified by column chromatography (38 gm, SiQ, TBME). 1-Methoxy-2-
(trifluoromethylsulfonyl)ferrocene2l7) (1.42 g, 4.1 mmol, 70 %) was isolated as a réid.so
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Method B:

At =78 °C LDA in THF [prepared from 1.6 M-BuLi (3.6 mL, 5.8 mmol) in hexane and
diisopropylamine (2.5 mL, 17.4 mmol) in THF (20 mlas added dropwise over 40 min to
ferrocenyl triflate 63) (1.90 g, 5.8 mmol) in THF (20 mL). The colour ogad from light
yellow to deep red. After warming to 25 °C &y, (0.55 mL, 5.8 mmol) was added, and the
mixture was heated at reflux for 24 h. Then 20 %-KQ@0 mL) in water was added at 25 °C
and the mixture was heated at reflux for 1 houorder to eliminate unconsumed A&,
After addition of water (50 mL) water the mixturesvextracted ethyl acetate (3 x 50 mL).
The collected organic layers were washed water (xmL) and dried over anhydrous
MgSQ. After solvent removal at reduced pressure theecprdduct was purified by column
chromatography (30 x 3 cm, SIOTBME). 1-Methoxy-2-(trifluoromethylsulfonyl)fereene
(217) (1.67 g, 4.8 mmol, 82 %) was isolated as a rdéid.so

M. p. 66.7 °C~'H NMR (400.1 MHz, CDGJ, HMBC): d= 3.76 (s, 3H, Ck) 4.34 [t,J(H,H)

= 2.9 Hz, 1H, Cp-H], 4.47 [g)(H,H) = 1.4 Hz, 1H, Cp-H]4.5 [g, J(H,H) = 1.5 Hz, 1H, Cp-
H], 4.52 (s, 5H, Cp’-H) ppm= *C NMR (400.1 MHz, CDGJ}, DEPT 90, BB, HMBC):d =
57.1 (Cp), 58.8 (OCH), 65.5 (Cp), 66.1 (C-2), 66.6 (Cp), 71.3 (Cp’)9M (g, J(C,F) =
325.4 Hz, CF), 128.1 (C-1) ppm= IR: § = 3120 (w, Cp-H), 2946 (w), 1490 (s), 1463 (W),
1421 (m), 1382 (m), 1361 (s), 1257 (m), 1180 (s3)CF128 (s), 1088 (s), 1047 (m), 1024
(m), 1005 (m), 969 (m), 827 (m), 800 (m), 760 (&J6 cm™ (w). — MS (70 eV):m/z (%):
348 (100) M'], 214 (10) M™ — (Cp + Ck + CHy)], 186 (44) [CpFeCl, 121 (48) [CpF§, 56
(19) [FE€]. - HRMS calcd. for GHi:FsFeQS: 347.9730; found 347.9729. Elemental
analysis calcd. (%) for GH11FsFeGS: C 41.40, H 3.18; found: C 41.42, H 3.21.
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9.4  2-(Trifluoromethylsulfonyl)ferrocenyl triflate (219)
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At —78 °C LDA in THF [prepared from 1.6 M-BuLi (3.9 mL, 6.3 mmol) in hexane and
diisopropylamine (2.7 mL, 18.9 mmol) in THF (20 mlas added dropwise over 40 min to
ferrocenyl triflate 63) (2.10 g, 6.3 mmol) in THF (20 mL). The colour ogad from light
yellow to deep red. After warming to 0 °C and afoedition with oxygen free 10 % HCI (until
pH 6), CHCI, (50 mL) was added, and the mixture was intensidged for 5 min. After
phase separation the organic layer was collectdal avisyringe and filtered into a Schlenk
flask through a P4 frit covered with a 5 cm thielydr of MgSQ. After solvent removal at
reduced pressure the remaining solid [2-(triflucetimylsulfonyl)ferrocenol 215] was
dissolved in CHCI, (50 mL), pyridine (2.3 mL, 27.0 mmol) was added amnd-78 °C TO
(2.2 mL, 6.9 mmol) was added dropwise. The mixtwes stirred at —78 °C for 30 min, then
at 25 °C for 30 min. After addition of water (50 inthe mixture was extracted with ethyl
acetate (3 x 50 mL), the collected organic layeesemwvashed three times with water (3 x 20
mL) and dried over anhydrous Mga@\fter solvent removal at reduced pressure, theer
product was purified by column chromatography (303x cm, SiQ, TBME). 2-
(trifluoromethylsulfonyl)ferrocenyl triflate 19 (2.86 g, 6.2 mmol, 99 %) was isolated as

yellow solid.
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M. p. 86 °C.— 'H NMR (400.1 MHz, CDGJ): = 4.59 (s, 1H, Cp-H), 4.69 (s, 6H, Cp-H,
Cp’-H), 5.04[s, 1H, Cp-H] ppm- *C NMR (400.1 MHz, CDG, DEPT 90, BB):J = 66.1
(Cp), 68.1 (Cp), 68.8 (Cp), 69.2 (C-2), 74.0 [CA'17.7 (C-1), 118.4 (q] = 320.3 Hz, C-6,
CFRs), 119.4 (q.X)(C,F) = 324.9 Hz, C-7, GFppm.- IR: I = 3113 (w), 2924 (w), 1421 (s),
1371 (s), 1251 (m), 1217 (s), 1194 (s), 1137 ($221(s), 1077 (m), 1030 (w), 996 (m), 821
(s), 765 (w), 700 cit (w). MS (70 eV):m/z(%): 466 (100) "], 333 (87) M*—Tf], 200 (49)
[M* — 2Tf], 172 (26) [O-Cp-SECF'], 121 (48) [FeCHl, 95 (9) [SOCF], 56 (49) [Fé]. -
HRMS calcd. for GHgFsFeGS,: 465.9067; found: 465.9076. Elemental analysis calcd.
(%) for CiHgFsFeQS,: C 30.92, H 1.73; found: C 30.92, H 1.70.

9.5  2,5-Bis(trifluoromethylsulfonyl)- ferrocenol (20)

At —78 °C LDA in THF [prepared from 1.6 M-BuLi (2.7 mL, 4.4 mmol) in hexane and
diisopropylamine (1.9 mL, 13.2 mmol) in THF (20 mlas added dropwise over 40 min to
2-(trifluoromethylsulfonyl)ferrocenyl triflate2(19) (2.05 g, 4.4 mmol) in THF (20 mL). The
colour changed from light yellow to deep red. Aftesrming to 0 °C and acidification with
oxygen free 10 % aqu. HCI (until pH 6) @El, (50 mL) was added, and the mixture was
intensely stirred for 5 min. After phase separatiob@ organic layer was collected with a
syringe and filtered into a Schlenk flask througR4afrit covered with a 5 cm thick layer of
MgSQ,. After solvent removal 2,5-bis(trifluoromethylsoitfyl)ferrocenol 2200 was isolated
as a orange solid (2.00 g, 4.3 mmol, 99 %).
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M. p. 140 °C (dec.)- *H NMR (400.1 MHz, CDG)): o= 4.82 (s, 5H, Cp’-H), 4.87 (s, 2H,
Cp-H), 5.83 (s 1H, OH) ppm: **C NMR (400.1 MHz, CDG, DEPT 90, BB, HMBC):0 =
67.8 (Cp), 68.3 [C-2(5)], 75.1 (Cp’), 119.3 [#C,F) = 324.8 Hz, C§, 124.5 (C-1) ppm=
IR: i = 3423 (br, O-H), 3115 (w, Cp-H), 2925 (w), 148d)( 1394 (w), 1366 (m), 1337 (M),
1198 (s, CB), 1179 (s, CE), 1146 (s), 1096 (s), 1021 (m), 889 (w), 875 (842 (w), 805
(W), 764 (w), 704 (w), 678 chh(m). - MS (70 eV):m/z(%): 446 (100) "], 333 (17) M* —
(SO,CF; + H)], 138 (38) [FeCpt), 121 (41) [CpF4, 95 (5) [SOCH], 81 (9) [CpC], 56 (19)
[Fe']. - HRMS calcd. for GH11FsFeQiS: 465.9067; found 465.9063.Elemental analysis
calcd. (%) for GeH12FsFeG:S,: C 30.92, H 1.73; found: C 31.40, H 1.74.

9.6  1-Methoxy-2,5-bis(trifluoromethylsulfonyl)—ferrocene (221)
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At —78 °C LDA in THF [prepared from 1.6 M-BuLi (2.7 mL, 4.4 mmol) in hexane and
diisopropylamine (1.9 mL, 13.2 mmol) in THF (20 mlas added dropwise over 40 min to
2-(trifluoromethylsulfonyl)ferrocenyl triflate2(19) (1.8 g, 4.4 mmol) in THF (20 mL). The
colour changed from light yellow to deep red. Aftesrming to 0 °C and acidification with
oxygen free 10 % aqu. HCI (until pH 6) @El, (50 mL) was added, and the mixture was
intensely stirred for 5 min. After phase separatiob@ organic layer was collected with a
syringe and filtered into a Schlenk flask througR4afrit covered with a 5 cm thick layer of
MgSOQ:. After solvent removal the remaining solid [2,5{iifluoromethylsulfonyl)ferrocenol
(220)] was dissolved in THF (50 mL). At 25 °C NaH (@26.0 mmol, 80 % in mineral oil)
was added. The solution was stirred for 1 h atQ%rid the colour changed from light yellow
to red. M@SQ, (0.4 mL, 4.4 mmol) was added and the mixture wegdd at reflux for 24 h.
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20 % aqu. KOH (20 mL) was added, and the mixture eated at reflux for 1 hour in order
to eliminate unconsumed MRO,. After addition of water (50 mL) the mixture wasmcted
with ethyl acetate (3 x 50 mL). The collected oigdayers were washed with water (3 x 20
mL) and dried over anhydrous Mga@\fter solvent removal at reduced pressure, theer
product was purified by column chromatography (3® am, SiQ, TBME). 1-Methoxy-2,5-
bis(trifluoromethylsulfonyl)ferrocene2fl) (1.6 g, 3.3 mmol, 75%) was isolated as yellow

solid.

M. p. 114 °C.- 'H NMR (400.1 MHz, CDG)): = 4.02 (s, 3H, OCH), 4.84 (s, 2H, Cp-H),
4.93 (s, 5H, Cp’-H) ppm- *C NMR (400.1 MHz, CDG, DEPT 90, BB):J= 67.7 (OCHj),
69.7 [C-3(4)], 74.1 [C-2(5)], 75.3 (Cp’), 119.4 [¥C,F) = 325.2 Hz, Cf, 127.6 (C-1) ppm.
- IR: = 3113 (w, Cp-H), 2964 (w), 1471 (m), 1388 (s)513s), 1382 (m), 1203 (s, F
1149 (s, CB), 1099 (s), 1080 (m), 1030 (m), 964 (m), 849 (BYL (w), 768 (W), 766 (w),
677 (W) cm™. — MS (70 eV):m/z (%) = 480 (100) M*], 262 (43) [Cp(SQTF'], 127 (22)
[CPSQ'], 121 (62) [FeCfl, 56 (20) [Fé]. - HRMS calcd. for GHioFsFeQ:S,: 479.9223;
found: 479.9225- Elemental analysis calcd. (%) fonf#ioFsFeGS,: C 32.52, H 2.10;
found: C 32.50, H 2.11.

9.7  (4Ttert-Butoxy-butoxy)ferrocene (222)
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At —78 °C KOBu (0.67 g, 6.0 mmol) in THF (30 mL) was added dvise over 40 min to
ferrocenyl triflate 63) (2.0 g, 6.0 mmol) in THF (20 mL). The colour clgad from light
yellow to deep red. After warming to 0 °C and afedition by addition of oxygen free 10 %
aqu. HCI (until pH 6) CkCl, (50 mL) was added, and the mixture was intendehed for 5
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min. After phase separation the organic layer wadlected with a syringe and filtered into a
Schlenk flask through a P4 frit covered with a 5 tnitk layer of MgSQ. After solvent
removal at reduced pressure 2-(trifluoromethylsuyifidarrocenol 215 and (4-tert-butoxy-
butoxy)-ferrocene 222 were separated by column chromatography (30 xm3 8i0,
PE/TBME 3:7).215was obtained with 70 % yield. (értButoxybutoxy)-ferrocene2Q?) was
obtained as yellow oil (0.59 g, 1.8 mmol, 30 %).

'H NMR (400.1 MHz, CDGJ): d= 1.20 (s, 9H, 10-H), 1.63-1.70 (m, 2H, 8-H), 11781 (m,
2H, 7-H), 3.41 [t, 2HJ(HH) = 6.0 Hz, 9-H], 3.77-3.83 (m, 4H, 6-H, Cp-H),07 [t, 2H,
J(H,H) = 1.98 Hz, Cp-H], 4.18 (s, 5H, Cp’-H) ppm.*C NMR (400.1 MHz, CDG| DEPT
90, BB): d= 26.7 (C-7), 27.4 (C-8), 27.7 (C-10), 55.4 (C8),3 (C-11), 61.9 (C-6), 68.5
(Cp’), 70.4 [C-2(5)], 72.7 [C-3(4)], 126.6 (C-1) pp— IR: I = 3096 (w, Cp-H), 2971 (m,
Cp-H), 2870 (m, Cp-H), 1489 (s), 1466 (s), 1391, (862 (m), 1247 (s), 1197 (s), 1104 (m),
1065 (m), 1020 (m), 1000 (m), 931 (w), 814 (m), 88 cm™. — MS (70 eV):m/z(%) = 330
(17) M*], 257 (3) M*-O'Bu), 202 (100) [Fc®], 121 (14) [FeCfl, 56 (7) [F€]. - HRMS
calcd. for GgHosFeQ: 330.1282; found: 330.128% Elemental analysis calcd. (%) for
CigHo6Fe: C 65.46, H 7.94; found: C 64.45, H 7.68.

9.8  Methoxyferrocene (2264"

At =78 °C KOBu (0.67 g, 6.0 mmol) [or K (ca. 0.30 g)], in metb& (30 mL) was added

dropwise over 40 min to ferrocenyl triflaté3j (2.0 g, 6.0 mmol) in methanol (20 mL). The
colour changed from light yellow to deep red. Aftearming to 0 °C and acidification by
addition of oxygen free 10 % aqu. HCI (until pH &£, (50 mL) was added, and the
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mixture was intensely stirred for 5 min. After phagparation the organic layer was collected
with a syringe and filtered into a Schlenk flaskotigh a P4 frit covered with a 5 cm thick
layer of MgSQ. After solvent removal at reduced pressure 2hftsiomethylsulfonyl)ferro-
cenol 15 and methoxyferrocen@26) were separated by column chromatography (30 x 3
cm, SiQ, PE/TBME 3:7).215 was obtained with 70 % yield. Methoxyferroce@28) was
obtained as yellow solid (0.39 g, 1.8 mmol, 30 ¥d@ntified by comparison with literature
data {H NMR).*"!

'H NMR (200.1 MHz, CDGJ): d= 3.65 (s, 3H, 6-H), 3.83 [t, 2H(H,H) = 3.8 Hz, Cp-H],
4.10 [t, 2H,J(HH) = 3.8 Hz, Cp-H], 4.21 (s, 5H, Cp’-H) ppm.

9.9 1,2-dimethoxy-5-(trifluoromethylsulfonyl)ferrocene (275)
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Method A:

At =78 °C LDA in THF [prepared from 2.5 M-BuLi (0.12 mL, 0.3 mmol) in hexane and
diisopropylamine (0.13 mL, 0.9 mmol) in THF (20 mlas added dropwise over 40 min to
2-Methoxyferrocenyl triflate257) (0.10 g, 0.3 mmol) in THF (20 mL). The colour ogad
from light yellow to deep red. After warming to 268 MeSO, (0.04 mL, 0.4 mmol) was
added, and the mixture was heated at reflux fon.ZBhen 20 %-KOH (20 mL) in water was
added at 25 °C and the mixture was heated at rdthuxl hour in order to eliminate
unconsumed M&SO,. After addition of water (50 mL) the mixture wastracted with ethyl
acetate (3 x 10 mL). The collected organic layeesewwvashed water (3 x 20 mL) and dried

over anhydrous MgSQAfter solvent removal at reduced pressure thdeproduct was
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purified by column chromatography (30 x 3 cm, SIOBME). 1,2-Dimethoxy-5-
(trifluoromethylsulfonyl)ferrocene2(5 (0.10 g, 0.3 mmol, 99 %) was isolated as a red oi

Method B:

At =78 °C BulLi in hexane (2.5 M, 0.2 mL, 0.51 mmol) veakied dropwise over 40 min to 2-
trifluoromethanesulfonyloxy acetat2gl) (0.10 g, 0.26 mmol) in THF (20 mL). The colour
changed from light yellow to deep red. After wargito 25 °C MegSQO, (0.05 mL, 0.51
mmol) was added, and the mixture was heated aixrér 24 h. Then 20 %-KOH (20 mL) in
water was added at 25 °C and the mixture was heatedlux for 1 hour in order to eliminate
unconsumed M&SQO,. After addition of water (50 mL) the mixture wastracted with ethyl
acetate (3 x 10 mL). The collected organic layeesewwashed water (3 x 20 mL) and dried
over anhydrous MgSQ After solvent removal at reduced pressure the ecquebduct was
purified by column chromatography (30 x 3 cm, SIOBME). 1,2-Dimethoxy-5-
(trifluoromethylsulfonyl)ferrocene2(5 (0.10 g, 0.26 mmol, 99 %) was isolated as a red o

H NMR (400.1 MHz, CDGJ): 0= 3.71 (s, 3H, OCH 3.92 (s, 3H, OCh) 4.28[d, J(H,H) =
3.1 Hz, 1H, Cp-H], 4.33 [d, 1H(H,H) = 3.1 Hz, 1H, Cp-H], 4.58 (s, 5H, Cp’-H) ppm=C
NMR (400.1 MHz, CDQJ, DEPT 90, BB):d= 53.8 (C-6), 58.2 (C-7), 58.9 (Cp), 62.4 (Cp),
72.2 (Cp), 72.3 (Cp’), 114.9 (C-2), 119.3 (C-1)9H4L[q,J(C,F) = 325.4 Hz, C§F ppm.- IR:

D = 2943 (m, Cp-H), 1792 (w), 1710 (w), 1507 (s)794m), 1425 (m), 1407 (m), 1360 (s),
1290 (m), 1212 (s), 1183 (s), 1150 (m), 1106 (8H3L(s), 1026 (m), 982 (m), 914 (m), 828
(m), 700 (m) cm. — HRMS (ESI, acetonitrile) calcd. for.6H:5FsFeQ,S: 377.9836; found
377.9836.— Elemental analysis calcd. (%) fon#3FsFeQS: C 41.29, H 3.47; found: C
41.30, H 3.44.
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9.10 2,3,4-Trimethyl-5-(trifluoromethylsulfonyl)ferrocenol (276)
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At —78 °C LDA in THF [prepared from 2.5 M-BuLi (0.16 mL, 0.4 mmol) in hexane and
diisopropylamine (0.6 mL, 4.0 mmol) in THF (20 mljps added dropwise over 40 min to
2,3,4-trimethylferrocenyl triflate 266) (0.15 g, 0.4 mmol)in THF (10 mL). The colour
changed from light yellow to deep red. After wargio 0 °C and acidification by addition of
oxygen free 10 % aqu. HCI (until pH 6) @El, (50 mL) was added, and the mixture was
intensely stirred for 5 min. After phase separatiob@ organic layer was collected with a
syringe and filtered into a Schlenk flask througR4afrit covered with a 5 cm thick layer of
MgSQ,.  After solvent removal at reduced pressure  2,3Methyl-5-
(trifluoromethylsulfonyl)ferro- cenolZ76) was obtained as an orange solid (0.15 g, 0.4 mmol
99 %).

'H NMR (400.1 MHz, CDG)): d= 1.89 (s, 3H, 7-H), 2.01 (s, 3H, 8-H), 2.(8} 3H, 6-H),
4.21 (s, 5H, Cp'-H)- *C NMR (400.1 MHz, CDGJ, DEPT 90, BB):d= 8.8 (C-6), 11.4 (C-
7), 12.7 (C-8), 58.7 (Cp), 73.4 (Cp’), 75.7 (CpB®.4 (Cp), 79.3 (Cp), 119.2 (4J(C,F) =
323.6 Hz, CE), 123.1 (C-1) ppm~ IR: i = 3406 (br. OH), 2924 (m, Cp-H), 1493 (s), 1451
(s), 1401 (m), 1384 (m), 1257 (m), 1115 (s), 10&], 1003 (s), 824 (m), 805 (m), 773 (w),
720 (m), cm* — HRMS (ESI, acetonitrile) calcd. for 1gH:sFsFeQS: 376.0043; found
376.0041.— Elemental analysis calcd. (%) fonMsFsFeQS: C 44.70, H 4.02; found: C
44.83, H 4.15.
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9.11 2-(Nonafluorobutanesulfonyl)ferrocenyl acetat€286)

At —78 °C LDA in THF [prepared from 2.5 M-BuLi (0.84 mL, 2.1 mmol) in hexane and
diisopropylamine (3.0 mL, 20.7 mmol) in THF (20 nhlas added dropwise over 40 min to
ferrocenyl nonaflate284) (1.00 g, 2.1 mmol) in THF (20 mL). The colour oketmixture
changed from light yellow to deep red. Acetyl cider(0.2 mL, 2.5 mmol) was added, and
the colour changed from deep red to yellow. Afteriag at 25 °C for 30 min and addition of
water (50 mL) the mixture was extracted with ethgetate (3 x 50 mL). The collected
organic layers were washed (3 x 20 mL) with watet dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SIOTBME). 2-(Nonafluorobutenesulfonyl)ferrocenyl &ete
(286) (1.00 g, 2.1 mmol, 99 %) was isolated as yelldw o

'H NMR (400.1 MHz, [R]acetone):d= 2.20 (s, 3H, 8-H), 4.59 (s, 5H, Cp’-H), 4.69-(wh,
1H, Cp-H), 4.76 (t, 1H)(H,H) = 2.9 Hz, Cp-H), 5.14 [dd, 1H, (H,H) = 2.7 Hz,J (H,H) =
2.7 Hz, Cp-H] ppm=- *C NMR (400.1 MHz, CDGJ DEPT 90, BB):J = 20.9 (C-8), 68.6
(Cp), 69.1 (Cp), 69.6 (Cp), 70.7 (Cp), 73.8 (CAY9.0- 133.3 (m, &), 116.4 (C-1), 169.2
(C-7) ppm.— IR: § = 2924 (m, Cp-H), 1781 (m), 1444 (m), 1366 (M)9a1s), 1187 (s),
1138 (m), 1087 (m), 1013 (m), 875 (w), 833 (w)tm HRMS (ESI, acetonitrile) calcd. for
CieH1iFoFeQS: 525.9584; found 525.9582- Elemental analysis calcd. (%) for
CuHisFsFeQsS: C 36.52, H 2.11; found: C 36.47, H 2.15.
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9.12 meso-2,2'-Bis(trifluoromethylsulfonyl)-1,1’-ferrocenediol (291)
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At —78 °C a solution of LDA in THF [prepared from61M n-BuLi (5.8 mL, 9.2 mmol) in
hexane and diisopropylamine (3 mL, 20.7 mmol) inFT20 mL)] was added dropwise over
40 min to 1,1'-ferrocenediyl ditriflate2®0 (2.03 g, 4.2 mmol) in THF (20 mL). The colour
changed from light yellow to deep red. After wargito O °C and acidification with oxygen
free 10 % aqu. HCI (until pH 6) GBI, (50 mL) was added, and the mixture was intensely
stirred for 5 min. After phase separation the orgdayer was collected with a syringe and
filtered into a Schlenk flask through a P4 frit eod with a 5 cm thick layer of MgQQAfter

solvent removak91was obtained as a yellow solid (1.74 g, 3.6 mi@561%).

M. p. 145 °C (dec.)- *H NMR (400.1 MHz, CDGJ): d= 4.74 (m, 4H, Cp-H, Cp’-H); 4.92
(s, 2H, Cp-H, Cp’-H); 5.60 (s, 2H, OH) ppm.*C NMR (400.1 MHz, CDG| DEPT 90,
BB): 0=64.5 (Cp, Cp’), 64.7 [m, C-2(2)], 67.1 (Cp, ¢p70.1 (Cp, Cp’), 119.2 [qIC,F) =
324.7 Hz, Cg], 126.1 [C-1(1")] ppm.— IR: ¥ = 3386 (br, O-H), 3114 (w, Cp-H), 2924 (w,
Cp-H), 1727 (w), 1505 (m), 1434 (m), 1348 (s), 12#), 1188 (s, C§, 1109 (s), 1075 (s),
1003 (m), 841 (w), 820 (w), 766 (w), 692 Tniw). — MS (70 eV):m/z(%): 482 (100) "],
349 (14) M* — Tf)], 218 (12) [M — (2H + 2Tf)], 200 (10) [M— (OH + 2Tf)], 135 (30)
[FeCpO], 95 (15) [SOCH, 81 (46) [CpO], 56 (23) [F€]. - HRMS calcd. for
CigH1FsFerS,: 481.9016; found: 481.9013- Elemental analysis calcd. (%) for
CieH12FsFeQ3S,: C 29.89, H 1.67; found: C 31.13, H 2.20.
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9.13 meso-2,2'-Bis(trifluoromethylsulfonyl)-1,1’-ferocenediyl diacetate (293)
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At —78 °C a solution of LDA in THF [prepared from61M n-BuLi (5.8 mL, 9.2 mmol) in
hexane and diisopropylamine (3 mL, 20.7 mmol) inFT{20 mL)] was added dropwise over
40 min to 1,1'-ferrocenediyl ditriflate290 (2.03 g, 4.2 mmol) in THF (20 mL). The colour
changed from light yellow to deep red. Acetyl cider(0.9 mL, 12.6 mmol) was added, and
the colour changed from red to yellow. The mixtwas warmed to 25 °C and was stirred for
30 min. After addition of water (50 mL) the mixtuneas extracted with ethyl acetate (3 x 50
mL). The collected organic layers were washed wititer (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 cm, SiIOBME). 2,2’-di(trifluoromethylsulfonyl)-1,1’-
ferrocenyl diacetate2@3) (2.15 g, 3.8 mmol, 91 %) was isolated as yell@wger. For X-ray

structure analysis a sample was recrystallized taaene.

M. p. 182 °C (dec.)- *H NMR (400.1 MHz, CDGJ): 0= 2.27 (s. 3H, Ch), 4.92 [t,J(H,H) =
3.0 Hz, 1H, Cp-H], 4.96 (m, 1H, Cp-H), 5.40 (m 1€p-H) ppm.— °C NMR (400.1 MHz,
CDCl;, DEPT 90, BB, HMQC, HMBC)3= 20.9 (CH), 70.4 (Cp), 71.6 (Cp), 72.1 [C-2(2)],
72.2 (Cp, Cp’), 116.6 [C-1(1’)], 119.3 [d(C,F) = 325.2 Hz, C§, 168.1 (C=0) ppm= IR: ¥

= 3133 (w, Cp-H), 1788 (s, C=0), 1454 (m), 1389861 (m), 1210 (s), 1173 (s, §F
1120 (s), 1080 (s), 1015 (m), 870 (m), 858 (m), 8AY 827 (M), 770(w)= MS (70 eV):m/z
(%): 566 (7) M'], 524 (11) M" — Ac], 482 (100) 1" — 2Ac], 349 (10) 1" — 2Ac — Tf)], 197
(19) [CpTf], 135 (10) [FeCp¢), 81 (10) [CpC], 56 (7) [FE]. - HRMS calcd. for
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CigHiFsFe3S,: 565.9227; found: 565.9229- Elemental analysis calcd. (%) for
CieH1oFsFeQ3S,: C 33.94, H 2.14; found: C 33.31, H 2.08.

10 Chemo enzymatic desymmetrization of meso-2,2’-&trifluoromethylsulfonyl)-
1,1’-ferrocenediyl diacetate (291)

10.1 2,2-Bis(trifluoromethylsulfonyl)-1-methoxy-1-ferrocenyl acetate (306)

10 o1
&=—0
HsC
9
306
. J/

A solution of KHPO, in water (0.5 M, 10 mL) was added to a solutionnuése2,2’-
di(trifluoromethylsulfonyl)-1,1’-ferrocenyl diaceia 293 (0.10 g, 0.18 mmol) in DMSO (20
mL). The reaction mixture was treated with a cdtalgmount of PFL and stirred at 40 °C 3
d. After cooling to 25 °C M&SO, (0.04 mL, 0.4 mmol) was added, and the mixture was
heated at reflux for 24 h. Then 20 %-KOH (20 mL)water was added at 25 °C and the
mixture was heated at reflux for 1 hour in orderetoninate unconsumed M®O;. After
addition of water (50 mL) the mixture was extracteith ethyl acetate (3 x 10 mL). The
collected organic layers were washed water (3 xn2) and dried over anhydrous Mg&O
The solvent was removed at reduced pressure. 25RrBuoromethylsulfonyl)-1-methoxy-
1'-ferrocenyl acetate306) was isolated witl293 as a yellow powder. The separation was not
possible. The yield 306 was calculated according to thé¢ NMR spectra (56 %).
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'H NMR (400.1 MHz, CDQJ): 0= 2.34 (s. 3H, 9-H), 3.86 (s, 3H, 6-H), 4.67 (8, Tp-H),
4.92-4.94 (m, 3H, Cp-H), 5.04 (s, 1H, Cp-H), 5.28, (1H, Cp-H) ppm—~ HRMS (ESI,
acetonitrile) calcd. for ¢gH1.FsFeG'S,: 537.9278; found 537.9348.

11 Preparation of 1,2-ferrocenedicarboxylic acid ad its derivates

11.1 1,2-Ferrocenedicarboxylic acid (345}
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Method A:

Ferrocene carboxylic aci@§7) (3.0 g, 13.1 mmol) in THF (140 mL) was cooled-+@8 °C.
To this clear red solution was adds®uLi (1.6 M in cyclohexane, 16.4 mL, 26.2 mmol)
during 10 min and the resulting suspension wasestiuntil the solid was redissolved (about 2
h). Then a handful of dry ice was added and thetieol was allowed to warm slowly to 25
°C. After addition of water (50 mL) and acidificati by addition of 20 % aqu. HCI (until pH
6) the mixture was extracted with ethyl acetatg 25 mL). The collected organic layers were
washed with water (3 x 20 mL) and dried over anbydrMgSQ. After solvent removal at
reduced pressure 1,2-ferrocene dicarboxylic a84b)([3.41 g, 12.5 mmol, 95 % after

hydrolysis of 1,2-dimethoxyferrocen87?) (videinfra)] was isolated as a red powder.

Method B:

To a solution of 1,2-dibromoferrocen81@ (0.5 g, 1.46 mmol) in THF (50 mLi}BulLi
solution in hexane (1.6 M, 2.0 mL, 3.2 mmol) wadedlat — 78°C. The reaction mixture was
stirred for 2 h. MeOD (1.0 mL) was added. The migtwas stirred for 30 min at —78 °C, then
for 30 min at 25 °C. After addition of water (50 jrthe mixture was extracted with PE (3 x
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50 mL). Then a handful of dry ice was added andstiletion was allowed to warm slowly to
25 °C. After addition of water (50 mL) and acid#dton by addition of 20 % aqu. HCI (until
pH 6) the mixture was extracted with ethyl ace(8tg 25 mL). The collected organic layers
were washed with water (3 x 20 mL) and dried overya@rous MgSQ@ After solvent removal
at reduced pressure 1,2-ferrocene dicarboxylic &) (0.30 g, 1.1 mmol, 76 %) was

isolated as a red powder.

Method C:

Water (40 mL) was added to a solution of 1,2-fezrax dicarboxylic acid dimethyl ester
(3795 (3.77 g, 12.5 mmol) in ethanol, The mixture waated to 70 °C and KOH (3.33 g, 59.5
mmol) was added.The mixture was stirred at 70 °CAfter addition of water (50 mL) and
acidification by addition of 20 % aqu. HCI (untiHp6) the mixture was extracted with ethyl
acetate (3 x 25 mL). The collected organic layeesewwashed with water (3 x 20 mL) and
dried over anhydrous MgSO After solvent removal at reduced pressure 1,6ene
dicarboxylic acid 845 (3.41 g, 12.5 mmol, 100 %) was isolated as a reuddpo, identified

by comparison with literature datd{ NMR).*4%

'H NMR (200.1 MHz, CDGJ): 0= 4.39 (s. 5H, Cp’-H), 4.81 [t, 1H(H,H) = 2.8 Hz, 4-H],
5.28 [d, 2H,J(H,H) = 2.8 Hz 3(5)-H] ppm.

11.2 1,2-Di(methoxycarbonyl)ferrocene (375)
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This reaction was performed in order to purify th2-ferrocenedicarboxylic aci®45 (vide
supra.

To a solution of the mixture of 1,2-ferrocene diomatylic acid 845 and carboxylic acidvide
suprg in methanol (200 mL) a catalytic amount of TsOldswadded. The reaction mixture
was heated with reflux 18 h. After addition of wa80 mL) the mixture was extracted with
ethyl acetate (3 x 25 mL). The collected organyeta were washed with water (3 x 20 mL)
and dried over anhydrous MgaQAfter solvent removal at reduced pressure, theler
product was purified by column chromatography (3@ xm, SiQ, PE/TBME 3:7). 1,2-
Di(methoxycarbonyl)ferrocen8T5) (3.77 g, 12.5 mmol, 95 %) was isolated as red oil

'H NMR (400.1 MHz, CDGJ): 0= 3.84 (s. 6H, 7-H), 4.29 (s, 5H, Cp’-H), 4.491H, J(H,H)

= 2.7 Hz, 4-H], 4.89 [d, 2H, J(H,H) = 2.73 Hz, 3(3), 5.40 (m 1H, Cp-H) ppm- *C NMR
(400.1 MHz, CDCJ, DEPT 90, BB):d = 52.2 (C-7), 71.2 [C-3(5)], 71.9 (Cp), 74.2 (§-4
74.3 [C-1(2)], 170.2 (C-6) ppm= IR: ¥ = 2981 (w, Cp-H), 1706 (s, C=0), 1448 (m),
1386(w), 1369 (w), 1348 (w), 1281 (s), 1239 (s)74.(s), 1146 (s), 1108 (w), 1071 (m), 1019
(m), 823 (m), 773(m)- HRMS (ESI, acetonitrile) calcd. for;@H14FeQ,: 302.0241; found
302.0241 - Elemental analysis calcd. (%) for814FeQy: C 55.66, H 4.67; found: C 55.63,
H 4.60.

11.3 1,2-Ferrocenedicarboxylic acid anhydride (378f%
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Oxalyl chloride (0.31 mL, 3.65 mmol) was added tsotution of 1,2-ferrocene dicarboxylic
acid 345 (1 g, 3.65 mmol) in O (50 mL). After addition of two drops of DMF theaction
mixture was stirred at 25 °C 1 h. After solvent oxal at reduced pressure the remaining oil
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was dissolved in C¥Cl, (50 mL), and after addition of pyridine (1.1 mL,.Q@3nmol) the
mixture was stirred at 25 °C 6 h. After solvent oxal at reduced pressure, the crude product
was purified by column chromatography (30 x 3 cm®O,S TBME). 1,2-Ferrocene-
dicarboxylic acid anhydride378 (0.93 g, 3.65 mmol, 100 %) was isolated as rdal,so

identified by comparison with literature dated NMR).24%!

"H NMR (200.1 MHz, CDG)): 5= 4.48 (s, 5H, Cp’-H), 4.90 [t, 1H(H,H) = 2.4 Hz, 4-H],
5.15 [d, 2H,J (H,H) = 2.4 Hz, 3(5)-H] ppm.

11.4 2-(Methoxycarbonyl)ferrocenecarboxylic acid (36)
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A catalytic amount of TsOH was added to asolutidnl@-Ferrocene dicarboxylic acid
anhydride 878 (3 g, 11.7 mmol) in methanol (100 mL). The reactmixture was heated at
reflux 12 h. After addition of water (50 mL) the xture was extracted with ethyl acetate (3 x
25 mL). The collected organic layers were washeith wiater (3 x 20 mL) and dried over
anhydrous MgSQ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 ~c¢m, &iO PE/TBME 3:7). 2-
(Methoxycarbonyl)ferrocenecar- boxylic acigi7@) (3.38 g, 11.7 mmol, 100 %) was isolated
as red solid.
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'H NMR (200.1 MHz, CDG)): 3= 3.96 (s. 3H, 7-H), 4.34 (s, 5H, Cp’-H), 4.751H, J(H,H)

= 2.8 Hz, 4-H], 5.05 [dd, 1H] (H,H) = 2.8 Hz, Cp-H], 5.38 [dd, 1H), (H,H) = 2.8 Hz, Cp-
H]) ppm. - **C NMR (400.1 MHz, CDG| DEPT 90, BB):d = 53.7 (C-7), 67.5 (Cp), 72.3
(Cp), 73.6 (Cp), 73.9 (Cp), 75.2 (Cp), 78.3 (Cpy0.1 (C-6), 177.5 (C-8) ppm-. IR: ¥ =
3775 (w), 3699 (W), 3639 (w), 2958 (w, Cp-H), 2#8 Cp-H), 1720 (s, C=0), 1626 (br, O-
H), 1466 (s), 1411 (s), 1353 (m), 1278 (s), 1205, (th51 (m), 1084 (w), 1013 (m), 932 (W),
870(w).— MS (70 eV):m/z (%): 288 (97) M'], 184 (52) M* — (COH + COMe)], 81 (10)
[CpO'], 56 (35) [Fé]. — HRMS calcd. for GHi.FeQ;: 288.0085; found: 288.0086-
Elemental analysis calcd. (%) foidE1.FsFeQS,: C 54.20, H 4.20; found: C 54.16, H 4.57.

11.5 2-(Ethoxycarbonyl)ferrocenecarboxylic acid (37)

377

A catalytic amount of TsOH was added to asolutidnl@®-Ferrocenedicarboxylic acid
anhydride 878 (3 g, 11.7 mmol) in ethanol (100 mL). The reactmixture was heated at
reflux 12 h. After addition of water (50 mL) the xture was extracted with ethyl acetate (3 x
25 mL). The collected organic layers were washeith wiater (3 x 20 mL) and dried over
anhydrous MgS@ After solvent removal at reduced pressure, thdeproduct was purified
by column chromatography (30 x 3 ~c¢cm, &iO PE/TBME 3:7). 2-
(Ethoxycarbonyl)ferrocenecar- boxylic ac@7{) (3.54 g, 11.7 mmol, 100 %) was isolated as
red solid.
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'H NMR (200.1 MHz, CDGJ): d= 1.43 [t. 3H,J(H;H) = 7.2 Hz, 8-H], 4.34 (s, 5H, Cp’-H),
4.35-4.51 (m, 2H, 7-H), 4.74 [t, 1H(H,H) = 2.7 Hz, 4-H], 5.06 [dd, 1H] (H,H) = 2.7 Hz,
Cp-H], 5.37 [dd, 1H,) (H,H) = 2.7 Hz, Cp-H]) ppm= **C NMR (400.1 MHz, CDGJ, DEPT
90, BB): 0= 14.4 (C-8), 62.9 (C-7), 67.9 (Cp), 72.3 (Cp'3.€ (Cp), 73.9 (Cp), 75.3 (Cp),
77.5 (Cp), 170.2 (C-6), 176.9 (C-9) ppmIR: = 2664 (w, Cp-H), 1722 (s, C=0), 1619 (br,
O-H), 1478 (m), 1464 (m), 1438 (s), 1411 (m), 1888, 1371 (m), 1346 (m), 1275 (s), 1189
(m), 1151 (m), 1081 (w), 1035 (w), 1022 (m), 852),(1B22 (m), 770 (m)- HRMS (ESI,
acetonitrile) calcd. for GH14FeQ,: 302.0241; found 302.024%. Elemental analysis calcd.
(%) for G4H14FeQy: C 55.66, H 4.67; found: C 55.66, H 4.69.

12 Preparation of 2-aminoferrocenecarboxylic acid359)

12.1 2-(Methoxycarbonyl)ferrocenecarboxylic acid ade (380)

Oxalyl chloride (0.7 mL, 8.3 mmol) was added tocduson of 2-(methoxycarbonyl)ferro-
cenecarboxylic acid3(6) (2.00 g, 6.9 mmol) in E© (50 mL). After addition of two drops of
DMF the reaction mixture was stirred at 25 °C After solvent removal at reduced pressure
the remaining oil was dissolved in @&, (50 mL), and after addition of a catalytic amoaht
Bu,NBr and a solution of NajN(0.45 g, 6.9 mmol) in water (20 mL) the mixturesnstirred

at 25 °C 12 h. After addition of water (50 mL) timéxture was extracted with ethyl acetate (3
x 25 mL). The collected organic layers were waslét water (3 x 20 mL) and dried over
anhydrous MgS@After solvent removal at reduced pressure, theeeprdduct was purified
by column chromatography (30 x 3 cm, SIBE/TBME 3:7).
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2-(Methoxycarbonyl)ferrocenecarboxylic acid azid8@ (1.94 g, 6.2 mmol, 90 %) was

isolated as red solid.

'H NMR (200.1 MHz, CDGJ): 0= 3.87 (s, 3H, 7-H), 4.19 (s, 5H, Cp’-H), 4.281H, J(H,H)

= 2.7 Hz, 4-H], 4.55 [dd, 1H] (H,H) = 2.8 Hz, Cp-H], 5.44 [dd, 1H, (H,H) = 2.5 Hz, Cp-
H]) ppm. - **C NMR (400.1 MHz, CDGJ, BB): d = 53.7 (C-7), 63.8 (Cp), 65.7 (Cp), 67.3
(Cp), 70.7 (Cp), 70.8 (Cp), 71.2 (Cp’), 153.1 (G-8]2.8 (C-6) ppm= IR: i = 3334 (w),
2925 (w, Cp-H), 2843 (w, Cp-H), 2138 (s, N=N), 175 C=0), 1686 (s, C=0), 1537 (s),
1445 (m), 1382 (w), 1376 (w), 1295 (s), 1239 (493 (m), 1080 (m), 1025 (w), 940 (w), 823
(w), 770 (w), 728 (w)- HRMS (ESI, acetonitrile) calcd. for;@H11:FeNsOs: 313.0150; found
313.0150.— Elemental analysis calcd. (%) forn#::FeNsOs: C 49.87, H 3.54, N 13.42;
found: C 49.87, H 3.53, N 13.40.

12.2 2-(Ethoxycarbonyl)ferrocenecarboxylic acid azie (384)
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Oxalyl chloride (1.00 mL, 3.65 mmol) was added tecdution of 2-(Ethoxycarbonyl)ferro-

cenecarboxylic acid3{(7) (3.38 g, 11.7 mmol) in &D (50 mL). After addition of two drops

of DMF the reaction mixture was stirred at 25 °Ch.1After solvent removal at reduced
pressure the remaining oil was dissolved in,Clkl (50 mL), and after addition of a catalytic
amount of BYNBr and a solution of NafN(0.76 g, 11.7 mmol) in water (20 mL) the mixture
was stirred at 25 °C 12 h. After addition of wa8d mL) the mixture was extracted with
ethyl acetate (3 x 25 mL). The collected organjeta were washed with water (3 x 20 mL)

and dried over anhydrous Mga@fter solvent removal at reduced pressure, thder
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product was purified by column chromatography (3@ »xm, SiQ, PE/TBME 3:7). 2-
(Ethoxycarbonyl)ferrocenecar- boxylic acid azid&84) (3.43 g, 10.5 mmol, 90 %) was
isolated as red solid.

'H NMR (400.1 MHz, CDG)): o= 1.39 [t, 3H,J(H,H) = 7.2 Hz, 8-H], 4.19 (s, 5H, Cp'-H),
4.27 [t, 1H,J(H,H) = 2.9 Hz, 4-H], 4.28-4.41 (m, 2H, 7-H), 4.5&1, 1H,J (H,H) = 2.7 Hz,
Cp-H], 5.44 [dd, 1H, (H,H) = 2.5 Hz, Cp-H] ppm= **C NMR (400.1 MHz, CDGJ, BB): &

= 14.7 (C-8), 60.9 (C-7), 63.9 (Cp), 65.6 (Cp),BICp), 70.7 (Cp), 70.8 (Cp), 71.0 (Cp)),
154.2 (C-9), 173.9 (C-6) ppm.IR: i = 3335 (w), 2919 (w, Cp-H), 2850 (w, Cp-H), 2143 (
N=N), 1716 (s, C=0), 1687 (s, C=0), 1536 (s), 1443 1379 (w), 1302 (s), 1234 (s), 1191
(m), 1089 (m), 1030 (w), 948 (w), 825 (w), 776 (WBO (w).— HRMS (ESI, acetonitrile)
calcd. for G4Hi13FeNsOs: 327.0306; found 327.0306. Elemental analysis calcd. (%) for
Ci14H13FeNsOs: C 51.40, H 4.01, N 12.85; found: C 51.42, H 4)82,2.80.

12.3 2-Benzyloxycarbonylaminoferrocenecarboxylic ag methyl ester (381)
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Benzyl alcohol (1.3 mL, 12.4 mmol) was added tol@smn of 2-(Methoxycarbonyl)ferro-
cenecarboxylic acid azid880 (1.94 g, 6.2 mmol) in toluene (50 mL). The reastmixture
was heated at reflux 12 h. After addition of wate® mL) the mixture was extracted with
ethyl acetate (3 x 25 mL). The collected organjeta were washed with water (3 x 20 mL)
and dried over anhydrous MgaQAfter solvent removal at reduced pressure, theler
product was purified by column chromatography (3@ xm, SiQ, PE/TBME 3:7). 2-
Benzyloxycarbonylaminoferrocenecarboxylic acid mye#ster 881) (2.09 g, 5.3 mmol, 86
%) was isolated as yellow solid.
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'H NMR (200.1 MHz, CDG)): 3= 3.85 (s, 3H, 7-H), 4.15 (s, 5H, Cp'-H), 4.231H, J(H,H)

= 2.7 Hz, 4-H], 4.52 [dd, 1H] (H,H) = 2.7 Hz, Cp-H], 5.21 (s, 2H, 9-H), 5.39 {$J, Cp-H),
7.15-7.44 (m, Ph-H), 7.97 (s, 1H, 15-H) ppat3C NMR (400.1 MHz, CDG], BB): 5= 49.6
(C-7), 51.9 (C-9), 58.6 (Cp), 63.1 (Cp), 65.1 (C§,9 (Cp), 67.1 (Cp), 70.8 (Cp’), 128.2
(Ph), 128.4 (Ph), 128.7 (Ph), 129.2 (Ph), 153.8)Ct74.4 (C-6) ppm= IR: { = 3776 (W),
3699 (w), 3360 (W), 2954 (w, Cp-H), 1727 (s, C=0§89 (s, C=0), 1534 (s), 1452 (m), 1415
(w), 1385 (w), 1352 (w), 1300 (s), 1222 (s), 1165, (1102 (m), 1052 (m), 1014 (m), 937
(w). — HRMS (ESI, acetonitrile) calcd. for ,@H10FeNQ,: 393.0663; found 393.0660-
Elemental analysis calcd. (%) forf13FeNsOs: C 61.09, H 4.87, N 3.56; found: C 60.98, H
4.98, N 3.65.

12.4  2-Amino-1-(methoxycarbonyl)ferrocene (363"

A catalytic amount of Pd on activated coal was ddde a solution of 2-benzyl-
oxycarbonylaminoferrocenecarboxylic acid methyeeg§81) (2.09 g, 5.3 mmol) in methanol
(50 mL). The reaction mixture was stirred at 2524h in H atmosphere. After addition of
water (50 mL) the mixture was extracted with ethgetate (3 x 25 mL). The collected
organic layers were washed with water (3 x 20 mig dried over anhydrous MgQQAfter
solvent removal at reduced pressure, the crude uptodvas purified by column
chromatography (30 x 3 cm, SICPE/TBME 3:7). 2-Amino-1-(methoxycarbonyl)ferroeen
(363 (1.21 g, 4.7 mmol, 88 %) was isolated as yell@hds identified by comparison with
literature data’d NMR).6"!
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'H NMR (200.1 MHz, CDGJ): 5= 1.70 (s, 2H, Nb), 3.85 (s, 3H, 7-H), 4.06 [t, 1H(H,H) =
2.6 Hz, 4-H], 4.10 (s, 5H, Cp’-H), 4.23 [dd, 1Bi(H,H) = 2.6 Hz, Cp-H], 4.46 [dd, 1H]
(H,H) = 2.6 Hz, Cp-H] ppm.

12.5 2-tert-Butoxycarbonylaminoferrocenecarboxylicaid ethyl ester (385)
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tert-Butanol (2.0 mL, 21.0 mmol) was added to a soiutd 2-(ethoxycarbonyl)ferrocenecar-
boxylic acid azide384) (3.43 g, 10.5 mmol) in toluene (50 mL). The réactmixture was
heated at reflux 12 h. After addition of water (®Q) the mixture was extracted with ethyl
acetate (3 x 25 mL). The collected organic layeesewwvashed with water (3 x 20 mL) and
dried over anhydrous MgSOAfter solvent removal at reduced pressure, thelemproduct
was purified by column chromatography (30 x 3 cmQ.,S PE/TBME 3:7). 2-tert-
Butoxycarbonylamino-ferrocene carboxylicacid etbgter 885 (3.41 g, 9.2 mmol, 87 %)
was isolated as red solid.

'"H NMR (400.1 MHz, CDGJ): = 1.39 [t, 3H,J(H,H) = 7.2 Hz, 8-H], 1.52 (s, 9H, 11-H),
4.16 (s, 5H, Cp’-H), 4.20 [t, 1H(H,H) = 2.7 Hz, 4-H], 4.24-4.43 (m, 2H, 7-H), 4.6, 1H,
J (H,H) = 2.7 Hz, Cp-H], 5.35 (s, 1H, Cp-H), 7.77 (H, 12-H) ppm- *C NMR (400.1
MHz, CDCk, BB): 6= 14.7 (C-8), 28.5 (C-11), 29.9 (C-7), 46.4 (C;16%).5 (Cp), 62.9 (Cp),
65.0 (Cp), 66.7 (Cp), 70.7 (Cp’), 153.4 (C-9), ¥6@C-6) ppm- IR: {7 = 3765 (W), 2979 (W,
Cp-H), 1724 (s, C=0), 1688 (s, C=0), 1529 (s), 144} 1365 (m), 1352 (w), 1286 (s), 1234
(s), 1163 (s), 1099 (m), 1058 (m), 1013 (m), 976 806 (w), 854 (w).— HRMS (ESI,
acetonitrile) calcd. for gHo3FeNQy: 373.0976; found 373.0976.Elemental analysis calcd.
(%) for CigH2sFeNQy: C 57.93, H 6.21, N 3.75; found: C 57.65, H 6/953.86.
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12.6 2-Aminoferrocenecarboxylic acid (359)

e 7 p
OH
HoN =—0
3
41
é?
359
. J/

Method A:

Water (20 mL) was added to a solution of 2-Amin@riethoxycarbonyl)ferrocene3§3)
(2.21 g, 4.7 mmol) in ethanol (30 mL). The mixtwas heated to 70 °C and after addition of
KOH (0.8 g, 14.1 mmol) was stirred 1 h. After aduhtof water (50 mL) and neutralization
with HsPO, (1 M) the mixture was extracted with @El, (3 x 25 mL). The collected organic
layers were washed with water (3 x 20 mL) and dadedr anhydrous MgSQAfter solvent
removal at reduced pressure, 2-aminoferrocenecglib@cid 359 (1.01 g, 4.1 mmol, 88 %)

was isolated as red solid.

Method B:

Water (20 mL) was added to a solution ofteB-butoxycarbonylaminoferrocene-
carboxylicacid ethyl esteB85 (1.00 g, 2.7 mmol) in ethanol (30 mL). After affol of of 20
% aqu. HCI (10 mL) the mixture was stirred at reftuh. After addition of water (50 mL) and
neutralization with KOH (1 M) the mixture was exirad with CHCI, (3 x 25 mL). The
collected organic layers were washed with watex (30 mL) and dried over anhydrous
MgSQ,. After solvent removal at reduced pressure, 2-afamacenecarboxylic acid369)

(0.53 g, 4.1 mmol, 80 %) was isolated as red solid.

H NMR (400.1 MHz, CDQJ): 0= 4.19 (s, 5H, Cp’-H), 4.27 [t, 1H(H,H) = 2.6 Hz, 4-H],
4.56 [dd, 1HJ (H,H) = 2.4 Hz, Cp-H], 5.44 [dd, 1H,(H,H) = 2.4 Hz, Cp-H], 8.32 (s, 1H, 7-
H) ppm.
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13 Irradiation of 1,2-ferrocenedicarboxylic anhydride (378)

13.1 Irradiation in toluene or THF

1,2-ferrocenedicarboxylic anhydrid878) (0.1 g, 0.39 mmol) was dissolved in toluene (in
another experiment in THF). The reaction mixtureswaadiated for 25 min with a 125 W
mercury lamp placed in a quartz tube which wasembalith water. The reaction mixture was
continuously flushed with argon and cooled usingewaondenser. The reaction progress was
monitored by the TLC. After the completed exhausid the starting material (generally ca.
25 minutes) the irradiation was stopped. The mé&twras filtered and the solvent was
removed at reduced pressure. Mass spectratandMR spectra of the crude product were
recorded, in witch only ferrocen&86) and traces of the starting material were idesdifiThe
crude product was purified by column chromatogra(8®/x 3 cm, Si@ PE).186 (0.017 g,

0.09 mmol, 24 %) was isolated.

13.2 Irradiation in benzene

1,2-ferrocene dicarboxylic anhydrig@78) (0.05 g, 0.19 mmol) was dissolved in benzene in
an NMR tube, which was attached to the quartz wbethe 125 W mercury lamp which was
cooled with water. The NMR tube was irradiated 1iffi.fthe red cloudy mixture was filtered.

The mass antH NMR spectra of the colourless filtrate showedydhk benzene.

13.3 Irradiation in deuterated toluene and in deuteated THF

D D
|
<=
347
\ J
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1,2-ferrocene dicarboxylic anhydrigd78) (0.05 g, 0.19 mmol) was dissolved in deuterated
toluene (in another experiment in the deuterate#)Tinlan NMR tube, which was attached to
the quartz tube with the 125 W mercury lamp whicmswooled with water. The NMR tube
was irradiated 10 min. The red cloudy mixture wiisred. The mass arfti NMR spectra of
the crude product showed the 1,2-dideuterio ferrec@47) and traces of the starting
material. The crude product was purified by coluchnomatography (30 x 3 cm, SICPE).
347(0.008 g, 0.05 mmol, 24 %) was isolated as angea@olid.

'H NMR (400.1 MHz, CDGJ): d= 4.1 [d, 2HJ(H,H) = 1.71 Hz Cp-H]4.23 (s, 5H, Cp’-H),
4.41(s, 1H, Cp-H) ppm: **C NMR (400.1 MHz, CDG, DEPT 90, BB):d = 67.1-67.2 (m,
Cp), 70.2 (Cp), 70.7 (Cp’), 77.7 (Cp) ppmIR: i = 3097 (W), 2922 (m, Cp-H), 2362 (W),
2116 (w), 1650 (w), 1405 (w), 1259 (m), 1080 (€A (s), ci" — MS (LC-MS, ESI):m/z
(%): 186 (100) [M*]. - HRMS calcd. for GoHgD,Fe: 188.0255; found 188.0044

13.4 Synthesis of 1,2-dideuterioferrocene (347) imo 1,2-dibromoferrocene (313)

D D
|
<=
347
\ J

This synthesis was performed, in order to comphtes fproduct with the 1,2-dideuterio-
ferrocene 847) from the irradiation of the 1,2-ferrocenedicarploxanhydride 879

To a solution of 1,2-dibromoferrocen81@ (0.5 g, 1.46 mmol) in THF (50 mLi}BulLi

solution in hexane (1.6 M, 2.0 mL, 3.2 mmol) wadedlat — 78°C. The reaction mixture was
stirred for 2 h. MeOD (1.0 mL) was added. The nm&twas stirred for 30 min at —78 °C, then
for 30 min at 25 °C. After addition of water (50 jnhe mixture was extracted with PE (3 x

50 mL). The collected organic layers were washexdZ8 mL) and dried over anhydrous
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Experimental section

MgSQO;. After solvent removal at reduced pressure, thdeiproduct was purified by column
chromatography (30 x 3 cm, SICPE). 1,2-dideuterio ferrocend4(?) (0.24 g, 1.27 mmol, 87

%) was isolated as an orange solid.

All spectra are identical with the spectra of th2-dideuterio ferrocene347) prepared by

irradiation of the 1,2-ferrocene dicarboxylic anhgd 378).

Feci quod potui, faciant meliora potentes
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